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General Introduction

The discovery of X-ray diffraction from crystals, in 1912, by Max von Laue and, in
1913, by W.L. Bragg and W.H. Bragg was a truly important event in the history of
science. Since then, the development of this branch has particularly accelerated in
recent decades, thanks to several factors : the development of theoretical work on
the structure of matter, and the huge evolution of sources for X-ray radiation and
neutrons, as well as the development of new generations of radiation detectors. It is
now considered as one of the most powerful and flexible analytical technique for the
identification and the quantitative determination of the crystalline phases of solids.
X-ray powder diffraction is a more powerful, efficient, easy-to-use, inexpensive and
non-destructive method of analyzing crystal structures. [cite]

The Rietveld method was proposed in 1969 as best suited for neutron powder
techniques, born from the simple idea of refining crystal structure together with
parameters describing the diffraction profile employing directly the profile intensities,
in particular, refining nuclear and magnetic structures [cite|. It was later extended
to X-ray powder diagrams, and used for different kinds of analyses. It has been one
of the most innovative methods for studying materials from powder diffraction data,
and it is still widely applied. It has given a great impulse to the process of crystal
structure solution by powder diffraction data, expanding the fields of application
of powder diffraction, which, up to the end of the 1970s, was primarily used for
qualitative and semiquantitative analysis. Powder diffraction without the Rietveld
method would have been much less popular.

In this work we focus on the following objectives:

1. To become familiar with the Rietveld refinement.
2. To improve our skills in the field of crystallographic software.

3. Testing of some samples with different forms : powder contained one phase,
powder contained three phases, and thin film contains two phases.

In order to achieve these aims we suggest to subdivide this dissertation into three
chapters:

1. The first chapter presents general information on X-ray diffraction, powder
samples and some features that affect the X-ray diffraction phenomena.

2. The second chapter is devoted to the theoretical study of the diffraction dia-
gram using the Rietveld method, where we try to expose in some detail the
theoretical aspects of various parameters during the Rietveld refinement pro-
cess.
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3. The third chapter presents a description of the Fullprfo program, and at the
same time it brings together the results of the refinement of X-ray diffraction
patterns for different compounds: Y,0; powder, ZnO—Al,O,—CaF, powder,
and Hematite-proto with pure Hematite thin film.

Finally, we shall conclude this dissertation with a general conclusion.



Chapter 1

Basic concepts of X-ray diffraction

1.1 Introduction

Throughout modern history, scientists have been interested in observing the atoms
and molecules of materials, and aimed to determine the crystal structure of these
materials. They have instrumented a new eye that can allow them to observe what
their own eyes cannot, with the help of a source of rays that can get into atomic
level (small wavelength) and a suitable detector. These rays are known today as
X-rays, which we will briefly talk about in this chapter.

1.2 Nature of X-rays

X-rays are of an electromagnetic nature with a wavelength from 0.1 to 100 A, which
are located between ~v-rays and ultraviolet rays. We usually tend to use the wave-
length range between 0.5 to 2.5 A in crystallography because this is the order of the
smallest interatomic distance observed [1].

/\

Wavelength, A

Wavelength, A

|
X
'

infrared
microwave

l radio
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visible

TS

|
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1072 10" 107" 107® 10 107 10% 10 10 10t 10® 10"
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Figure 1.1: Schematic of transversal electromagnetic wave and the spectrum of
electromagnetic waves.
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1.3 Production of X-rays

We can generate X-rays using two different methods. The first is by bombarding a
metal with high energy electrons, see Figure 1.2. This method is commonly linked
to a device called X-ray tube, and is widely used in any size laboratories. However,
X-ray tubes have low efficiency as the target metal must be continuously cooled
because of the excessive heat produced from high energy electrons that collide into
it. Furthermore, the brightness of these X-ray tubes is limited by the thermal
properties of the metal target material [1, 2].

Coupling to a high
voltage cable

X-rays | X-rays

Be window Anode

Water

Figure 1.2: Schematic of an X-ray tube.

The second method is of a high brightness for the lake of heat transformation
in the sealed coven known as the synchrotron, where a high energy electrons are
accelerated inside a circular orbit, thus emitting electromagnetic radiations. The
X-ray brightness on this type of source is only limited by the flux of electrons in
the high energy beam. Sadly, the cost of building and maintaining a synchrotron
is so high for any regular laboratory which limits the number of available facilities
available for a synchrotron [1, 2].
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Figure 1.3: Schematic of a synchrotron.

1.4 Fundamentals of diffraction

1.4.1 Diffraction processes

In the phenomenon of diffraction, we should take into consideration these different
processes [2, 3, 4]:

o Elastic scattering, which will produce beams with the same wavelengths as
the incident beams, which in turn means it conserves the energy of photons
emitted.

e Non-elastic scattering, which will produce beams with increased wave-
lengths compared to the incident beams, due to the loss of photons’ energy
when it collapses with core-electron.

o Absorption of X-rays. When X-rays penetrate the matter they are partially
transmitted and partially absorbed. Thus, when an X-ray beam travels the
infinitesimal distance, dx, its intensity is reduced by the infinitesimal fraction
I/1.

1.4.2 Diffraction approximations

The interaction of X-rays with a crystal is complex and multifaceted, which lead us
to two different approximations: kinematic and dynamic, [1, 2, 3, 5].

Kinematic approximation

This one takes two assumptions. The first is that we consider that the amplitude
of the incident wave to be constant, and the second one is that the wave will only
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be scattered once by an atom, and is not allowed to be scattered again by another
atom. Only by respecting these two assumptions that we can relatively explain and
describe the phenomena in a relatively easy way.

It also requires respecting these postulates:

o A crystal consists of individual mosaic blocks which are slightly misaligned
with respect to one another.

o The size of the crystallites is small.

o The misalignment of the crystallites is large enough.

This theory does not take into account wave interferences inside the crystal.

Dynamic approximation

This theory takes into consideration the interaction of all electromagnetic waves
inside the crystal and does not apply any restraints , in order to calculate the
intensities of these waves. The mathematical discussion of this approximation is too
large to cover in this dissertation.

Difference between the two approximations

The kinematic approximation does not usually give precise results when applied to
near perfect crystals or in the presence of multiple interferences inside the crystal.
The dynamic approximation will correct the results from the kinematic approxima-
tion.

1.4.3 X-ray scattering by an electron

An oscillating electric field is produced from the incident wave that exerts a force
on the electric-charge (electron) forcing the electron to oscillate with the same fre-
quency as the electric-field component of the electromagnetic wave. The oscillating
electron will vibrate with the varying amplitude of the electric field vector, and emit
electromagnetic radiation, which spreads in all directions (X-ray radiation), and it
has the same wavelength and frequency as the primary incident wave.

The electron produces a spherical elastically scattered wave. Thus, the scattering
of X-rays by a single electron yields an identical scattered intensity in every direction

1, 3, 5].



CHAPTER 1. BASIC CONCEPTS OF X-RAY DIFFRACTION

Scattered spherical
wave

Incident wave

Figure 1.4: X-ray scattering by an electron.

1.4.4 Scattering by an atom

We now consider Bohr’s model for an atom instead of a stationary electron. An
atom is made up of a positively charged nucleus surrounded by a cloud of electrons.
The scattered waves from the electrons in the atom combine, so that the scattering
effect of an atom may be regarded as essentially that of a point source of scattered
X-rays. The scattering intensity is dependent on the number of electrons present in
the atom’s orbits, but this time the electrons are not stationary and are distributed
throughout the volume of the atom, and the intensity varies with direction. In
treating the geometry of diffraction we consider the atom as the scattering source
1, 3].

Figure 1.5: X-ray scattering by an atom.
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1.4.5 Scattering by a lattice of atoms

A straight row of regularly spaced atoms constitutes a linear lattice. Let us consider
that a parallel beam of X-rays meets such a row of atoms. A destructive and
constructive interference will arise between the scattered X-ray waves from the atoms.
The atoms will become a source of spherically scattered waves of the same frequency
and wavelength. If we consider the scattering as a pair of neighbouring atoms
for that the interatomic distance and the wavelength of X-ray define the geometry
of diffraction effects, we can say that the scattering from the more distant atoms
in the row merely contributes to the scattered beam depicted, which will lead to
us to have all points of intersection of the two sets of concentric arcs are points
at which the crests of the waves from both atoms coincide and their amplitude
add (constructive interference) and a diffraction maximum, at points between the
intersections the waves are more or less out of phase and lead to various degrees of
destructive interference or extinction. Thus, diffraction peaks occur only at specific
points, which establish a one-dimensional lattice in the diffraction space [1, 3, 6].

Zero order

Diffraction | St order Ist order o
maximum — Extinction
2nd order h / 2nd order

7
A N
A A A
i X Advanring wave fronts |

Figure 1.6: X-ray scattering by a lattice.

1.4.6 Laue equations

These equations represent the relationship between the directions of the incident
and diffracted X-ray waves. We can observe a sharp diffraction peak only when
these equations are satisfied simultaneously which are:

a(cosf; —oy) = hA
b(cosly — ay) = kX (1.1)
c(cosby —oq) = 1A

8
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where:

a,b, c: the dimensions of the unit cell.
0,_5; and o,_5: angles of incident and diffracted X-ray waves.
h, k,l: plane indices.

A: wavelength of the wave (X-ray).

e T
a -__.-____..._.- _/ , '.I [Q| .//____- }- .
o8 00 bbb e e Ble _,___7-/—————'_"(" —
. ~_ | — NN
31/ N N O\
alcos @ — cos ;) =hh \T"_ __?r-":---- )

/ .
alcos @y —cos @) = hh| -

< blcos ﬁ: - ¢0s 9) = ki |

. clcos@y = cos g3) = A

Figure 1.7: Graphical illustration of Laue’s equations.

1.4.7 Bragg’s law

The law formulated by W.H. Bragg and W.L. Bragg establishes certain relationships
among the diffraction angle (Bragg angle), wavelength, and interplanar spacing.
Bragg’s law indicates that diffraction from a crystalline sample can be explained in a
simple way by using a simple example of mirror reflection of the incident X-ray beam
from a series of crystallographic planes. All planes with identical triplets of Miller
indices are parallel to one another, and they have the same distance from each other.
Thus, each plane may be considered as an independent scattering surface. The set is
periodic in the direction perpendicular to the planes and the repeat distance in this
direction is equal to the interplanar distance. The Bragg’s law allows us to establish
a specific angle that allows us a diffraction to occur from a set of equally spaced
objects is noted as follows [1, 3, 6]:

2d;,;,;sin @ = nA (1.2)

9
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8, 20 — Bragg angles
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Figure 1.8: Geometrical figure of Bragg’s law.

1.4.8 Ewald’s sphere

The best visual representation of the diffraction phenomena has been introduced by
P.P. Ewald. The Ewald sphere was introduced as a sphere centred at O, the origin
of the direct and diffracted wave vectors. He considered an incident wave with a
certain propagation vector kj, and a wavelength ), and if we select the length of k,
as the inverse of the wavelength then the entire wave is fully characterized, and k,
is its wavevector.

The wavelength remains constant when the primary wave is scattered elastically.
Thus, the scattered wave is characterized by a different wavevector, k;, which has
the same length as k, see Figure 1.4.8. The angle between k, and k; is 20. We
now overlap these two wavevectors with a reciprocal lattice such that the end of
kgcoincides with the origin of the lattice. As shown by Ewald, when £;’s end coin-
cides with a point in the reciprocal lattice a diffraction in the direction of k; occurs.
Considering that k; and k; have identical lengths regardless of the direction of %,
their ends are equidistant from a common point, and therefore, all possible orienta-
tions of k; delineate a sphere in three dimensions. This sphere is called the Ewald’s
sphere. Obviously, the radius of the Ewald’s sphere is the same as the length of k.
In other words, it is equal to 1/X [1, 3].

The Ewald’s sphere and the reciprocal lattice are essential tools in the visualiza-
tion of the three-dimensional diffraction patterns from single crystals. They are also
invaluable in the understanding of the geometry of diffraction from polycrystalline
specimens.

10
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Figure 1.9: Ewald’s sphere superposition on the reciprocal space (2D).

1.5 Powder diffraction

Powder diffraction suffered from so much limitation, and it did not draw much
attention in the early years of its appearance due to the lack of experimental tools.
But with technological development it has become the cornerstone of truly materials’
characterization technique. Crystallographers used this technique for many decades
with outstanding success, which allowed us to have an accurate information about
the structure of materials. This information is only limited by the nature and energy
of the available radiation, resolution of the instrument, and the physical and chemical
conditions of the specimen. The large amount of information that this technique can
provide made it a major source of collecting data with X-rays for crystallographic
analyses [1, 7].

Powder diffraction scattered intensity is represented as a function of a single
variable which is Bragg’s angle 2. We call this plot the powder diffraction pattern
[1], see Figure 1.5.

11
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Figure 1.10: A powder diffraction pattern for LaB.

A large amount of structural information is embedded in a material’s diffraction
pattern, and each structural feature of a material has a different effect on various
parameters of its powder diffraction pattern. We can describe the structure of a
typical powder diffraction pattern according to the following components [1]:

o Positions of multiple Bragg reflections.

o Intensities of multiple Bragg reflections.

o Shape of multiple Bragg reflections.

Which contain information about:

o Crystal structure of the material.

o Properties of the specimen.

e The instrumental parameters.

Using the following table we can differentiate between them.

Pattern compo- | Crystal struc- | Specimen prop- | Instrumental
nent ture erty parameter
Peak position Unit cell Absorption Wavelength
parameters porosity instrument /sample
alignment

axial divergence of
the beam

12
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Peak intensity Atomic Preferred Geometry and
parameters orientation configuration
Absorption Radiation(Lorentz,
porosity Polarization)
Peak shape Crystallinity Grain size strain | Radiation (spectral
Disorder defects stress purity geometry
Beam conditioning

X-ray scattering by the periodic lattices will produce diffraction peaks at specific
angles which are called Bragg’s peaks, the angles are discontinuous function of Miller
indices, the interplanar distances and the wavelength. We can determine Bragg
peaks from Bragg’s law as a function of the wavelength and the interplanar distances
[1] according to :

20, = 2arcsin(i) (1.3)
Ak

In order to obtain both the positions and intensities of individual Bragg peaks,
we need to process the data by fitting peak shapes to a suitable function. The same
is also needed in structure refinement using the full profile fitting approach like the
Rietveld method [1], which we will discuss in the next chapter.

There are complete program systems available today which incorporates most
of the computer programs necessary for the analysis of powder diffraction data
including Rietveld formalisms. One such system is Fullprof [7], which we will use to
refine some examples.

1.6 Conclusion

In this chapter we have reviewed the nature X-ray and how we can create it. We
have seen this radiation diffraction instruments and theoretical behaviour at atomic
level and how we can use that behaviour to get a diffraction pattern that will help us
study a crystal structure by the help of the Rietveld method and its mathematical
related equations which we will talk about in the next chapter.

13



Chapter 2

The Rietveld method

2.1 Introduction

The Rietveld method is a structure refinement and a complex minimization proce-
dure, and it works by slightly modifying a preconceived model built on external
previous knowledge. The starting parameters for such a model must be reasonably
close to the final values. Moreover, the sequence into which the different parame-
ters are being refined needs to be carefully studied. It uses step intensity data y(7),
whereby each data point is treated as an observation [8]. The idea behind the Ri-
etveld method is to approximate the intrinsic problem of powder diffraction pattern
with its systematic and accidental peak overlaps by considering the entire powder
diffraction pattern using different refine-able parameters and the entire information
content of a powder pattern available in step-scanned intensity data is fitted with a
model which are refined using a least squares procedure to optimize the fit [7].

2.2 Least squares procedure

The method of least squares is a powerful technique for estimating the values of
the adjustable parameters in a model, M (x), that predicts the values of a set of
observable quantities y(7). One seeks the minimum, as a function of x, of the
quadratic form

Q=[y— M) Wly— M(x)] (2.1)

where W is a weight matrix that must be positive definite [8]. The individual
observations, y,, are assumed to be drawn at random from a population whose mean
is M;(x) when x has its unknown “correct” value. In other words, (y) = M(x), if
the model is linear, so that y = Ax, then

X = (ATWA)  ATWy. (2.2)

This is known as the least squares estimate. We call it an estimate because it
is a function of random variables, and it is itself a random variable drawn from a
population with a mean and a variance. If the mean of this population is equal to

—

the “correct” value, i.e. if (X) = X_, then the estimate is said to be unbiased for
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the least squares estimate.

—

(X) = (ATwWa)ATW,)
= (ATWA) AT (y)

(ATWA) T ATW Ay
X

C

So the least squares estimate is unbiased irrespective of the choice of W. However,
the joint probability density function of the populations from which the observations
y; are drawn has a variance-covariance matrix V,, and Vyfl, then the variances of

the population distributions for the elements of X can be shown to have the lowest
values that they can have for any choice of W. The particular, the least squares
estimate

-1
= (ATV,'4) ATV, 'y (2.3)

It is said to be the best linear unbiased estimate of X.

The models for many important phenomena, including X-ray diffraction, are non-
linear, The usual procedure for applying the method of least squares to a non-linear
model is to find, by iterative numerical methods, a set of parameter values, z’, close
enough to a point at which the gradient of ¢ vanishes for the approximation

M(z) = M; (z') + Y (x; —a';)0M, (2') |0z, (2.4)

to be a good one. A,; is then set to be equal to IM; (z”) /Ox,;, and the least squares
estimate is

X=X+ (ATWA) ATW [y — M (/)] (2.5)

Because the point at which the approximation in Equation (2.5) is most likely
to be valid is 2/ = X , 1t is customary to iterate to full convergence. It is important
to distinguish between X', which is a basically arbitrary displaced origin, and X,
which is a random variable drawn from a population whose mean is X.

2.3 Mathematical approach for Rietveld method

In the Rietveld method the observations are the raw data, the numbers of X-ray
photons counted at a point in a powder diffraction pattern [8]. The model is:

M(S;, ) = b(s;, zp,) + Z I (2s)o(s; — Skvxp)7 (2.6)

where:
x,: the background parameters.

x4 the structure parameters.
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z,: the peakshape parameters.

;¢ /\3 sin §; where 6, and \; are the angle and the wave length of radiation, respec-

7

tively.
b(s;,x): the background function.
I.(w,): the integrated intensity of the k" Bragg reflection.
¢(s; — sg,x,): the peakshape function normalized.

According to the method of least squares, the squared sum of differences between
the N observed y,,s; and calculated y,,.; step-scanned intensities are subject to
minimization:

Z (wi (Yobs.i — ycalc,i)2> — Min (2.7)

The weights w; iare usually derived from the variance of Yo ; as 1/0%(Yops i)
while all covariances between different y,,, ; are assumed to be zero [9].

The calculated intensities y,,. ;are expressed by combinations of mostly nonlin-
ear analytic or nonanalytic functions as:

ycalc,i = Z (Sp Z (|Fcalc,s,p‘2 (bs,p,icorrs,p,i)) + Bkgz (28>
p S(p)

The outer sum runs over all crystalline phases p with Bragg peaks in the powder
pattern. The inner sum runs over all Bragg reflections s = (hkl) of a phase p, which
contribute to the position 4 in the powder pattern. A scaling factor S, which is
proportional to the weight fraction of phase p, is applied to the reflection intensities

of each phase. Corr, ,; represents the product of various correction factors that

need to be applied to the reflection intensities ‘Fcalc,s,p‘z that may depend on the
diffraction geometry and/or individual reflection indices. The value of the profile
function ¢, ,; is given for the profile point I relative to the position s = |s| =
2sin 0/ of the Bragg reflection.

Therefore, the peak profile depends only on the peak position given by the scalar
s, and not on hkl, This restriction is lifted in the case of anisotropic line broadening,
where an explicit hkl dependent ¢, ,, is considered. The observed background
coming from thermal diffuse scattering, incoherent scattering, inelastic scattering,
sample environment and so on at position ¢ in the powder pattern is denoted as
Bkgi? [9}

We can simplify modelling an entire powder pattern, and we can divide the infor-
mation content of the powder pattern into different parts that allow us separation
of groups of parameters with respect to their origin according to [8]:

o Peak position s which is geometrically determined by the crystallographic
lattice.

2

» Integrated peak intensity ‘Fcalc’s’pl Corr, ,, that is determined by the time
and space averaged crystal structure and geometrical contributions Corr ,, p
is the value of Corr at the peak position s for phase p.
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» Peak profile ¢, , ; that is determined by the instrument profile and microstruc-

tural parameters of the sample.

» Background Bkg,.

Each part has contributions from both the sample and the instrument. To meet
Rietveld refinement requirements of the starting values of all parameters within the
range of convergence we can consider different aspects of the pattern separately
according to different empirical, phenological or physical models.

2.4 Factors affecting different parameter groups

2.4.1 The peak position

We can calculate the observed scattering angle 26 of a Bragg reflection from the
corresponding d-spacing by the Bragg equation corrected by aberrations 26, due
to misalignment of the diffractometer or the sample, or due to transparency, axial
divergence effects [3], according to:

Al
20, = 2arcsin <§d_> + 20, (2.9)
S
Given a set of lattice parameters (a, b, ¢, a, 3,7y) or their reciprocal counterparts
(a*,b*, c*, a*, B*,~v*) and the unit cell volume V| the positions for all possible reflec-
tions s can be calculated for the triclinic case according to: [9]

h2b2¢2 sin® o + k2a2c? sin® 8 + [2a2b? sin® vy
1 1 +2hkabc? (cos o cos B — cos )
V +2kla?be(cos B cosy — cos o)
+2hlab*c(cos accosy — cos f3)

= \/h?a"‘2 + k2b*2 + [2¢*2 + 2hka"b* cos v* + 2hla*c* cos B* + 2klb*c* cos a*

(2.10)
And it simplifies for orthorhombic, tetragonal and cubic system to:
1 h? k212
Y I I 2.11
d a? + b2 * c? (2.11)

S

Corrections to the peak position

A series of contributions coming from the sample and from the instrument can affect
the position of the Bragg reflection in a linear or non-linear manner, we can define
the absolute error in the interplanar spacing Ad for a constant wavelength data
as a function of the measured diffraction angle [9], and by evaluating the exact
differential of the Bragg equation it can be easily calculated:

Ad — (é cos

25in%0

) df + 2d cos 6d A (2.12)
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We can see the strong nonlinear increase of Ad at low diffraction angles even for
small constant errors in 20 immediately after neglecting the error in the wavelength

The cos 6 dependent peak shift caused by a flat sample whose surface deviates
from the focusing circle is a common nonlinear correction for angular dispersive
Bragg—Brentano geometry [9], and it is called the height error ¢ in mm:

180° 0
80 ) cosf (2.13)

2ecorr/0 = -2 <_ RDS

™

with RDS the distance between sample and detector in mm.

A suitable correction function for the nonlinear shift in the angular position
caused by the displacement of a capillary away from the centre of the goniometer in
the Debye-Scherrer geometry is noted as:

d d
20.,,, = arcsin (R—;S sin (29)) — arcsin (WVS(%)) (2.14)

f-dependent absorption is the reason behind peak shift for capillary samples in
angular dispersive powder diffraction experiments, Sabine (1988) gave an expression
for that:

A20,,../° = 2A6°(90 — )¢
A = 0.000033u.4R
B = 1.168 —0.22u 4R + 0.0168(u qR)>

¢ = 1.155+0.2054p¢R — 0.0224(pqR)°
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- - _PEfFE=DJﬂ5
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Figure 2.1: Peak shift of capillary samples in angular dispersive powder diffraction
experiments caused by #-dependent absorption as a function of diffraction angle for
different values of fi.g-.

The intensity of a Bragg reflection The intensity of a Bragg reflection is
proportional to the squared complex structure factor that itself is the vector sum of
complex atomic form factors (for X-rays) by additional complex phase factors. The
following sub headings we discuss factors that influence peak intensities [9].

The atomic form factor The scattering power of an atom or ion as a function of
the scattering vector length s is expressed by the atomic form factor f;. And in the
case of X-rays, this factor depends strongly on s with a marked decrease at higher
values. Note that most explicit parameterizations of f; and others are formulated

as a function of 5 = § = sin#/\ and not of s, [9].

The value at § = 0 is normalized to the number of electrons of the scatterer.
The form factor consists of a wavelength independent and a complex wavelength
dependent part

f;(5) = f7 (8) + Af; () +/—1Af(N) (2.15)

We usually avoid anomalous scattering effects for simplicity, but we cannot deny
its importance when the wavelength used is in the vicinity of an absorption edge
of an atomic species in the sample. In case of presence of a strong scatterer, the
change in scattering power can amount to the equivalent of several electrons and so-
called anomalous dispersion measurements can be used to give extra element-specific
information on structures [3].
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Displacement parameter A decrease in peak intensities is caused by static local
atomic displacements that exit in disordered structures (atoms vibrate about their
equilibrium position at any temperature), we can express it through multiplying the
atomic form factor with a correction factor. Moreover, we can distinguish between
anisotropic and isotropic displacements [9].

We define the displacement factor (Debye-Waller factor) for the entire crystal
structure, groups of atoms or an individual atom for isotropic case as follows:

t = e B% (2.16)

where B is an isotropic displacement parameter equal to B = 872u?, where we define
u? as the mean square deviation from the equilibrium position of the atom or atomic
group. A range of O.lA2 <B< 1.5A2 is considered normal for inorganic compounds,
while for coordination compounds B < 3A2 is usually acceptable. Larger values
usually indicate errors or a severe disorder in the crystal structure. Negative values

often indicate systematic errors in the intensities due to, for example, absorption or
surface roughness or misassignment of an atom type [9].

1_
TN Mo-K,, B=0.5A?
g [ ----B=10A?
0.8 : — — B=2.0A
= —_ -B=50A%
",;,," -
=
E 0.6—
k=t
=
E o
o
2 0.4
3
b J
e
0.2
- \ \\ "‘-‘.“H
Tyt - -
ﬂ_ L] I L] I LI F Il=| _l S
0 0.4 0.8 1.2 1.6 2
sin 8/A4

Figure 2.2: Intensity reduction ¢ as a function of s for a series if normalized displace-
ment parameters B.

The structure factor Ignoring anomalous scattering, the structure factor of a
Bragg reflection is defined as a complex sum over all atoms j in the unit cell [4, 9]

F(s) =Y (t;f;(s)e?ms=s) (2.17)

J
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with the positional vector z; of an atom j in the unit cell defined by fractional
crystal coordinates:

For brevity we omitted the displacement factor ¢; for every atom j on this equation.
And using the Euler identity we can separate the real and complex parts of the
structure factor [4, 9]

F(s) = Z (fj<3> cos (27T8xj)) + \/—_12 (fj(s) sin (27rsmj)) = (x) +1B(s)
j ’ (2.18)

2.4.2 Intensity correction factors

To calculate the integrated reflection intensities observed experimentally in a powder
diffraction pattern, a series of correction factors have to be applied to the squared
structure factors, which depend on the scattering vector s or its length s. A list of
the most common correction factors is given by the product [9]:

corr(s) = M (5) LP(s)A(s)PO (S) E (5) ... (2.19)
M($): the multiplicity of a reflection given by the lattice symmetry.
A(s): absorption correction.
LP(s): the Lorentz - polarization factor.
PO(S): the preferred orrientation correction.
E(3): the correction for primary extinction.

The individual correction factors are not important, as any constant gets ab-
sorbed in the scale factor.

Multiplicity The observed intensity is always multiplied corresponding to a min-
imum value of two for the reflection multiplicity for all crystal systems according
to the overlap of Friedel pairs. Also, for symmetries higher than triclinic, identical
d-spacing symmetry-equivalent reflections have identical intensity and overlap com-
pletely. The total number of these reflections is called multiplicity and lies between
2 and 48, [8, 9].

Lorentz—polarization factor The Lorentz and the polarization factors are purely
geometric factors. One of The Lorentz factor contributions is the relative time that
a reciprocal lattice point moving with angular velocity w spends passing through
the finite thickness of the Ewald sphere, [1, 8, 9]:

2sin 6 1
WY o0 o sin 0 cos 0, L v (2.20)

v = wd*cos =
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Additional geometrical factor occurs in case of powder diffraction that normalizes
the different radius of the Debye-Scherrer rings, at low and very high angles, the
fraction of the diffraction cone that intersects the detector is at his highest values.
The factor is proportional to 1/sinf, The typical form of the Lorentz factor for

powders is then [9]:
1 1

cosfsin® 0 sinfsin (20)

L= (2.21)

where any constant factor gets absorbed by the overall scale factor.

The intensity ratio between the diffracted and the primary beam When a pri-
mary or secondary beam monochromator is present for unpolarized radiation from
a laboratory X-ray tube is expressed as [9]:

b= 1 — cos? 220 cos? 26, . (2.22)

where 6, is Bragg’s angle of the reflection from the monochromator.
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Figure 2.3: Simulated powder pattern of LaBy for Ag—K,_, radiation with and
without LP factor.

Absorption correction For simple transmission through a solid material, the
transmitted intensity I with respect to the initial intensity I, depends on the thick-
ness z of the material and its linear absorption coefficient p, [1, 3, 9].

I =Iehe (2.23)
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Calculated intensities appropriate absorption correction factor is defined as:

I

A=
IO

(2.24)

The wavelength of the radiation used has a powerful effect on the absorption,
also when is near to the absorption edges the absorption changes rapidly. Matching
the experimental wavelength with the system being studies will minimize absorption
effects [3, 9].

Absorption correction factor

0 0.2 0.4 0.6 0.8 1
Thickness/mm

Figure 2.4: Intensity correction factor required for solid samples in transmission
geometry with different absorption coefficients.

Surface roughness If we consider the packing density in Bragg—Brentano geome-
try differ with depth, therefore a “rough surface” the so-called porosity effect reduces
the intensity at low Bragg angles. Which is another type of absorption. The two
most usual corrections are those of Pitschke et al., [10]:

_ 1 _ay
_ 1 a4 (sinG sin29>

(2.25)

And of Suortti [11]:
o + (1 _ all)efaQ/siHH
a; + (1 —ay)e

where a; and a, are refinable parameters.

(2.26)
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Figure 2.5: Correction factor for porosity effect in Bragg-Brentano geometry as a
function of diffraction angle according to Pitschke et al (left) and Suortti (right).

Overspill effect One particular important condition in Bragg—Brentano geometry
is the constant illumination volume which ensured by making sure that the incident
beam stay smaller than the sample area at all different angles. However, at low
angles it is familiar for the irradiated zone to become greater than the zone covered
by the sample on the sample holder. This “overspilling” lowers the intensities up
to the diffraction angle at which the two zones are identical for divergent beam
Bragg-Brentano geometries with a tube opening angle ¢, which is determined by
the divergence slit, the irradiated length calculates to [9]:

Rsing Rsing d
Lot 41, = _oms | fsing - Rylrad] (2.27)

sin(f + %) sin(0 — %) sin 0

with the goniometer radius R.

In the case of small divergence, the beam can be seen as quasi-parallel and the
term Rep[rad] refer to the thickness of the beam d. An intensity correction factor
as a function of the diffraction angle can consequently be calculated for a sample
length S.

S

Ov=-
v LD

for 0 < 26 [rad] < 2 arcsin (R%) . (2.28)
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Figure 2.6: Left: Irradiated length on the surface of a flat plate sample in Bragg—
Brentano geometry with a divergent beam for different opening angles .

Right: Corresponding intensity correction function for the overspill effect for a sam-
ple length of 10 mm.

Preferred orientation The idea of powder diffraction is based on the perfect
randomness of the orientations of the crystallites as Hull mentions back in 1917
. Which is only experimentally easily realized in the case of spherical crystallites.
Crystallites tend to align themselves in one or more preferred orientation(s) that
if we prepare a needle or plate-like crystallites in a flat plate sample holder for
reflection geometry or between foils in transmission geometry, [1, 8, 9].

In one simple approach where there is a single preferred orientation direction,
the angle between the reciprocal lattice vector s of each Bragg reflection and the
specific reciprocal lattice vector s, ¢ of the preferred orientation is calculated using
the scalar product [9]:

Spref * S
COSWy = ————— (2.29)
’Spref ’ ’ ’S’

A correction factor can be calculated by the March-Dollase function (March,
1932) according to which:

N
1 , . —3/2
— 2 2 —1 in2, i
T, =— E (7% cos® w’ + 7' sin” w?)
N

(2.30)

where the sum runs over all N symmetry equivalent reciprocal lattice points and 7
is the refined preferred orientation parameter, which is defined as the ratio between
the correction factors for Bragg peaks perpendicular and parallel to the direction of
the preferred orientation.

Preferred orientation should be distinguished from graininess, where a small
number of large oriented crystallites will lead to incorrectly measured intensities.
There is no simple correction for graininess, except for collecting data on a better-
prepared sample.
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Figure 2.7: 3D second order spherical harmonic representation n of the preferred
orientation correction of a 2 H graphite sample measured in flat plate mode, showing
strong preferred orientation along the c-direction.

The scale factor

The scale factor is a linear, phase-specific factor that absorbs the constants of all
intensity correction factors. It is specific for a particular instrumental configuration
and depends on the incident intensity and measuring time. In the case of multiphase
Rietveld refinement using Bragg—Brentano geometry, the scale factor can be used
for full standardless quantitative phase analysis [1, 8, 9], based on the following

equation:
S (ZMV)
P m
X, = e b (2.31)

where

X, ¢+ the relative weight function of the phase p in a mixture of several crystalline
phases.

Z : the number of formula units of phase p in the unit cell.
M : the molecular mass of the formula unit of phase p.

V : the volume of the unit cell.

S, ¢ the scale factor of phase p.

k : the scalling factor.

iy, + the mass absorption coefficient of the entire sample.
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Knowing k and o, is not necessary to perform quantitative Rietveld refinement
because the instrumental conditions and absorption coefficient influence the equation
as constants and for all phases they are identical. However, the scale factor is directly
related to the weight fraction X, of the phase « for the case of multiphase mixture
[9], and can be used for quantitative phase analysis as follows:

Sap
X, =% 2.32
2=, (Sppp (2:32)

with the density of a single phase p, (in g/cm3), which can easily be calculated
according to [9]:
ZOZMO(

po, = 1.66055 - (2.33)

«

The peak profile

The measured profile of a single, well resolved powder diffraction peak is dependent
on two intrinsic parameters [8]:

o An instrumental parameter including the spectral distribution, and the trans-
mission function determined by the slits.

e The sample contribution based on the crystal structure and the crystallinity
of the sample.

While these contributions can have a form not necessarily Gaussian, it is an
empirical fact that their convolution produces in neutron diffraction patterns almost
exactly a Gaussian peak shape. This is different in X-ray diffraction, where especially
the instrumental contributions lead to rather complicated peak profiles. A number
of profiles have been suggested and tested in the past and some are still preferred
by most scientists [9]. A list of common functions are introduced on the next sub
headings:

The box function The box function can relate to many aberrations and some
of them include the size of the source in the equatorial plane, thickness of sample
surface as projected onto the equatorial plane, width of the receiving slit in the
equatorial plane, width of strips in position sensitive strip detectors [9], we can
define the box function of width a as:

_JA for —5<(X)< 3
bOX(X)—{O for (X)<—

with the normalization A = 1/a.

The Fourier transform of a box function with the reciprocal variable h is calcu-
lated as [9]:

(2.34)

BOX (1) = AqSThe) (2.35)

wha
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Figure 2.8: The box function (left) and its Fourier transform (right).

Gaussian distribution Is a continuous probability distribution function, Physi-
cal quantities that are expected to be the sum of many independent processes often
have distributions that are nearly normal [9]. The expression for a normalized Gaus-
sian distribution in terms of its full width at half maximum fwhm is:

gauss(z) = 2—"ln(2>/ﬁe_4 n(2) () (2.36)

fwhm

The Fourier transform of a Gaussian function is itself a Gaussian function:

GAUSS (h) = e~ “5hg=h? (2.37)
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Figure 2.9: The Gaussian function (left) and its Fourier transform (right).

Cauchy (Lorentz) distribution To describe an emission profile from an X-ray
tube, as well as crystallite size and strain effects from a sample we usually use the
Lorentzian function. Moreover, when it comes to a perfect infinite crystal, Bragg
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peaks are not d-functions, but finite Lorentzians with the fwhm being the Darwin
width, [9].

The normalized Cauchy or Lorentz distribution is defined as:

2m /fwh
_2n/twhm (2.38)
1+ 4(L)

fwhm

lorentz(z) =

And its Fourier transformation is defined by (real part):

LORENTYZ (h) = e~ 2rfwhmlh| (2.39)
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Figure 2.10: The Lorentzian function (left) and the real part of its Fourier transform
(right).

The Voigt distribution The Voigt distribution can be regarded as the convolu-
tion of a Gaussian and a Lorentzian [9]:

voigt(X) = gauss(X) o Lorentz(X). (2.40)
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Figure 2.11: Peak profile of the Voigt function with a Lorentzian and a Gaussian
fwhm of 0.5 each.

The TCHZ pseudo-Voigt function The modified Thompson—Cox—Hastings
pseudo-Voigt “TCHZ” is Another symmetric peak profile function that is commonly
used for angular dispersive data which is a popular approximation to the Voigt
function, The Voigt function can easily be convoluted, which is convenient when
modelling the profile of a diffraction peak. The requirement for a numerical approx-
imation of the Voigt function (due to lack of an analytical formulation), however,
makes the use of the true Voigt function computationally expensive [9]. We can
express the TCHZ function as:

PV(z) = (1 —n)G(x) +nL(z) (2.41)

with G and L usually being a Gaussian and Lorentzian function with equal fwhms,
that is, fwhm, = fwhm; and they are defined as:

(2.42)

fwhm, = \/Utan20+Vtan9+W+ 75
COS

fwhm; = Xtan6 -+ (2.43)

cos

where U,V, W, X,Y and Z are refinable parameters. U and X are related to mi-
crostrain Z and Y are related to domain size.

The shape of the TCHZ pseudo-Voigt function looks practically identical to
that of the Voigt function. One advantage of the TCHZ pseudo-Voigt function, in
contrast to the Voigt function, is the ability to easily report the FWHM of the fitted
Bragg reflections.

The circles function A simple approximate function that we use for modelling
the asymmetry of a Bragg reflection which is known as circles function. The curva-
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ture ¢, is an adjustable parameter [9)].
. X
circles(z) = 1 — ‘Ym‘ for0< X <X, (2.44)

One of the main applications for this function is the phenomenological modelling
of the peak asymmetry caused by axial divergence which is mainly due to the in-
creasing curvature of the Debye—Scherrer rings at very low and extremely high angles
that are cut by (typically) rectangular receiving slits of finite width [9].
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Figure 2.12: Circle function different curvature ¢, (left) and dependence of the
parameter ¢,, on diffraction angle as typical for axial divergence (right).

The background

We can use analytical or empirical function to model an observed background at
position I in the powder pattern Bkg, or it can be set manually. Background noise
in the powder pattern are caused by the instrument and the sample, such as disorder,
thermal diffuse scattering, incoherent scattering, inelastic scattering and so on. [7,
8, 9]

Usually we use high-order orthogonal Chebyshev polynomials of the first kind
to fit the background, the correlations between background coefficients and the
intensity of overlapping reflections at higher scattering angle gets higher with the
Chebyshev polynomials order, we can define Chebyshev polynomials of first kind by
a recursive relation [9]:

To(z) = 1 (2.45)
T(z) = = (2.46)
Tyn(x) = 22T, (x) =T, (2) (2.47)

where the z-axis is normalized between —1 and 1, which is done for an equidistant

260-axis according to:
2(20.) —
T; = ( 92) (29ﬁnal + 295tart) (248)
29ﬁnal - 205tart
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The background values are then calculated as:

n

Bkg, =Y _ ¢, Ty(x,) (2.49)
k=0

At low scattering angle we can usually observe a steep increase in the background,
especially if a position sensitive detector with large opening angle is used. We can fit
the background at this situation by adding a 55- term to the Chebyshev polynomial:

c n
Bkg. = — + E Z . 2.
kgz 291 £ Ck, k(xz) ( 50)

A background can also be defined manually by connecting specified points by
straight line segments.

Another possible background function is a cosine Fourier series:

Bkg, = Z ¢, cos(k26,) (2.51)
k=0

2.4.3 Agreement factors

Now we still have one question, how we know that our refinement for the powder
diffraction pattern is correct, we can judge the quality of the Rietveld refinement
through different statistical agreements (R) factors [7, 8, 9]. The most usual one is
known as profile R-factor which is a measure of the difference between the observed
and the calculated profile:

N
zi: ‘yobs,z’ - ycalc,z’(p>|
R,= L= (2.52)

Zi:l yobs,i

We can overcome the problems that are presented by the sum of all differences
relative to the sum of all observed values which are over emphasizing the strong
reflections and not taking experimental uncertainties into account, by applying a
weight scheme, where every data point gets a weight w,:

(2.53)

Wp

N 2

R . Zfi:l wi(yobs,i - ycalc,i<p)>

= e 5
Zizl wiyobs,i

The influence of the background introduces us to the next problem. the profile

R-value can be dominated by the well-fitted background points and relatively insen-

sitive to the structural model If the peak to background ratio is low, to stay away

from this problem, it is useful to subtract the background from the observed step
scan intensities in the denominator:

Zij\il ‘yobs,i - ycalc,i(p)l
Zij\il |yobs,i - Bkgz‘
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N 2
. Wy ;= ;
R‘/,Vp _ Zzzl ’L(yObS,Z ycalc,z<p>> (255)

N
zizl w; (yobs,i - Bkgz)Q
Despite these corrections, profile R-values of different refinements can only be
compared for identical statistical conditions. The so-called expected R-factor, which
is mainly determined by counting statistics, gives a measure of the best possible fit:

(2.56)
\/Zz 1 w; yobs z

N—-P
Ry = | —v . (2.57)
Zizl w; (yobs,i - Bkgz)

The ratio x between the weighted profile R-value and the expected R-value is a
good measure on the quality of the Rietveld refinement:

\/Zz 1 yobs % ycalc z(p)>2 ‘ (258)

exp

A x between 1 and 1.5 is considered good.
For comparison with single crystal data, the Bragg- R-value can be used that is
based on integrated reflection intensities rather than step scan intensities:

Zk 1‘ obs,k calck‘

Zkzl obs,k
where I, and I, ; are the observed and calculated intensities of the K, reflec-
tion out of k reflections.

Interpreting Rietveld Rp,,,, values with caution is a must cause they are often
lower than those one we would expect in a single crystal experiments, the reason
behind this is for overlapping reflections the intensity is apportioned to individual
hkl-reflections according to the ratio of the calculated intensities averaging out mis-
fits of individual reflection intensities. This leads to a biased or overly optimistic

assessment of the Bragg- R-value.

RBragg (259)

2.4.4 Refinable parameters

The parameters that can be adjusted in the Rietveld method refinement procedure,
in principle simultaneously, [8] include:

 Lattice parameters (a,b, c,a, 3,7).
e Atomic occupancies.
o Atomic thermal vibrational parameters, isotropic or anisotropic.

 Atomic positions (z,y, 2).
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o Profile including U, V', W from the Cagliotti formula and asymmetry.
o Preferred orientation.

o Background function.

o The scale factor.

o The isotropic thermal B.

e Zero point of instrument.

2.5 Conclusion

The Rietveld method is based on using multiple mathematical corrections on multi-
ple refinable parameters to adjust a known X-ray diffraction pattern to match the
observed new diffraction pattern, this will allow us to get or approach the structural
information values that are contained within that diffraction pattern, this previous
chapter have walked us around these mathematical basis and introduced us to the
refinable parameters that we can apply these equations to, in the next chapter we
will try to apply this method on some examples.
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Chapter 3

Application of Rietveld method

3.1 Introduction

The Rietveld method is the most reliable and powerful tool for refining crystal
structure when X-ray diffraction data are available . It requires the structure model
to be refined in as close as possible to the true structure. The Rietveld method
usually represents the final step of the powder solution process. In particular, when
a new structure is going to be determined and published.

There are several commercial programs that are designed for Rietveld refinement
such as : Match!3, TOPAS, X’Pert HighScore Plus. In addition, there are many
free programs like: GSAS/EXPGUI, MAUD, Rietica, EXP0O2014 and Fullprof. The
last program is used in this work, where in this chapter, we briefly demonstrate all
the steps of the Rietveld refinement process. Moreover, in the last sections, we show
some examples related to the Rietveld refinement using the Fullprof program.

Appendix ...

3.2 Sample refinement steps

The refinement procedure usually goes through these steps :

1. Scale factor.

2. Scale factor, zero point of the detector, 15* background parameter and lattice
constants. In case of very sloppy background, it may be wise to actually refine
at least two background parameters, or better fix the background using linear
interpolation between a set of fixed points provided by the user.

3. Add the refinement of atomic positions and (eventually) an overall Debye-
Waller factor, especially for high temperature data.

4. Add the peak shape and asymmetry parameters.
5. Add atom occupancies (if required).

6. Turn the overall temperature factor into individual isotropic thermal parame-
ters.
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7. Include additional background parameters (if the background is refined).

8. Refine the individual anisotropic thermal parameters if the quality of the data
is good enough.

9. In case of constant wavelength data, the parameters Sycos and/or Sysin to
correct for instrumental or physical 26 aberrations with a COS or SIN angular
dependence.

10. Microstructural parameters: size and strain effects.

3.3 Application of the Rietveld refinement to dif-
ferent samples

In this section we present the refinement results obtained for three different com-
pounds: Y503 powder, ZnO-Al,O5—-CakF, powder, and Hematite-proto with pure
Hematite thin film.

3.3.1 Powder sample

A Y,05 powder sample was prepared and treated with a radiation A = 1.54060
and a step size 0.02. The collected data were measured carefully in order to refine
them, then we created a PCR file accordingly. Finally, the following sets of refine-
ments were applied on the range from 26, ;,, = 15.62 to 26,,, = 100.22 during the
refinement process:

Set_ 1: We refined scale factors and shifts on 2theta axis (zero point).
Set_ 2: We refined scale factor and specimen displacement.

Set_ 3: We refined scale factor and specimen displacement, unit cell parameters,
profile shape parameters, background coefficient 1.

Set_ 4: We refined scale factor and unit cell parameters, background coefficient
1 and Caglioti half-width parameter U.

Set_ 5: We refined scale factor and unit cell parameters, background coefficient
1 and Caglioti half-width parameter U, overall isotropic displacement parameters.

Set_ 6: Scale factor and asymmetry parameters.
Set_ 7: U and V.

Set_ 8 V and W.

Set_ 9: U and W.

Set_ 10: Scale parameter with shape parameters.
Set_ 11: Cell parameters.

Set_ 12: Atomic positions.

The resulting plot of observed and calculated pattern is as follows:
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Intensity (arb. units)
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Figure 3.1: Plot of calculated and observed patterns with peaks positions and dif-
ferences plot of Y,05.
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Agreement factors

R, R,, R., chi® Rp.,,

P Wp exp

7.89 851 449 3.59 2.86 1.89

The factor between R, and R, is considered as average when working with
the quality of the data presented.

e Structural information

Cell parameters

a a, B and v system

10.6003  90.0000 cubic

Asymmetry parameters

P1 P2 P3 P4 Space group symbol

-0.09940 -0.02730 0.309820 0.111770 I a-3

Halfwidth parameters

U \'% \%\%

0.014052 -0.012670 0.014835

Atoms positions

Atom =z Y z B occ

Y1 -0.03231  0.00000 0.25000 0.04500 0.50000
02 0.25000  0.25000 0.25000 0.04500 0.16667
Y3 0.39113  0.15181 0.38041 0.04500 1.00000
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2D structural plots

Figure 3.2: 2D structural for Y,04 phase.

3D structural plot

Figure 3.3: 3D structural plot for Y,04 powder [14].

3.3.2 Powder sample (3 phases)

The raw data file of triplet phases: ZnO, Al,O;, and CaF, was provided by the
International Union of Crystallography and it was treated with a radiation A =
1.54060 and a step size equals to 0.02. In this case we applied the following sets
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of refinements to the refinable parameters on the range from 26, _,, = 21.32 to
20, . = 148.32.

Set_ 1: We refined scale factors and shifts on 2theta axis (zero point).
Set_ 2: We refined scale factor and specimen displacement.

Set_ 3: We refined scale factor and specimen displacement, unit cell parameters,
profile shape parameters, background coefficient 1.

Set_ 4: We refined scale factor and unit cell parameters, background coefficient
1 and Caglioti half-width parameter U.

Set_ 5: We refined scale factor and unit cell parameters, background coefficient
1 and Caglioti half-width parameter U, overall isotropic displacement parameters.

Set_ 6: Asymmetry parameters.

Set_ 7: U and V for phase 1.

Set_ 8: V and W for phase 1.

Set_ 9: U and W for phase 1.

Set_ 10: U and V for phase 2.

Set_ 11: V and W for phase 2.

Set_ 12: U and W for phase 2.

Set_ 13: U and V for phase 3.

Set_ 14: V and W for phase 3.

Set_ 15: U and W for phase 3.

Set_ 16: Scale parameter with shape parameters for all phases.
Set_ 17: Preferred orientation for all phases.

Set_ 17: Cell parameters for all phases.

Set_ 18: Atomic positions for all phases.

Set_ 19: Isotropic displacement parameter for all phases.
Set_ 19: Atomic site occupancies.

Set_ 20: Background coefficients (1.2 and 3).

The resulting plot of observed and calculated pattern is as follows:
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Intensity (arb. units)
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Figure 3.4: Plot of calculated and observed patterns with peaks positions and dif-
ferences plot of Al,O3;-7Zn0O—CakF,.
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Agreement factors:

R R R, Chi2 RBragg phase 1 RBragg RBragg X

P wWp exp

11.8 19.6 123 2523 5.74 4.43 7.61 1.58

The factor between R, and R, is considered as good.
 Structural information for phase 1 Al,O4

Cell parameters

a b C « B 0%

4.758140 4.758141 12.989100 90.000000 90.000000 120.000000

Asymmetry parameters

P1 P2 P3 P4 Space group symbol system

0.179190 0.127290 -0.255430 -0.156860 -R 3 2"c Trigonal

Halfwidth parameters

U \'% \%\%

0.018423 -0.006189 0.024060

Atoms positions

Atom =z Y z B occ

Al 0.00000 0.00000 0.35214 1.03830 0.33093
0) 0.30648 0.00000 0.25000 0.86879 0.51214

o Structural information for phase 2 CaFs,

Cell parameters

a b C « B vy

5.46302 5.46302 5.46302 90.000000 90.000000 90.000000

Asymmetry parameters
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P1 P2 P3 P4 Space group symbol system

0.37923 0.20402 -0.67532 -0.31777 -F423 cubic

Halfwidth parameters

U A% \)\%

0.03074 -0.01503 0.02554

Atoms positions

Atom =z Y z B occ

Ca 0.00000 0.00000 0.00000 0.97567 0.02095
F 0.25000 0.25000 0.25000 0.98345 0.04041

« Structural information for phase 3 (ZnO)

Cell parameters

a b c a 6] v

3.24904 3.24904 5.20568 90.000000 90.000000 120.000000

Asymmetry parameters

P1 P2 P3 P4 Space group symbol system

0.57716 0.29098 -1.11740 -0.52231 P 6¢c -2c Hexagonal

Halfwidth parameters

U \% \%\%

0.00187 0.00299 0.02634

Atoms positions

Atom =z Y z B Occ

Zn 0.33333 0.66667 -0.02734 1.75250 0.16676
O 0.33333 0.66667 0.35750 0.87121 0.16997
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2D structural plots

e Phase 1

Figure 3.5: 2D structural plot along (b) axis for Al,O5 phase.

Figure 3.6: 2D structural plot along (c) axis for Al,O5 phase.
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Figure 3.7: 2D structural plot along (a) axis for Al,O4 phase.
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e Phase 2
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Figure 3.8: 2D structural plot along (b) axis for CaF, phase.
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Figure 3.9: 2D structural plot along (c) axis for CaF, phase.
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Figure 3.10: 2D structural plot along (a) axis for CaF, phase.

e Phase 3

Figure 3.11: 2D structural plot along (b) axis for ZnO phase.
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Figure 3.12: 2D structural plot along (c) axis for ZnO phase.

Figure 3.13: 2D structural plot along (a) axis for ZnO phase.
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3D structural plot [14]

Figure 3.14: 3D structural plot of Al,O5 powder sample.

Figure 3.15: 3D structural plot of ZnO powder sample.
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Figure 3.16: 3D structural plot of CaF, powder sample.

3.3.3 Thin film

Fe,O5 thin film was synthesized and analysed in our laboratory . We treated the
sample with an X-ray of radiation A ;,= 1.54060 A, =1.54443 and a step size
equal to 0.02, then we applied the following sets of refinements to the refinable
parameters on the range from 26, ;, =22.5637 to 20,_,,,.= 79.0926.

Set_ 1: We refined scale factors and shifts on 2theta axis (zero point)

Set_ 2: We refined scale factor and specimen displacement

Set_ 3: We refined We refined scale factor and specimen displacement, unit cell
parameters, profile shape parameters, background coefficient 1

Set_ 4: We refined scale factor and unit cell parameters, background coefficient
1 and Caglioti half-width parameter U

Set_ 5: We refined scale factor and unit cell parameters, background coefficient
1 and Caglioti half-width parameter U, overall isotropic displacement parameters

Set_ 6: Caglioti half-width parameter U and V for phase 1.

Set_ 7: Caglioti half-width parameter U and W for phase 1.

Set_ 8: Caglioti half-width parameter W and V for phase 1.

Set_ 9: Caglioti half-width parameter U and V for phase 2.

Set_ 10: Caglioti half-width parameter U and W for phase 2.

Set_ 11: Caglioti half-width parameter V and W for phase 2.

Set_ 12: Scale factor and Asymmetry parameters for phase 1.

Set_ 13: Scale factor and Asymmetry parameters for phase 2.

Set_ 14: Cell parameters for phase 1.

Set_ 15: Cell parameters for phase 2.

Set_ 16: Atomic coordinates for phase 1.

Set_ 17: Atomic coordinates for phase 2 except for hydrogen atoms.

Set_ 18: Isotropic displacement parameter for all phases except for hydrogen
atoms.
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Set_ 19: Atomic site occupancies except for hydrogen atoms.

Set_ 20: Background coefficients (1, 2 and 3)

The resulting plot of observed and calculated pattern is as follows:
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Intensity (arb. units)
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Figure 3.17: Plot of calculated and observed patterns with peaks positions and
differences plot of Fe,Os.
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Agreement factors

2
R, R,, Re, chi" Rp,, phasel Rp,,, phase2 x

23.2 203 1649 1.52 6.900 5.984 1.23

kkk vs ?
The factor between R, and R, is considered as good.

 Structural information for phase 1 (Hematite)

Cell parameters

a b c a 6] v

5.03266 5.03266 13.76140 90.000000 90.000000 120.000000

Asymmetry parameters

P1 P2 P3 P4 Space group symbol system

0.16083 0.11941 -0.33148 -0.24946 -R 3 27c Trigonal

Halfwidth parameters

U \% \%\%

-0.31336 0.21568 0.28716

Atoms positions

Atom =z Y z B occ

Fe 0.00000 0.00000 0.35600 0.45817  0.33328
@) 0.30523  0.00000 0.25000 -0.12935 0.50364

« Structural information for phase 2 (Hematite proto)

Cell parameters

a b c « B vy

5.022151 5.022151 13.680600 90.000000 90.000000 120.000000

Asymmetry parameters
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P1 P2 P3 P4 Space group symbol system

-0.232500 -0.312040 0.695210 0.793370 -R 3 27c Trigonal

Halfwidth parameters

U A% \\%

-0.276825 -0.094643 0.277632

Atoms positions

Atom =z Y z B occ

Fe 0.00000  0.00000 0.35557  4.55900 0.31760
H -0.14600 0.32100 -0.14200 5.52600 0.01000
o 0.29965  0.00000 0.25000 5.36740 0.51266

2D structural plots

o Phase 1 (hematite)

Figure 3.18: 2D structural plot along (c) axis for hematite phase.
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Figure 3.19: 2D structural plot along (a) axis for hematite phase.

Figure 3.20: 2D structural plot along (b) axis for hematite phase.
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« Phase 2 (hematite proto)

Figure 3.21: 2D structural plot along (c) axis for hematite proto phase.
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Figure 3.22: 2D structural plot along (a) axis for hematite proto phase.
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Figure 3.23: 2D structural plot along (b) axis for hematite proto phase.

3D structural plot [14]

Figure 3.24: 3D structural plot of hematite.
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Figure 3.25: 3D structural plot of hematite proto.

3.4 Conclusion

The Rietveld refinement is the last necessary step in the structural study of powder
diffraction data. It requires the structure model to be adjusted is physically and
chemically close to the observed one. If these conditions are not fulfilled then the
risk of obtaining an incorrect refined structure model is highly possible.

In this chapter we tried to refine different types of X-ray diffraction patterns that
spans from mono-phase material nature to triple-phase. We concluded the results
according to the agreement factors , and we tried to give a structural approach both
in numbers and as structural plots in 3D and 2D.
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(General conclusion

The powder diffraction method was developed as early as 1916 by Peter Debye and
Paul Scherrer. In its first half decade of use it was exclusively limited to phase
analysis of materials. The major difficulty was the accidental and systematic peak
overlap caused by a projection of three-dimensional reciprocal space on to the one-
dimensional 26 axis of a powder pattern. This leads to a reduced information content
compared to a single crystal data set.

The Rietveld method overcomes the overlap problem by modelling the whole
powder pattern with a set of parameters that can be refined to minimize the dif-
ference between the calculated and the measured powder pattern. This allow us to
have sufficient information in the one-dimensional data set to reconstruct the three
dimensional structure.

In this work we have reviewed the necessary basic information on X-ray instru-
ments, in the first chapter, to allow for better transition to the theoretical approach
of Rietveld method in the second chapter, where we present, in some detail, the the-
oretical aspects of the many parameters that effect the Rietveld refinement process.
In the last chapter we have tried to apply the Rietveld method using a software
suite called Fullprof to extract as much structural information as possible from a set
of X-ray powder diffraction patterns.

We noticed that the agreement factors vary between phases — some meet the
required values and some do not. According to Brian Toby [15] we cannot rely on
these factors to identify the best fit because they are affected by many variables
(instruments or conditions for measuring the points y(7)) but we have to calculate
them anyways to guide us through the refinement and to know whether we are
on the right way to fit the observed pattern. According to his experience we can
rely on graphical visualization and compare the calculated and observed patterns to
determine the goodness of fit. Then we can try to identify the reasons behind the
high values of agreement factors if such high values arise.

In conclusion, we can consider the Bragg factor and x? as a guideline to help us
through fitting the calculated patterns but not to have the final results that help us
to determine the structural solution.
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Appendix A

The Fullprof Suite

The FullProf Suite [12] is formed by a set of crystallographic programs (FullProf,
WinPLOTR, EAPCR, etc.) mainly developed for Rietveld analysis (structure profile
refinement) of neutron or X-ray powder diffraction data collected at a constant or
variable step in scattering angle 26.

A beginner cannot start to use the program without a background in crystallog-
raphy, magnetism, diffraction physics, and data analysis. Even an expert in these
fields can experience difficulties for the first time he or she uses the program.

In order to do Rietveld refinement of X-ray diffraction data, we usually use a
pair of programs: PCR Editor and Winplot.

A.1 PCR Editor

This program can be presented as a user-friendly interface for an easier editing of the
*.pcr files that contain the diffraction conditions and crystallographic information
needed by the program.

T Editor of PCR Files - x

File Editer Tools Templates Help Eat

1106 2 2 WimsiBE Yy o %

Infermation
Tile, of job: Ristveld ed Intensties T I
_________________ 'ﬁ'P:d f job Irtegrat [ Genes
: | |I; FU"Pl"Of iﬂ Typs of Pa:m.pr:d'ie.hadtwrmm.dﬁmm Pattems |
gecrmstry, User-grven scattenng factons ..
' I‘ PCR f!] Phase of calculations (JET), ATZ,
i . name, hpe of & 5 1 2
| - Editor [ contribution to pattems, symmetry. %
[} I
| P Mumber of cycles. refmation facton. access to
[ |r F | I," i patteens aned phases (sboms and profie) D
i _ | A A _f ~ |
= ...J,‘r '_ = . ;; rfu’.: ;.: ._._ W:Ms adding, deleting, Constrsnts |
Fieng range of parameten. detances. angles,
e moments and kreas testrrts o taeuk e
17 i 25 ] X3 a &1 &5 44 |
E Y Dutput options for patt and phases
I o Refiection ksts: ?;.Iua;:bum EWS %

Copyeight i) 2002-2005_ JGP - JRC |

C\Users'fares\Desktop\thesis\simulation\source'y 8\ W2\ T pcale Profiles: 1  |Phases: 1 (2171072020 (17:37:8 |

Figure A.1: The principal window of EdAPCR program.
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The principal window of EAPCR has a menu bar and a toolbar, see Figure A.1.
Hovering over an icon for a short time will give you a brief information about it.

A.1.1 General

This button allows you to define general information like the title and type of job:
Rietveld, Profile Matching, Simulating Annealing.

Tia General Information X

Title
[203]

Caleulations
{* [Refinement/Calculation of a Powder Diffraction Profile

" Refinement on Single Crystal Data / Integrated Intensity Data 0K |

™ Simuated Annesling Optimization (Integrated Intensties) C

I~ Optimize calculations according to the padicular aptions wsed in this Job

Figure A.2: The general information interface.

e General Title. It allows you to use up to 80 characters to label the printout.

o Calculations. This window allows you to select the appropriate calculation
method either for single crystal work or powder data. If Simulated Annealing
Optimization is selected, then the respective button is activated in order to
introduce parameters according to selected procedure.

e Optimize calculations. Given a particular option related to the job, the

program will optimize the calculations and it will reduce the time needed to
finish it.

A.1.2 Patterns

This window will allow you to present patterns information such as: types of profile,
background, geometry aspects, etc.
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Patterns Information |
foamati
[ Pattem: 1/1 Weight: [ 1.0000 Diata file/Peak shaps
Background Type
4 4 =] XI D] Dl _ecteetes |
Do N Lo I Geer |

User Scatt. Factors

| Initial Previous Add

ok | Cancel |

Figure A.3: The patterns information interface.

You can add or remove and control the patterns information through this inter-
face except the refinable parameters.

o Weight. Useful for multipattern option. Is the weight for actual pattern.

« Data file / Peak Shape. Through this interface we can define all information
about data file, format, units, profile functions.

| T Profile Data Information: Pattern 1 *

Data File / Fomat | Refinement / Siudation | Pattem Calcuiation/Peak Shape |

- Fomat
" D1A/D2B (OWd Format) % Free Format (Rhetal, step, 2ThetaF)  Variable Time Xray Data
C DIA/D2B/3T2/G42  © Two Ads Instrument, G41 XY SIGMA (XYDATA)
D18 (Okd Format) T GSAS Fomat " XCelerator (PANshytical)
 D18/D20 " Socabim Software " ISIS mutibank nomalized
" D4/D20L " Synchroton (Brookhaven)
" DMC/HRPD(P.S1) ¢ Synchroton (DEWS Software)

oo | F

T v e e

Figure A.4: Profile data information interface (Datafile/format).
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| i Profile Data Information: Pattern 1 X

Data Fie / Fornat  Refinement / Simulation | Pattem Calculation,/Pesk: Shape |

Simulation / Refinement Data

pu E_Rjt " Pattem Calculation (X-Ray)

€ Neutron - CW (Nuclear and Magnetic) " Pattem Calculation (Neutron - CW) ;
= e e ) " Pattem Calculation (Neutron - T.OUF)

Wawvelength '

[cu ~] A [ 1520800 A | 1544430 (0 0)]| 05000

coca |

Figure A.5: Profile data information interface (refinement and simulation).

| T Profile Data Information: Pattern 1 b4

Deta Fie / Format | Refinement / Smulation  Pattem Calculation/Peak Shape |

Peak Shape
Ipsm.nchﬂu"nigﬂ j = fefil SHI ' Global Sk
Seattering Variable
=+ 2Theta " T.OF. (microssconds) " Energy heV)
Range
Theta_min: I 10.0000 Theta_manx: $0.0100 Step: I 00300
Range of calculation of 2 single reflection in units of FWHM: [ 15 0000
Incident beam angle at sample suface (7): 0.000
I

coen

Figure A.6: Profile data information (Pattern calculation/Peak shape).

o Background Type. Which allow us to define the background mode in cal-
culations: points, polynomial, Fourier filter, ...
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Background Information

Background Maode
™ E-Coefficients polynomial function
™ 12LCosfficients polynomial function Origin of the polynomial: I'—I‘.EEI!

™ Debyedike (12coeff J+ polynomial functions (E-coefficients)

(" 12Loefficients Fouriercosine seres

€ Fouser Fhetg Mumber of points taken for Fourer Fiter: 730000 —]
% Background Fle transfomed by 4-coefficients expression

(" Linear Intempolation between a set background points with refinable heights

" Intespolation by cubic spines

{~ Chebychew Polynomial (24 cosfficients)

ok | Cancel |

Figure A.7: Background file type information interface.

o Exclude regions. This window allows us to specify the number of exclude
regions on the current pattern and their range.

' Exclude Regions: Pattern 1
| .
Mumber of excluded Regions: | Ej |

Low bound Hghbound | A
Region 1 0K !
Region 2
Region 3 v Cancel |

Figure A.8: Excluded regions interface

« Geometry/IRF (Instrumental Resolution File). Here we can specify
parameters related with geometry used in the refinement.
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T Pattern Diffraction Geometry Information: Pattern 1 ki

* Mons
o Hy=U a0 6+7) a0+, FWHM = JU,tan" 8+ tan 8+,
Hy =X tan8+F feos8+Z, p=1+X, 20+Y, (28)

- H2 = (U, tan 8+F,) tan 8+,
Hy =(X,26+)),28+Z,

~ H3=WU,204V) 20+,
| Hy = (X,2641),26+2,
 List of 28, Hy(28), H (26 A

MNamea of IRF fila:

| ’

i oK | Cancel
Figure A.9: Geometry interface.
o User Scatt. Factors. Where we can define particular scatter factors.

Uzer given Scattening Sets: Pattem 1

Total Number of Scaflenng Sels: ]

[T Anabtical Function / DF O + intemal ssponential epansion cosfficients n:jl

Symbal DF /b o AlSA Bl/a A2/B B2/b A/C Bl/e AL/D B4 C L

Symbal oF o Sn_T/L Vs i

Figure A.10: Scattering factors interface.

A.1.3 Phases

In this window we can define phase information like their names, contribution to
patterns and symmetry, etc.
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Phase Information: Phase 1

General Information on Phases

Name of Phase : |‘|1'tri|.lnmdc

Caleulation:  [Structural Model (Rietveld Method) |

Coefficient to calculate the weight

percentage of the Phase: [361287 Cakculated atomaticaly & Provided by user
s o o e e Contribution to Patiems
Space Group symbol/number, symmetry Symmedry
operators, basis functions, elc

4 4 = X » M

[ ok ] Cancel |

Figure A.11: Phase information interface.

A.1.4 Refinement

This interface is the access to the most important part of the PCR Editor which is
setting refinement conditions and editing structural with profile parameters . Atom
positions, profile shape parameters, magnetic moments, microstructural parameters,

etc.

= Refinemnent Information

Seop Critedium of Covergence: Relmcation Facion for Shils
Fomud'l'mmﬁmﬁﬂaqlﬂ'lu x ESD.
(ehers: None =] || Mome [ 100 Amsctmgsc | 100 Profle | 100 Global [ 1.00
Feflections ordenng
% Oy at the first cycle: ™ Each cyde ™ Bragg Rifactor sxcluding refiections limiting excluded regions
Patams 1 | Patiem 2 | Pattom 3 | Patem 4 | Patem 5 | Posem | ] Phaes 1 | Phose 2 | Pisse 3] Phase 4 | Prisse 5 | Phase 5 | Pt L2
[ox
Refinement weighting model Fooms Frop. Vectors
 Least Squsres Eachground Cancel Patiems
ol Lol g * 1 i ([ O [ ad « [

™ Uit Wesghts =

Risdhuction factor of number of dats ports: | 0=

Figure A.12: Refinement information interface.

A.1.5 Constraints

This interface provides the ability to set constraints for the refinable parameters.

You can modify, add or delete constraint relations with ease.
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Constraints Definitions

Refine Farameters

Giobal Parameters | Aomic Paramaters | Profie Paramaters

Figure A.13: Constraints interface.

A.1.6 Box/Restraints

On this window we define restraint relations or box limits on refinable parameters.

Restraints Infarmation

Atoms distance restraints | Atoms angle restraints | |
Range Limts Relatons | Linear Rastraints Relations

Number of Range Limting relations:[ 11 -

Varabls Low Lt High Limit Stap

bl
¥

Radstion &1
Fledation #2
[Radation 53
Redation #4
Redation &5
Relation 26

UL e

[ox | _cmed |

Figure A.14: Box/Restraints interface.

A.1.7 Output

This interface allows you to control the output files for each phase and pattern:
Fourier, hkl-lists, files for other programs, etc.
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T Output Information X
~PCR Input File
PCR Update: |SMECNeRNTT LI ¥ Classical Output Format for a Single Pattem in PCR
Output Files
™ Summary of refined parameters (RPA) ™ Crystallographic Information File (CIF)

[ Lst of Symmetry operators on file (SYM)

[ General Output Information  Pattems Output Information | Phases Output Information |

Output Information Fie (OUT) | Simuiated Défraction Fie (SIM) | Summary Pasameters Fie (SUM) |

I™ Only Information from the last cycle is printed
Comelation Matrix Ouput: [Comelation Matrox =] s
1 -1-1-1-1-

Reflection kst is wiitten before starting cycle rrrrrrr
Comected profile intensties are wiitten Frrrrrr
Merged reflections list is written rrrrrrr
Cal. and Obs. profile intensities are witten rrrrrrr
Cal. and Obs. integrated intensities are written Frrrrrr
List reflec, from second wavelength is written Frrrrrr

Ochm

Figure A.15: Output file interface.

A.2 WinPLOTR

WinPLOTR [13] is used to visualize the results to compare the input data with the
refined plot.

We can also use this tool to smooth the raw data to have a better reading for the
peak positions and intensities that we also use it to have phase and crystallographic
information about the sample through comparing these extracted information with
the open data base of crystallography. Eventually we need this information to make
the right *.pcr file for the right refinement of the sample.
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A, Wb TR C T MRS, R ¢ ILL Gapnctin] = 0 X
o Fiot Opboss Pominfeiecton Hipece Cuidsiom Rapbvekd pictapices Sed  Loemsl sppicsion Toch bep

en-wm B ww

Figure A.16: WinPLOTR’s main interface.
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Refinement requirements

To start the refinement process, we need to prepare a set of files that contain informa-
tion about the simple and the refinable parameters, in most situations we basically
need these input files:

.PCR

This is the input control file, known as the PCR-file. It must be in the current
directory to run the program. It contains the title and crystallographic data
and must be prepared by the user with the help of a file editor.

There are two different formats for this file: the first one is a free format and
the second is based on keywords and commands. Within the free format type
of the file there are two slightly different ways of writing the PCR-file: the
classical way, adapted to treat only a single pattern, and the new way suitable
for treating multiple pattern refinements.

Note: we can use the .CIF (Crystallographic Information File) file to create a
.pcr file from scratch.

.DAT

This is the intensity data file. Its format depends on the instrument used.
This corresponds to the profile intensity of a powder diffraction pattern. For
an X-ray powder diffraction pattern the .DAT file contains the intensity values
according to the step size 6.

.BAC

This is the background file which contain numerical values that the program
uses to calculate the background at each value of the scattering variable to
eliminate unnecessary background noise that is produced by the X-ray instru-
ments. There are two types of formats for this file:

1. The first format is the same as that of FILE.dat for Ins=0:

— First line: 260/TOF /Energy (initial) step 260/TOF/Energy (final),
any comment

— Rest of lines: list of intensities in free format.
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2. The second format is adapted to the case where there is no fixed step in
the scattering variable. The first line is a comment and the rest of lines
are pairs of values, scattering variable — intensity, in free format.

After doing a cycle of calculations Fullprof will creat these Output files:

.0UT

This is the most important output file which contains all control variables and
refined parameters. Its content depends on the user’s values of settings flags.

.PRF

This contains the observed and calculated profile data, which are usually
used by the visualisation programs. (This file is used automatically by Win-
PLOTR).

.HKL

Complete list of reflections of each phase.

.SUM

Parameter list after last cycle: summary of the last parameters, their stan-
dard deviations and reliability factors. An analysis of the goodness of the
refinement is included at the end.

.FST

This contains space group symbol, atom positions and cell parameters, which
is used by FP studio program to give a 3D graph of the refined structure.
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Refinement procedure

C.1 Making the *.pcr file

To make a *.pcr file we can use two methods, the first is by editing an existing
*.pcr file to match the data we observed which can take too much time to finish,
or we can use the PCR editor included in the Fullprof Suite software.

e Open per editor. We can launch it by pressing the icon on the Fullprof suite
interface or we can lunch through the programs tab > EAPCR. .

e Make a new file and we set the general variables. We set the desired title
for the *.pcr file and it must match the name for *.dat file, and we set the
calculations to refinement/calculation of a powder diffraction profile.

o Set pattern variables. We create a new pattern, we set path for the observed
data file *.dat.

For the background type we have multiple options, but we prefer to use the
6-polynomial function, unless you have the *.bac file or you have graphically set
manually the background points than you select it to be “background file trans-
formed by 4-coefficient expression” and you set the path for that file.

To set an excluded region to optimize the calculations we just fix the range for
that region under the “excluded region” tab.

o Set phase variables. Setting the general information on phases starts by giving
a name of the phase, then setting the calculations to be “structural model
(Rietveld method)”, after that we set the coefficient to calculate the weight
percentage of the phase.

Under the “contribution to patterns” tab we select X-ray to be the type of
pattern, and we set the pseudo-Voigt function to calculate the peak shape.

Under the “symmetry” tab we set the space group properties automatically ac-
cording to the space group symbol of the element we are working on.

o Save the *.pcr and *.dat files in a separated folder. Saving the *.pcr and
x.dat files in a separate folders is necessary for the software to work correctly,
and the files should have the same name too.
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C.2 Testing the *.pcr file

After we create the .pcr file we open the Fullprof suite software and open the PCR
Editor tool again.

o Editer of PCR Files

|
*

File Editor Tools Templates Help Exit
Y0k 2 2de LBEBE Y 0%

Information
Title. type of job: Ristveid, Infegrated intensiias,

} FuuProf (A Tl Pl
'\

background,
. user-given scafienng faciors ...

Phase name, type of calculations uan ATZ,
‘contrbution 10 pattems, symmatry, .

Ii Edrtor

Mumber of cycles. redmation factors. accessio
ipattemns and phases (atoms and profie)

Foang range: of parametens. dstances. angles.
magretc moments and insar restrants

E ] Wm{umnﬁdm
kists, Fourier, distances, BVS...

MMH

Copynght fc) 20022005, JGP - JRC

| Profile= 0 [Phaser: 0 211102020 170746

Figure C.1: Editor of PCR files interface.

We open the saved *.pcr file, and we lunch the software without setting any
parameter to refine to make sure that everything is set correctly. If everything is set
correctly then we will get the following results with no error messages:

Bhe FiPagd Prpgraen - [ =] s
Lead ESNFCR Mode Fun i

=> COnvergancsd reached At chis CYCLE 1101 CYCLE Moo 1
=> R-Factore: ¥T.§ 48,5 Chid: .38 oH-gtat.:  0.811%  pasths
=> Expacraed @ ZE.4 1L.8796
=> Comventional Rietveld R-factors for Pattern: i
=> Fp: 48,7 Pwp: 567 Tomp: 30.83 ChiZ: 3.38
=> Global user-weigthed Chiz can:q contrib. )@ 3.562
= > Patteznd ]
= Fhase: 1
=3 Bragy R-factor: 27.73
L2 RP-factor 1 18.99 |

=>» Rormal end; final calculations and ﬂlt- Al
=» Contribarion te YL for phase: 1

=> CPU Tima: 0.578 saconds
=> 0,010 minutes

=> END Date:21/10/2020 Time => 17:26:06.441

cyals: 100 chizs a.38 fpoalo.dat

_ T I it SR --a--ri-wu- -:- .

iQ =20 ao 40 =0 Lol 0 |aa
EThets

Figure C.2: Fullprof program interface and results log.
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In order to set parameters to be refined by Rietveld method we simply select
the desired parameters to be refined under the refinement tab, then we start the
Rietveld refinement program.
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Appendix D

Troubleshooting the refinement

During refinement procedure we may encounter many obstacles. The following table
summarises these problems and the refinement parameters that should be considered

for refinement.

Effect 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 dis-

placement Zero-shift
Weight fraction (scaling)

Preferred orientation Grainy sample
Atomic species / Substitutions / Vacan-
cies Atomic coordinates Site occupan-

cies Thermal displacement parameters
Crystallite size Micro-strain Surface

roughness Transparency
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X-ray diffraction occupies an important place in materials science. Through this
technique, it is easy to extract the cell parameters and identification of phases that
exist in a crystalline sample. Nevertheless, when the phase is unknown, or in other
words, if the sample contains a phase which does not exist in [kkk the] database then
this makes the process of structural determination more difficult. It is due to this
difficulty that the Rietveld method has gained fame in materials science in general
and especially in the powder diffraction field.

This work highlights, in some detail, the theoretical aspect of the Reitveld
method. Also, the Fullprof program with its different commands is presented here.
This investigation showcases special examples: a sample with a single phase of Y,04
was prepared as powder, the second example is also a powder with triplet phases
ZnO—Al,04—CakF'y, and the third example is hematite and hematite-proto as a thin
film sample.

La diffraction des rayons-X occupe une place importante dans la science des
matériaux. Grace a cette technique, il est facile d’extraire les parametres cellulaires
et d’identifier les phases qui existent dans un échantillon cristallin. Néanmoins,
lorsque la phase est inconnue, ou en d’autres termes, si ’échantillon contient une
phase qui n’existe pas dans la base de données, cela rend le processus de détermi-
nation structurelle plus difficile. Cependant, a partir de cette difficulté, la méthode
Rietveld a pris sa position célebre dans la science des matériaux en général et en
particulier dans le domaine de la diffraction des poudres.

Ce travail met en évidence en quelques détails I'aspect théorique de la méthode
Reitveld aussi le programme Fullprof avec leurs différentes commandes sont représen-
tés ici. De plus, cette enquéte prouve des exemples particuliers: un échantillon a
phase unique de Y,0O4 a été préparé sous forme de poudre, le deuxieme exemple
est également une poudre a phases triplet ZnO—-Al,O5;—-CaF,. Enfin, le troisieme
exemple est I’hématite et I’hématite-proto en tant qu’échantillon de film mince.
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