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Diffraction analyses

Phase identifications (crystalline and amorphous)

Crystal structure determination

Crystal structure refinements

Quantitative phase analysis (and crystallinity determination)

Microstructural analyses (crystallite sizes - microstrain)

Texture analysis

Residual stress analysis

Order-disorder transitions and compositional analyses

Thin films



To minimize the residual function using a non-linear least squares 
algorithm

and thus refine the crystal structure of a compound (cell 
parameters, atomic positions and Debye-Waller factors)

Goal of the Rietveld method
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Diffraction intensities

The intensity in a powder diffractometer

The structure factor:
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History of the Rietveld method

• 1964-1966 - Need to refine crystal structures from powder. Peaks too 
much overlapped:
– Groups of overlapping peaks introduced. Not sufficient.
– Peak separation by least squares fitting (gaussian profiles). Not for 

severe overlapping.
• 1967 - First refinement program by H. M. Rietveld, single reflections + 

overlapped, no other parameters than the atomic parameters. Rietveld, 
Acta Cryst. 22, 151, 1967.
• 1969 - First complete program with structures and profile parameters. 

Distributed 27 copies (ALGOL).
• 1972 - Fortran version. Distributed worldwide.
• 1977 Wide acceptance. Extended to X-ray data.
• Today: the Rietveld method is widely used for different kind of analyses, 

not only structural refinements.

“If the fit of the assumed model is not adequate, the precision and accuracy of the parameters 
cannot be validly assessed by statistical methods”. Prince.



History of Rietveld programs*

* Based on Bob Von Dreele 
private communication



To minimize the residual function:

where:

using a non-linear least squares algorithm

Goal of the Rietveld method
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The classical Rietveld method
The function to minimize by a least squares method (non linear):

the spectrum is calculated by the classical intensity equation:

The spectrum depends on 
phases: crystal structure, microstructure, quantity, cell volume, 
texture, stress, chemistry etc.
instrument geometry characteristics: beam intensity, Lorentz-
Polarization, background, resolution, aberrations, radiation etc.
sample: position, shape and dimensions, orientation.

Each of the quantity can be written in term of parameters that can 
be refined (optimized).
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The spectrum (at a 2θ point i) is determined by:

a background value

– some reflection peaks that can be described by different terms:

Diffraction intensity (determines the “height” of the peaks)

• Line broadening (determines the shape of the peaks)

• Number and positions of the peaks

The classical Rietveld method
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The classical Rietveld method

The more used background in Rietveld refinements is a 
polynomial function in 2θ :

Nb is the polynomial degree

an the polynomial coefficients

For more complex backgrounds specific formulas are available
It is possible to incorporate also the TDS in the background
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The classical Rietveld method

Starting with the “Diffraction Intensities”, the factors are:
A scale factor for each phase
A Lorentz-Polarization factor
The multiplicity 
The structure factor
The temperature factor
The absorption
The texture
Problems: extinctions, absorption contrast, graininess, sample 
volume and beam size, inhomogeneity, etc. 
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The classical Rietveld method

The scale factor (for each phase) is written in classical Rietveld 
programs as:

Sj = phase scale factor (the overall Rietveld generic scale factor)

SF = beam intensity (it depends on the measurement)

fj = phase volume fraction

Vj = phase cell volume (in some programs it goes in the F 
factor)

In Maud the last three terms are kept separated.
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The classical Rietveld method

The Lorentz-Polarization factor:
it depends on the instrument

geometry
monochromator (angle α)
detector
beam size/sample volume
sample positioning (angular)

For a Bragg-Brentano instrument:
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Further terms for powder diffraction

!In both film and diffractomter measurements of 
powder diffraction data only a part of the 
diffracted cone is typically recorded. This leads 
to an additional correction term dependent on 
sin 2θB

The Lorentz-Polarization factor

!For powder diffraction all 
the components of the 
Lorentz correction combine 
to give

– 1 (4sin2θ cosθ)

– When combined with the 
polarization correction, there 
is a pronounced enhancement 
of the low and high angle 
reflections relative to those at 
intermediate angles

Absorption

! In real samples, both incident and diffracted x-rays 
may be absorbed by the sample. This reduces the 
intensity of the diffracted beam.

! Typically, when we treat such problems we calculate 
an effective linear absorption coefficient for the 
sample that is corrected for sample density as follows

! This approach can lead to problems (microabsorption) 
when the sample has a high absorption coefficient
- Ideally you should use a model that takes into account the 

distribution and shape of the grains and pores
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Absorption in Debye-Scherrer geometry

! Debye-Scherrer sample typically consist of thin cylinder of 
material or sometimes a thin coating on the outside of a tube
– There is much less absorption at high angles than at low

» IN EXTREME CASES, LOW ANGLE ABSORPTION CAN GIVE THE 
APPEARANCE OF SPLIT LINES AS NO X-RAYS CAN PASS THROUGH 
THE MIDDLE OF THE SAMPLE

– Absorption correction does not have a simple analytical form, but there are 
tabulations of this correction available

Low absorption

Scattering from throughout the sample

High absorption

Scattering from the surface only

Absorption in symmetrical flat 

plate geometry

! A uniform flat plate of infinite thickness arranged so 
that its normal bisects the incident and diffracted 
beam has an absorption factor = 1/2µ
– There is no angle dependence to the absorption factor

– This arises because at low angles a large surface area is 
illuminated but the beam only penetrates a small distance 
below the surface, but at high angles a smaller area is 
illuminated and the beam penetrates deeper below the 
surface

! If the plate is thin, or if the plate is not symmetrically 
placed there will be an angle dependence to the 
absorption correction

Temperature factor

! In real crystals the periodic arrangement of 
atoms is somewhat disrupted as the atoms are 
undergoing vibrational motion
– This loss of perfect order reduces the diffracted 

intensity

» Reduction of intensity is modeled by a temperature 
factor e-2M , where M = B(sinθ/λ)2 = 8π2u2(sinθ/λ)2

and u2 is the mean square displacement of the atom 
from its average position

» As the mean square displacement can be large for 
some materials (average displacement 0.17 Å for Al at 
room temp) the temperature factor can lead to a 
dramatic decrease in diffracted intensity, particularly 
when the sample is at high temperature

» Loss of intensity is most obvious at high angles

» As peaks are suppressed by thermal motion the 
background rises due to thermal diffuse scattering 
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The classical Rietveld method

Under a generalized structure factor we include:
The multiplicity of the k reflection (with h, k, l Miller indices): mk

The structure factor
The temperature factor: Bn

N = number of atoms
xn, yn, zn coordinates of the nth atom

fn, atomic scattering factor� 

Fk, j
2

= mk fne
−Bn

sin 2θ
λ2 e2πi hxn +kyn + lzn( )( )

n=1

N

∑
2

! 

Ii
calc = SF

f j
V j
2 Lk Fk, j

2
S j 2"i # 2"k, j( )Pk, j A j + bkgi

k=1

Npeaks

$
j=1

Nphases

$



Atom positions and Structure Factors



Atomic scattering factor and Debye-Waller

The atomic scattering factor for X-ray 
decreases with the diffraction angle and is 
proportional to the number of electrons. 
The temperature factor (Debye-Waller, B) 
accelerates the decrease. 

Diffraction Basics, Part 2 

(prepared by James R. Connolly, for EPS400-002, Introduction to X-Ray Powder Diffraction, Spring 2003) 

(Material in this document is borrowed from many sources; all original material is ©2003 by James R. Connolly) 

(Revision date: 25-Feb-03)  Page 4 of 12 

Values for the coefficients are tabulated in the International Tables for Crystallography.  In 

actual practice, these corrections are only significant for those elements for which absorption 

edge fluorescence effects are significant.   

Thermal Motion 

The thermal vibrational amplitude of the atom will have an effect on x-ray scattering.  The 

effective scattering is described by the following relationship: 
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B is the Debye-Waller temperature factor and is defined as: 228 UB π= .   U
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is the mean-

square amplitude of vibration of an atom, and is directly related to the thermal energy (kT) 

available with other terms related to atomic mass and the strength of interatomic bonds.  

Qualitatively, as T increases (other factors constant), B will increase.  When B = 0, the 

scattering will follow the Thompson equation.  As B increases, scattering will be reduced in 

amplitude.  This relationship is shown in Fig 3.14 (Jenkins and Snyder, 1996) below:  

 

Unlike other scattering factors, the computation of the temperature factor is extremely 

complex, based on tensor relationships on which there is not widespread general agreement.   

Scattering of X-Rays by a Unit Cell: The Structure Factor 

The unit cells of most crystalline substances contain a several different elements whose 

atoms are arranged in a complex motif defined by a variety of point group symmetry 

elements and replicated by translational elements into a three-dimensional lattice array.   

The structure may be thought of as repeating planar arrays of atoms.  The geometry of peaks 

is related fundamentally to positions of those atoms with little regard to what those atoms are.  

Intensity, on the other hand, is definitely related to the composition because the intensity of 
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Further terms for powder diffraction

!In both film and diffractomter measurements of 
powder diffraction data only a part of the 
diffracted cone is typically recorded. This leads 
to an additional correction term dependent on 
sin 2θB

The Lorentz-Polarization factor

!For powder diffraction all 
the components of the 
Lorentz correction combine 
to give

– 1 (4sin2θ cosθ)

– When combined with the 
polarization correction, there 
is a pronounced enhancement 
of the low and high angle 
reflections relative to those at 
intermediate angles

Absorption

! In real samples, both incident and diffracted x-rays 
may be absorbed by the sample. This reduces the 
intensity of the diffracted beam.

! Typically, when we treat such problems we calculate 
an effective linear absorption coefficient for the 
sample that is corrected for sample density as follows

! This approach can lead to problems (microabsorption) 
when the sample has a high absorption coefficient
- Ideally you should use a model that takes into account the 

distribution and shape of the grains and pores
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Absorption in Debye-Scherrer geometry

! Debye-Scherrer sample typically consist of thin cylinder of 
material or sometimes a thin coating on the outside of a tube
– There is much less absorption at high angles than at low

» IN EXTREME CASES, LOW ANGLE ABSORPTION CAN GIVE THE 
APPEARANCE OF SPLIT LINES AS NO X-RAYS CAN PASS THROUGH 
THE MIDDLE OF THE SAMPLE

– Absorption correction does not have a simple analytical form, but there are 
tabulations of this correction available

Low absorption

Scattering from throughout the sample

High absorption

Scattering from the surface only

Absorption in symmetrical flat 

plate geometry

! A uniform flat plate of infinite thickness arranged so 
that its normal bisects the incident and diffracted 
beam has an absorption factor = 1/2µ
– There is no angle dependence to the absorption factor

– This arises because at low angles a large surface area is 
illuminated but the beam only penetrates a small distance 
below the surface, but at high angles a smaller area is 
illuminated and the beam penetrates deeper below the 
surface

! If the plate is thin, or if the plate is not symmetrically 
placed there will be an angle dependence to the 
absorption correction

Temperature factor

! In real crystals the periodic arrangement of 
atoms is somewhat disrupted as the atoms are 
undergoing vibrational motion
– This loss of perfect order reduces the diffracted 

intensity

» Reduction of intensity is modeled by a temperature 
factor e-2M , where M = B(sinθ/λ)2 = 8π2u2(sinθ/λ)2

and u2 is the mean square displacement of the atom 
from its average position

» As the mean square displacement can be large for 
some materials (average displacement 0.17 Å for Al at 
room temp) the temperature factor can lead to a 
dramatic decrease in diffracted intensity, particularly 
when the sample is at high temperature

» Loss of intensity is most obvious at high angles

» As peaks are suppressed by thermal motion the 
background rises due to thermal diffuse scattering 



Neutron scattering factors

For light atoms neutron 
scattering has some 
advantages, since the 
scattering factor is not 
correlated to the atomic 
number.
The scattering factor is 
constant with the 
diffraction angle
For atoms very close in 
the periodic table, 
neutron scattering may 
help distinguish them.

Neutron & X-Ray Scattering Lengths
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Why X-ray scattering fall off at high 
angle?

At low angle all paths are the same (constructive interference)
At high angle the path between different electron is different 
(destructive interference)



X-ray and neutron diffraction
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  10.000   0.025 159.00  CPD RRRR   PbSO4  Cu Ka X-ray data  22.9.
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X-ray Diffraction - CuKa
Phillips PW1710
• Higher resolution
• Intensity falloff at small d
spacings
• Better at resolving small 
lattice distortions

Neutron Diffraction - D1a, ILL 
λλλλ=1.909 Å
• Lower resolution
• Much higher intensity at small 
d-spacings
• Better atomic positions/thermal 
parameters

Compare x-ray & neutron powder patterns (both CW)



Order-Disorder and Scattering Factors: β-brass

ordered β-brass (blue, dots)  disordered β-brass (black, continuous line)

x-ray neutron



The classical Rietveld method

The absorption factor:
in the Bragg-Brentano case (thick sample):

For the thin sample or films the absorption depends on 2θ
For Debye-Scherrer geometry the absorption is also not constant

There could be problems for microabsorption (absorption contrast)
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Further terms for powder diffraction

!In both film and diffractomter measurements of 
powder diffraction data only a part of the 
diffracted cone is typically recorded. This leads 
to an additional correction term dependent on 
sin 2θB

The Lorentz-Polarization factor

!For powder diffraction all 
the components of the 
Lorentz correction combine 
to give

– 1 (4sin2θ cosθ)

– When combined with the 
polarization correction, there 
is a pronounced enhancement 
of the low and high angle 
reflections relative to those at 
intermediate angles

Absorption

! In real samples, both incident and diffracted x-rays 
may be absorbed by the sample. This reduces the 
intensity of the diffracted beam.

! Typically, when we treat such problems we calculate 
an effective linear absorption coefficient for the 
sample that is corrected for sample density as follows

! This approach can lead to problems (microabsorption) 
when the sample has a high absorption coefficient
- Ideally you should use a model that takes into account the 

distribution and shape of the grains and pores

!
""
#

$
=

ideal

sample

idealsample ρ
ρ

µµ

Absorption in Debye-Scherrer geometry

! Debye-Scherrer sample typically consist of thin cylinder of 
material or sometimes a thin coating on the outside of a tube
– There is much less absorption at high angles than at low

» IN EXTREME CASES, LOW ANGLE ABSORPTION CAN GIVE THE 
APPEARANCE OF SPLIT LINES AS NO X-RAYS CAN PASS THROUGH 
THE MIDDLE OF THE SAMPLE

– Absorption correction does not have a simple analytical form, but there are 
tabulations of this correction available

Low absorption

Scattering from throughout the sample

High absorption

Scattering from the surface only

Absorption in symmetrical flat 

plate geometry

! A uniform flat plate of infinite thickness arranged so 
that its normal bisects the incident and diffracted 
beam has an absorption factor = 1/2µ
– There is no angle dependence to the absorption factor

– This arises because at low angles a large surface area is 
illuminated but the beam only penetrates a small distance 
below the surface, but at high angles a smaller area is 
illuminated and the beam penetrates deeper below the 
surface

! If the plate is thin, or if the plate is not symmetrically 
placed there will be an angle dependence to the 
absorption correction

Temperature factor

! In real crystals the periodic arrangement of 
atoms is somewhat disrupted as the atoms are 
undergoing vibrational motion
– This loss of perfect order reduces the diffracted 

intensity

» Reduction of intensity is modeled by a temperature 
factor e-2M , where M = B(sinθ/λ)2 = 8π2u2(sinθ/λ)2

and u2 is the mean square displacement of the atom 
from its average position

» As the mean square displacement can be large for 
some materials (average displacement 0.17 Å for Al at 
room temp) the temperature factor can lead to a 
dramatic decrease in diffracted intensity, particularly 
when the sample is at high temperature

» Loss of intensity is most obvious at high angles

» As peaks are suppressed by thermal motion the 
background rises due to thermal diffuse scattering 
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The classical Rietveld method

The texture (or preferred orientations):
The March-Dollase formula is used:

PMD is the March-Dollase parameter

summation is done over all equivalent hkl reflections (mk)
αn is the angle between the preferred orientation vector and the 
crystallographic plane hkl (in the crystallographic cell coordinate system)

The formula is intended for a cylindrical texture symmetry 
(observable in B-B geometry or spinning the sample)
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The classical Rietveld method

The profile shape function:
different profile shape function are available:

Gaussian (the original Rietveld function for neutrons)
Cauchy
Voigt and Pseudo-Voigt (PV)
Pearson VII, etc.

For example the PV: 

the shape parameters are: 
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The classical Rietveld method

The number of peaks is determined by the symmetry and space 
group of the phase.
One peak is composed by all equivalent reflections mk

The position is computed from the d-spacing of the hkl reflection 
(using the reciprocal lattice matrix):
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dhkl = VC
s11h

2 + s22k
2 + s33l

2 + 2s12hk + 2s13hl + 2s23kl

1/19/01 GSAS TECHNICAL MANUAL PAGE 145 

!"#$%#&'()$*%$%+*!,-.#$/'0$120,3$)*//0,&!'4#!#0%$5*!"$,$4'('&"0'4,!'0$*($6,0,..#.$

7#'4#!03$

!!

+!
=

cossin

cos

8

8
" 98:

; $

5"#0#$:"$*%$,$0#/*(,-.#$6'.,0*<,!*'($/0,&!*'($)#/*(#)$/'0$#,&"$120,3$6'5)#0$"*%!'70,4=$

>"#%#$/+(&!*'(%$",?#$%.*7"!.3$)*//#0#(!$/'04%$-+!$,0#$4,!"#4,!*&,..3$*)#(!*&,.=$@$!"*0)$

'6!*'($*%$!'$,66.3$('$;'0#(!<$,()$6'.,0*<,!*'($&'00#&!*'(%$!'$!"#$),!,$0#,)$*(!'$GSAS=$

>"*%$*%$+%#/+.$*/$!"#$6'5)#0$60'/*.#$),!,$5,%$&'00#&!#)$/'0$!"#%#$#//#&!%$-#/'0#$*(6+!$!'$

GSAS=$A)*!*(7$'/$!"#$;'0#(!<$,()$6'.,0*<,!*'($&'00#&!*'($*%$)'(#$*($EDTDIFS=$B($

GENLES$*(6+!$,()$'+!6+!$'/$!"#$:"$&'#//*&*#(!$*%$*($DIFSINP$,()$DIFSOUTC$!"#$;6$

&'00#&!*'($*%$&,.&+.,!#)$*($DIFSCAL=$

Reflection d-spacing and lattice parameters 

>"#$)2%6,&*(7$/'0$,$0#/.#&!*'(D$hEF"DGD.HD$*%$7*?#($-3$!"#$%!,(),0)$#160#%%*'($

IG.8A".8J"G8K.LG@"
)
9 888
8 +++++== hgh $

5"#0#$7$*%$!"#$0#&*60'&,.$4#!0*&$!#(%'0$

"
"
"
"

#

$

%
%
%
%

&

'

()

(*

)*

=
8

8

8

&&-&,

&---,

&,-,,

7

**cos***cos**

*cos****cos**

*cos***cos***

$

5"*&"$*%$!"#$*(?#0%#$'/$!"#$4#!0*&$!#(%'0$

"
"
"
"

#

$

%
%
%
%

&

'

()

(*

)*

=
8

8

8

&-&,&

-&-,-

,&,-,

M

coscos

coscos

coscos

$

>"#$0#/*(#)$&'#//*&*#(!%$/'0$,$6'5)#0$)*//0,&!*'($6,!!#0($,0#$!"#$0#&*60'&,.$4#!0*&$!#(%'0$

#.#4#(!%$@2ID$,%$,..'5#)$-3$%344#!03=$A)*!*(7$'/$.,!!*&#$6,0,4#!#0%$*%$)'(#$-3$

EDTLAT$,()$*(6+!D$'+!6+!$,()$&,.&+.,!*'(%$*($GENLES$,0#$)'(#$-3$CELLINPD$

KA;;NO>D$CELLESD$,()$CELLCAL=$

Profile peak shape function 

>"#$&'(!0*-+!*'($,$7*?#($0#/.#&!*'($4,G#%$!'$!"#$!'!,.$60'/*.#$*(!#(%*!3$)#6#()%$'($!"#$

%",6#$/+(&!*'($/'0$!",!$0#/.#&!*'($60'/*.#D$*!%$5*)!"$&'#//*&*#(!%$,()$!"#$)*%6.,&#4#(!$'/$

!"#$6#,G$/0'4$!"#$60'/*.#$6'%*!*'(=$>"#$.'&,!*'(%$'/$!"#$6#,G$,0#$7*?#($*($4*&0'%#&'()%$'/$

>NID$&#(!*)#70##%$8!$'0$G#P=$J*%&+%%*'($'/$!"#%#$?,.+#%$*%$7*?#($/*0%!$/'..'5#)$-3$
)#!,*.%$'/$!"#$6#,G$%",6#$/+(&!*'(%$60#%#(!.3$*(%!,..#)$*($GSAS=$

Neutron time of flight 

I'0$,$(#+!0'($!*4#2'/2/.*7"!$6'5)#0$)*//0,&!'4#!#0$!"#$0#.,!*'(%"*6$-#!5##($!"#$)2%6,&*(7$

/'0$,$6,0!*&+.,0$6'5)#0$.*(#$,()$*!%$>NI$*%$

S=

! 

Ii
calc = SF

f j
V j
2 Lk Fk, j

2
S j 2"i # 2"k, j( )Pk, j A j + bkgi

k=1

Npeaks

$
j=1

Nphases

$



Quality of the refinement

Weighted Sum of Squares:

R indices (N=number of points, P=number of parameters):

The goodness of fit:
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Local minima: bromo-griseofulvin
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From a mathematical point of view, the structure solution problem 

consists in finding the vector xopt, representing the set of atomic 

coordinates, that minimizes the Rwp quantity, or, equivalently, finding 

the global minimum of the 3N-dimensional hypersurface described by 

the Rwp-function4: 

 

)(min xRx wp
x

opt N
!"

#  

 
It is possible to show that the functional relationship between Rwp and 

the atom coordinates is a very complex and non-monotonic one. A 

numerical  example will explain the idea. In Figure 1 is reported the 

structure of a simple organic compound, 5-bromo-griseofulvin, along 

with the fit between its ideal experimental powder pattern (in red) and 

the theoretical pattern directly computed from the structure (in blue).  

 

 

 
 
 
Figure 1 - The structure of 5-bromo-griseofulvin and the corresponding fit between 

an ideal experimental pattern and the calculated pattern. 

 

 
                                                 
4 As a matter of fact, the x vector can contain in general not only the structural 
parameters, but all the refinable parameter in the non-linear model defining the 
theoretical powder pattern.   
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Figure 3 – Rwp plot as a function of the Z fractional coordinate of the Cl atom in 5-
bromo-griseofulvin. The global minimum corresponds to the actual value of the Z 
coordinate (Z = 0.1018). 

 
 

 
 

Figure 4 – As the number of structural parameters increases, the topology of the 
fitness function get more complex, with several local minima in which least squares 

optimization algorithms can get stuck. 
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Figure 4 – As the number of structural parameters increases, the topology of the 
fitness function get more complex, with several local minima in which least squares 

optimization algorithms can get stuck. 

 

Correct solution

M. Bortolotti, PhD thesis, 
Trento, 2007



The R indices

The Rwp factor is the more valuable. Its absolute value does not depend 
on the absolute value of the intensities. But it depends on the 
background. With a high background is more easy to reach very low 
values. Increasing the number of peaks (sharp peaks) is more difficult 
to get a good value.

Rwp < 0.1 correspond to an acceptable refinement with a medium 
complex phase
For a complex phase (monoclinic to triclinic) a value < 0.15 is good
For a highly symmetric compound (cubic) with few peaks a value < 
0.08 start to be acceptable

With high background better to look at the Rwp background 
subtracted.
The Rexp is the minimum Rwp value reachable using a certain number of 
refineable parameters. It needs a valid weighting scheme to be reliable.



WSS and GofF (or sigma)

The weighted sum of squares is only used for the minimization 
routines. Its absolute value depends on the intensities and number 
of points.
The goodness of fit is the ratio between the Rwp and Rexp and cannot 
be lower then 1 (unless the weighting scheme is not correctly 
valuable: for example in the case of detectors not recording exactly 
the number of photons or neutrons).
A good refinement gives GofF values lower than 2.
The goodness of fit is not a very good index to look at as with a 
noisy pattern is quite easy to reach a value near 1.
With very high intensities and low noise patterns is difficult to reach 
a value of 2.
The GofF is sensible to model inaccuracies.



Why the Rietveld refinement is widely 
used?

Pro
It uses directly the measured intensities points
It uses the entire spectrum (as wide as possible)
Less sensible to model errors
Less sensible to experimental errors

Cons
It requires a model
It needs a wide spectrum
– Rietveld programs are not easy to use
– Rietveld refinements require some experience (1-2 years?)

Can be enhanced by:
More automatic/expert mode of operation
Better easy to use programs



Rietveld procedure

Experiment:
choose the correct instrument/s
select the experiment conditions
prepare the sample and collect the pattern/s

Analysis:
verify the data quality and perform the qualitative analysis
Rietveld refinement:

load or input the phases in the sample
adjust manually some parameters (cell, intensities, background)
refine overall intensities and background
refine peaks positions
refine peaks shapes
refine structures

Assess the results



Rietveld refinement procedure

First select the appropriate Rietveld program; depending on what you 
need to analyze there could be a best solution.

Several choices at ccp14.ac.uk (free programs):

GSAS: most used; very good for crystal structure refinement and TOF 
neutron; not easy to use but there is a lot of knowledge around. A 
friendly graphical interface available with Expgui.

FullProf: best for magnetic materials; good for crystal structure 
refinements; no graphical interface (in preparation).

Maud: for material scientists; good for quantitative phase analysis, 
size-strain and texture. Best in the case of texture/strain problems. 
Come with a graphical user interface.

Rietan, Arit, Brass, DBWS, XRS-82, Topas-academic, XND etc.

Some commercial ones:

BGMN, Topas etc.



Starting point: defining the phases

We need to specify which phases we will work with (databases)



Adjusting manually: cell parameters, 
intensities

The peaks positions must be sufficiently correct for a good start; 
better also to adjust scale factors and background



Step 1: Refining scale factors and 
background

After 5 iterations the Rwp is 26.5 %; intensities look better; we use 
only one overall B factor for all atoms.



Step 2: peaks positions

Adding to refinement cell parameters and 2Θ displacement; Rwp 
now is at 24.8%; major problems are now peaks shapes



Step 3: peaks shapes

We add to the refinement also peaks shapes parameters; either the 
Caglioti parameters (classical programs) or crystallite sizes and 
microstrains; Rwp is now at 9.18 %



Step 4: crystal structure refinement

Only if the pattern is very good and the phases well defined. We 
refine separated B factors and only the coordinates that can be 
refined. Final Rwp at 8.86%



Quality of the experiment

A good diffraction fitting, a successful Rietveld analysis, they depend 
strongly on the quality of the experiment:

Instrument:
instrument characteristics and assessment
choice of instrument options

Collection strategies
range
step size
collection time
etc.

sample
sample size
sample preparation
sample condition



Instrument assessment

In most cases (or always) the instrument alignment and setting is more 
important than the instrument itself

Be paranoid on alignment, the beam should pass through the unique 
rotation center and hits the detector at zero 2θ

The background should be linear, no strange bumps, no additional 
lines and as low as possible

Check the omega zero

Collect regularly a standard for line positions and check if the positions 
are good both at low and high diffraction angle (check also the rest)



The data collection

The range should always the widest possible compatible with the 
instrument and collection time (no need to waste time if no reliable 
informations are coming from a certain range)

How much informations from > 90º for the pattern on the right?



The step size

The step size should be compatible with the line broadening 
characteristics and type of analysis.
In general 5-7 points in the half upper part of a peak are sufficient to 
define its shape.
Slightly more points are preferred in case of severe overlapping.
A little more for size-strain analysis.
Too much points (too small step size) do not increase our resolution, 
accuracy or precision, but just increase the noise at equal total collection 
time.
The best solution is to use the higher step size possible that do not 
compromise the information we need.
Normally highly broadened peaks => big step size => less noise as we can 
increase the collection time per step (> 0.05)
very sharp peaks => small step size (from 0.02 to 0.05 for Bragg-
Brentano)



Total collection time

Ensure the noise is lower than the intensity of small peaks.

If the total collection time is limited, better a lower noise than a smaller 
step size.

Better to collect a little bit more than to have to repeat an experiment.

If collection time is a problem go for line or 2D detectors:

CPS 120: 2 to 5 minutes for a good spectrum of 120 degrees (good for 
quantitative analyses or follow reactions, transformations, analyses in 
temperature)

Image plate or CCDs: very fast collection times when texture is 
needed or is a problem

Data quality (not related to intensity) of these detectors is a little bit 
lower than the one from good point detectors. But sometimes intensity 
rules!



Respecting statistics
In principle the measurement should be done at iso-statistical values:

For practical reasons this is not always possible.

Scattering factors and L-P effects decrease the intensity at high angle.

In most cases, peaks at low angle are more sensible to heavy atoms (in 
high simmetric positions) and peaks at high angle to light atoms (in 
low symmetry sites).

A good strategy is to divide the pattern in different parts and use a 
different collection time for each range reducing the noise for the high 
angle part (higher counting time at high angle).

� 

1
Ii



Monoclinic zirconia: two ranges 
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Present work 
(XRPD) 

Howard, Hill & 
Reichert (NPD)* 

Smith & 
Newkirk 

(SCXRD)* 
a      ( Å )  5.1511 (2) 5.1505 (1) - 
b      ( Å )  5.2027 (2) 5.2116 (1) - 
c      ( Å )  5.1387 (3) 5.3173 (1) - 
      ( de g )  99.215 (4) 99.230 (1) - 
Zr     x 0.2752 (3) 0.2754 (2) 0.2758 (2) 
         y 0.0402 (3) 0.0395 (2) 0.0411 (2) 
         z 0.2081 (3) 0.2083 (2) 0.2082 (2) 
O1    x 0.0699 (22) 0.0700 (3) 0.0703 (15) 
         y 0.3317 (21) 0.3317 (3) 0.3359 (14) 
         z 0.3422 (19) 0.3447 (3) 0.3406 (13) 
O2    x 0.4512 (20) 0.4496 (3) 0.4423 (15) 
         y 0.7536 (20) 0.7569 (3) 0.7549 (14) 
         z 0.4818 (24) 0.4792 (3) 0.4789 (13) 
Rwp ( % )  13.15 4.66 - 
GofF 1.28 1.85 - 

 

10 secs/step 50 secs/step



The sample should be sufficiently large that the beam will be always 
entirely inside its volume/surface (for Bragg-Brentano check at low 
angle and sample thickness/transparency).

On the right pattern, at low angle the beam goes out of the sample 
reducing relative peaks intensities and increasing air scattering/
background
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Sample characteristics (1)



Sample characteristics (2)

Sample position is critical for good cell parameters (along with perfect 
alignment of the instrument).

The number of diffracting grains at each position should be significant 
(> 1000 grains). Remember that only a fraction is in condition for the 
diffraction. Higher beam divergence or size increases this number. So 
the sample should have millions grains in the diffracting volume.



Grain statistics (sufficient)



Grain statistics (poor)



Sample characteristics

The sample should be sufficiently large that the beam will be entirely 
inside its volume/surface (always)
Sample position is critical for good cell parameters (along with perfect 
alignment of the instrument)
The number of diffracting grains at each position should be significant 
(> 1000 grains). Remember that only a fraction is in condition for the 
diffraction. Higher beam divergence or size increases this number.
Unless a texture analysis is the goal, no preferred orientations should 
be present. Change sample preparation if necessary.
The sample should be homogeneous.
Be aware of absorption contrast problems
In Bragg-Brentano geometry the thickness should be infinite respect 
to the absorption.
Quality of the surface matters.



Ambient conditions

In some cases constant ambient condition are important:

temperature for cell parameter determination or phase 
transitions

humidity for some organic compounds or pharmaceuticals

can your sample be damaged or modify by irradiation 
(normally Copper or not too highly energetic radiations are 
not)

There are special attachments to control the ambient for sensitive 
compounds



Expert tricks/suggestion

First get a good experiment/spectrum
Know your sample as much as possible
Do not refine too many parameters
Always try first to manually fit the spectrum as much as possible
Never stop at the first result
Look carefully and constantly to the visual fit/plot and residuals 
during refinement process (no “blind” refinement)
Zoom in the plot and look at the residuals. Try to understand what 
is causing a bad fit.
Do not plot absolute intensities; plot at iso-statistical errors. Small 
peaks are important like big peaks.
Use all the indices and check parameter errors.
First get a good experiment/spectrum



Problems: 
1) Texture (Preferred Orientations)



Analysis of rolled Cu67-Fe33 samples

◆Production: Powder metallurgy (Technical University of 
Hamburg-Harburg, B. Commentz) 

◆67% of Cu - 33% of Fe 
◆Cold Isostatic Pressing (115 Mpa) 
◆Hot Pressing (750°C, 50 Mpa, 30 min) 
◆Resulting compacts: 1% porosity 
◆Rolling at 5 m/min 
•I: not deformed 
•II: 6 pass for -0.1/pass, plastic deformation: -0.607 
•III: 6 pass for -0.2/pass, plastic deformation: -1.142 

◆Measurements by Neutron TOF at IPNS



Measurement and texture
◆Pole figure coverage showing the measuring points for the 

different banks 
◆Texture is only moderate

 



Spectra sum for bank 2 with fitting by RTA

 



QPA analysis on one pattern

◆Only the spectrum at the center of pole figure was used 
◆For the ODF given by EWIMV we assumed the ODF was measured 

externally and used only to correct the spectrum 
◆We tested different texture corrections to see the effect on the QPA 

results 
◆The harmonic and March-Dollase corrections give erroneous quantities 
◆ If the ODF is unknown, better to assume random ODF for QPA analysis

 Full range Range 0.79-2.2 Å 
Methods % Cu Rw (%) % Cu Rw (%) 
ODF given (EWIMV) 68.8(14) 14.5 66.5(19) 15.6 
Random ODF 65.5(25) 31.5 63.3(37) 35 
March-Dollase Fe(100) Cu(110) 58.3(20) 25 57.3(38) 29 
Harmonic (fiber), Lmax = 4 67.4(23) 27.5 62.7(41) 30.5 
Harmonic (fiber), Lmax = 6 70.0(13) 13 66.0(25) 14.5 
Harmonic (fiber), Lmax = 8 71.4(14) 12.7 70.2(40) 14.4 
 



Problems: 
2) Microabsorption (absorption 

contrast)



• The largest source of residual error in QPA by XRD is due to 
microabsorption

• Occurs when sample contains a mix of low & highly absorbing phases 
and grains in one of the phases are bigger than a critical value (~1 
micron)

• High absorbers:

• Beam absorbed in surface of grain

• Only a fraction of the grain diffracting

• Intensity under-overestimated – low QPA

• Low absorbers:

• Beam penetrates further into grain

• Greater likelihood of ‘volume diffraction’ occurring

• Intensity over-estimated – high QPA

Absorption contrast



The Brindley correction

7 

• Apply a model to correct the absorption contrast in the analysis (this re-
quires the knowledge of the grain sizes of the phases). 

Most of the time only the third option is feasible and the most used correction 
is the so-called Brindley microabsorption model [9-10]. Applying it to the formula 
for quantitative analysis by the Rietveld method [10, 14-15] we get for a mixture 
of N phases: 

 

where I is the scale factor from the Rietveld fitting, wi is the weight fraction for 
phase i, !i the density and "i the absorption contrast effect. Brindley has reported 
some tables for the absorption contrast effect from which we can extrapolate a 
function of a form similar to the absorption characteristic [11]. For spherical parti-
cles the Brindley table can be fitted well by [11]: 

 

where µi is the linear absorption coefficient for phase i,  the mean linear ab-
sorption coefficient of the mixture and Ri the mean particles radius. Similar formu-
las can be obtained also for other shapes correction. 

Amorphous and polymer crystallinity determination 

Le Bail in 1995 [12] published how by diffraction it is impossible to distinguish 
between a real amorphous and a nanocrystalline structure without any long range 
order. So there is always the possibility to reproduce an amorphous diffraction 
pattern using a so-called pseudo-amorphous model in which the short range order 
is simulated by a particular crystal structure and the long range order is loosed by 
small crystallite sizes and/or high value of r.m.s. microstrain. The advantage of the 
description is that the short range order can be refined much better in the Rietveld 
framework instead of relying uniquely on Monte Carlo techniques. In 1998 Lut-
terotti et al. [13] demonstrated how this pseudo-amorphous model can be used in 
the Rietveld to accurately measure the amorphous content without any internal or 
external standard. The classical formula developed for Rietveld phase analysis 
[13-14] works perfectly to give the amorphous content as a normal phase if the 
model is sufficiently accurate in describing the short range order. The benefits of 
this method are that no calibration, internal or external standard are needed and it 
can be applied also to bulk samples. Limitations are that it requires a model for the 

7 

• Apply a model to correct the absorption contrast in the analysis (this re-
quires the knowledge of the grain sizes of the phases). 

Most of the time only the third option is feasible and the most used correction 
is the so-called Brindley microabsorption model [9-10]. Applying it to the formula 
for quantitative analysis by the Rietveld method [10, 14-15] we get for a mixture 
of N phases: 

 

where I is the scale factor from the Rietveld fitting, wi is the weight fraction for 
phase i, !i the density and "i the absorption contrast effect. Brindley has reported 
some tables for the absorption contrast effect from which we can extrapolate a 
function of a form similar to the absorption characteristic [11]. For spherical parti-
cles the Brindley table can be fitted well by [11]: 

 

where µi is the linear absorption coefficient for phase i,  the mean linear ab-
sorption coefficient of the mixture and Ri the mean particles radius. Similar formu-
las can be obtained also for other shapes correction. 

Amorphous and polymer crystallinity determination 

Le Bail in 1995 [12] published how by diffraction it is impossible to distinguish 
between a real amorphous and a nanocrystalline structure without any long range 
order. So there is always the possibility to reproduce an amorphous diffraction 
pattern using a so-called pseudo-amorphous model in which the short range order 
is simulated by a particular crystal structure and the long range order is loosed by 
small crystallite sizes and/or high value of r.m.s. microstrain. The advantage of the 
description is that the short range order can be refined much better in the Rietveld 
framework instead of relying uniquely on Monte Carlo techniques. In 1998 Lut-
terotti et al. [13] demonstrated how this pseudo-amorphous model can be used in 
the Rietveld to accurately measure the amorphous content without any internal or 
external standard. The classical formula developed for Rietveld phase analysis 
[13-14] works perfectly to give the amorphous content as a normal phase if the 
model is sufficiently accurate in describing the short range order. The benefits of 
this method are that no calibration, internal or external standard are needed and it 
can be applied also to bulk samples. Limitations are that it requires a model for the 

Brindley G. W.: A theory of X-ray absorption in mixed powders. Philos. Mag. 36, 347-369 (1945)

The correction equation:

where τi is given by Brindley in a table and the 
following formula is fitting it well (spherical particles):



Cermet production (Ni-Al2O3)

◆Powder metallurgy  
ÄForming and sintering 
ÄCold Isostatic Pressing and sintering 
ÄHot Pressing 

◆Active binder 
• Binder + powder Al2O3 - Ni 
• Polimerization and forming 
• Thermal treatment (decomposition) + sintering



Quantitative phase analysis (Rietquan)



Quantitative phase analysis: problems

◆High contrast in absorption between Ni and alumina

No Correction Brindley Cubic Corr. Brindley Spheric Corr.
%Al2O3 VOL %Ni VOL %Al2O3 VOL %Ni VOL %Al2O3 VOL %Ni VOL

Al2O3 + 40%VOL Ni Powders 72.1 (2) 27.9 (2) 61.3 (2) 38.7 (2) 63.8 (2) 36.2 (2)
Pure Al2O3 F1 100 (0) 0 (0) 100 (0) 0 (0) 100 (0) 0 (0)

Al2O3 + 10%VOL Ni F1 94.7 (1) 5.34 (1) 89.9 (1) 10.1 (1) 91.2 (1) 8.8 (1)
Al2O3 + 20%VOL Ni F1 88.1 (1) 11.9 (1) 79.9 (1) 20.1 (1) 82.0 (1) 18.0 (1)
Al2O3 + 30%VOL Ni F1 80.7 (2) 19.3 (2) 70.4 (2) 29.6 (2) 72.9 (2) 27.1 (2)
Al2O3 + 40%VOL Ni F1 70.1 (3) 29.9 (2) 59.2 (3) 40.8 (2) 61.7 (3) 58.1 (2)

Pure Al2O3 F1C23 100 (0) 0 (0) 100 (0) 0 (0) 100 (0) 0 (0)
Al2O3 + 10%VOL Ni F1C23 91.4 (1) 8.6 (1) 84.6 (1) 15.4 (1) 86.4 (1) 13.6 (1)
Al2O3 + 20%VOL Ni F1C23 88.2 (1) 11.8 (1) 79.8 (1) 20.2 (1) 82.0 (1) 18.0 (1)
Al2O3 + 30%VOL Ni F1C23 79.8 (2) 20.2 (2) 69.4 (2) 30.6 (2) 71.9 (2) 28.1 (2)
Al2O3 + 40%VOL Ni F1C23 70.6 (3) 29.4 (3) 60.4 (3) 39.6 (3) 62.9 (3) 37.1 (3)
Al2O3 + 20%VOL Ni HP (b) 88.4 (1) 11.6 (1) 80.4 (1) 19.6 (1) 82.4 (1) 17.6 (1)
Al2O3 + 20%VOL Ni HP (w) 88.4 (1) 11.6 (1) 80.3 (1) 19.7 (1) 82.4 (1) 17.6 (1)

Al2O3 + 20%VOL Ni HP (Mo) 89.7 (1) 10.3 (1) 78.8 (1) 21.2 (1) 81.4 (1) 18.6 (1)
Al2O3 + 40%VOL Ni HP (b) 73.8 (2) 26.2 (2) 63.1 (2) 36.9 (2) 65.6 (2) 34.4 (2)
Al2O3 + 40%VOL Ni HP (w) 70.2 (2) 29.8 (2) 59.2 (2) 40.6 (2) 61.9 (2) 38.1 (2)

Al2O3 + 40%VOL Ni HP (Mo) 76.1 (3) 23.9 (2) 61.5 (3) 38.5 (2) 64.7 (3) 35.3 (2)

Use neutron


