?27?2777?7?7?7

XRD' 3 Integrated

Intensity :

breadth

peak intensity

XRD-3 READ
Cullity, Chapter 4-1, 4-2, 4-3, 4-4, 4-5, 4-6
Hammond Chapter 9.1, 9.2
Sherwood & Cooper, Chapter 4.13
Sherwood & Cooper, Chapter 4.11~4.12
Krawitz Chapter 5, p132 ~ p143

Peak position

Intro to Crystallography, 2021 1

Reading recommendations

Read

» Sherwood & Cooper
v Chap 5 Fourier Transform & convolutions
v Chap 6 Diffraction
v Chap 7 Diffraction by one-dimensional obstacles
v Chap 8 Diffraction by 3-dimensional obstacles
v Chap 9 The contents of unit cell

» Hammond, Chap 7 The diffraction of light (except 7.5)

Intro to Crystallography, 2021 2




Intensity

2772777 | Atom type/Arrangement

Peak

breadth
e Integrated

peak intensity

g
L "iang,

backggound

Peak position

Crystal Structure of “cubic” "ZrO2"

Space Group Fm3m (225) AtoIiRE 2 ¥ z | By | occupancy
- cubic Zr 0 0 0 |[1.14 1
Lattice Parameter a=5.11 0 0251025025 2.4 »

Intro to Crystallography, 2021

Factor affecting the Relative Intensity of Bragg Reflections

SEOQUI NATIONAI UNIVERSITY

SEQUI NATIONAI UNIVERSITY

> Instrument sensitive

» Structure sensitive v Absolute intensities
v' Atomic scattering factor = Source intensity
v Structure factor = Diffractometer efficiency
v Polarization = Take-off angle of tube
v Multiplicity = Receiving slit width
v Temperature * Axial divergence allowed

v" Relative intensities

> Sample sensitive = Divergence slit aperture

) = Detector dead-time
v Absorption
v' Degree of crystallinity .
: : 4 » Measurement sensitive
v’ Particle orientation
v' Method of peak area measurement
v" Method of background subtraction
v a2 stripping or not

v' Degree of data smoothing employed

Intro to Crystallography, 2021 Bish & Post Chap 3 4




Intensity

2772777 | Atom type/Arrangement

Peak ‘ .
breadth complicated
Integrated
h . v' Structure factor
peak intensity
v Polarization
..... R T, v Multiplicity
backg ound v' Temperature
v' Absorption
Peak position v Degree of crystallinity
v’ Particle orientation
Crystal Structure of “cubic” "ZrO2"
- Atom X y z Bis, | occupancy
Space Group Fm3m (225)
- cubic Zr 0 0 0 (1.14 1
Lattice Parameter a=5.11 0 025025025 2.4 1
Intro to Crystallography, 2021 5

Intensity

Intensity diffracted by a single phase powder specimen in a diffractometer

I,AX Ve 1 1 + cos’ g
- (2 (= e 2 )
32atr dar ) m~ |\ v~ sin” 6 cos # 21

I(hkl) = integrated intensity per unit length of diffraction line

lo = intensity of incident beam A = cross-sectional area of incident beam
r = radius of diffractometer circle V = volume of unit cell

F(hkl) = structure factor p = multiplicity factor

e?M = temperature factor K = linear absorption coefficient
(170) Relative intensity
> o d[&] Int-f - h k|1
2 (111) 32600 13 111
= (192) (207) 28210 100 2 0 O
s 1.9340 B 2 21
1.7010 2 311
| | | | ; i : 1.6280 15 2 2 2
0 10 20 30 40 50 60| 70 80 1.4100 E 400
20 (deg.) v

sostion € Bragg’s law )= 2d)sin(®)

Intro to Crystallography, 2021
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Diffraction from (001) planes of scatterers

—a—

(a) base-centered
orthorhombic lattice

(b) body-centered
orthorhombic lattice

atom position <———> intensity
relation
Intro to Crystallography, 2021 CU”Ity page 124 7
g 9n0 -
Intensity from “atom type/position T Sl
100 . . . i
T | T Splne| ABzo4
MgFe ,0,4 7 . .
5 80 Normal spinel structure Oxygen; cubic close packing
© -
S 60 —
st
e
S 40
]
=
20
0 1 1
20 40 60 80 100
20
100 : . : ; i
MgFe, 0,
=5 80 Inverse spinel structure 7]
©
5 60 -
3
%" 40 MFe204 Qccupants
c
E Number Number Normal Inverse
20 —| Kind of site available occupied spinel | spinel
" “ A J\,. | Tetrahedral (A) . 64 8 8 M2* 8 Fe’*
0 i T 1 1
60 80 100 8 Fe’*
20 Octahedral (B) 32 16 16 Fe** s M+

Intro to Crystallography, 2021
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Read (can be skipped)

> J.J. Thomson equation

» Polarization factor

» Compton effect

» Compton modified radiation

» Anomalous dispersion

Intro to Crystallography, 2021 9

Scattering & diffraction

» Coherent scattering (unmodified scattering)

v Tightly bound electrons
> Incoherent scattering (modified scattering)
v" loosely bound electrons

- background

» Diffraction = reinforced coherent scattering

Intro to Crystallography, 2021 10




Atomic scattering factor (f) & Structure factor (F)

» Scattering from a single electron
t
» Scattering from a single atom
. ‘ .
» Scattering from a unit cell

(1) f
% ) & ﬂ / Atomic
Scattering
2) Factor
e
3) (5) W
(] Structure
6 —> |99 Factor
'@—)@ & 2
>0 Unit cell
Intro to Crystallography, 2021 11

Intensity of XRD

> Scattering amplitude of a single electron

v' How much Intensity a single electron will coherently scatter?

> Scattering amplitude of a single atom > f (atomic scattering factor)

v Interference effects due to electrons being distributed in space around atoms

> Scattering amplitude of a unit cell > F (structure factor)

v Interference effects caused by scattering from atoms in different regions of

unit cell

amplitude scattered by an atom

amplitude scattered by a single electron

amplitude scattered by all the atoms of a unit cell

B =

amplitude scattered by a single electron

Intro to Crystallography, 2021 12




X-ray scattering by an atom - f (atomic scattering factor) . . .

Y

3

Path difference
b/w3 &4 #0

N

4 f'n(sinB/A)

Path difference
b/w1&2=0

f (atomic scattering factor)
= efficiency of scattering of an atom in a given direction

Intro to Crystallography, 2021 Cullity page 128 13

Interference effect due to the e's distributed in space around atoms... .~

- atomic scattering factor (form factor)

> Interference < scattering from different regions of the e’ cloud

» Takes into account the influence of the atom specific e’ shell on the

scattering of X-rays

» Normalized in units of the amount of scattering occurring from a single e’

amplitude scattered by an atom

P amplitude scattered by a single electron

feiE G B (OB =IZ
f'n(sinB/A)

Intro to Crystallography, 2021 Cullity 4-3 14




Atomic scattering factor (form factor)

10

SFOUI

NATIONAI UNIVERSITY

Path difference
between A & B

Path difference
between C & D

sin 6 /Q—ZE-W“‘%“
A

Intro to Crystallography, 2021

= |

0 01 02 03 04 05 06 07 08 09 10 T1

Hammond Chapter 9
Cullity 4-3

o

> (om)

15

Atomic scattering factor

Cullity page 634, Appendix 10

Intro to Crystallography,

g8 A
. 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 09 1.0 11 12
H 1 0.81 0.48 025 0.13 0.07 0.04 0.03 0.02 0.01 0.00 0.00
He 2. 1.88 L46 1.05 0.75 0.52 035 024 0.18 0.14 0.11 0.09
Li* 2 1.96 1.8 1.5 13 1.0 08 06 0.5 0.4 0.3 0.3
Li 3 22 18 15 1.3 1o 08 06 0.5 0.4 03 0.3
Be'? 2 20 1.9 7 1.6 14 12 1.0 0.9 0.7 0.6 0.5
Be 4 29 1.9 L7 1.6 14 12 1.0 0.9 0.7 0.6 0.5
B+ 2 1.99 1.9 1.8 17 16 14 13 12 10 0.9 0.7
B B 35 24 19 17 15 14 12 12 10 09 0.7
C 6 4.6 30 22 1.9 Jap 1.6 14 13 116 1.0 0.9
N* 2 20 20 19 1.9 18 L7 1.6 1.5 1.4 13 L16
N+ 4 37 3.0 24 20 1.8 1.66 156 1.49 139 1.28 117
N 7 58 4.2 30 23 19 1.65 154 1.49 1.39 1.29 117
(o] 8 71 53 39 29 22 18 16 15 1.4 135 126
0? 10 80 55 38 7 21 18 15 15 14 135 126
F 9 78 6.2 445 335 2.65 215 19 1.7 1.6 15 1.35
F 10 87 6.7 4.8 35 28 22 19 1.7 1.55 15 135
Ne 10 93 7.5 58 4.4 34 265 22 19 1.65 1.55 15
Na* 10 93 82 6.7 525 4.05 32 2.65 2325 1.95 1.75 1.6
Na 11 9.65 8.2 6.7 525 4.05 32 2.65 225 195 1.75 1.6
Mg' 2 10 9.75 8.6 725 595 48 3.85 315 255 22 20 18
Mg 12 105 86 725 595 48 38 315 255 22 20 18
A 0 97 89 78 665 55 445 365 31 265 23 20
Al 13 11.0 895 k] 6.6 5.5 45 37 31 2.65 23 20
Sitd 10 9.75 9.15 825 715 6.05 505 42 34 295 26 23
Si 14 11.35 9.4 8.2 7.15 6.1 51 42 34 295 26 23
pts 10 98 425 8.45 7.5 6.55 565 48 4.05 34 3.0 26
P 15 124 100 8.45 T.A45 6.5 5.65 4.8 4.05 3.4 3.0 2.6
P2 18 127 9.8 84 7.45 6.5 3.63 4.85 405 3.4 0 2.6
556 10 9.85 94 87 7.85 6.85 6,05 525 4.5 3.9 335 29
s 16 13.6 10.7 895 7.85 6.85 6.0 525 4.5 3.9 3.35 29
52 18 143 10.7 89 7.85 6.85 6.0 525 45 39 3.35 29
1 17 14.6 1.3 9.25 8.05 7.25 65 375 505 4.4 385 335
(&) 18 152 115 93 8.05 7.25 6.5 575 505 4.4 3.85 335
A 18 159 12.6 10.4 8.7 78 7.0 6.2 54 4.7 4.1 36
K* 18 16.5 133 108 8.85 775 7.05 6.44 59 53 4.8 4.2
K 19 16.5 133 108 92 79 6.7 5.9 52 4.6 4.2 37 33
Ca*? 18 16.8 140 1.5 93 8.1 735 6.7 6.2 37 51 4.6
Ca 20 17.5 14.1 1.4 9.7 8.4 7.3 6.3 56 4.9 4.5 4.0 36
Sct 18 16.7 140 114 94 8.3 7.6 6.9 6.4 58 535 4.85
Sc 21 18.4 14.9 12.1 103 89 77 6.7 59 53 4.7 43 39
bl 18 17.0 144 11.9 9.9 85 7.85 73 6.7 6.15 5.65 505
T 22 193 15.7 12.8 109 95 82 12 8.3 5.6 5.0 46 42
v 23 20.2 16.6 135 115 10.1 87 76 6.7 59 33 4.9 44
Cr 24 211 174 142 12.1 10.6 92 80 71 63 57 51 4.6
Mn 25 221 182 14.9 12.7 11.1 9.7 84 15 6.6 6.0 54 4.9

IVERSITY
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Atomic scattering factor

2O
0.0 0.1 0.2 0.3 0.4
H 1 0.81 0.48 0.25 0.13
He 2 1.88 1.46 1.05 0.75
Li* 2 1.96 1.8 15 1.3
Li 3 ) 1.8 1.5 1.3
Bet? 2 2.0 1.9 1.7 1.6
Be 4 2.9 1.9 1.7 1.6
B 2 1.99 1.9 1.8 1.7
B 5 3.5 2.4 19 1.7
C 6 4.6 3.0 7 1.9
N+ 2 2.0 2.0 19 1.9
N 4 3.7 3.0 2.4 2.0
N 7 5.8 42 3.0 2.3
0 8 7.1 5.3 3.9 2.9
0 10 8.0 5.5 38 2.7
Cullity page 634, Appendix 10 F 9 78 6.2 4.45 3.35
Intro to Crystallography, 2021 17

Factors affecting f

Factors affecting the intensity of the scattering from an atom

» Anomalous scattering (anomalous dispersion)

S1P=(fo+Af) +(ASf)

» Thermal motion

‘ Bsin? ()
f=foexp TR

Sherwood & Cooper 9.8

Cullity 4-11
Intro to Crystallography, 2021 y 18




B-filter

Intensity

Linear absorption, p (cmt)

absorption

/ edge

o
82

Absorption

o s - cdge

Wavelength, A

Absorption
edge

S —

Intensity

'-g‘?!_-:

| Ko,

|
L

Wavelength, A

Intro to Crystallography, 2021

Wavelength, A

Pecharsky 19

Factors affecting the relative intensity of Bragg reflections

> Structure factor

» Polarization factor
» Multiplicity factor
» Lorentz factor

» Absorption factor

» Temperature factor

Intro to Crystallography, 2021

20




0 — 20 XRD pattern

3200

Intensity

ey 12 Thelta (deg.)
2
;:’3 > Positions, intensities, shapes > crystal
= ‘1‘ structure, physical state, etc.

206
Intro to Crystallography, 2021 21
Structure factor
22

Intro to Crystallography, 2021




Structure factor

Path difference b/w 2' & 1’
62-—1» = MCN = ZdhODSin 0=A

a
dhO(]=AC:E

The effect of B on the
intensity in that direction ?

Path difference b/w 3’ & i
AB

331 ”RBS——()‘L) /h — ()
Phase difference @ ¢ = %(zw)
o 2arhx
ﬂ{)3f'| - l‘ (277') ]
Position of atom B, u = x/a > ¢y = 27Thlt
Position of atom B, uvw > ¢ = 2w(hu + kv + Iw)
Intro to Crystallography, 2021 CuIlity 4-4, page 132 /23

Structure factor

Phase difference b/w waves scattered by B and that
o . ¢ = 2m(hu + kv + Iw)
scattered by A at origin, for the hkl reflection

Add all the waves scattered by each atom in the unit

cell. > addition of complex numbers representing

amplitude and phase of each wave

Any scattered wave from

hkl reflection & atom in uvw

Aeid; — fezﬂi(hu+fw+fw).

N

—_ 2ai(hu, + kv, +1w,)
Frg = Efn‘f

1
F (structure factor) = resultant wave scattered by all the atoms in the unit cell

F contains info on both amplitude and phase of the resultant wave.

Intro to Crystallography, 2021 Cullity 4-4 24




Structure Factor

|F| _ amplitude scattered by all the atoms of a unit cell
amplitude scattered by a single electron
n=N 5
Fug =Y fuexp2milhu, + kv, + wy) |y ~ ‘ = ‘
n=0

intensity of any : "
hkl reflection « atomic positions

Uy Vo Wy, T, 2 Fry can be obtained - can get |

Positions of atoms in unit cell, atomic scattering factors
2> F >

Intro to Crystallography, 2021 25

n=N
Fpuy = Z fnexp2mi(hu, + kv, + Iw,)

=0}

> Positions of atoms in unit cell, atomic scattering factors = F,y & |y

2
Ih|<| ~‘Fhkl‘

> |, from several sets of planes > atom positions ; crystal structure

determination
R AR R = 5
v'F > | (structure = Diff pattern); | > F (D pattern = structure)

> Phase info is lost in going from Fy to I, > phase problem

v We do not know in which direction the vector F,,, points.

Intro to Crystallography, 2021 26




Phase problem

We would be better off if diffraction measured phase of scattering

rather than amplitude! Unfortunately, nature did not oblige us.
Source unknown

(@) (b) original images

A graphic
illustration of
the phase problem

Fourier reconstruction with Fourier reconstruction with
phase of (a) and amplitude of (b) phase of (b) and amplitude of (a)

Intro to Crystallography, 2021 Picture by courtesy of [0, Sivia £ 27

Fourier transform

Fra = j Oz exp[ 277 (hx + ky +12)]dV

Dz :$ZZZFhk|exp[—2ﬁ(hx+ ky +12)]

> e’ density € Fourier transform - diffraction pattern

v | is related to e’ density through Fourier transform
> Xtal structure € Fourier transform - diffraction pattern
v EXAFS pattern € Fourier transform - radial distribution function

> p space = real space diffraction space = reciprocal space = k space

> Reciprocal space always has centrosymmetry even though there is no

centrosymmetry in real space. > 11 Laue groups (Hammond page 221)

> Diffraction pattern always gives Laue group pattern.

Intro to Crystallography, 2021 Sherwood & Cooper / 28




Structure factor

; Base-centered cell
N 000 & %2%20

— 2i(hu, + kv, +Iw,)
E&ka’ - E fne 3
1

F = fer™0) 4 fe?mih/2t k)

_ f[] + e,ﬂf(frkk}]-

Unit cell with only one

atom at 000
F =2f for £ and k unmixed;
_ 2mil0) — f
F = fe f F2 = 42
F?. —_ f?.
F=20 for & and k mixed,
F?=0
Intro to Crystallography, 2021 29
Structure factor of bcc
v Body-centered cell
J ?.’]TI.”IH”'_!('V”_!_F]J"..'J) OOO & ]/2]/2]/2
E&ki = Efﬂe ‘ ’

[

F= fezm'(()] + fezwim;’z---k;‘2+1;'2)
= f[1 + em(mkﬂ]}-
F=2f when (b + k + [)is even;
F = 4_)"2.
F=0 when (h + k + 1) is odd;
F?=0
30

Intro to Crystallography, 2021




Systematic extinction (absence)

» The condition that structure factor becomes zero due to a

systematic symmetry condition

> Presence of reflections with zero intensity caused by the space

group (symmetry) of unit cell

» Translational symmetry inside unit cell, screw axes, glide

planes can introduce systematic extinctions.

Intro to Crystallography, 2021 Hammond Appendlx 6 31

Diffraction from (001) planes of scatterers

base-centered

body-centered
orthorhombic lattice

orthorhombic lattice

F=2f for i and k unmixed; F =0 | when (h + k + [)is odd;
F? = 4f”. F?=0
atom position <——> intensity
relation

Intro to Crystallography, 2021 CU”Ity page 124 32




Extinction conditions

Intro to Crystallography, 2021

Table 3.2. Example of Conditions for the Extinction of
Reflections Due to Translational Symmetries
Symmetry Extinction Conditions
P none
@ hkl; h + k = odd
by hkl; h -k 4+ | = odd
F hkl; h, k, | mixed even and odd
2.1 0k0: k = odd
clb hOl: I = odd
F=0 for 4 and k mixed;
>
F?=0. Jenkins & Snyder
Intro to Crystallography, 2021 Cu”ity LIS 33
CONTINUED No. 25 Pmm2
Generators selected (1); :(1,0,0); (0,1,0); (0,0,1); (2); (3)
Positions
Multiplicity, Coordinates Reflection conditions
Wryckoff letter,
Site symmetry
General:
4 i 1 (1) xy.z (2) £.7.2 3) x.¥9.z 4) %,y,2 no conditions
General pOSItIOﬂ Special: no extra conditions
2 h m. Ly, h¥.z
A 0 0 Table 3.2. Example of Conditions for the Extinction of
& m. Yz 3.z Reflections Due to Translational Symmetries
2 f m. bz Lz Symmetry Extinction Conditions
2 e .m. %0,z %0,z S ial [P nonc |
1 d mm2 4,4,z L pe.CI'a C hkl; h 4k = odd
pOS|t|On 1 hkl: h+ k + 1= odd
Il ¢ mm2 4,0,z . .
F hkl; h, %, | mixed even and odd
Il b mm2 0,4,z 2,00 0k0: k = odd
1 a mm?2 0,0,Z clb hOl: | = odd

International Tables for X-ray Crystallography /34




(1) CONTINUED

No. 35 Cmm?2

VERSITY

@) Generators selected (1), T 0,00 (0, 1,00 7 (0,0, 1) e (4, 4,00 (2): (3)

@ Positions
Multiplicity, Coordinates
WhekotT lelter,

keflection conditions

Site symmetry 0,000+ (3.4,00+ -
Gieperal:
g £ 1 (1) Xz () EF.z (3 ir (4) x,3.2 Il h+k=2n
Okl %k =2n
Table 3.2. Example of Conditions for the Extinction of | | 407 : fi=2n
Reflections Due to Translational Symmetries RO ht k=20
N A &= 2
Symmetry Extinction Conditions felede=an
P — Special; as above, plus
4 e 0.3z |C Bkl b+ k = odd no exira conditions
4 d .. x.0,z T hkl; h+ k + 1= odd no extra conditions
2L o E. F hkl; h, k, | mixed even and odd
4. e 1993 il o h=2n
: : 2,11k 0k0: k = odd
2 b mwm2 [ ELE hok: = odd no extra conditions
2 a mm2 0,0z o extra conditions
@ Symmetry of special projections
Along [001] e Zmum Along [100] 2 L | Along [010] p1 1w
@ =a b=5b a'=!b a=c Ir=la
Origin at 0,0,z Oirigrin at 2. 0,0 Origin at 0,0 '
(5) Maximal non-isomorphic subgroups
I [21Clam L {Cin, 8) [t 31+
21Cm LT iCm, &) i 4+
[2lC112(P2:3) 1. 21+

Intro to Crystallography, 2021

International Tables for X-ray Crystallography /35

Structure factor of fcc

N
— 2ri(hu, + kv, +Iw,)
Fru = Efn‘f’
1

SEQUI NATIONAI UNIVERSITY

face-centered cell
000, Y2140, Y20Y2 &
021,

F = fe?m) 4+ fe2mithi2+k/2) 4 fezm(k;'erf,:z) + fermith/2+12)

:f[l + em'(fz+k} + Bm(k+i} + em'(,f.1+,-)}.

F=A4f for unmixed indices;

F? = 16

F=0 for mixed indices;

Intro to Crystallography, 2021

h |k | |h+tk| k+l | h+l | h+k+l
unmixed| e | e | e | e e e e
mixed | e | e | o e o o o
mixed| e [o | o | o e o e
unmixed | o o o e e e o

Structure factor is independent
of size & shape of the unit cell

36




Structure factor of NaCl

N NaCl
2arilhut, + kv, +w,) 1/,1 1,01
F.. = nej’” (e, + hev, + 1w ) Na 000, ¥2v20, ¥20Y2 &
hkt Zf 0Y2%,
Cl Y2¥2Y5, 00Y2, 0¥20, %200

F = fNaEZTri((‘.') + fNae2aTi(hf2+kj2) + fNﬂezwi{:‘z,f2+1/2) 4 fNae‘Zﬂ(k{Z—l-UZ)
_Jr_fCIeZm(Fz;'Z;kﬂﬁ*UZ) + j:‘Cle27rr'(f/2) 1+ fC]e%rf(k,"Z} + fC]ezﬂ.'rE(th}’
F = fNa[l 1 e'n'.i{h+k) 4+ efrz'(h-H) + ea:ri(k+f):[

+]_*C][ewi(h+k+£) + ewff + em'k + em'k]'

F = fua[1 + emtHh) g gritisD) 4 pmik+1))

+ fcziem(mkﬂ}[l + emhmk) o pmil=h=l) 4 em‘(—k—i)].

F = [1 + ewi(h—i-k] + ewf(h-i-[) + ewi{k+l)}[fh:a + fc]eﬁi(h-l—k_l_n}_

Intro to Crystallography, 2021 37

Structure factor of NaCl (continued)

F =11+ ™tk 4 milhth 4 e™ N[ e + foe™ kT,

F

0 for mixed indices;

F?2 =0, Na 000, Y2120, 12.0Y2 &
0Y214
Cl YL¥12Y5, 00Y2, 0¥20, %200

For unmixed indices

F = 4[fy, + foemtrk+]

F= 4(fNa + fCi) if (}I + k + [) 1S even;
, FCC
F? = 16(fya + fo) ,
(fNﬂ fU) F=4f for unmixed indices;
F=4fna — fa) if (h + k + 1) is odd; F? = 16f>
F? = lﬁ(fNa _ fCl)z- FF;:OU for mixed indices;

Intro to Crystallography, 2021 38




Friedel's law

SFOQUI NATIONAI UNIVERSITY

» Diffraction pattern from a centrosymmetric crystal is centrosymmetric.

» Diffraction pattern from a non-centrosymmetric crystal is centrosymmetric.

- Friedel’s law

» Laue group (Laue class)

It = Frr - F;k, = fexp 2mi(hu + kv + Iw) f exp —2mi(hu + kv + Iw)
= fexp 2mi(hu + kv + Iw) f exp 2mi(hu + kv -+ Iw)

Lz = Fygp - Figg = f exp 2mi(hu + kv 4 Iw) f exp —2mi(hu + kv + Iw)
= fexp 2mi(hu + kv + Iw) f exp 2mi(hu + kv + Iw).

- d 2 . ,
Fug = F,; and Fyyy = Fpyg, hencel Iy = Iz | Friedel's law

> Reciprocal space always has centrosymmetry even though there is no

centrosymmetry in real space. > 11 Laue groups (Hammond page 221)

> Diffraction pattern always gives Laue group pattern.
y 4 Hammond page 220

Intro to Crystallography, 2021 Sherwood Chap ) Hammond Chap 9 39

11 Laue group

» The presence of a center of symmetry in the diffraction pattern means that

“non-centrosymmetric crystals cannot be distinguished from those with a center of symmetry”.

» There are 11 centrosymmetric point groups and hence 11 symmetries which diffraction
patterns can possess. These are called 11 Laue groups.

Table 9.1 The eleven Laue point groups or crystal classes

Laue point group Non-centrosymmetric
and centrosymmetric point groups belonging
Crystal system point group to the Laue point group
Cubic m3m 432 43m
(two Laue point groups) m3 23
Tetragonal 4/mmm 422 dmm 42m
(two Laue point groups) 4/m 4 4
Orthorhombic mmm 222 mm2
Trigonal 3m 32 3m
(two Laue point groups) 3 3
Hexagonal 6/mmm 622 6mm 6m2 Meaning of
(two Laue point groups) 6/m 6 6 Laue inde,
Monoclinic 2/m 2 m Laue class,
Triclinic I 1 Laue group

Intro to Crystallography, 2021 Hammond Table 9.1 40




Qualitative phase analysis
(Phase ID)

Cullity Chap 9
Krawitz Chap 8
Jenkins & Snyder Chap 12

Intro to Crystallography, 2021 41

Calcite
Quartz
Albite

Kaolinite

2000

Dolomite
1000

Intensity

Muscovite

MWWWJJLJJ JU wmwllmeJL%JMhMM

0 rrrprrrerTT I""|""I
6 10 20 30
2 Theta (deg.)
WFile: B14-Mischung.raw - Type: 2Th/Th locked - Start: 6.000 ° - End: 70.0
[1]05-0586 (*) - Calcite, syn - CaCO3
[1.46-1045 (*) - Quartz, syn - SiO2
09-0466 (*) - Albite, ordered - NaAISi308
[1.1/80-0886 (C) - Kaolinite - Al2(Si205)(OH)4
73-2361 (C) - Dolomite - CaMg(C03)2
72-1503 (C) - Muscovite - KAI2(Si3Al)O10(0OH)2

Intro to Crystallography, 2021 42




Peak positions from “size & shape”; Intensity from “atom type/position”

IVERSITY

100 | T T T I T

Spinel AB,O,

Oxygen; cubic close packing

r MgFe ,0,4
Normal spinel structure

=]
(=]
T

=3
[=]

Intensity (arbitrary)

N
o

o

D
o
I
|

60 80

20 40 100
20
100 T T T T T
MgFe, 0,
= 80 - Inverse spinel structure n
s
5 60 [ 2
s
=
£ 40 M Fe20'4 Qccupants
{
0]
1= Number Number Normal Inverse
20 —| Kind of site available occupied spinel | spinel
" “ T Tetranedrat (a) 64 8 8 M2+ 8 Fe’*
0 i T 1 1
60 80 100 8 Fe3*
20 Octahedral (B) 32 16 16 Fe** s M2
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ICDD & PDF

ICDD - International Centre for Diffraction Data

» A non-profit organization

» Collect, edit, publish, and distribute powder diffraction data

SEQUI NATIONAI UNIVERSITY

» Joint Committee for Chemical Analysis by Powder Diffraction Methods (founded in 1941)

> Joint Committee on Powder Diffraction Standards (JCPDS) (established in 1969)

> Renamed to ICDD in 1978

PDF (Powder Diffraction File)

> A collection of single-phase X-ray powder diffraction patterns

> Interplanar spacings (d's),_corresponding relative intensities (I's) and other

pertinent physical and crystallographic properties

Intro to Crystallography, 2021 www.icdd.com 44




PDF - powder diffraction file

SEOQUI NATIONAI UNIVERSITY

> a collection of single-phase X-ray powder diffraction patterns in the form of

tables of characteristic interplanar spacings and corresponding relative intensities

along with other pertinent physical and crystallographic properties

» a collection of single-phase X-ray powder diffraction patterns in the form of

tables of characteristic d's & I's along with other pertinent physical and

crystallographic properties

E4 PDF # 050628, Wavelength = 1.5405 (A)

05-0628 Quality: = MaCl _

CAS Mumber 7647145 | Sodium Chiaride )

Malecular Weight 58,44 Ref: Swanzon, Fupat, Matl. Bur. Stand. [U.S.], Circ. 539, 11, 41 [1953]

Waolume[CD]  179.43

Dx 2163 Dm: 2168 g

Sps: Cubic ==

Lattice: Face-centered @

5.G.: Fra3m [225) TE -

Cell Parameters: H= =

a hE40 b c b | | | =]

-] fi ¥ T T o T T

S5/FOM: F17=33.0108. 17) 36 1.8 1.3 1.0 03 df?

|Acor; 4.40

Pad: Cuk.a] di&) Intf bk || dia) Intf b k|| dia) Intf h k

Lambda 1.5405 32600 13 11 1 [1.2940 1 331 |.94000 360

Filter: Mi 28210 100 2 0 0 [1.2610 11 420 |8970 4 B 2

dspr 1.9340 5 2 20 [1.1%15 7 4 2 2 |.86010 1 53

Mireral Mae: 1.7010 2 311 [1.0858 1 511 |.85030 3 B2

Halite syn 1.6280 15 2 2 2 |.9%630 2 440|840 2 44
1.4100 B 400 [.95330 1 531

oo
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PDF

05-0628

Llualiby: *

Cas Mumber:  7B47-14-5

Molecular weight 5244 [ - 0] x|
050628 Qualiny: * Nal Volume[CD): 179.43
CAS Number 7547145 | Sodi .. .

1 Dw 2163 D 2168
Molecular Weight. 58,44 |-De! : 533,11, 41 [1953]
Valume[CD]  179.43 | Sws: Cubic
g”: %15_3 Dm: 2168 | | attice: Face-centered
e LUDIc =3 . -
Lattice: Face-centered v = 5.G.: Fram [225]
5. Fmam 225) g £ Lell Parameters: T
S EE0b o | a 5640 b = &
t f ¥ o [ Y - D'EII 10
S5 /FOM: F17=93[0108, 17 . :
Sa/t LM B L= V|55 /F0M: F17=93(.0108, 17)
ﬁadgguﬁa'lﬁdl:ﬁ ] |."II|:|:|r: 44|:| k1| diA) Int-f h k|
e 125 Rad Cukia HE R
d-sp 17934 Lambda: 1.5405 5 2 | 860 1 573 3
Mineral Mame: 1.701 F|t |'-.,| 1 1 |.85030 3 B 22
\ ter: Mi
Halite: zpn 1.k d-so 4 0 |.81410 2 444
1,410 O-=2[ 31
tineral Nare:
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PDF card (in the past) Quality mark

SEOQUI NATIONAI UNIVERSITY

b * Highest quality
Set number Chemical formula || i reasonable quality

Add 1950 = year hemical o low quality
Chemical name blank quality lower than o

Experimental info Mineral name ¢ calculated data
Types of X-ray r d's from Rietveld refinement
Wavelength v‘v_
. 5- 628 *
Monochromator/filter [NaCl T T [k (s Tk
Method of d measurement 326 | 13 | 111
Max measurable d-spacing Sodium Chloride f‘iﬁ '5050 igg
Method of | measurement Halite, syn Lo | 2 311
I/l(corundum) Rad. CuKo, 2 1.5405 Filter Ni d-sp 1628 | Is | 222
Mitorature source Cutoff Int. Diffractometer /I 4.40 L410 | 6 | 400
Ref. Swanson, Fuyai, Nad. Burl. Stand. (U.S.), Cire: 539, [l 41 1294 L 331
(1953) 1261 | L1 | 420
LIS1S | 7 | 422
Physical data Sys. Cubic 8.G. Fm3m(225) L08s5 | 1| 511
Xtal system A56402 b ¢ AC 09969 1 2 | 440
; a B ¥ Z4  mpso4 | 09881 11531
International tables space group symbol Ret. Tbid. 09401 | 3 | 60O
Axial lengths D216 D 217 SSFOMF=93(011,17) | > |+ | 620
Axial ratios £0 nwp 1.542 €Y Sign A% 08601 | 1 | 533
| = | Rel, Dana’s System of Mineralogy, 7" Ed., 114 0.8503 | 32 | 622
DLEEES s Color Colorless 08141 2 | 444
Number of chemical formulas in unit cell Pattern taken at 26 C. CAS#: 7647-14-5. An ACS reagent
Melti int grade sample recrystallized twice from hydrochloric acid.
€lting poin Halite group, halite subgroup. PSC: ¢F8.
Literature source I

X-ray density G
eneral comments T .. s
Measured density D’s, I's and Miller indices

Figure of Merit
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PDF card (2021)

SEQUI NATIONAI UNIVERSITY

((€6 H7 02)(C2 H3 02 )3 )n - 00-064-1453 ==
File Plots Help
M Export ¥ B Temperature Serles |+ 2D Structure | [l} SAED Pattern
« Print B Toolbox ¥ 30 Structure [l EBSD Pattern
Property Sheet = Bonds M Ring Paltern
® X-ray Diffraction [ Simutated Profile 00
Wavelength: Cu Kal 1.54056 A ~ | B Raw Diffraction Data g
D Neutron Diffraction Fixed SIt Intens ~({C8 == |5}
> Electron Diffraction Eile Plots Help
20(°) d(A) I h k 1 $00.000 J CuKai: 1.5406 A (PD3)
7821, 1120420 1000 0 | 1 | 0 ’ |
11.461 7.71475 S 0 1 1 |
14676 6.03007 % 1 | 0 | 0 80.0001 ||
15.680 5.64709 1 0 2 0 %- T
15957 554968 368 -1 | 1 | 0 [} E 60,000 |
PDF Status: Primary Quaﬂtv:l(l E 40,000 I I'..
i - Ambi T ’
BT Environment mbient | Temper; I I| |
3 Phase: 5 \ J AN
Physical Chemical Formula: (g H; 05 ) (€, H 200000 [ \_J *~ Mﬁ\\_\
Crystal Structural Formula: -
Structure  Empirical Formula: @ C;5 Hyg Og 5 10 15 20 25 30 35 40 45 S50 55 60 65 7
cuones UMY om0
- s . : —( (C6 H7 ©2)( C2 H3 02 )3 )n - 00-064-1453 (PD3)
Cross-references  compound Name: Cellulase triacetate 1
References Mineral Name: IMA No: -
Zeolite Name:
Comments Alternate Name:  triethanoyl cellulose 1, poly({ZR,3R 4R, 55,6R)-3.4,6-trisethanoyloxy- 2-oxyoxacydohexan-5-yl)
CAS Number: .
Entry Date: 09/01/2014
Modification Date: 09/01/2017 ' Modifications: FQM
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PDF-4 & PDF-2 of ICDD

SEOQUI NATIONAI UNIVERSITY

r

ICDD® 2022 Product Summary *

PDF-4+ 2022 PDF-4/ PDF-4/ PDF-4/ PDF-2
Data Entry Source PDF-4+/Web 2022  Axiom 2022 Minerals 2022 Organics 2022 2022
00- ICDD 122,611 36,257 12,805 43,162 122,611
01-FiZz 84,354 13,448 13,987 17,378 194,077
02- CCDC 0 0 0 444125 0
03- NIST 2,862 412 229 283 10,067
04- MPDS 250,258 51,856 22,819 o} 0
05- ICDD Crystal Data 869 0 75 55,247 869
Total No. of Entries 460,954 101,973 49,915 560,195 327,624
Subfile Distribution:

Inorganic 438,726 92,727 49,861 324,259 305,502
Organic 51,414 11,978 732 548,959 49,726
New Entries 16,187 4,184 969 12,900 10,804
Rietveld—No. with atomic coordinates 353,330 71,560 41,376 156,107 0
Reference Intensity Ratio (RIR)—I/1. 358,223 73,144 38,387 525,705 224,922
Experimental Digital Patterns 17,053 7,535 169 9,167 0

All ICDD databases combine the power of both powder diffraction and crystal structure reference data. We are the only crystallographic database in the
world with quality marks and quality review processes that are ISO certified. Each PDF* database includes our integrated data mining software.

https://www.icdd.com/assets/files/2022-Product-Summary.pdf
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WHICH ICDD DATABASE IS RIGHT FOR YOU?

https://www.icdd.com/assets/files/2022-Which-Database-Flyer.pdf

PDF-4+/ PDF-4/ PDF-4/ PDF-4/
PDF-4+ WEB AXIOM MINERALS ORGANICS PDF-2
2022 2022 2022 2022 2022 2022

| WORK PRIMARILY WITH INORGANIC COMPOUNDS

| WORK PRIMARILY WITH ORGANIC COMPOUNDS

| WORK PRIMARILY WITH MINERALS

| WORK WITH ELECTRON DIFFRACTION/SYNCHROTRON

| NEED TO WORK AT THE OFFIGE AND HOME

| NEED TO DO QUANTITATIVE ANALYSIS
RIETVELD v v * v ™ v v?®
REFERENCE INTENSITY RATIO (RIR) R | vt v v t an® vt
PATTERN FITTING v v - ® v * v

| NEED A DATABASE WITH ATOMIC COORDINATES
HOW MANY ENTRIES ARE IN THE DATABASE?

HOW MANY ENTRIES ARE NEW?

| am using vendor software for my analysis. Which databases will
work with my vendor software?

Global software vandors provide ssarch/mateh softwars

that interfacas with our databases:. Please chack with your softwan
wandor for compatibility.

WHAT IS THE LICENSE TERM FOR THE DATABASE? 1YEAR 1YEAR 3YEAR 1 YEAR

ENEN N
W '

1 YEAR
MULTI-YEAR LICENSE AVAILABLE
SITE LICENSE AVAILABLE

* Using diffraction eguipment manufscturer or vendor software.
t Using Sieve or Skeve+. diffraction eguipment manufacturer or vendor softwars.
NEW- Extendad multi-year license tams — lat us know what you need!

Chan Park, MSE-SNU , ke o b £




| https://www.icdd.com/assets/files/2021-Purchase-Options.pdf

JNAI UNIVERSITV

2020 -2021 2020 -2021
PDF-4+ 2021 DVD CODE USB CODE LsT § ACADEMIC §
New - Single license FAD21 FAS21 £8910 $5025
Renewal rom 2020 1o 2021 FARD21 FARS21 $1.960 51250
PDF-4+ and JADE Pro Bundle®
New - Single license BUIFFADZ1 BUJFF4S2] $15643 510586
PDF-4+ 2021 Multi-year License®
Renewal - 3 year license FADZ2MR24 FASZ2ME24 $5.290 $3.375
Renewdl - 5 year license FAD22MR26 FAS22MR26 $8.330 $5.315
PDF-4+5cholar 2021 (10-Year license Pockoge)*
PDF-4+ New —Single License F4D21 F4521 NA $5925
Sleve+ — New Single License SWS421N SW3S421N A $500
Scholar Multyear FASPDZZME26 FASPSZ2MRZ6 NA 16,125
N— 12,550
Sove Money! Tk cichrtonge of KCDD's Goinbio St Licrrse — Recgres ) ¥
PDF-4+ 2021 Site License’ ney! Ta nfange s ense — Req a qu::fe k)day" .
MNew Master License F4D21M FASZIM 8910 35925
Mew - additional licenses, each FAD21C F4521C $1.960 $1.250
Renewdl - Yearly Master license FARDZIM FARSZIM 51960 $1.250
Renewdl - addifional licenses, each FARD21C FARSZIC $£750 $£405
PDF-4+ 2021 SHe/Multivyear License®
Renewal - 3 year Master Site License FAD2ZMR24M FASZIMRZ4AM $5200 £3375
Renewal - 3 year additional licenses, each FAD22ZMR24C F4S22MRZ24C $2,250 $1.485
Renewal - 5 year Master Site License FADZZMR26M FASZ2ME26M $8.330 $5.315
Renewal - 5 year additional licenses, each FADZ2MR26C FASZ2MRZHC $3.750 $2.475
PDF-2 to PDF-4+ Conversion
PDF-2 2020 fo PDR4+ 2021 F2420RDUZ21 F2420RSU21 $1.960 $1.250
PDF2 2019 1o PDF-4+ 2021 F24198DU21 F2419RSL21 $3920 £2.500
PDF2 2018 to PDF-4+ 2021 F2418RDU21 F2418RSL21 $5,880 $3750
PDFR2 2016 1o PDR4+ 2021 F2416RDUZ21 F2416R5U21 $7.840 $5.000
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PDF - Quality Mark & Figure of Merit

Quality Mark

> * highest quality - average A26 < 0.03 degree, all

lines were indexed, | measured quantitatively

> i reasonable quality - average A26 < 0.06 degree,

indexed with no more than two lines being

unaccounted for, | measured quantitatively

» o low quality - low precision, poorly characterized,

no unit cell data

> blank quality lower than o

» ¢ calculated data

»r d's from Rietveld refinement

> h (hypothetical)

SEQUI NATIONAI UNIVERSITY

Figure of Merit

» To quantify better the quality of a given set

of d-spacings

» To judge the credibility and worth of the

results

» To evaluate the quality of d measurements

> The higher, the better

< 20 = poor quality

SS/FOM

(Smith & Snyder FOM)

www.icdd.com/resources/webpdf/explain.ntm

“Evaluating Data Quality” from ICDD

Chan Park, MSE-SNU

Intro to Crystallography, 2021

FN =

A28 =
Nobs =
Nposs =

1 Nobs
|428 | Nposs

Figure of merit

The average error in 28

The number of lines observed

Number of lines possible

Jenkins & Snyder page 315




Quality Mark of PDF

> A reliability index used in Powder Diffraction File (PDF)
» Plays an important role in interpreting search match results.

» Data validation and the assignment of the quality mark are the most

important steps in the editorial process of PDF.

» The criteria for the assignment of the quality marks differ between patterns
obtained experimentally and those determined from the crystal structure

(calculated patterns).

» Editorial comments describing the quality of the pattern are extremely useful

in evaluating and eventually accepting the search/match results.

Intro to Crystallography, 2021 Evaluating Data Quality” from ICDD 53

Standard Reference Materials (SRMs)

» Powder Line Position + Line Shape Std for Powder Dif
v Silicon (SRM 640f); $745/7.5¢g

> Line position - Fluorophlogopite mica (SRM 675); $809/7.5g

> Line profile - LaBg (SRM 660c); $907/6g

> Intensity

v' Zn0O, TiO, (rutile), Cr,O3, CeO, (SRM 674b); out of stock

» Quantitative phase analysis
v Al,O3 (SRM 676a ); out of stock, Silicon Nitride (SRM 656); $580/ 20g

» Instrument Response Std

v Alumina plate (SRM 1976c¢); $721/1 disc
Gold

$58.66 / gram
(2021-06-17)

Prices; 2021-06-17 goldprice.org

www.nist.gov/srm/index.cfm
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6 — 26 X-ray diffraction pattern

R o L A S (RIS
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>
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& » Positions, intensities, shapes - crystal
-
= ‘1, structure, physical state, etc.
20
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> 2theta

v size & shape - Geometry (crystal system, lattice parameter)

> Intensity
v' Atom type
v Arrangement
v" Orientation, etc

» Shape of diffraction lines
v" Instrument broadening
v' Particle dimension

v Strain

Intro to Crystallography, 2021 Bish & Post Chap 3 56




D-spacing accuracy

> Diffractometer misalignment
» Specimen displacement error
» Problems in establishing true

» Background

peak position

SFOUI NATIONAI

» Ka?2
SN
Intro to Crystallography, 2021 Bish & Post Chap 3 57
Intensity
» Structure sensitive » Instrument sensitive
v Atomic scattering factor v Absolute intensities
v’ Structure factor " Source intensity
» Diffractometer efficiency
v' Polarization
» Take-off angle of tube
v' Multiplicity = Receiving slit width
v Temperature = Axial divergence allowed
N v o o
> Sample sensitive Relative intensities
= Divergence slit aperture
v A
Al e » Detector dead-time
v i i -
SysElie » Measurement sensitive
v Degree of crystallinity v" Method of peak area measurement
v Particle orientation v" Method of background subtraction
v’ a2 stripping or not
v Degree of data smoothing employed
Intro to Crystallography, 2021 Bish & Post Chap 3 / 58




Integrated intensity

Integrated
peak intensity

Intensity

262 264 266 68 270

26

Asymmetric profile
due to axial divergence

Intensity

Integrated
background
intensity
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Methods of defining peak position
k .
mari?r?wum % i c. Average of points
| ' i of inflection
Lo
| ! H 1 .
r ~ 208, ' 28Y, 20
‘”m:lx 20 8-
d.

h.

20

-
"'r-'mudi'.ml

T R B
Mid-point of half 4 LT L Peak median

. . 24
maxiintensity " Peak centroid
2””_.“' d[ll”"(z‘-}j T lt,‘.,ﬂl[zl]]]fd['ﬁﬂ} EH,-M,—L"E}EIF' [.-272“' ' |.'3..5
= U2[20_ 15 +28, 1] 2= [20-1(26)-d(26)

JI{2a-d(20)

Peak profile fitting

Intro to Crystallography, 2021 CU”ity
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Crystal structure determination

» Two step process

(1) Determination of the size & shape of the unit cell € peak positions

(2) Determination of lattice type & distribution of the atoms in the

structure € intensities of the diffraction peaks

Intro to Crystallography, 2021
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todos

»XRD-3 READ
v Cullity, Chapter 4-1, 4-2, 4-3, 4-4, 4-5, 4-6
v'Hammond Chapter 9.1, 9.2
v'Sherwood & Cooper, Chapter 4.13
v'Sherwood & Cooper, Chapter 4.11~4.12
v’ Krawitz Chapter 5, p132 ~ p143

» XRD-3 Homework (due in 1 week)
v Hammond 94; 9.5
v' Krawitz p5.2; p5.5; p5.6
v' Cullity 4-4; 4-5; 4-6

Intro to Crystallography, 2021
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