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OUTLINE :

* Electromagnetic properties of X-rays
* Production of X-rays
* Interactions of X-rays with matter

* X-ray diffraction : investigation of the fine
structure of the matter

* Some basics of crystallography
* X-ray diffraction by crystals

* Summary



X-rays = Electromagnetic (EM) radiations lying between Ultraviolet light and
Gamma rays in the electromagnetic spectrum

The Electromagnetic Spectrum
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% Associated particle = photon (no charge, no mass) ; photon energy E=7c

% X-rays are characterized by relatively short wavelength : A =0.01-100 A
(10-19-10-¢ cm), with Hard X-Ray on one hand and Soft X-Ray on the other.



X-ray production = X-ray tube

X-rays are conventionally produced by either conversion of kinetic
energy of charged particles into radiation (continuous X-ray spectrum)

or by atom excitation in a metal target (Cu, Al, Mo, Mg) upon which
fast moving electrons impinge.
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* Anode is a water-cooled Cu block containing the desired target

= Source of electrons = hot W filament (Joule effect, I ~ 40 mA),

accelerated by application of high accelerating voltage V (~ 45 kV)
between cathode (W) and anode (target).
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Electrons

Bombarding electrons can eject electrons from the metal target atom inner

shells: vacancies will be quickly filled by electrons dropping down from higher

levels, emitting x-rays with sharply defined frequencies associated with the
difference between the atomic energy levels of the target atoms.



Refractive index of X-rays : m=1—0—1
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absorption
r,: classical radius of the electron (0.28 10-° nm)
p.: electron density of the material
w ¢ linear absorption coefficient

Z-axis
: K A 7> _Reflected
Incident waye K; k. sriected wave Typically &: 10-5 to 10-%, and B ~ 3/10;
n=1 0, 0, vacuum 8 >0, ie. n < 1 but slightly
" 0 => total reflection possible if :
n<1 & t solid 0.°
T cos 0. =n=1-8~1- -
Transmitted C 5
wave

% At low angle (~ 0.1° to 1°), X-ray beam totally reflected and propagation in
material is evanescent (penetration depth : 2 to 3 nm) : surface study + reflectivity

Y, At higher angle : penetration depth of some tens of ym thickness !
As n < 1 but slightly : X-ray linear propagation in the matter.



Interaction of X-rays with matter (6 >> 1°)

X-rays mostly interact with atomic electrons = 3 options:

1) Penetrate
2) Scatter = change in direction of electromagnetic waves with or not an energy

exchange between photons and matter
3) Be absorbed (partially or totally)

5 basic interactions of X-rays with matter:

(different competiting processes that are involved simultaneously)

- Coherent scattering : Thomson diffusion (elastic) if hv < Ey;ying

- Incoherent scattering : Compton diffusion (inelastic) if if hv >>E,; ..,

- Photoelectric absorption effect if hv > Ey; qing

- Pair production (efectron - posifron pair) : E > 1 MeV
- Photodisintegration eV

For 10 eV - 30 KeV :
pair production and photodisintegration are negligible



Interactions of X-rays with matter:

- Coherent scattering : Thomson diffusion (elastic) if hv < Eg; g, (at low
energy : Rayleigh diffusion)

- Incoherent scattering : Compton diffusion (inelastic) if if hv >> E; . (at
low energy : Raman diffusion)
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Interactions of X-rays with matter:

- Coherent scattering : Thomson diffusion (elastic) if hv <
energy : Rayleigh diffusion)

- Incoherent scattering : Compton diffusion (inelastic) if if hv >> E; . (at

low energy : Raman diffusion)
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Some definitions :

incident and diffuse scattering vectors

260 = diffusion angle
Elastic scattering : k; = ki
Inelastic scattering k; = ky




X - ray absorption | For E < 1000 keV photoelectric effect is dominant

* Photoelectric effect = photon absorption interaction

Absorbed photon if hv>E; (E, electron binding energy)
- Excitation : emitted photoelectron ( E=hv - E, - @)

- Desexcitation mechanisms : fluorescence photon (hv=E,-E; )
or Auger electron ( E=E,-E, -E,;;)
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Interaction of X-rays with matter
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g, = linear absorption
coefficient = (MTL)P =np

with p = volumic mass
(g.cm™® and g = mass
absorption coefficient in g-
1.em-2 (tabulated in the
International Tables of
Crystallography)
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Interaction of X-rays with matter
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% Attenuation globally increases with A and for
a given A, y increase with Z.

%, Absorption discontinuities (K, L;, Lir, Lirr)
can be evidenced : they appear when energy
of incident photon, W = h.c/A > W,
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X-ray diffraction

Y% Diffraction is the effect following the interaction of an EM wave with an
object having size dimension comparable with the period of the wave.

% X-rays have wavelengths on the order of a few angstroms, the same as
typical interatomic distances in crystalline solids = tool for investigation of
fine structure of matter

v

X-ray diffraction is based on elastic scattering and results from the

coherent sum of all EM waves that are diffused from each atom of a

periodic structure constituting the matter (the same that occurs with
visible light interaction with a grating).

4,= 4, expldi)

+/\/VV\/W\ ~ /VWWV\ Coherent sum :
/}/VVVVV\ Constructive interference

4= 4y Xp(l) b — 4, =027 +47...
TAVAVAVAVAVAVAN Non coherent sum:
\VAVAVAVAVAVAY) Destructive interference

¢ —¢, =0.x7837...



Interaction of X-rays with matter : associated techniques

EMISSION :
* X-rays : Fluorescence (chemical analysis)

* Electrons:
Photoelectrons, Auger electrons (analysis)
Photoelectrons diffraction (local structure)
Photoemission (band structure)

REFRACTION :
Reflectivity (surface, interface)

Incident X-Rays Sur‘fgce diffraction (surfaces)
Stationnary waves (surfaces)

/\/\/—> ....................................................................... >

ABSORPTION : XAS, EXAFS, XANES (local
order); Dichroism (Magnetism, surfaces)

DIFFUSION:
Diffraction (Structures): diffuse diffusion (Disorder, liquids)

Compton diffusion (Electronic structure )
Small angles diffusion (Polymers, liquid crystals, agregates)
Magnetic, inelastic , coherent diffusion... (synchrotrons)




Now we need some basics of crystallography !

% Crystallised solid : 3D periodic array of atoms

CGFZ

Macroscopic crystal =

Unit cell : crystal lattice
The smallest periodically repeated
set of atoms in three dimensions

arranged in a
particular way.

In 3D, the unit cell =
parallelepiped built on the crystallographic
basis vectors a, b, ¢ of the direct lattice,
is determined by 6 parameters: a, b and c

cell lengths and the a, p and y angles
which can be determined by XRD




Cristalline structures classification (function of their symmetry)
= 3D Bravais lattice systems (7)

a=b=c¢
cubic a=p=y=090°
a=b=c
tetragonal w=p=y=90°
o az=b=xcC
orthorhombic as By = 90°
c—_ a=b=c
hexagonal . a=p=90°
| v =120°
a=b=cC
monoclinic a=y=90°
B = 90°

rhombohedric 7 asb=c
v 4. . azb=c
triclinic =B ey=90°



Seven crystal systems + four lattice centering types =
14 Bravais lattices

14 Bravais lattices A(r)

i

Triclinic P Monoclinic P Monoclinic C Tetragonal P Tetragonal I

c
—b
a

Orthorhombic P Orthorhombic € Orthorhombic I Orthorhombic F

Cubic P Cubic F Cubic I
Hexagonal P Rhombohedric P



Motif and crystal lattice:

Y The crystal structure C(r) can be considered to arise from the
convolution of a basis domain B(r) also called the motif with the

Bravais lattice A(r) :

@ The motif B(r) =
Motif B(r) smallest possible unit
B X of atoms which by
- . . application of all
o o translational symmetry
. . . generates the whole
. . crystal

C(r) = B(r) x A(r).

Lattice A(r)

Y The lattice A(r) can be viewed as a set of periodically spaced

Dirac distributions, i.e. a Dirac &(r-ry) dis1'r'ibu'rion located on

each node of the lattice:

with Direct lattice point coordinates :

+00 400

A= > > Za(r ua—vb — we)

U=—00 V=—00W=—00

ua + vb + wc with u, v and w integers



Families of lattice planes:

% Lattice plane (h k |) = plane which
passes through lattice nodes that do not
all lie on the same straight line and
labelled by three prime integer numbers
h, k, | named Miller indices.

% Family of lattice planes =
set of parallel lattice planes P,.

Distance between two
neighbouring lattice planes = O a
spacing d,,, accessible by XRD.

(001)
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Y When X-rays interact with a single particle,

it scatters the incident beam uniformly in all s ol [P 7% '!‘
directions (spherical wave). —= [ o X

CWW W
XXX

Y When X-rays interact with a solid material
the scattered beams can add together in a few
directions and reinforce each other to Yyield
diffraction.

/
2

Diffraction =
Elastic diffusion +
constructive interferences

Constructive interference : Path length
difference 2 d sin6 = integral number of A

Bragqg law :
2 d sind = m A with m integer

dsind

. - . . *—



Reciprocal space: Geometric definition
Introduced by Bravais and used again by Ewald (1917) : an essential
concept for the study of crystal lattices and
their diffraction properties.

- Basic vector definitions:

—

CAQ anb

, C*= °

\4 Direct .’,‘O
with V’=(a,b,c) direct cell volume space e

and V*=(a*,b*,c*)=1/V reciprocal cell volume

+ Equivalent definitions (2D, 3D...) Reciprocal -~
space nd

- Reciprocal lattice point coordinates: [EARELILERE KRS with h,k,| and n

integers



X-ray diffraction by crystals

the electron (in A) acts
% Elastic diffusion by 1 electron: as a secondary X-ray source

i ©

Incident plane wave

Emitted spherical wave
by the electron

Amplitude diffused by electron A, : proportional to 1/m?, q*, ®4, sin®
(Thomson formula)

% Elastic diffusion by 1 atom = N electrons

All the N spherical diffused electromagnetic Al the electrons of B atom

waves with same phase must interfere act as a secondary
v X-ray source
amplitude diffused by L P
1atom: A = f(0) A, I

with f(6) form factor or

. . . . . Incident plane wave
atomic diffusion coefficient P

Emitted spherical
Wave by B atom



X-ray diffraction by crystals

the electron (in A) acts

Y Elastic diffusion by 1 electron: as a secondary X-ray source

i ©

Incident plane wave Emitted spherical wave
by the electron

Amplitude diffused by electron A, : proportional to 1/m?, q*, ®4, sin®
(Thomson formula)

LU

Y Elastic diffusion by 1 atom = N electrons s, ClI-

15 e K+

All the N spherical diffused electromagnetic
waves with same phase must interfere

2

£ [electrons)
=
O/

amplitude diffused by | T
1atom: A, = f(0) A, s
with f(6) form factor or |
atomic diffusion coefficient N
o 01 ﬁiii“m:ﬁiuﬁlﬁﬁ 05
Form factor f(sin6/)) tabulated in the f(0) = Z for 6 = 0° + f(0)

International Crystallography Tables fall down rapidly when 6 7


http://en.wikipedia.org/wiki/File:Cromer-Mann_structure_factors.svg

X-ray diffraction by crystals

% Elastic diffusion by 2 same atoms > B o
T ] T T 20
s, and sS4 : unitary incident and ., Po s
diffused vectors Si ) sS4
3
—_— — — — O N
OB'=r,5, et O'B=r,.s. B
—_— —_— — l §;
0=r,.(s,—S,)

The path difference 5 between the two scattered waves: 5 = OB' - O'B
gives the phase difference Ap between these 2 waves: A = 2x §/1

27'[ RV — —> —»
Ap = 71‘ (s, —8,)= 2751‘ H avec H =(s, — s;)/A : diffusion vector
Resulting wave amplitude : A=A_(1 + €2 ﬂ(";-'?')) =fA, (1+ eziﬂ(%-':ﬁ)

Constructive interference if Ap = 2nn with n integer = -

—

et ry =ua+vb+wc > 3 relations that must be verified simultaneously

Laue conditions: Constructive interference i.e. diffraction if

diffusion vector H is a reciprocal space vector




Y Elastic diffusion by a monoatomic crystal
Diffused amplitude by O' atom with the phase origin in O: f A, e?ix(ro.H)
o a/ Motif = ¢ =1 atom with

(x,y, 2) dinates :
7) //// (5.9 ooranats

/ e
/// / / r0=l;/k+ua+v{wc
/ / / / / motif lattice

Crystal = n atoms : n diffused waves with different phase:
Diffused amplitude by n atoms :

A= i‘: fA ezjn(ﬁ;.ﬁ) _ Y fA ezjn(Fk'.ﬁ) ezjn[u(ﬁ.ﬁ)+v(ﬁ.5)+w(ﬁ.é)]
k=1 ¢ k,u,v,w ¢
Diffraction if A = 0 so H.a,H.b and H.¢ = integers.
A — Aesz erTC(I'k.H) X u X VX W — NAerk erTC(l'k.H)
k k

F. . =>f 2in(, H) =y f 2im(hx, +ky, +1z,)
hkl k =Tk
Formula that can be generalized also for polyatomic crystals

Structure factor F = A/(NA,)



S Temperature factor = Debye-Waller factor

. _Bsin2 0
When t° 7, atoms vibration amplitude 7: Fyjq =3 f; e TMXtkyitlz,) xe( 2
k

with (X.. Y«. z) = atomic position in the unit cell and B = 8n2<u2>

<u2> = standard deviation of the amplitude of atom vibration

2

The influence of B is more important when 6 7, i.e. when diffracted beam
is far from the incident beam direction.

Y Intensity : the diffracted intensity in the direction s_(; = ; +AH
is proportional to FF*: Ik cN*A, Fua F bk

DX —Bsin29)
with F*hkl =ka . 2jn(hx, +Kky, +1z, ) X e(_ »
k

Friedel law: F nki = F(hk1) and F(MKD=F pa > _

if f, is real : we cannot know if a structure is centrosymetric or not !

)



( . 1 1 1 \
5in(h K 1 2jm(h Xk+5 +k yk+5 +1 zk+E ) (_Bsmze)
Fhkl: ka e Jr(hx, + yk+zk)+ ka e xe\ *
half atoms half atoms ~
\ deduced by t )

t

% Systematic extinctions (due to the lattice) : I(hkl) = O

- 1. 1- 1.
* For a body centered lattice (I) : additional translation t:(5a+5b+5c)

To each atom in x,, Yy, 2z, corresponds systematically an atom
in x,+1/2, y,+1/2, z,+1/2

h+k+1 ,
. —Bsin “ 0
ka e2]75(hxk+kyk+lzk) lie 2 ><e(—x )

half atoms / \

motif lattice

If h+k+l odd, F(hkl) = O :
systematic extinctions due to the I lattice if h+k+|=2n+1.

Fpi =

* For a face centered lattice (F) : 3 additional translations f=(%5+%5)

1. 1. - (1~ 1. . . . .
=(Ea+50) and t=(5b+5cj . extinctions if h, k and | none of same parity.

* For primitive lattice (P) : no extinction.




Powder diffractometer (2-circles)

Focusing
circle

detector

amplification

¥

recording

X-ray M

tube diffractometer
circle

Bragq Brentano geometry

Sample - Single crystal
holder monochromator

o T
Recening
slit
Fixed X-ray detector
tube
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Polycrystalline sample = n single crystals
If n single crystals with random orientation = Powder

v

All possible diffraction peaks (Bragg law) are observed

(100)

(110)

-
— o
S L.
— ©d
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— o
|
o
‘L’ 'ﬂ
|
|
s
I

For every set of planes parallel to the sample surface, there will

be some crystallites that are properly oriented to diffract (i.e.
plane L bisects the incident and diffracted beams).

Basic assumptions of powder diffraction = for every set of planes
there is an equal number of crystallites that will diffract.



Random powder : Iy .y (20) =3 Ly phases (20) Spia(20) + bkg (20)
hkl,phases

L — L . .
_ 2 p orentz- polarisation
Q:’ A S ‘ mhkl 2 factor

\Vc
\ unit-cell volume

ultiplicity

absorption

scale factor
(quantitative phase amount)

structure factor
(includes Debye-Waller ter

which atoms are (“motif”); d,, : where the atoms are: due to “lattice”;
Number of scattering electron position in reciprocal space



Intensity (a.u.)

Random powder : Iy .y (20) =2 Ly phases (20) Spa(20) + bkg (20)
hkl,phases

% S, (20) =S (20) * SS, (20)

Peak profile /

function

Sample aberrations = crystallite sizes
(isotropic or anisotropic)

instrumental broadening = "

. . * = 9
powder standard calibration r.'ms mICI"O.STr‘ClI.nS € ) <e> ]
(Non-uniform Lattice Distortions, Faulting,

Dislocations, Antiphase Domain Boundaries ...)

Patterns collected from the
same sample with different
instruments and configurations

20(deg.)

A grain may be made up of several
different crystallites



Intensity (counts)

- Silicon
T, Isotropic size :10000 A
>
x
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26(°)
Silicon
Isotropic size :100 A
M AN

50.0

26(°)
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Intensit

o
o
T

o
T

o
T

Silicon
Isotropic size :1000 A

JLJL L

50.0

26(°)

Intensity (counts)

Silicon (a = 5.43 A)
Isotropic size :10 A

26(°)

Peak width (B) is inversely proportional to crystallite size (L) 2 -

Debye Scherrer formula : estimation of crystallite size



Intensity (counts)

ili Silicon
Silicon w Isotropic size :1000 A

Isotropic size :10000 A o

3

L

£~1.0‘

e

D

05

] JL
‘ ‘ | ‘ ‘ Jk " JL .
20(°) 20(°)

Peak width (B) is inversely proportional to crystallite size (L) 2 -
Debye Scherrer formula :

estimation of crystallite size




Peak broadening by microstrain
(varying lattice parameter = non uniform strain)

Microstrain : - . in a same grain (several crystallites) :

1
1
| ' 267

d, - Ad
d, _
d, + Ad C dy(1-¢)
— 1+ AQ
d,(1+¢) Lo

Pic width : effect of microstrain = peaks juxtaposition :

_.

Increased microstrain results in broadening of diffraction peaks




If n single crystals with specific orientation = textured sample
v
Not all possible diffraction peaks are observed or all possible diffraction
peaks are observed but with different intensities compared to a powder

40.0 |- 3
T T 'l
' S &
30.0 ! - W |
o : 1 .
b
2| ']
S 200 |
=
10.0 : g} &ﬁﬁai
. | ! | ! CTREE R
Copper mennrnr e ol | . | |
alfa-Fe T I T T Y B I I I I I
W‘WPW”"'\JW““‘“JW“""“ " "UWMMW”“””“““ i
| I | I | 1 |
1.0 1.5 2.0

0.5
d [Angstt om]

Correction of intensities for textured sample :
[0, % ,0) = 1,,4(20) Py (X »9)




If n single crystals with specific orientation = textured sample

2

Not all possible diffraction peaks are observed or all possible diffraction
peaks are observed but with different intensities compared to a powder

Copper
alfa-Fe

10.0

T
— a
5

5

o
t *

From spectra : pole figures P, (x ,0)

3 4
L
it
4
L
1k
1
4
. E
+
T v * B + -t e ¥
* iy il
+ 1
T Foam s
’
.-:.I.I'
! b
A ;
L T Y Y | S
H“M'MH s U |
w o, W’”’I M*‘H“ﬂ Pt

d [Angstl om] -

Correction of intensities for textured sample :
La(20, % 9) = 1,0(20) Py (X 5¢)




Residual stresses

@ O @ O By changing the orientation of the sample

towards the incident beam : peak position
moves from a reference position but

O @ \/\> @}7 intensity is the same

peak shifts due to lattice expansion
or contraction = tensile or
‘g compressive stress
g 200 "
1o 9 e o ¥ a7 W d k. . 1 |
= . i & ’ e :4g»: /:
Copper LI :II e II I | l [ I l I | l | - / :
alfa-Fe N . | | | | | :
va RY W No strain - !
l . l MI’ U . l . A{Je)i
05 IKY 1.5 20 Macrostrain —
d [Angstiom] . . ' .
uniform tensile or N Peak position
compressive stress < - \ shift
(lattice expansion or Uniform strain \ (lattice constant
contraction) change)

N

Microstrain 1 1
Summary nonuniform strain —\ Peak width
(both tensile and change

2
2

compressive stresses) ~—(Symmetric
(lattice distortion). broadening)

Dislocations, vacancies,

defects, thermal effects.

Nonuniform strain



Summary

You can use XRD on powder polycrystalline samples to determine:

- Phase Composition of the sample
- Quantitative Phase Analysis: determine the relative amounts of phases in a mixture by

referencing the relative peak intensities

- Unit cell lattice parameters and Bravais lattice symmetry

- Index peak positions
- Lattice parameters can vary as a function of, and therefore

give you information about, alloying, doping, solid solutions ..

- Residual Strain (macrostrain)
- Texture/Orientation

- Crystal Structure
- By Rietveld refinement of the entire diffraction pattern (not presented here)

- Crystallite Size and microstrain

- Indicated by peak broadening
Other defects (stacking faults, efc.) can be measured by analysis of peak shapes and peak

width.
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