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General introduction: Quantitative phase analysis based on Rietveld structure refinement

General introduction:

The quantitative phase analysis is introduced by Hanawalt in 1938 and
developed by Alexander and Klug in 1948; it helps in determining the multi-
sample composite phases by linking each phase to its right component and the
phase characterizes, and sorting it in the powder diffraction pattern.

Refining diffraction pattern with Rietveld method it is a technique
described by Hugo Rietveld that gives the sample a visual shape or structure
which facilitate the extracting of its crystalline materials characterization with
the help of a program in massif calculation.

When an experiment for powder diffraction is realized extra information are
counts in the result whether external or internal called the background it can
affect the result of refinement or mislead it when its high so striving to cut it
or lowering using some function to refine it is recommended.

With phase quantification detecting and calculating the quantity of a
material in diffraction pattern is possible using the intensity peak with the
scaling per phase after the quantitative phase analysis.

In the upcoming chapters we will discusses in:

e A brief understanding to the Rietveld method and how it works.

e General information about Rietveld refinement, GSAS program and how we
use it for one phase and three phases.

e Results and discussion of the structure of the single phase and mixed
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Chapterl Rietveld method

1.1. Introduction:

The Rietveld method proposed by Hugo Rietveld in 1960s, is a mean or a way
to fit an approximate model of the structure and refine it to the shape and be more
similar to the pattern giving by a x-ray powder diffraction or a neutron powder
diffraction ( in some case both are used ) so the calculated structure from the model is
closer in resemblance to the observed data of the powder diffraction patterns, this
allow to get more perfect result to a single phase or a complexes one in the refined
crystal structure since many data are lost during observing the diffraction patterns
overlaps in crystallographic study. Using a complex minimizing procedure can close
the distance of the two variable of intensity one observed yi sy from the powder
patterns and other calculated yi; (caic) from the structure by the numerical value function
in each data point ‘i’ with eliminating or minimizing the error a more suitable pattern
is created that allow to extract more accurate data and key properties of solid

systems [1].

It all depend by determine the accuracy of a crystal structure model it is

refined than fitted to a one dimension to suits the profile observed patterns [1].

1.2. Historic:

In the early days in the 1960s, the crystallography was already applying least-
squares method to adjust structure parameters but some issue couldn’t be handled
where the experiments emphasis on single crystal diffraction and the X-ray diffraction
powder method regarded as inferior result. In 1964 Hugo Rietveld start his career in
Netherlands Energy Research Foundation (ECN), the research was based on neutron
powder diffraction techniques noting the issues and ideas in his experiments with
complex compound with low symmetry. Some ideas were represented in 1966, but the
extra information steel be lost in sever overlap and due to large file and limitation in
calculation, so some theories get frozen. After reporting the method to the seventh
congress of the International Union of Crystallography “l.U.C” in Moscow the
respond was very low to non-existent. Rietveld start publishing his works until 1969,
it gets recognized fully and that open a way to a flourishing discussing and possibility
of improving the method, where a total 172 were solved using Rietveld method. In

1977 a published work by Malmros and Thomas about application of X-ray
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diffraction in Rietveld method that lead to more authors that contributed to the
method improvement especially after Albinati and Willis article in 1982, and with the
advancing technology in computer many adjusting program it is created to the point
that even a normal person can refine a structure solution from a pattern with the right

instructions [2].

1.3. The Rietveld method:
The Rietveld method minimizes the difference between observed and

calculated patterns at each data point high in the diffraction pattern using a non-linear

least squares algorithm [3]:

n
Sy = z Wi(yi(obs) + yi(calc)) 2 (1)
i

1 .
Where W, = and 1=0...... n
Yi(obs)

Yi(obs)lS the observed intensity in the i™ step of the pattern graph form the X-ray

diffraction.

Yi(caic) 18 the calculated intensity in the i™ step of the crystal refined information

characteristics.
W; is the weight of the i point in the observed intensity.
Sy s the quantity minimized in the non-linear least-squares method.

The calculated intensity y;(cqic) are determinated by the sum of the contribution

of the Background and all neighboring Bragg reflections, it is expressed mostly of

nonlinear Analytic or non-analytic functions as:

Yi(calc)= Sz Li|Fi|’p(26; — 26,)P A + bkg; 2
X
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This is a single i point calculation where the sum runs over all Bragg reflections.
In general, there will be an outer sum runs all over crystalline phases p with Bragg peaks

in the powder pattern while the inner sum runs over all Bragg reflections:
Nphases Npeaks
Yi(cale) = Z,-Z’i S; 2 P Lig|Fie Zd7j(29i — Oy j)APy;j + bkg;  (3)

Where

S; . The scale factor.

K represents the miller indices h, k, I. For a Bragg reflection.
L, Contains the Lorentz; polarization; and multiplicity factors.
¢; : The reflection (shape) profile function.

P, : The preferred orientation functions.

A is an absorption factor.

F,. : The structure factor for the K" Bragg reflection

bkg; : The background intensity at the i™ point.
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Figurel.1l: example of Rietveld refinement plot [4]
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This is how a good finished refinement plot looks like where the upper curve
represents the intensity Yiobs) and Yicalcy @almost matching each other usually colored line
are used to distinguish between them with the peaks, the second vertical line is for Bragg
reflection position and the last line represent the deference calculated between (Yions) -

Yi(calg))-

1.4. Least-squares method:

1.4.1. Non-linear least-squares operation:
Many calculations are based on the non-liner lest squares like the Rietveld
refinement since it is a minimization of the differences between the observed and

calculated profiles.

Assumed the best solution of a system of n simultaneous equations with m
unknown parameters (n >> m), with each equation is a non-linear function in respect

to the unknowns.x; X2 Xm. And the system is representing as [3]:

fi(xe, %2, 0 xm) =y
f2(x1, %2, 00, Xm) = ¥,
fa (1,22, X)) = Y. (4)
The point is to convert each non-linear function to a linear function by the
appropriate substitutions of variables thus reducing the problem to a linear case,

which help in finding the best solution, note that the function is according to your

choice or the situation.

The Taylor’s series is an expansion of a real function about a point, in the case

of one variable f(x), the expansion in a point is x = x’ is giving as:

F@) = FO) +Axf () + ) + o+ ) ()

Where Ax = (x — x') and x' is deferent from x.

This way we will modify or change our parameter or function according to the
calculation, the goal when applying Taylor series that you find that you will return to

the exact y form if it is correct.
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We can obtain the solution of the least-squares to the equation (1) by applying
the Taylor’s series to every f in the equation, note that we only take the first partial
derivation of the respective function knowing that it is the minimum when it’s first
derivation is zero in Taylor’s series, and the different parameters x; ¢+, IS recognized

as independent to each other so the solution to equation (1) will be:

ofi(x1, ..., x0) ofi(x1, ..., x0) , ,
L ;xl L Axy 4 o+ L E;x A, =y — filxd o xh)
af (x,!"'lx,) af (x ""' ) ! !
2 (;xl = Axy + -+ : E;x Axy =y, — folxg, o x)
. .. (6)
of, (x1, ..., x; X7,
WO ) fl( ) Yo — faxi, e X0)

0x4 0X,

Where: y, — f,(x?,...,x3) is the residual symbolized by R; it represents the
error associated with the problem in the parameter of the function in each point,y,, is

the actual data point and f;, is the choosing function in this calculation.

When the corresponding derivations exist and are finite, equation (2) is linear
with respect to Ax;, Ax,, ..., Ax,, and a solution is obtained by applying conventional

linear least squares technique as:

Ax = (ATWA) 1 (ATWy) (7)

Where:
X — X1 Ax,q
Ax=| X~ xy | _ [ Axq
X — X, Axq
0f1 (1, o %) 0f1 (e, o x) 0fi(xg, ., xm)
x4 0x, 0xy,
| 060, xm) 0 (xh, o X)) 0fo(xd e ) |
A= 0x, 0x, 0Xpm, |
kafn(xp-- Xm) Ofn (X1, . Xm) afn(X{,---,xr'n))
0x, 0x, 0xy,
y1— filxg, o xm)
y = vz — f2(xq, . xm)

Yn — fn(xia e Xm)
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wi 0 0
w=|0 wi 0
00 .. w2

W is a square matrix represent individual weights (w;) for each available n data

points, A" is the transpose of A.

The refined parameters are component using the set of original x' that
represents the initial approximation of the unknowns and the vector Ax obtained from
least squares equation (3):

X1+ Axq
x5 + Ax,

(8)

x=x"+Ax=

Xm + Axp,

The standard deviations (uncertainty) for each refined parameter according to the least

squares method are calculated from [3]:

ATwA)TA I, wi(y)?
a(xj) — \/( )jj Zizawilyi) i=1..m 9)

n-m
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Where:

= nis the number of equations in Eq (2).

= mis the number of unknown parameters in Eq (2).

. (ATWA)]T]-1 Is the corresponding diagonal element of the inverse normal
equation matrix.

= w; Is the corresponding weight.

= y; Is the corresponding element of the vector y.

Note:
Since the Eq (2) is not exact, more cycle of least squares refinement are done

to achieve a full convergence and during the second and following least squares
cycles as the new set of parameters is obtained the previous step from Eq (4) is used

as a the initial approximation for the new one.

1.4.2. The problems in the least-squares:
It is difficult to achieve a convergence because of iterative nature of non-linear

least squares, especially when the initial approximation is far from correct or when the
minimized function is poorly defined, it may diverge and unstable so to evade it
numerical conditioning techniques is applied for improvement as explained in the

figure below [3]:

Minimized function, ®(x)

Minimized function, d(x)

1

Xive X, Xo  Xpe

Figurel.2: example of a failed non-linear least squares technique in finding a best
solution to Eq (2), the left-the initial approximation (xo) is located near a false
minimum; the right-the minimum is poorly defined [3]
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To evade this problem a correlation coefficient is introduced in the form:

py = (ATWA)/ \[ ATWA) T (ATWA) (10)

The inverse of the matrix (ATWA) lis used to evaluate the correlation

coefficient (p;;) among the pairs of variables(x; and x;).

p;j vary from 0 to 1, and the associated parameters show little to no correlation
in the range from -0.5 to 0.5, when the coefficient is in unity the corresponding
variables are fully (100%) correlated so one of them is eliminated from the
refinement, it is useful when the figures of merit is detected the numerical worsen

when the least-squares are unstable.

1.4.3. Prototype of Rietveld method with least-square:
In the case of Rietveld method, the function Sy that represents a nonlinear

function of a minimized value in terms of various parameters (P;). We say the
function Sy has a minimum when the partial derivatives with respect to each of the

parameters P; are zero [1]:

N

aSy\ _ dy;
a_Pj - Z 2Wi(yi(0bs)_ yi(calc))) a_P]

i=1

0 (11

Where (i=1.....N) is the number of observations

If there are M numbers of parameters P;j, then we will have M numbers of

equation.

When you get a model that is close to the equation above but the parameters in
your model differ from those of the true minimum by an amount OP; we use the

Taylor series to calculate the value of the function:

— df(x) | (Ax)2d?f(x) A_x3Ax3f(x)
f(x+Ax) _f(x) dx + 21 dx? + 31 dx3 + (12)

As the difference Ax tends to 8x tends to zero than the terms AX" in this

expansion may be ignored forn > 1

If we applying it to the multi-parameter in the function y; (cai it gives us:

10
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M
dy;
YVicawe) = Yi(Py .. Py) + z 5Py (apl) ... (13)
k=1 k7 j

Now we substitute equation (13) into equation (11) with rearranging the
results in the j™ normal equations:

N M P P
Vi i\ _
z 2 Wi 0P (apk)j (apj>k a

N 9y,
{Wi (yi(obs) - yi(Pl PM)) <%> } (14)
=1 17k

i

When we visually realize it in a matrix it gives the form:
(2 )0)=)

Where (A) is an (M x M) symmetric square matrix, S and V are the (M x 1)
column matrices.

The column matrix (S) contains the shift §P; as an addition to the parameters
as part of the lest-squares refinement procedure.
In order to get the matrix (S) in is necessary to invert the square matrix (A)
Le:

S=A1xVv
The A is the sum of the products of the partial derivatives:

160 =Y (55,). (%)k 15)

=1
While the elements of the matrix V are the observed data:

N

V() = Z {Wi ()’i(obs) - }’i(Pl PM)) <%> } (16)

i=1 J

1.4.5. Figures of merit:
In general, the residual or indices R-value is important in quantifying the quality of
least-squares best fit by adjusting the parameters to a minimum, it is the result of subtract

the calculated intensity from the observed intensity at each i point, usually the fit

11
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depend on the adequacy of the model and whether a global minimum rather than a local
(false) minimum is reached, the less the R- value the better the fit in the pattern [3].

e The pattern profile residual:

Z’.; . — v
Rp _ & 1|ylr(10b5) yl(CCllC)| % 100%
2ii=1 Yi(obs)

Residual pattern is more affected by the signal-to-noise ratio in the background
noise level and used as much as possible during fitting [3].

eThe weighted profile residual:

1
21'/2
_ Z?=1 Wi (yi(obs) - yi(calc))

R =
" PNARTA (yi(obs))z

x 100%

With w; = 1/(72 and o is the estimated standard deviation to consider experimental
uncertainties, it depends on Brag scattering and the background it more value [3].

eThe Bragqg residual:

m . —
R, = Zj=1|117(:11b5) eao)| 100%
271 Licobs)

It is based on integrated intensities can judge the quality of the structure refinement
and obtain crystal parameters and positions [3].

e The expected profile residual:

x 100%

1/,
n—p
exp :[

DNARRLS (yi(obs))z

It represents a possibility where Rwp reach a limit by pure statistics [3].

12
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e The goodness of fit (chi- squared):

It is used to remove the entire dependency by normalizing the weight pattern
residuals by an expected residual and must converge to a ratio of 1 [3].

2 2
2 _ Z?=1 Wi(yi(obs) - yi(calc)) _ lpr
R

n—p exp

Where in order:

n number of point measured in the experimental powder diffraction patterns.
Yi(obs) IS observed intensity.

Yi(calc) 1S calculated intensity.

w; the weight of i data point

m The number of independent Bragg reflection.

Liobs) The observed integrated intensity in the j™ Brag peak.

Ii(caicy The calculated integrated intensity in the j™ Brag peak.

p The number of free lest-squares parameters.

1.5. Understanding the pattern:

It starts by radiating a sample of a single crystal or a quantity of crystallites grains
(powder of crystals) similarly with a monochromatic incident beam and their random
orientation appear and arranged in a spherical shape called Ewald’s sphere with the cone

axes

46 range in a 180 radius, the base of cone forms rings that are different in

intensity and diameters called Debye rings which is considered evenly distributed
allowing to take only a rectangle of it for measuring [5].

Intensity

UL
P10 7

tan20

Figurel.3: represent from left to right a Debye ring and a pattern
And how the peak intensity is founded [3].

13
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The displayed stable cones position in the Ewald’s sphere makes the scattering
intensity easy to introduced it as a one variable axis of (20), a Bragg angle 20 variable in
a plane of graph called a pattern or histogram, where it takes the shape of vertical line
peaks or Gaussian peaks with the peak represent a miller index, in every material is
subjected to many kinds of wavelength at a time and compare it with each other.

For a pattern his structure depends on position, intensity and multiple Bragg
reflections shapes. From those, information is extracted concerning the crystal structure,
the properties and the instrumental parameters it may be related to the pattern or be an
error that need correction.

1.6. Introduction of yi(aic) parameter:

In the calculated intensity function many factors that enter in its calculation are
extracted from any powder diffraction pattern that’s composed of multiple Bragg peaks
either have a central or secondary roles, other factors may participate in the function or
be a part in it.

1.6.1. The background:
bkg; is the background intensity at i™ step, can be collected from operator-

supplied in the background intensities table, the linear interpolation between operator-
selected point in pattern or a specific back-ground function. The used function is a

polynomial function in 20 [4] [5]:

Np

bkg(26,) = z a,(26,)"

n=0

Where: N, the polynomial degree.

a, It’s the polynomial coefficients.

1.6.2. The reflection factor:
¢;ls the reflection profile function, can approximates the effects of instrumental

features like reflection-profile asymmetry and specimen characteristic like transparency,

displacement, and broadening effect. There is different function [4].

This is a table of their function

c /2 (‘60(291'2—2%)2)
(a) —21-e Hy Gaussien (G)
Hym' /2
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/2

1
C (20;-26y)? .
(b) ”Lk (1/[1 +C, H—ik]) Lorentzian (L)
( )i 1/[1+cC (201-20,°]" Mod 1 Lorentzian
) h, T m?
2 213/2
& (20i-26,)° -
(d) e (1/[1 +C, e ] ) Mod 2 Lorentzian
(el + (1—n)G pseudo-Voigt (pV)

With 7 as linear function of 26 refinable variable

n =NA+ NB * (20)

_ 2]™m
(f) 2_4 [1 + 4 % (21/m -1 (26i=26)" ] Person VII
k

Hj;

(9)TCHZ =nL +5(1 —n)G (Mod-TCH pV)
With:
Hy is the full width at half maximum (FWHM) of the K™ Bragg reflection with the
refinable parameters.
Co =4In2
Ci=4
C, =4(2" - 1)
Cs =4(2%° - 1)

_ 2ym(2V/m- 1)1/2

Cs J/(m—0.5)11/2

1.6.3. The Lorentz-Polarization factor Lk:

The behavior change depends on instrument used (geometry, monochromatic
(angel @), detector, beam size/sample volume and sample position (angular) and strongly
relying on the Bragg angle. This factor has two different geometric effects and two
components materialized the first from the Ewald’s sphere reciprocal lattice point and its
finite thickness, the second from the Debye rings radii variable the function introduced
[51[3][4] as:

_ 1+ cos*20cos?*20y

cos6 sin?0
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The polarization factor comes from partial polarization of the electromagnetic wave after
scattering, it two components are a parallel amplitude in the goniometric axis and a
perpendicular amplitude in the same axis where 26,is the Bragg angle reflection

according to the instrument used.

50

40 -

30

No monochromator

20

101
2OM = 26.5°

0 Y T T T r y
0 20 40 60 80 100 120 140 160 180

Bragg angle, 26 (deg.)

Figure 1.4: a Lorentz-polarization factor as a function of Bragg angle with two different
line one with a monochromator and the other without it [3].

1.6.4. The Multiplicity factor:

It enters in the Ly, it is a function of lattice symmetry and a combination of Miller
indices it shortens the repeated calculation of identical intensity in Bragg angles and used
as a correction factor [5][3].

Pnit = 2for h00,0k0O and 00!
Pnit = 4 for hk0,0kl and hOl
Phkt = 8 fOT' hkl

Some of the multiple factors that used when calculating a Bragg peak.

1.6.5. Scale factor:

Scale factor is one of the variables in structure refinement and its correctness is
critical in achieving the best agreement between the calculated and observed intensities,
it is measuring the absolute value of the scattered intensity to find the difference between
observed and calculated intensity by normalizing the two with respecting each other with
the scale factor [3][6]:

16
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(yi(calc) = kyi(obs))

The scale factor here is k, and as long as all observed intensities are measured
under nearly identical conditions the scale factor is a constant for each phase and is
applicable to the entire diffraction pattern normally it equal 1, Many variable and
constant in the other parameter enter in the scale factor in some condition.

1.6.6. Structure factor [Fnwi]:

This is an importing factor it is the square of the absolute value of the structure
amplitude Fr, it includes multiple contributions from the unit cell and structural features
in an atom in a general equation [4][5]:

2

N
2 _ sin2 6 ]
|Fk,j| =my Z fne Bn—33 (eZn'L(hxn+kyn+lzn))

n=1

With: N= number of atoms.

Xn, Yn , Zn coordination of the n™ atom.
fnis the Atomic Scattering factor.

(h k1) the Miller indices.

my the multiplicity of k reflection.

B, is the temperature factor.

1.6.7. The absorption factor A:

It is considered as a correction factor, depending on the geometric and the method
and the sample properties, the effect of absorbed calculated intensity in powder
diffraction is imported for accuracy. in simple transition through a solid material is
descripted as [3]:

A= I
=1
With: |y the initial intensity, | is the transmitted intensity that depend on the solid

thickness and his linear absorption coefficient u I = Ije™#*.

17
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In the commonly used Bragg-Brentano where thick samples are used two case as

Path: I = x+ xg

Ney x
5 eng < a\\e‘ed
ea S0
] beam
0

Sy e

dv

-
Xs

Figure 1.5: example of the absorbing experiment [3].

fallowed

= The absorbed factor is constant A = %ueffso it is considered a part of the

scalefactor when his coefficient is very high or the solid is thick enough, so the

transmitted incident beam is negligible at any Bragg angle.

The second case is the opposite of the first where the sample is thin or the

coefficient is weaker so the beam is capable of penetrating through the simple,
and we consider it a function of Bragg angle.

The same case for Debye-Scherrer geometry as the absorption is not constant. Some
problem may occur in the calculation of absorbed factor like the contrast absorption.

1.6.8. The preferred orientation function Pk:

Powder diffraction is based on the perfect randomness of the orientations of the

crystalline; experimentally it’s realizable if the structure has a spherical shape by putting
needle like crystals or plate like crystals sample in a flat holder, we can see the crystals
align themselves in one or more directions and this is what makes the intensity detected
stronger or weaker in the different direction [3].

18
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Figure 1.6: Schematic representation of the preferential orientation effect (2D).Left:
Randomly oriented crystallites with proportional number of crystallites in the reflective
state. Right: preferentially oriented crystallites with a disproportionately large number of
crystallites in the reflective state [6].

The function used to calculate a preferred orientation and work as a corrector in
the powder, it has many varieties one of them is the March-Dollase formula [4]:

mg

3
1 sina,\ 2
— 2 2 n
Py ——z Pypcosca, + ——
my Pyp

n=1

With:
Pwmp is a March-Dollase parameter.
my is a summation over all equivalent hkl reflections.
a, Is the angle between the preferred orientation vector and the crystallographic plane hkl.

1.7. Conclusion:

The Rietveld method could be the most powerful refinement and optimization
tool with its accurate technique in approaching the zero mark between the diffraction raw
data and his theoretical calculated structure of the component but it all depend in finding
the right model for it [5].

Its difficulty rises with the number of phases that mean a larger background and
more correction to do from symmetries, geometry, direction, width.... to other
instrument all need a step-to-step refining to decrease the value of R-indices with the
help of a program.
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Chapter2: Rietveld refinement using GSAS

2.1. INTRODUCTION:

The Rietveld refinement method was originally used for crystal structure
analysis. However, this method is currently effective in quantitative phase analysis,
with higher precision compared to traditional quantitative x-ray diffraction
techniques. In the previous chapter, we try to know Parameters that affect Rietveld
refinement through calculations and GSAS program.

2.2. Histories:

X-ray diffraction originates in 1912 when Max Von Laue and two of his
colleagues have decided to perform an experiment using Xx-rays on crystals; they
chose x-ray for this purpose because they have a wavelength similar to the inner
atomic distances within crystal structures.

Powder diffraction was invented twice by peter Debye and Paul Scherrer in
1914 and by Albert Hull (General Electric) in 1917, Debye-Scherrer presented
basically the complete theory underlying power diffraction patterns, to determine the
unit cell dimensions, these two solved a number of structures (sodium chloride,
diamond, graphite and iron) to obtain a patterns

Within a few years, many others, including the Braggs and Pauling, had
exploited the powder method to study a wide range of materials, including metals,
minerals, and simple organic solids.

In 1920 to the 1970 crystallographers presenting what the structure was and
then showing that the diffraction reproduced it by the end of the 70s was single crystal
diffraction, people were doing least squares refinement and structure derivate.

3. Definitions

3.1. X-ray diffraction:
Is the only laboratory technique that reveals structural information.

e Measure the average spacing between rows of atoms

e Determine the orientation of a single crystal

e Find the crystal structure of an unknown material

e Measure the size, shape and internal stress of small crystalline region [7]
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The figure 1.2 example to see XRD with rietveld refinement

30000 |

Intensity (counts)

15000

Diffracted beam

| Incident beam

Diffractian
pattern
recorded

% [Transmitted beam |

[ Crystalline material |

Figure 1.1:x-ray diffractometer [7]

Rietveld refinement using in x-ray diffraction to establish crystal structures

I

s

— Diff.

Obs.
Calc.

HAp
Struvite

1 1

LRI

1 1

60

70

Figure 1.2:X-ray powder diffraction pattern and Rietveld refinement profile of mixed

stone [8]

3.2. Powder diffraction:
Is one of the most powerful techniques for studying the atomic structure of

real materials. [9].It can be used for phase or polymorph identification, quantitative
analysis, determination of cellular parameters, and even full crystal
structure analysis using the powerful Rietveld refinement method.
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2.4. The evolution of the Rietveld refinement method:

2.4.1 Pre-rietveld refinement methods:

These methods began after the development of least squares crystallographic
in 1960; it was developed through the increasing digital availability of digital
computers .it used in single crystal data and also on powder data.

This method plays in important role in the quantitative structural
characterization of high symmetry inorganic materials. [9]

2.4.2. Rietveld refinement:

In contrast to the previous method, which can only be applied to simple
patterns, Rietveld refinement method is applied to complex patterns by obtaining
patterns from materials of low symmetry by means of a curve fitting procedure.

And also, through the least square refinement reduces the difference between
the observed and calculated profiles.

It utilized in x-ray data, neutron data and to analyses time-of-flight neutron
powder data. [9]

2.5. Statistical and graphical measures of a refinement:

There is no single measure of the quality of Rietveld refinement. For best
result Scientists tried to assess the differences between the observed and calculated
data points in the pattern.so they use the Rietveld algorithm because it minimize the
weighted sum of the differences between the observed and calculated profile points,
the square root of the quantity minimized by the weighted profile factor (R,,, ) is the

best for direct statistical scale.[9]

R&vp:Zi W(J’oi;)’ci)
Zi Wyoi

ilyoi—veil

R
YiYoi

p

Some programs calculate both of R,,,and R, for the full pattern and the back
ground subtracted so, for shorten the accounts was used expected R-factor:

Rgxp:#such as N is the number of data

P is the number of least square variable (parameter)

The Reyp is the minimum of R,,,, value reachable using a certain number of refineable
parameters.
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A related and very useful concept is that of x? is a good measure on the quality of the
rietveld refinement. If we have the perfect model, expected value (y,; — y.i)? / o2
(v,i) isone if o is correct.as the average of these values:

2 — 1 (yoi _yci)2
N—-P ; O-Z(yoi)

X

The x? term is defined

Ry
x2: 14
Rexp

If x2<1, that isoy,,; is invalid, usually due to an error in converting or scaling the data.

x2Close to one does not guarantee that the model is correct; it just means that the
error edominated by statistical effects.

If x2> 1 at the end of the refinement, one (or more) three things:
(1) The model is reasonable, but o is underestimated
(2) The model it contains systematic errors

(3) The model is incorrect. A high x? can occur when the data is very good

2.5.1. The Rindices:
The Ry, factor is the most valuable factor. It’s the absolute value of the
intensity, but it depends of the background. When:

R,,, < 1:corresponds to an acceptable refinement, medium complex stage.

14
Ry, < 0,15: is a good value for a complex phase (monoclinic to triclinic)

Ry, <0.08: is an acceptable value for a highly symmetric compound (cubic) with
few peaks. [10]

When the background high the R,,,, can be seen more clearly.

24



Chapter2: Rietveld refinement using GSAS

"

®>

Figurel.3: A demonstration of the effect of the Rietveld fit on the background. Two
simulated fits are shown, where the model deviates the same from the simulated data
and where the Bragg intensities and counting times are equal. However, in (a) without
background, R,,,= 23% and x2= 2.54, while in (b) with significant background, R,,,=
3.5% and x2=1.31. [10]

2.5.2. General Rietveld approach:
= Calculate position (intensities): the first thing that happens in terms of when

it’s calculating a prediction is it’s going to calculate the positions and
intensities that are associated with diffraction from different families at peak
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Figurel.4: peak shape

= Convolute with profile shapes: on a real diffraction system the peak is not a
perfect delta function for get this wick by convoluting that intensity

hnml‘&l]

1. Pagem: Nockel, 00-001-1260

UL A mﬂ AN

y) I’ ¥ | I
50 1o 120 130 19 |!o 160 ;;0

Postion ["2Theta)

Figure 1.5: convolute with profile shape
= Generate background: the background is something that we can fit with a linear
function
= Minimize the difference.
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2.6. Rietveld refinement procedure:
To procedure Rietveld refinement we need:

% To install a program depending on what we need, there are several options:
» Free programs like:

e Full proff: it is used for Rietveld analysis (structure profile refinement of
neutron), profile matching, time of flight neutron and neutron data analysis and
the best option for magnetic materials... etc.

e Maud: material analysis using diffraction use to fit diffraction, fluorescence
and reflectivity data using X-ray, neutron, TOF or electrons.

e (sas : we use it in this chapter

From the free programs we find also: Rietan, Arit, Brass, DBWS, XRS-82, Topas
academic and XND.

» Commercial programs: Topas and BGMN.

Load or input phase into samples

Manually adjust some parameters (cells, intensity, background)
Optimize overall intensity and background

Optimize top position

Refine Peak Shape

Refinement structure

evaluation result [11]

K/ X/ X/ X/ R/ X/ K/
L X X I X X SR X XS X4

2.7. Rietveld refinement with EXGPUI/GSAS:

2.7.1. Introduction:

The GSAS package contains about 50 programs, most of them require
minimal or no user input. Only program in GSAS package that require a lot of user
interaction known as EXPEDT. Also, the EXPGUI program provides another
graphical interface —based mechanism view and edit GSAS experiment file.

2.7.2. EXPEDT:

The EXPEDT program operates through a series of single letters options, if
you enter a question mark (?) EXPEDT outputs a short text description of each
option. User provided information is saved in file named experiment (.EXP) file, the
experiment file contains various information: e.g. atomic coordination, diffraction

data file names, least squares and sum Fourier mapping options.
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2.7.3. GSAS:

general structure analysis system was developed in the early 1980s by A.C.
Larson and R.B. Von, Dreele the first version released in 1985 to address all things
related to crystallographic optimization and subsequent structural analysis of all types
of X-rays, neutron diffraction data, and the study of both powder and single crustal.

A).GSAS structure:

1. Multiple programs: each one has specific purpose (editing, powder
preparation, least square ...etc.).

2. User interface (EXPEDT): continent control file complexity, edit
control, multilevel menus, help listing and text interface

3. Common file structure consists of experiment name used
throughout, extension

4. Graphics: found it in screen and hardcopy

5. EXPGI: graphical interface.

B). GSAS interface:
Pc-GSAS: for access to GSAS programs

i

PC-GSAS

Figuer1.6: pc-GSAS icon double click

%% PC-GSAS

Setup Utilities

GSAS

General Structure Analysis System

R. B. Yon Dreele and A. C. Larson
Copyright, Regents of the University of California, 2001

Experiment File: Not defined

Directory:
Not defined

Figuer 1.7: Start- up screen
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Select setup then “expname”, a screen appears to create a new file

Select Experiment g_
| Regarder dans : | |, GSAS LI « B cf By
Nom ’ Modifié le Type
| NEW.EXP 2/05/20221049  Fichier EXP

<| 1} )

Nom dufichier: |
Types deficiers: | Experment f v Auer |

Figuerl.8: experiment name screen

Enter a name for the file ‘test’ in the “ file name” section and press “open”, a
question about creating this file will appear. After answering “yes” we got our named
experiment.

$% PC-GSAS kh

Setup Compute Results Graphics Utilities

GSAS

General Structure Analysis System

R. B. Von Dreele and A. C. Larson
Copyright, Regents of the University of California, 2001

Experiment File: kh

Directory:
D:AreffinementiTPiIndexation{GSASY

Figuerl.9: startup screen after the experiment name
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Selecting “setup” and then “EXPDT” from the drop —down menu, results in a
question about the experiment when MS-DOS opens telling that the experiment file
“test” does not exist in the existing directory.

D:\reffinenent\TP\Indexation\GSASYecho off

Experiment - TEST - was not found in directory
D:\veff inement \TP\Indexat1on\GSAS

To create a new file, we press “Y”, after the creation the file we enter the name “test”

Do yéu wish to create it C(¥/<N>)? dy
The new experiment — TEST - has heen created.
Enter a title for this experiment

>test

The main title shows all the information and the first menu

Program EXPEDT Uersion Win32
A menu driven routine to edit .EXP files
Distributed on Thu Apr 20 16:41:26 2086

Allen C. Larson and Robhert B. Uon Dreele
Manuel Lujan, Jr. Neutron Scattering Center, MS—-H8O5
Los Alamos National Laboratory, Los Alamos,., NM 87545

Copyright, 2000, The Regents of the University of California.

| Experiment title:

EXPEDT data setup option <{K?>,.D,.K,.P.R,.S.X> >

EXPEDT now states the type of calculation that can be illustrated and explained by
pressing ‘ENTER’.

data setup options:

Type this help listing

Distance/angle calculation set up

Delete all but the last n history records
Pouwder data preparation

Review data in the experiment file
Single crystal data preparation

Exit from EXPEDT

data setup option <{K?>,D,K,P.R,.S.¥> >

We chose X for exit.
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C).GSAS features:
The following sections describe some of the expected: [12]

= Reduce data from area detectors

= Data input
= Peak fitting
= |ndexing

= |ntensity extraction

= Structure solution

= Fourier maps

= Peak shape model

= PDF computation

= Refinement model

= Constraints

= Restraints

= Quantitative phase analysis
= Refinement minimize

2.8. EXPGUI:

Later in 2001 EXGPUI was developed by B.H.Toby which is a graphical
interface for the GSAS package .it can be used to modify the GSAS experimental file
with graphical user interface (GUI) and used to invoke the program inside the GSAS.
[13]

2.8.1. Crystal structure refinement using EXPGUI:

For this experience we use EXPGUI to specify most of the input needed.
Before starting the EXPGUI and GSAS we create a new file called (refinement) on
the D drive. In order to get started double click on the EXPGUI icon show in figure 5.

Ll

EXPGUI

Figuer2.1: EXPGUI icon
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Startup window appears (fig2.2)

Select an experiment file to read
Directory C:/GSAS/MyWork — | (1|

;l <Parent>
TEST1.EXP

(Directory)
14:35:29 05/28/22

S
Help |

Sort .EXP files by
& File Name

¢ Mod. Date

Figur2.2: EXPGUI startup screen

We select the directory we created, write the name of the job at the bottom, and then

click the Read button

Select an experiment file to read
Directory d:/reffinement — | £

_ ﬂ <Parent>
TP
G.EXP

(Directory)
(Directory)
10:32:34 05/22/22

tep|

Sort .EXP files by
& File Name

¢ Mod. Date

reffinement

Quit

Read I

Figure2.3: select the D:/reffinement and specify refinement as the job name

It shows that the program cannot find the file and offers the option to select a
different file or create a new file, press the “create” button (fig2.4)
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B — E%
File REFFINEMENT.EXP does not exist in d:/reffinement. o

¢  OK to create?

crse|

Figure2.4: select ‘create’

Now we chose a title for the exercise e.g. (refin) (fig2.5)

e Input title for experiment C:/GSAS/MyWork/TEST.EXP .
Input a value for the title for experiment C:/GSAS/MyWork/TEST.EXP
refin
Set Help
TT T =,
Figure2.5: chose atitle and click ‘set’
T B itertce & GSASTCTGSAS My Work eST.x¢ 7 . =
File Options Powder Xtal Graphs Results Calc Import/Export Help
expnam | expedt | genies | powprer | powpiot | istview | iivepiot |

LS Controls | Phase | Histogram | Scaling | Profile | Constraints | MD Pref Orient | SH Pref Orient |

Select a histogram | Last History: [created readexp.tcl 1.46 2022-06-14T1 5:os:55|
h# type bank ang/wave i I ~
@2 refin
(=}
Convgerence Criterion
|Number of cycles| | 0.01 [

Marquardt Dampin
I Print Options (0) 1 ooqm_pg

LS matrix bandwidth|[0 |

Reflection Intensity Extraction

Extraction - =
Method LeBail damping 0 — | IExtract Fobs I I
(Phase #)
Rietveld =0 (= i= (& (& = = =
F(calc) Weighted © e (] &) ¢ C (Model biased)
I Equally Weighted ¢ « 5 () (¢ « ¢ ¢ (Le Bail method)

] >

Figure2.6: EXPGUI main window

Now the program’'s main screen appears as an interface to enter most of the
powder diffraction information (fig2.6) and it have also the option to refine single
crystal data from x-rays constant-wavelength and time-of-flight neutron data.
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2.8.2. Crystal structure refinement of ZnO, CaF, ,Al,05:
To conduct this expriment we need three file :

o Cif (crystaligraphy information file ): is a standard format for storing crystal
structure data .cif information has a specific structure or format that
crystalography must follow in order to read the file.[14]

0 Raw data:is a bunchof code and a set of information provided to the data
provider by a specific data entity,raw data can be manually written down or
typed,recorder or automaticlly input by a machine.[15]

0 The instrument parameter file: It is intended to describe the instrument and,
in particular, to provide detailed information about the components of the
instrument that strongly influence the signals observed in the experiment.

To enter information about crystallographic phase ,modify or select parameters
crystallographic for optimization, the“Phase” panel must be selected by clicking on
the “Phase” tab in the upper left corner of the EXPGUI window.

[ EXPGUTinterface 10 GSAS: C:/GSAS/MyWork/REFIN.EXP A s M T T

File Options Powder Xtal Graphs Results Calc Import/Export Help

expnam | expedt I genles | powpref | powplot | Istview | liveplot |

LS Controls Phase | Histogram | Scaling | Profile | Constraints | MD Pref Orient | SH Pref Orient |

Phase: title:|
Add | a | | b | | e | | Eqit| Refinecen
phase = I I B | | v I I Cell| cen damping __:l
B

Kl _>I_I
Add New Atomsl

IS XS FUS TS | 0 _4| 0 —t| 0 —'I Xform Atoms I

[ I | I
| | | | I |

In the next step press “add phase” button, window appears

@™ add new phase X
Adding phase #1
Phase title: |
a b c
Space Group: |
o |90. B |90. 7 |90.
Add | Cancel | HeIpI Import phase from: | PowderCell .CEL file —
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The “add new phase” window can use it for: information about the phase can
be inserted directly into the boxes or the phase information can be read from a file.
For this experiment we read the unit cell parameters, space group and atomic
parameters from the “cif file”, we select the crystallographic information file (cif)
format from the options by clicking the file format button when the “import phase
from” button is pressed.

2" Ouvrir — L=
@Qvl & » windows7 » Téléchargements » - I 45 l l Rechercher dans : Télécharge... 0O |
Organiser » Nouveau dossier = £ l@'

~  Nom - Modifié le Type -

4 . Favoris
=\ Emplacements ré . Programs 08/11/202 Dossier de fichier:
Bl Bureau . Video 08/11/202

& Téléchargement: . Windows_Loader 08/11/202

Dossier de fichier:

Dossier de fichier:

10:24

71011258 22/05/20 Fichier CIF
4 - Bibliothéques = |7 4105040 21/05/2022 11:45 Fichier CIF
}j Documents %] 9005769 21/05/2022 11:51 Fichier CIF
&=/ Images 7] 9005798 21/05/2022 12:02 Fichier CIF =
- @' Musique | 7] 9007634 21/06/2022 15:48 Fichier CIF
- B8 vidéos |7 AlI203_0CD_9009681 21/06/2022 15:56 Fichier CIF
7] ZnO_mp-2133_computed 12/06/2022 19:36 Fichier CIF
4 M Ordinateur 7] ZnO_mp-2133_conventional_standard 0 Fichier CIF
; 5_’ Disque local (C:) 1 ZnO_mp-2133_primitive 22/05/2022 10:30 Fichier CIF -
> = Disquelocal (D:) ~ < m »
Nom du fichier : - [Crystallographic Information Fi vl

[ Ouvrir |v] [ Annuler ]

|

An “open file” window is created, in this window select the “cif file ofAl,05” and
press “open” button.

@™ add new phase

Adding phase #1
Phase title: |from C:/Users/windows7/Desktop/refinement/AL203.cif

al4758 b [4.758 ¢ [12.991
«[90.0 B [00.0 v [1200

Space Group: R-3¢

Continue | cancel| Help| | import phase from: | crystallographic Information File (CIF) — |

The cif is then read, if this input is acceptable press “continue”.
After pressing the “continue” button, a window like the one below will be
created to help you confirm that the correct room group has been entered.
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@™ check o>

Check the symmetry operators in the output below

Space group R -3 c

The lattice is centric R-centered trigonal Laue
Multiplicity of a general site is 36

The symmetry of the point 0,0,0 contains lbar

The eguivalent positions are:

( 1) X N Z ( 2) -Y X-Y Z (
( 4) Y—-X e 1/2+2 ( 5) -y -X 1/2+2 (

Lattice centering wvectors
0.00 0.00 0.00
033 O 657 0 (57
0.67 0.33 0233

| >
Continue | Redo |

Since the symmetry is correct press “continue”. The “add new atom” window open
and enter the atom coordinates in the appropriate boxes as shown below.

E™ add new atom

Adding atoms to phase #1

Atom " Use
# type Name x V2 Z Occ Uiso Flag
1 [o2 Jo1 0.69365 0.0 025 1.0 0.025 ~
2 [a+3 |ann loo loo lo3s217 |10 |o.o25 ~
Help I More atom boxes
Add Atoms I Cancel Import atoms from: I Crystallographic Information File (CIF) — |

Click the “add atoms” button.
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NP o W GSAS GRS vk EST 50 ¥ EES T S
File Options Powder Xtal Graphs Results Calc Import/Export Help
expnam I expedt I genles I powpref | powplot | Istview I liveplot |
LS Controls Phase | Histogram | Scaling | Profile | Constraints | MD Pref Orient | SH Pref Orient |
Phase:IT Replacel title:[from C:/Users/windows7/Desktop/refinement/AL203 cif

Add a |4.758000 | b |4.758000 | e [12.991000 | g4 Refine Cell =
Phase | o [90.0000 | B [920.0000 | ¥ [120.0000 | Cel| cendamping 0 —|
* name type ref/damp fractional coordinates Mult Occupancy Uiso
101 0-2 o o o 0.693650 0.000000 0.250000 18 1.0000 0.02500
2 A11 AL+3 o o o 0.000000 0.000000 0.352170 12 1.0000 0.02500
I | =
Add New Atomsl
T PR Vo BT T o —| o —| 0 —| Xform Atoms |
| I | |
I | | | I |

We do the same with (fluorite and zincite).

LS Controls Phase | Histogram | Scaling | Profile | Constraints | MD Pref Orient | SH Pref Orient |

Phase: 1 l? 3 |Rep|ace| title:|from C:/Users/windows7/Desktop/refinement/CAF2._cif
Add | @ 5463800 | b 5463800 | c 5463800 | c4it| Refinecen I
Phase | & 90.0000 | B 90.0000 | v 90.0000 | Cel| cendamping 0 —|

* name type ref/damp fractional coordinates Mult Occupancy Uiso I

Now we chose histogram, the following screen will appear

File Options Powder Xtal Graphs Results Calc Import/Export Help

expnam | expedt I genles I powpref | powplot | Istview | liveplot |

LS Controls | Phase Histogram | Scaling | Profile | Constraints | MD Pref Orient | SH Pref Orient |

Select a histogram |

No Selected Histograms |
h# type bank ang/wave title

_:J— Background ‘

| |

Refine background [~ Damping — |

— Diffractometer Constants

—Absorption/Reflectivity Correction

Refine Abs./Refl. [T Damping —t| J

= Add New | Set Data Limits & | Set Histogram
= | = Histogram | Excluded Regions Use Flags

Pressing “add new histogram”, the “add new histogram” will shown
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BE™ add new histogram e %

Adding a new histogram I~ Dummy Histogram

Datafile: | | select File
Select bank
Instrument - -
| | select File | Edit file
Select set
¢ d-min
Usable data limit ¥ (SR i g
~ TOF-mn ~———
2-Theta Max
Add | Cancel | Add multiple banks | Help

Notice: the GSAS program cannot read the data file so we convert it to (RAW, GSA
or GSAS) and the instrument parameter file must be (INS or INST).

@™ add new histogram

P

Adding a new histogram

[~ Dummy Histogram

Data file: [C:IUserslwindows7lDesktopI7.gsas ‘ Select File
Select bank “ 1
Instrument s = : :
P ]c.lUserslmndows7IDesktopIpoudre.prm‘ Select File | Edit file
Select set “ 1
CW X-ray
€ d-min
ol C Q-max Run
Usable data limit:|150.0 ' eEGn
& TOF-min b
2-Theta Max
Add | Cancell Add multiple banks Help

After selecting file press “add”. The following window appears
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File Options Powder Xtal Graphs Results Calc Import/Export Help

expnam | expedt | genles | powpref | powplot | Istview | liveplot

LS Controls | Phase Histogram | Scaling | Profile | Constraints | MD Pref Orient | SH Pref Orient |

Select a histogram |-Phase Flags
h# type bank ang/w F1FM2F3
1 XCR 1 1.54

—Background

Function type 1 (6 terms) Edit Background |

Refine background ¥ Damping 0 —1|

~ Diffractometer Constants
wavelengths|1.540500 [1.544300
Refine ratio I~ Ratio | 0.50000 Damping 0 —i |
Refine zero ™ Zero |00
RefinePOLA™  POLA [07 IPOLA [0

—Absorption/Reflectivity Correction

Refine Abs./Refl. [~ Damping 0 —| Edit Abs./Reﬂ.l

Set Histogram

Use Flags

} Add New | Set Data Limits &
_,,J Histogram | Excluded Regions

Em=

-

Press “Edit Background” to change the background function, the Edit Background
window open.

@n Edit Background e - L

Setting background terms for histogram 1 Fit Background
Function type 2 — | Numberofterms 3 — | Graphically

1/0.100000E+01 2| 3

set| quit| Help

Both the function type and the number of items can be changed in this
window, click to “function type” button. Menu offers a choice of function type
appear, choose function type 1 “chebyschev function”, also press the “number of
terms” and change the number to “6”.the “Edit background” become :
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B™ Edit Background T — T .
Setting background terms for histogram 1 Fit Background
Functiontype 1 — | Numberofterms 6 — | Graphically
1)1.0 2{0.0 3{0.0 4|
6

Quit | Help

Press “set”.

Now press “scaling” and select refine for the three phases
File Options Powder Xtal Graphs Results Calc Import/Export Help

expnam | expedt | genles | powpref | powplot | Istview | liveplot
LS Controls | Phase | Histogram Scaling | Profile | Constraints | MD Pref Orient | SH Pref Orient |

Select a histogram — Scale Factor
h# type bank ang/vave ' | scale [1.000000E+00 Refine ™ Damping 0 —i|
1 XCR 1 1.54050 Samp -
—Phase Fractions

Phase 1[1.0000 Refine ¥ Damping 0 — ||J
Phase 2|1.0000 Refine ¥ Damping 0 — ||
Phase 3[1.0000 Refine ¥ Damping 0 — ||

I — _'IJ =

Select “profile” window will open
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File Options Powder Xtal Graphs Results Calc Import/Export Help

expnam | expedt | genles | powpref | powplot | Istview | liveplot

LS Controls | Phase | Histogram | Scaling Profile | Constraints | MD Pref Orient | SH Pref Orient |

Select a histogram | -Hist 1 -- Phase 1 (type 2) -]
h§ type bank ang/wave . Damping 0 — | Peak cutoff[0.01 Change Type|
1 XCR 1 1.54050 Sample |

GU ™ [2.000000E+00 GV I [-2.000000E+00 GW I~ [5.000000E+00

LX I [0.100000E+01 LY I" [0.100000E+01 trns I~ [0.000000E+00

~Hist 1 -- Phase 2 (type 2)
Damping 0 — | Peakcutoff0.01 Change Type|

GU " [2.000000E+00 GV I [-2.000000E+00 GW I~ [5.000000E+00

LX I~ [0.100000E+01 LY I~ [0.100000E+01 trns I [0.000000E+00

~Hist 1 -- Phase 3 (type 2)

Damping 0 —-| Peak cutoff|0.01 Change Typel

GU ™ [2.000000E+00 GV I |-2.000000E+00 GW I~ [5.000000E+00

LX I |0.100000E+01 LY Ir |0.100000E+01 trns [~ |0.000000E+00

In the peak cutoff change the number to (0.001) then press “change type”

B" Change Profile Function - - 28
Change profile function for Histogram #1 Phase #1

Current function is type 2.

Set function to type 2 —s| & Default value overrides ¢ Current value overrides

Ibl ref nextvalue default current |Ibl ref nextvalue default current

GU [T |2.00000 2.00000 | 2.00000 | LY [~ [1.00000 1.00000 | 1.00000

GV ™ [-2.00000 -2.00000 | -2.00000| trns I~ 0.0 0.0 0.0

6w I~ [5.00000 5.00000 | 5.00000 |52 1= [001 001 | oo1

LX I© [1.00000 1.00000 | 1.00000

set| Quit| Help

T

Change the number in set function type from (2) to(4).the “change profile function
“window” be.
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@™ Change Profile Function

- =]

Change profile function for Histogram #1 Phase #1
Current function is type 2.
Set function to type 4 —'l & Default value overrides ¢ Current value overrides
Ibl ref next value default current Ibl ref next value default current
GuU I [2.00000 2.00000 | 2.00000 [ s = [0.01500 0.01500
6v I [-2.00000 2.00000 | -2.00000( HL 1 [0.01500 0.01500
GW I~ [5.00000 500000 [ 500000 [ eta I~ [075000  0.75000
6P " oo 0.0 s400 " 00 (none)
Lx = [0.10000 0.10000 | 1.00000 [ S004 I~ o0 (none)
ptec oo 00 s202 ” 00 (none)
trns I [0.0 0.0 00 |s301 1 [oo  (none)
shit = [0.0 0.0 e W oot 001 | oo1
sfec [ |0.0 0.0
set| quit| Help

Note: the boxes in this window represent (constant wavelength x-ray profile type 4).
Do the same for the other two phases.

expnam | expedt | genles

| powpref | powplot | Istview | liveplot |

LS Controls | Phase | Histogram | Scaling Profile |Constraints | MD Pref Orient | SH Pref Orient |

Select a histogram |

h# type bank ang/wave
1 XCR 1 1.54050 sa -l

=N

T

Damping 0 —i | Peak cutoff0.01000  Change Type | -
GU I [2000000 eV I [2000000  GW I [5.000000
GP I" [0.00000000E+( LX I [0.100000  ptec I [0.00000000E+(
trns I~ [0.00000000E+( shft I~ [0.00000000E+( sfec I [0.00000000E+(
siL " [o015000  HL I [0.015000 eta I [0.750000
$400 I [0.00000000E+($004 I~ [0.00000000E+( $202 I~ [0.00000000E+(
$301 ™ [0.00000000E+(
~Hist 1 - Phase 2 (type 4)
Damping 0 —i| Peak cutofff0.01000  Change Type |
GU I [2000000 6V I [2000000 6w I" [5.000000
GP I [0.00000000E+( LX I [0.100000  ptec I" [0.00000000E+(
trns I [0.00000000E+( shft I~ [0.00000000E+(sfec I" [0.00000000E+(
si. I~ [oo15000  HL I [0.015000 eta " [0.750000
$400 I~ [0.00000000E+( $220 I~ [0.00000000E+(
~Hist 1 -- Phase 3 (type 4)
Damping 0 — | Peak cutofff0.01000  Change Type|
GU I [2000000  ev I [2000000  GwW I [5.000000
GP I [0.00000000E+( LX I [0.100000  ptec I [0.00000000E+(
trns [~ Imshft uf lmsfec r ,m B
siL I [0.015000 HL I [0015000  eta I [0.750000
$400 I [0.00000000E+($040 I~ [0.00000000E+( $004 I~ [0.00000000E+(
$220 I [0.00000000E+($202 I~ [0.00000000E+( 5022 I [0.00000000E+( |

For star running the program, first run powpref by pressing “powpref” button, that

causes a window
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C:\Windows\system32\cmd.exe - C:/gsas/expgui/gsastcl.bat C:\gsas\exe\powpref.exe EXP = m

:\GSAS\Myllork>REM a bhatch file to a DOS command and pause
:\NGSAS\Myllork>if "C:\gsas" == """ set gsas=c:\gsas
:\NGSAS\Myllork>set PGPLOT_FONT=C:\gsas\pgl\grfont.dat
:\GSAS\Myllork>set SYMOP=C:\gsas\data\symop.dat

N\GSAS\Myllork>C:\gsas\exe\poupref .exe ERP
Histogram no. 1 Bank no. 1 Lamhdal,lamhda2 = 1.54050 1.54430
Title: Sample ID — Anode and Instrument

Histogram is not ready to be used in least—squares
Histogram needs to bhe processed by POWPREF

Header on file:

Sample ID — Anode and Instrument

ISTOP POWPREF terminated successfully statement executed

:\GSAS\Myllork>pause
ppuyez sur une touche pour continuer...

Press “ENTER” key for continue. The “Reload” window will open press “load new”.
@" Reload? X4
Help

File EXP.EXP has been modified by another program.
Do you want to use the newer (modified) version or continue
with the older (previous) version of the file?

Load new|  Continue with old |

Now back to EXPGUI window and press “genles”.

m C:\Windows\system32\cmd.exe - C:/gsas/expgui/gsastcl.batl G Eﬁw‘
indows\system32\cmd.exe gsas/expgui/gsastc a- gsas\exe' e

CPU times for matrix build 2.39 sec; matrix inversion 8.008 sec .
Final variabhle sum{({(shift/esd)»»2) for cycle 2: 1.#R Time: 2.39 sec

Restraint data statistics:
No restraints used

Powder data statistics Fitted -Bknd Average
Bank Ndata Sum{u»d»»*2)> wRp Rp wRp Rp DUd Integral

Hstgm 1 PXC 1 7250 1.#QNAN 0.0600 2.9999 6.6600 9.9999 1.4#Q0 0.289
Pouwder totals 7250 1.H#HQNAN 2.9292 9.99922 92.9999 9.929929 2.000

Cycle 3 There were 72508 obhservations.
Total hefore—-cycle CHI»*2 (offset/sig) = 1.HQNBE+88 < 1.HQNBE+80)

Reduced CHI»»*2 = 1_.H#QNB for 18 variables

18 Columns of the 18 Column matrix are 0.0

CPU times for matrix build 2.42 sec; matrix inversion 8.082 sec
Final variable sum({(shift/esd)»2) for cycle 3: 1.8R Time:
TOP GENLES terminated successfully statement executed

:\GSAS\MylWork>pause
uyez sur une touche pour continuer...

Press “Enter” key.

For show the graph and examine the result press “liveplot”, “liveplot” window appear.
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a L W
File Options Help

TEST cycle 3Hist 1

bekgr

— Calc
X Obs

— diff

20000

L LIQJLQQ_LMMWM__MMg

~20000

2Theta

However, to see more details. "Zooming in" is done by clicking the mouse in the
lower left and upper right corners of the area to be displayed. After the first mouse
click, the box shown below will appear. After the second time, the plot is redrawn.

To see where the reflection is actually located. The display can be turned on by
pressing the "1" key in the LIVEPLOT window (1 for phase 1, 2 for phase 2...).

Now change the constant wavelength, back ground function, atomic position...etc.
press “geneles” after any change then “liveplot” for see if the plot change (more
information in the next chapter).

2.9. Conclusion:
We conclude that the instrument parameters that effect on Rietveld refinement are:

= Constant wavelength x-ray profile (the Cagilloti terms u,v,w)
= Back ground function

= Atomic position (x,y,z)

= The scale factor

= Zero point of instrument
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Chapter3: Results and discussion

3.1. Introduction:

In this chapter we will see the results of previous chapter, and to explain more how
we make the changes that led to the improvement of the plot for one single crystal and
for the mélange of (ZnO, Al,05, CaFs).

3.2. Application of Rietveld refinement on powder sample:

After treating the three-powder simple (zinicite, corindon and fluorine) and the
meélange of these powders, we follow these refinement steps to collect data to refine
them.

3.2.1. Zinicite (ZnO) GSAS/EXPGUI refinement:
Step_1: changing the Background function.
Step_2: Refine scale factor and background.
Step_3: Refine scale factor and zero point.
Step_4: Refine scale factor and the unit cell parameters.
Step_5: Refine scale factor, unit cell parameters and the zero point.
Step_6: Refine scale factor and Gaussian widths terms at once (GU, GV and GW)
Step_7: Refine scale factor and profile shape parameters (LX then LY).
Step _8: refine scale factor and asymmetry parameter
Step_9: refine scale factor and Coordinates and overall Uiso
Step_10: Lx, GU and asymmetry parameter.
The resulting plot of observation and calculation pattern is as follow

e Qpuons Magaification s

Figuerl.l: plot of calculated and observed patterns with peak positions and difference
plot of Zinicite
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- Structural information:

a,b c a,p VI Space group
RP pr CHIZ
0.1479 0.1869 5.523
3.249 5.200 90.00 120.0 P6 3m
- Atom position:
Atom/position X Y A occ uiso
Zn 0.3333 0.6667 0.0 1.0 0.025
o) 0.3333 0.6667 0.3375 1.0 0.025
- Gaussian width parameters:
GU GV GW
0.0000E+00 0.022625E+02 -0.217307E+01
- Laurantsian parameters:
LX LY
0.245451E+01 0.248831E+01
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Ce

Figure 1.2: structure 2D of Zinicit

N—-.

a

Figure 1.3: structure 3D of Zinicite
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3.2.2. corindon (A4l,03) GSAS/EXGPUI refinement:

6000 -

4000

Step_1: changing the Background function

Step_2: Refine scale factor and background.

Step_3: Refine scale factor and zero point.

Step_4: Refine scale factor and profile shape parameters (LX then LY).
Step_5: Refine scale factor and Gaussian widths terms (GU then GV then GW)
Step _6: refine scale factor and asymmetry parameter.

Step_7: refine scale factor and Coordinates and overall Uiso.

Step_8: Refine scale factor and the March-Dollase Preferential Orientation.
Step_9: Refine scale factor and the unit cell parameters.

Step_10: Refine scale factor, unit cell parameters and the zero point.
Step_11: LX and GU

Step_12: LX and GV

Step_13: LX and GW

Step_14: LX and LY

Step_15: LX and GU and asymmetry parameter.

The resulting plot of observation and calculation pattern is as follow

e Options _Help.

AL203 cycle 44 Hist 1

X % bekgr
X ¥ — Ccalc
x X Obs

— diff
| Z
&

XX

XK

.
i
& 3
i "< i ¥ X 3
#J’——M.«*—Jﬁh AR Ji IR P
T
50

T
100

Figure 2.1: plot of calculate and observed patterns with peak position and difference

plot of corindon.

50



Chapter3:

Results and discussion

- Structure information:

a,b C a,p VI Space group
4.785 12.991 90.000 120.000 R-c3
- Atom position:

Atom/position X Y Z OCC UISO
@) 0.69365 0.00000 0.25000 1.00000 0.02500
AL 0.00000 0.00000 0.35217 1.00000 0.02500

- Gaussian width parameters:
GV GW GP
0.306676E+01 0.844971E+01 0.136201E+02
- Laurantsian parameters:
LX LY
0.356612E+01 0.104442E+02
- Asym:
Asym 0.694229E+00
- Agreement factors:
RP pr CHIZ
0.1317 0.1644 4.290
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Figure 2.2: structure 2D of corindon
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Figure 2.3: structure 3D of corindon

3.2.3. Fluorine ( CaF3) GSAS/EXPGUI refinement:
Step_1: changing the Background function
Step_2: Refine scale factor and background
Step_3: Refine scale factor and zero point
Step_4: Refine scale factor and profile shape parameters (LX then LY).
Step_5: Refine scale factor and Gaussian widths terms (GU then GV then GW)
Step _6: refine scale factor and asymmetry parameter
Step_7: refine scale factor and Coordinates and overall Uiso.
Step_8: Refine scale factor and the March-Dollase Preferential Orientation.
Step_9: Refine scale factor and the unit cell parameters.
Step_10: Refine scale factor, unit cell parameters and the zero point.
Step_11: LX and GU
Step_12: LX and GV
Step_13: LX and GW
Step_14: LX, LY and s/l

The resulting plot of observation and calculation pattern is as follow
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['Eite options

CAF2 cycle 33 Hist 1

bek
10000 - -

— Calc
X Obs

5000

Intensi

T T
50 100
2Theta

Figuer3.1: plot of calculated and observed patterns with peak positions and difference
plot of fluorine

- Structural information:

a,b,and c a,pBand System Space group

5,462756 90,0000 Cubic Fm-3m

- Atomic position:

Position
Atom X Y Z U Occ

Ca 0,000000 | 0,000000 | 0,000000 0,010 1,000

F, 0,250000 | 0,250000 | 0,250000 0,013 1,000
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- Gaussian width parameters:

GP GV GW
0,111920E+02 -0,220395E+02 0,732028E+01
- Laurantsian parameters:

LX LY
0,256638E+01 0,688266E+01
Axial divergence (S/L) 0,112149E-01
- Agreement factors:
RP pr CHIZ
0,1369 0,2122 2,909

Figuer3.2: structural 2D of fluorine
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Figuer3.3: structural 3D of fluorine
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3.2.4.Zn0,Al, 03, CaF, refinement EXPGUI/GSAS:

Experimentally this mixture contains ZnO (92%) + Al,O3 (6%) + CaF; (1%) +
impurity (1%). In order to estimate the quantification of each phase using
Rietveld refinement we followed these steps:

Step_1: changing the Background function

Step_2: Refine scale factor and background.

Step_3: Refine scale factor, background and zero point.

Step_4: Refine scale factor and profile shape parameters (LX then LY).

Step_5: Refine scale factor and Gaussian widths terms (GU then GV then GW).
Step _6: refine scale factor and asymmetry parameter.

Step_7: refine scale factor and Coordinates and overall Uiso.

Step_8: Refine scale factor and the unit cell parameters.

Step_9: Refine scale factor, unit cell parameters and the zero point.

Step_10: LX and GU

Step 11: LXand LY

Step_12: LX and GU and asymmetry parameters

The resulting plot of observation and calculation pattern is as follow

File Options Help

20000

5
£ 10000

FN2 cycle 58 Hist 1

I
j

T T
50 100

Figure 4.1: plot of calculated and observed patterns with peak position

and difference plot of the mélange

Gaussian width parameters:

GU GV GW
0.000000E+00 0.132604E+02 0.853435E+01
0.000000E+00 0.103077E+07 -0.270482E+07
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- Laurantsian parameters:

LX 0.607058E+01
0.107420E+05
- Agreement factors:
R, Ryp CHI?
0.1147 0.1570 5.722

Figure 4.2: structure 2D of Zn0O,Al,05,CaF,
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Figure 4.3: structure 3D of ZnO,Al,05,CaF,

The quantification of phases using Rietveld refinement is slightly different as
comparation with experimental values where we found:

ZnO (96%) + ALO; (3%) + CaF; (1%)

This different is due to the poor quality of experimental data of X-ray diffraction
patterns.

3.3. Conclusion:

We conclude that Rietveld refinement use to improve the fit until it approaches
the ideal value through the GSAS program by changing the parameters. In addition, it
IS very important to note that the refinement process need the high quality of XRD
data.
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General conclusion

General conclusion:

The Rietveld method circumvents the overlap problem by modeling
the entire powder pattern using a series of parameters that can be refined to
minimize the difference between the calculated and measured powder
patterns, giving us enough information in a 1D data set to reconstruct the 3D
structures.

In this work we getting a good result from refining a single or mixed
phase using EXGPUI/GSAS program, it can be laborious with its difficulties
that rise each time a phase is added, in this experiment we notice:

The presence of parameters that affect the results such as: the

Gaussian parameters, the Lorentzian parameters and the asymmetry
parameters.

For getting good plot, the value of x?must be equal to or less
than five.
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