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1. Diffraction patterns of real crystals. Intrinsic general shape of
Bragg peaks
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Microstructure: defects in crystals

—

Instrumental broadening

Finite crystallite size
FWHM oc cos(0)
size <1 pum
Lattice microstrains
FWHM oc tan(6)
fluctuations in cell parameters

Extended defects / Disorder
- Antiphase boundaries

- Vacanci ic disorder _
- Stacking Fault

- Turbostraticity L
- Interstratification
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antiphase domain
interstitial atom

grain boundary
vacancy
substitutional impurity
interstitial impurity
stacking faults
dislocations

_with FAULS



Scattered Intensity of a Finite Crystal

Shape function: g(r) is defined as g(r)=1 for r inside the crystal, and
g(r)=0 for r outside = G(s)=FT{g(r)}.

G?(s )=FT{g(r)®g(-r)} is Fourier transform of the
auto-correlation function:

VA (r) = [g(u)g(r+u)d’u

1(s) oc v% F(S)F ()Y G2(s— H)
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Size effects in reciprocal space
, VA () = [gWg(r+u)a’u]
‘ As(r) —FT-l{GZ(s)}
G (8) = FT{g(n) ®g(-)}=V FT{A (N}

Qz(s— H) - G/ (As) = G*(As)

it is the same for all reciprocal nodes
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Size effects in reciprocal space

G*(s)= FT{g(r)®g(-n}=V FT{A ()}

1(s) oc viv FOF ©Y G s-H) = I(s,) g E(H)F"(H)

G*(sn)
v

c c

I(s,,) ¢ g F(H)F"(H)] A (r) expfris, r}d°r

c

Normalised profile of a single cryst
transform of the size function

reciprocal space: Fourier

i(s,,) = j A, (r)exp{2ris, r}d°r

In powder diffraction we obtain a similar equation restricted to columns perpendicular to
diffracting planes
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Average structure f F=(F)=1/N > F.

local fluctuatior o,=F-F,

Pn=F2H (G ® ) = FE4 Dy,

+ IDif‘fuse

In the last expressio because

decreases with n much fa
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Strained Crystals

A crystal is said to be “strained” if the structure factor
of the cell m can be written in the form:

F.=Fexp{2zisu_}, ( I

Defining the quantity: [AW(sSEES (exp{27zi S(Uy, —Up,n )}>

15)=NF2Y A R,) A (R, s)expf27isR,}

. (As) = NF ZAS R )exp{27iAsR }~ F:f, (As)
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Strain effects in reciprocal space

The Interpretation of the peak shape in the case of
strains IS not so straightforward as that of size
pecause there are many possible physical origins
Tor strain broadening: dislocations, interstitials,
va'es, compositional fluctuations, etc.

The important point is that the peak shape and
width depend on both the particular reflection and
the direction in reciprocal space.
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Powder peak profiles

For a powder (after spherical averaging), the total profile is
a superposition of the profiles of the set of equivalent nodes
and the distribution function for size and strain effects:

Ly (As) = Z FI—? f, (As)

{H}
Usual notation in litera

fiy (AS) = Z{Ahs A, exp(2ri As nd,, )}

fua (5) % [ LL=°° A (L) A (L, ) exp{27i sL}dL

=0

Microstructure Analysis from Diffraction

Edited by R. L. Snyder, H. J. B ,and J. Fiala, Int ti i | 9
28/03/2025 o0 Y e unge, an iala, International LJpion of Crystallography, 4999 o u & c ¢




Outline

2. Simplified methods for studying the microstructure of materials:
size and strain using the double-Voigt approximation
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Calculation of the full profile of a powder
diffraction pattern

.

tural information:
, magnetic moments, etc

[ T O(x)dx = 1

Co Icro
instr. resolution

Q(x) = g(x) ® f (x) = instrumental ® intrinsic profile

Background: noise, diffuse scattering, ...
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Simplified methods for treating the intrinsic
profile as implemented in FullProf

The method of Warren-Averbach
intrinsic profile of a powder di
strong. Moreover, not enoug
extremely unstable

urier series representing the
awbacks when overlap is
nvolution method

Integral breadth methods, comb
g and £, are, by far, much more simple
parameters are volume averaged quantities

tical approximation for f,
robust: strain and size
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Broadening due to size effects

The intrinsic profile of a particular reflecti
the Scherrer formula:
(D),

gives the volume-averaged apj
scattering planes. This appare

(D), == >

i=1,...N

ize effect has an integral breadth /z_,

direction normal to the
al interpretation:

in terms of the normalized colu
distribution p(L):

(D), = [L p, (L)e
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Size effects in reciprocal space: powder case

A (0)=1= _[O p, (L)dL Surface Averaged column length D.: height of
. It] a cylinder of section equal to the projection of
A (t) = IO (1_T) (B M the grain perpendicular to planes (hk/) having

ame volume as the grain
AW 1
dt | _

A (t)

Normalised column-length distribution

t
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The Voigt Function
V () =V, (X) ®V, ()

The Voigt function has proven to be a very good experimental
approximation in many cases (I. Langford)

Lorentzian breadths simply have to be summed

Slan breadths have to be summed quadratically

S flL — ,Bhl_ — IBQL
Correction for instrumental broadening

ﬁ fG ﬁhG ﬂ (‘Double Voigt’, D. Balzar)
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Column lengths distributions when using Voigt
functions for approximating the line profile

Fourier size coefficients co ng to the Voigt function

A (1) = [[i(s,)e "™ ds, = FT 4V (5,)} = exp{-2t3, — B3t’}

Normalised distribution of column lengths

P (L) = 2L[2 57 ~ 82 + 4np, 2L+ 2° B P exp{-2L 3, — mp2L’}
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Column lengths distributions when using Voigt
functions for approximating the line profile

Column Length Distributions

Size distributions corresponding
to Voigt profiles are quite

——G=0, L=0.05 i ki
. G-0 L-003 flexible and are positive for all

——G=0.016, L=0.02 1 .
G001t 12008 lengths provided that:

——G=0.005,L=0.01

B, > \/gﬂG ~1.2533213,
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Definitions of strain in microstructural analysis

—> The apparent strain was defined by Wilson as the quantity:

1, = Pp coté

—> The so-called maximum strain is related to the apparent strain

by the relation:

—> Local average strain: E{BEFA\AWAN between two cells separated a
distance along a column perpendicular to (hkl) planes

—> Root mean square strain:
1/2
€rms = <82(L)> For a Gaussian distributione~5/4 e,

See chapter 7 of by Davos Balzar

28/03/2025 THE EUROPEAN NEUTRON SOURCE



Definitions of strain in microstructural analysis

AD(Rn’ S) — <eXp{27Z'i S(um _um+n)}>

Local average strain: EA{BEFAAWEN between two cells separated a
distance along a column perpendicular to (hkl) planes

A, (L, s) = (exp{2ris AL}) = (exp{2i sL &(L)})
A, (L, s) = (exp{2rzisL (L)}) ~ exp{-27" s°L* < &°(L) >}

L=00

f (S) = j

A (L, S, )exp{2zisL}dL

L=0
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Definitions of strain in microstructural analysis

Local average strain: E({BEFA\WEN between two cells separated
a distance along a column perpendicular to (hkl) planes

A, (L, s) = (exp{2risL e(L)}) ~ exp{-27" s°L* < £(L) >}

A (L,s) = FT{fy, (s)}=FT{V(s)} = FT {L(s) ®C(s)}
A (L,s) = FT{L(s)}FT {G(s)}=exp{-2L A Yexp{-7L" o}

2° L < &”(L) >=2LB 5 +7L° Bep

ﬂLD ﬂGD
<g*(L)>= [ZL 27zj
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Simplifiec
prc

Parameters nic case)
g(x) ® f(x)

(U, +U,)tan’ 0+V, tan 6 +W, +

Y, +Y;
X+ X Ntan g + ———

cos @

NNNNNNNNNNNNNN



Simplified methods for treating the intrinsic
profile as implemented in FullProf

General 20 dependence of the instrumental broadening
(determined by a standard sample)

.
2 2
Hie=U; +(1- é:f) DfST(aD))tan 9+COS 0+ng

=(X; +&; Dy (uD))tanH'Fw

cosé
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1d correlation

Phenomenolc

between me
J. Rodriguez
J. Phys. Con

1
thl :d_2:M (a,,hk|)

hkl
ameters ¢; (direct, reciprocal or any combination)
lables with a Gaussian distribution characterizec

lance matrix C;;
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The mean and the variance of the function
M, are given by :

(M) =M ((e):hkl)

C;; contains 21 parameters,
Independent

If the metric parameters are the coefficients of the

SRR B 1 Apz . BK2 +.CI2 + DKI + ENl + Fhk

hkl

{o}={AB,CD,E,F}

P. W. Stephens,
J. Appl. Cryst. 32, 281 (1999)
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A-strain
.4585
L1172
.1018
.9724
.1383
.7952
.0162
.5271
.5578 i

Nd,NiO,, LT

ONHFORKHHOKK
CoOWANKHRONMNH

Example of microstrain
R LY ! gcenerated after a series of
22?62(:'(7)8) 17?72%27) o.ifgc()g) —33722(2.2) phase tra nSItIOHS

Lorentzian Parameter: 0.093(2)
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Different models to simulate the average

shape of crystallites
Ellipsoidal shapes of crystallites .

== k. dZ(ayh? + a,k? + a)* + 2a,hk + 2 hl + 2¢ k)

Arbitrary shapes of crys an be simulated

Volume averaged shape of crystallites is obtained from the refined parameters

28/03/2025 THE EUROPEAN NEUTRON SOURCE



Outline

3. How to create an IRF for the study of microstructure
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The knowledge of your diffractometer is crucial
for the success of Rietveld refinement

If you have a Bragg-Brentano diffractometer take the diffraction pattern of a
standard sample not having size or strain broadening (e.g. LaB, from NIST). The
diffraction pattern should be taken in exactly the same conditions as your

problem sample. ‘

You can prepare your own standard if you are able to prepare a sample with
similar absorption coefficient as your problem sample and very good crystallinity.

For capillary samples Na,Ca,Al,F,, (NAC or Nacalf, from Le Mans, France) is
appropriate.
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How to create IRF files

Collect a powder diffraction pattern of the standard sample: for different
conditions of the diffractometer (combination of slits) a new diffraction pattern
is needed

Analyze the diffraction pattern determining the peak shape parameters that
have to be stored in the IRF file:

1: Individual peak refinements (List of Hg and H, for each peak Res=4, 8)
2: Le Bail fits (U W. ) Res=1
3: Rietveld refinement

ins’ ms' ins’ |ns' |ns
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The format of the file containing the
Instrumental Resolution Function

The instrumental resolution function file may content keywords that change some
variables in the input PCR file if they are used. Now it is possible to read an IRF file for
other profiles than NPROF=7.

The most simple format for the case RES
Line 1 General title

Next lines containing ! are comments

Lines containing one of the keywords:

(order does not matter)

One or two lines containing the variables (see manual): U, ., V..., W, ., X, Yins

In case of two lines the second corresponds to instrumental parameters for the second
wavelength.

the following:
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The format of the file containing the
Instrumental Function

The keywords in the | follows:
1: job (char
with job ="'n
job="'n

job="t

job ="to

job = 'xr

job = 'xrc'

2: lambdal, lamb alues)
nprofile, shapel, sh nteger and 3 real numbers)
4. SL SD (two real numbers)

e
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How to work with FullProf when
microstructural effect are important

» Select profile function: NPROF=7, TCH pVoigt function convoluted with axial divergence

> Reference sample data analysis = Instru‘tal Resolution Function (create an IRF file)

» Broad pattern analysis: IRF is fixed through RES parameter and read in the FILERES file

» Use FullProf with IRF (RES /=0), putting to zero all profile parameters

» Select a model for microstructure and refine only the profile parameters related to the
sample

» The program generates micro-structural files with all the relevant information concerning
size and strain parameters
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Outline

4. Examples in literature
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Battery materials: Ni-hydroxides

Awvailable online at www sciencedirect.com

-— JOURNAL OF
*.” ScienceDirect “H
S0UR

Journal of Power Sources 174 (2007) 414420

www.elsevier.com /locate /jpowsour

Microstructural characterisation of battery materials using powder
diffraction data: DIFFaX, FAULTS and SH-FullProf approaches

M. Casas-Cabanas?, J. Rodriguez-Carvajal®, J. Canales-Vazquez?,
Y. Laligant®, P. Lacorre®, M.R. Palacin®*

A comparison of conventional Rietveld refinement completed with
microstructural analysis and the more sophisticated method implemented
in DIFFaX and FAULTS
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Structure of #-Ni(OH),

BNi(OH),: a=3.13A, c=4.61A, SPG: P3m1
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Structure of S-Ni(OH),

)
-
N
()]
o
o
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S 7500
=
2]
<
&
L=
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Size broadening in f-Ni(OH)

un)

ity (.

Iniens

40 49 58 76
Average diameter ~ 470 A, thickness ~ 140 A 28 (%)
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Size broadening in g-Ni(OH),

| S e o 2R N A N | T T T TYT YT Y™ | D (n fmn ver s mem o |
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1
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28/03/2025 Average diam.~ 340 A, thickness~ 100 A




Size broadening in f-Ni(OH),

o
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L
L=

15 24 33 42 51
28/03/2025 Average diam. ~ 180 A, thickness ~ 53 A




FNIOOH In batteries: nanopowders
JIAICIS

COMMUNICATIONS

Published on Web 04/14/2007

Deciphering the Structural Transformations during Nickel Oxyhydroxide

Electrode Operation

Montse Casas-Cabanas,! Jesus Canales-Vazquez,™ Juan Rodriguez-Carvajal,* and
M. Rosa Palacin®1

Institut de Ciencia de Matevials de Barcelona (CSIC), Campus UAB E-08193 Bella 1, Catalonia, Spain, and
Institut Max Von Laue-Paul Langevin, BP 156 Grenoble Cedex 9, F-38042 France

An example of structure determination applying approximate
conventional methods:

BNi(OH),: a=3.13A, c=4.61A, SPG: P3m1

After oxidation of #Ni(OH), to #-NiOOH, the original
28/03/2025 crystallites break into nano-domainsT+#& evrorEAN NEUTRON sOURCE




FNIOOH In batteries: nanopowders

The nano-domain structure of pa es, as well as micro-strains and the
doubling of periodicity along the stacking direction is seen clearly in the

central image
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F-NIOOH In batteries: nanopowders

3T2, LLB

1 LA 1 11 [ 1 L (11 RIR L EL LR R )L LN R LI (10N U LSRR Rt R DT LT LA B

5 16 27 38 49 60 71 82 93 104 115 5 16 27 38 49 60 71 82 93 104 115
2 Theta (deg.) 2 Theta (deg.)

Joint refinements considering ABCA staking models and
common micro-structural parameters: ellipsoidal average
crystallites + anisotropic strains (spherical harmonics)

a=4.883(5)A, b=2.920(8)A, c=9.24(1) A, p=88.8(1)°,
SPG: C2/m
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FNIOOH In batteries: nanopowders

a
Apparent average Shape
92A

Anisotropic strain
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FNIOOH In batteries: nanopowders

0

Oxidation

—

Reduction

B
| __W
|

A

B
| ___W
W

A

> Ww O > > W O >

Figure 4. Schematic representations corresponding to the structural
transformations occurring in the positive electrode upon nickel battery
Figure 3. 3-NiOOH unit cell: (a) atomic and (b) polyhedral representations. | standard operation (1) and overcharge (2).

Details of the oxidation-reduction process between f-Ni(OH), and S-NiOOH
and the over-oxidation giving rise to irreversible formation of »~-NiOOH
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Example of size effects characterised using FullP gé%%‘g%ﬁ r

DOL 10.1021/cg901441p

Article
Sy_gihesis and (3l!aracterizaﬂ011 of P..Tpconversion Fluorescent Yb>", 2010, Vol. 10
Er”™ Doped RbY;F; Nano- and Microcrystals 2022208 .

Helmut Schifer,* Pavel Ptacek, Benjamin Voss, Henning Eickmeier, Jorg Nordmann, and
Tmiversity of Osnabriick, Institute of Chemistry, Barbarastrasse 7, D-49069 Osnabriick, Germany ==

Lanthanide-doped RbY,F, nanocrystals synthesize’at 185° C in the high boiling organic solvent N-(2-
hydroxyethyl)-ethylenediamine (HEEDA) using ammonium fluoride, rare earth chlorides, and a solution
of rubidium alkoxide of N-(2-hydroxyethyl) ethylenediamine in HEEDA as precursors.

Microwave synthesis gives larger crystallites.

Heat-treatment of these nano-crystals (600° C for 45 min) led to bulk material which shows highly
efficient light emission upon continuous wave (CW) excitation at 978 nm.

28/03/2025 THE EUROPEAN NEUTRON SOURCE



RbY ,F-: synthesis from nanocrystals

bigger sizes - muilti-
domain particles

Figure 3. TEM image of RbY.l

nanocrystals generated in the mic: WF778% Y, 20% Yb, 2.0% Er

AL

Size (nm)

5. Characterization by dyn:
distribution of RbY,F
DA synthesis) i
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RbY,F-: different stages in synthesis

Crystal Growth & Design, Vol. 10, No. 5, 2010 2203
Crystal

structure
solved by
isomorphis
m with
KEr,F.:

P e MR e v v we vnay iy "y - o

a=11.97 A
b=13.46 A
c=7.7 A

iy
-
s
)
=
N
c
@
et
=

SPG: Pnam

EUTRON SOURCE
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L
LnPO, (Ln:La, Eu) nanoparticles

Lanthanide phosphates are unique class of

materials having versatile properties such as high
temperature stability, chemically i
catalytic and photoluminescen
nanosize lanthanide phosph
found to act as excellent ho
lanthanides and the optica
NPs can also be tuned by t
dopants.

Notable examples of demo
applications include field-eff
(FETs), light-emitting diodes (L
electron transistors, biological and
sensors, photo-detectors, electron emitters,
and ultraviolet lasers

Example: EuPO,
P2,/n, a=6.66A, b= 6.89A, c = 6.37A, =104,05°
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LnPO, (Ln:La, Eu) nanoparticles

w Nanospheres

Dy~7x19 nm
(b)

*

Dy~ 9x37 nm
(c)
A\/\\

Intensity (a. u.)

Dy~ 5x36 nm
(d)

h.f’J
COC e e T TR e

20 30 40 50
26 (°)
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Microstructure helps to solve the crystal
structure ...

Example: Refinement of a TaOF; sample
(from MPI Stuttgart)
The data were collected in a powder
diffractometer using Debye-Scherrer geometry
' K

Neutrons: b(O)=b(F)
X—rys: f(O)=f(F)

e diftraction pattern has been
presumable smoothed using a Fourier filtering)
The sample presents anisotropic peak broadening
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11000

5000

7000

5000

Intensity (a.u.)
=
=
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1000

TaOF3 d=0.02 mm / Cu

Refinement with the instrumental resolution

L

| |||| II |||| ||||||| |||||| |

28 36 44 52 60 68 76 84 92 100

26 (%)



TaOF3 d=0.02 mm / Cu

2000 7T 7T 7T T T T

[ . ]

7000 | . i ) .. . ]

i Refinement with the isotropic size and strain i

5000 | i

-~ - i
3 I ]
3 — i ]
& 3000 : -
2 ]
= |
= i
1000 i

:I | | [ | |1 [ [ [ |’ IR |||||:

== | | | | | | [ e .

| | " | L.ﬁ, .

e } e s
20 28 36 44 52 60 68 76 84 92 100
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TaOF3 d=0.02 mm / Cu

9000 1 1 T T 1 T 1 1 LI | T T 1 T 1 T T T LI | T T T LI | T T T T 1 T T T LI | 1 T T LI | 1 T
7000 } . . . ..

[ Refinement with the isotropic size and

i anisotropic strain
5000 |-

Intensity (a.u.)
S
L]
L]

1000

| L L= =
- p—

(=] 1 I;
&
i

(3]
(]
oo

36 4 52 60 6 76 8 92 100
26 (%)
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Microstructure helps to solve the crystal
structure ...

Apparent size: 848 A
(isotropic)

1ax. strain: 17.7x10%
:10.5x104

3
4/mmm, a=3.945 A, c=8. 486 A
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Microstructure helps to solve the
crystal structure ...
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Outline

Live presentation: Complete creation of an IRF file using the case of
spinel MgAl,O, -
[/ §
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