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X
(X-ray Diff

(Crystal Structure Analysis)
LiCoO,, Fe;0,, GaN

SER SHE £ g4 BN
(XRD, XPS, NMR, FT-IR...) (TEM, SEM, NDA ...) X (Element Analysis)

(X-ray Flu _ .
Si, Al, Fe, Ni,Cu - - -
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Depth & Volume of Analysis
AFM TOF XPS SEM Raman
_ XRF

ICPMS FTIR SIMS TEM XRD

‘lull|||||||H“““““”““““HHH“““"“N”””||||||||||||||

SPM SIMs

~“3nm
~10nm Near surface

T L

~100nm Thin Film

Coated layer
~1000nm

Bulk

>2000nm
Sampling SIMS

Volume  Depth IProfiIe Electron lon Photon

o o §

Typical
Profile Depth
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X-ray Application

g Transmission (NDT)
Uﬂ Fluorescence (XRF)
X-Ray

Application I

'l
— Diffraction & Reflection (XRD
Nl (XRD)

Scattering (SAXS)
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What is X-ray?

| e —— ——

Longer Shorter
Wavelength 443 o1 1 101" 102 103 104 105 10 107 108 109 1010 1011 1012
(meters) e
L és (‘ .‘\A A ® . d (:@ ~'; L \"f.% . 7 2
: ' & erio ‘@ g - |
Size of a H;:Jse / P " . ey Water
acteria
wavelength chcer Baseball Cell VlfUS b e molecule
Field
G | N
name of wave RADIO WAVES INFRARED < ULTRAVIOLET HARD X-RAYS
. 5 >
m SOFT X-RAYS GAMMA RAYS

@ MICROWAVES

SOURCES é

0 = -4
; FM' Microwave = !’fﬁrf &A(qﬁ Light = : y

Frequency radio cavity radio  oven Radar People bulb
(waves/
second) 108 107 108 109 1010 10" 1072 1013 104 10'> 1016 1077 1018 101® 1020
Energy of
1 photon
(electron volts) 109 108 107 10® 10° 104 103 102 10! 1 101 102 103 104 105 108

Lower Higher

“ Wave or Particle of energy called photon with short wave length (0.5~2.5 A) ”
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What is X-ray?

Kal M
KaZ
>
st
2 characteristic radiation
2 K -
= p
ﬁ_ﬂ\ Bremsstrahlung (braking radiation) K yKal $Ka2 KBl §KB2
\ Continuous X-ray Characteristic X-ray Intensity ratios
1\ o Kal :Ka2:Kp=10:5:2
Excitation WaVEIength (A)
Potential
Cu Anode Wavelength Mo Anode Wavelength Cr Anode Wavelength Co Anode Wavelength
Cu K, 1.540598 A Mo K., 0.709319 A Cr K, 2.289760 A Co K;; 1.789010 A
Cu K, 1.544426 A Mo K,, 0.713609 A Cr K, 2.293663 A Co K, 1.792900 A
Cu K, 1.392250 A Mo K, 0.632305 A Cr K, 2.084920 A Co K, 1.620830 A
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History of X-ray
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What is Diffraction?

Zr 713\7f del &2lel 280 Lty A X-d= TAIL 62 TAISHH, X-d2 = A0 2|of

Ol trerEl X-H2| 82 XPF AR X-A Lo e HiZE # X-d2 ZHa g0 2|5k Zoh £lLt.

Bragg’s Law nA= 2dsin®©

d AH| Known Measure Calculated
XRD A o d
@ & @ @ XRF d e A
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Why X-ray Diffraction?
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X-Ray Diffraction of the State

Intensity
Intensity

Intensity

2|

Crystal vs Amorphous

= Crystal : &IAH7F 3%}

= Amorphous : ®At HiEo
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Basic Theory

IIIIIIIIIIIII



Crystal Structure

Crystal structure can be obtained by attaching atoms, groups of atoms or molecules which are called

basis (motif) to the lattice sides of the lattice point.

qqd o o o
Q(I(::C o o +QI
Qqq o o o

Crystal structure = Crystal lattice + Basis (Motif)
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Single Crystal vs Poly Crystal

= Single Crystal (ZFZ7d):
SHLEC| ZHN| MM O JAL| &l BrE-80| XA E[12 /U= & Ef

= Poly Crystal (CtZ%):

Nz OHE Y2bs 7t OiA| BE28=0] EXforl U= SEl

= Random: O|A| EHEES0| LYot o2 F oA A0 Ues 8F

» Preferred Orientation : O/AN| THANME0| EXM3H &0 2 HIEL| O U= BLR
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/ Crystal system & 14 Bravais lattice

» 7 Crystal System

 Cubic:a =Db=c a=p=y=90°

 Hexagona

* Trigonal

e Triclinic

7/ Crystal System
+

14 Bravals Lattices
+

* Tetragonal :

e Orthorhombic:a # b # ¢,, a=p=y=90°

ca=b # ¢ a=p=90° y=120°
a=b#c,a=p=y=90°

 Monoclinic:a#b #c,,a=y=90° # 3
ca#b#c a=p=y<120 ° # 90°
cazbzcazfzy

» 230 space groups

32 Crsytallographic Point Groups

AMNiST

> 14 Bravais lattices

et

Simple
cubic

cubic

A

Face-centered

Bndv -centered

cubic

7 [

Simple
tetragonal

]

Simple
orthorhombic

Rhombohedral

Body-centered

tetragonal

@

Body-centered
orthorhombic

5II‘I1|:I|E
Monoclinic

=

Base-centered
orthorhombic

ss\;

Base-centered
monoclinic

Hexagonal

/1o /

Face-centered
orthorhombic

(7]

Triclinic
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32 point of groups

14 plane lattices + 32 point groups

Triclinic

Monoclinic (1st setting)

Tetragonal

@

DO

RYy4d!

T D
| PANY,
g - Q LOODD

— 230 Space groups
Bravais :

Crystal Class Iatfices Point Groups
Triclinic P 1,1
Monoclinic P 2.m. 2rm
Orthorhombic |P,C, F, I 222, mm2, 2/m 2/m 2/m
Trigonal P, R 3,3,32,3m, 32/m

6, 6, 6/m, 622, 6mm, 6m2,
Hexagoml P 6/m 2/m 2/m

4,4, 4/m, 422, 4mm, 42m,
Tetragonal P, 1 A/m 2/m 2/m
[sometric P F, I 23,2/m3, 432, 43m, 4/m32/m

UNisT

m (=2) 4
plus ®
centre ®
(;g’; 1 =~ Laue Laue \pj‘tlm aue
Monoclinic (2nd setting) Orthorhomblc
().Q (). I T A
g /
=5 N | e 222 &%2}{ ‘D’
DO DOBB
= m : = 4mm
% - B R Y
{even) 2m
X2

P

4/mmm Laue
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Lattice Plane

Lattice Plane is a plane which intersects atoms of a unit cell across the whole 3D lattice.

There are many ways of constructing lattice planes through a lattice.

The perpendicular separation between each plane Is called the d-spacing.

_ = S — e - 4
v 9 r ® o o _,JFF .,"j? S S Pl Wl "W,
] i L 5 1 |8 i Iy ':| .__i-'.'. ,.I \ l..
# :ﬁfﬁil ‘F'-"""""""“ C j [ — e _'_. ereer] .,!::L_._-‘:__[:rr_h_
L g = A el & A AW s Wab b Wi
cubic lattice | T | SR O
? % # ® o @ o & Iy I . | C. -
100 planes 110 planes 111 planes
(@) o ¢ ¢ o o o ()
¢ ¢ L ¢ o o o
P L s & & & e Face-centred
cubic lattice
L & & [ @ £ @
—eo—o—9o—9 o o
e—9 —e 9o —9 o o
(b) (d) Body-centred
* —o—o—0o—o @ @ cubic lattice

AMNiST

FIRST IN CHANGE



20

Lattice Plane

 Indexing — the process of determining unit cell shape and size

Cubic L _ W +k+1 » Involves assigning the correct (hkl) indices to each reflection
d” a- » Straightforward for cubic symmetry:
2 2 2 . 0
Tetragonal L: h™+k i [ , : 1 _ 4sin- 6
e > - A =24dsIin6 o2 42
Orthorhombic Lﬂ: h; n k; _|_/_; 1 (/72 Ty /2) | ‘ sin‘ @ _ A’ ~ 4sin?0 (h2 +k*? +I2)
d~ a b~ ¢ 72 - 52 "~ (P+k*+1%)  4a’ o a’
Hexagonal L _4 h™ + hk + k° _|_£
P ! - * Quotient I1? / 4a% : constant for any pattern (| and a are fixed)
« Sum (AF + K+ P) : integer
. 1 1 [h* k’sin®B [ 2hicosB| (P + k¥+ F) /sin’g = Constant
M I — — : L
SO AT i 5[& T T 4 | (B+ K+ A Miller indices (h k

 For each Bravais lattice type, the following general rules apply:
Primitive: All values of A k /are allowed
‘Body centred: Values of # + £+ /= 2n only are allowed

(where n is integral)
*Face centred: Values of A k /all odd or all even are

allowed (0 counts as even)
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Example: Indexing XRD Pattern >

“ Sequence to index a powder diffraction pattern

1) Convert d or g values to sin°g values if necessary
2) Divide sin’qg values by allowed (/¢ + k€ + F) for primitive, body centred or face centred unit cells

3) Inspect sin’q / (/¥ + k£ + F) values - are they constant?

4) If “No" repeat steps 2 - 3; if yes continue to step 5
5) Assign Miller indices (Ak)) for each reflection

6) Determine the cubic cell constant, a

oo || AL 5 given wavelength,
Knowns
1) One of the Fe allotropes 2) Reflections positions
Unknowns
1) Lattice Type 2) Cell Parameter
Peak 1st 2nd 3rd 4th 5th
. | 26 43.9 50.9 /4.8 90.3 055
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Example: Indexing XRD Pattern

 |s the material primitive cubic? Conditions: all values of h, k, | allowed

Line 2q sin‘q hkl/ h+k?+F sinfq / (P +k?+F)
1 439 0.140 100 1 0.140
2 50.9 0.185 110 2 0.093
3 74.8 0.369 111 3 0.123
4 90.3 0.503 200 4 0.123
5 95.5 0.548 210 5 0.110

« Values of sin2q / (h2 + k2 + |2) are not constant - not primitive cubic

* Then, Is the material Body-centered cubic? Conditions: /7 + kK + /= 2n

sin® @

12

(7" + k" + 1)

4a5°

Line 2q sin‘q hk/ W +k2+F sinfq / (P +Kk+F)
1 439 0.140 110 2 0.0700
2 50.9 0.185 200 4 0.0463
3 74.8 0.369 211 6 0.0615
4 90.3 0.503 220 8 0.0629
5 95.5 0.548 310 10 0.0548

« Values of sin’q / (/¥ + k£ + F) not constant = not Body-centred cubic

AMNiST

sin® @

2‘12

(/72 + K +/2)

4g°

22
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Example: Indexing XRD Pattern

 Then, is the material Face-centered cubic? Conditions: A, k /all odd or even

Line 2q sin‘q hkl/ W+k2+F | sinfq / (P+k?+F)
1 439 0.140 111 3 0.0467
2 50.9 0.185 200 4 0.0463
3 74.8 0.369 220 8 0.0461
4 90.3 0.503 311 11 0.0457
5 95.5 0.548 222 12 0.0457

« Values of sin°q / (/¥ + k2 + F) are constant = Face-centered cubic

AMNiST

sin® @

12

(7" + k" + 1)

4a5°
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Structure Factor & Systematic Absences >

N
. 271 (hu, +kv, +lw, ) 2
I:hkl N z : fne o ‘F‘
1

* hk,/:indices of the diffraction plane under consideration
* u,yw: coordinates of the atoms in the lattice

« NV : number of atoms

« 7, : scattering factor of a particular type of atom

Bravais Lattice Reflections possibly present Reflections necessarily absent
Simple All None

Body Centered (h+k+l): Even (h+k+l): Odd

Face Centered h, k, and | unmixed I.e. all odd or all even h, k, and |: mixed

Permitted Reflections

Simple Cubic (100), (110), (111), (200), (210), (211), (220), (300), (221) .........
BCC (110), (200), (211), (220), (310), (222)....
FCC (111), (200), (220), (311).....
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Structure Factor & Systematic Absences -

“ Sequence to derive the systematic absence conditions for a Bravais lattice?
1) Write down the structure factor expression
2) ldentity Bravais lattice type: primitive (P), body-(B), face-(F), or side-(A, B, C) centered
3) Write down fractional coordinates (u,v,w) of unique atoms in unit cell

4) Insert coordinates into structure factor expression — need one term per atom

5) Factorise the expression in 7

6) Does the exponential term resolve to +1 or -1 for particular combinations of (Ak)?

7) Does F,° have zero value?

e |f YES — reflections corresponding to conditions on (Ak/) are systematically absent

* |f NO - reflections have measurable intensity, I.e. not systematically absent

“ The following relations are useful.

= Where nis integral and even: €7 =1

= Where nis integral and odd: " = -1
WAMNiST
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Systematic absences: Primitive Cell

* A primitive cell contains one atom located at the origin (0O, 0, O)

* The structure factor is: F., = ZN: fneizﬂ(hun+kvn+lwn)
1

* For (u,v,w)=(0,0, 0): F.. = fa'! 27 (Nh <04k, >x0+1,>0)

* Thus: F.,. = fe'?7(®

* Hence: Foam = T

« Giving: “:hkl‘z = f°

 The structure factor is thus the same for all reflections

- No systematic absences

AMNiST
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Systematic absences: Primitive Cell

27

* A Dbody centered cell contains two atoms located at (O, 0, 0) and (Y2, %2, ¥%2)

* The structure factor Is:

+ For (u,v,w) = (0,0,0) and (%2, %, ¥2): F, = felr (M orie0red) o feler(fiioriiled
h ] 200 i2ﬂ(2+g+%j

* Thus! g = 2@ 4 fe

+ Hence: F A = f(1+ ei”(mk”))

 Ifh+ k+1|=even, we obtain: F o= f(1_|_]_):2f

« Thus: |F,| =4f"
. Now: Fy = f (1+ei)
« If h + k +/ = o0dd we obtain: F, = f(1+—1):O

e Thus: ‘Fhm‘z =0
» Thus reflections with A + k + | = even are observed, e.g. (1 1 0)

« Whereas reflections with A + k + / = odd are systematically absent, e.g. (1 0 0)
ANisT CHANGE



Systematic absences: Faced Cubic Cell 0

* Aface centered cell contains four atoms located at (O, 0, 0), (0, Y2, ¥2), (Y2, 0, ¥2) and (Y2, %2, 0)

N

. 277 (hu, +kv,, +lw,

. The structure factor is:| Fyq = Y f,e' 27" i)
1

+ For (u, v, w) = (0, 0, 0), (0, ¥, %),(%, 0, %) and (¥, ¥, 0) :

1277 (N x5+K, <0+, x3) 1277 (hyx5+K, x5+l ,%0)

Fhk| _ fei27z(hn><0+kn><0+|n><0) 4 fei2ﬂ(hn><0+kn><%+|n><% 1 fe + fe

. Thus Fhkl _ 1:(1_|_ei7z(k+l) L air(h+) +ei7z(h+k))
| B 1272(0) i27z(2+2) i27z(2+2j i27z(2+2j
e Hence: F, = fe + fe + fe + fe
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Systematic absences: Faced Cubic Cell 0

. Now: Fhkl _ f(l_l_em(m) L air(h+) +ei7z(h+k))

« If h, kand | are unmixed (k + /), (h + I), (h + k)= even, giving: F = f(l F1+14 1)
e Thus: Fg =41

- Hence: |F,| =16f

 If h, k and | are mixed the sum of the exponentials is zero: F,, = fl+1-1-1)
 Thus: Fhkl :O

2
* Hence: ‘Fhkl‘ =0

« Thus reflections with h, k and | unmixed are observed, e.g. (11 1), (2 0 0)
« Whereas reflections with h, k and | mixed are systematically absent, e.g. (1 00), (1 1 0)
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Systematic absences: Summary

« Systematic absences found for the Bravais lattice types:

30

Bravais lattice

Primitive

Side centered

Body centered

Face centered

Reflections possibly present

All

< and [ unmixed (A)

n and | unmixed (B)
h and k unmixed (C)

(h+k+l) even

h, k, | unmixed

Systematic absences
None
< and | mixed (A)

n and | mixed (B)
h and k mixed (C)

(h+k+l) odd
h, k, | mixed

« These rules apply to all lattice symmetries because the structure factor is independent of unit cell

shape and size.

AMNiST
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XRDs & XRF in UCRF

Bldg.102 B101-2

O|2|/XIEALE 75
DMAX-2500PC
40 kV 200 mA (Cu Ka)

R (FWHM) : 0.12 ° (LaBy)
20:0.8 ~ 110°
Operation mode: Vertical
Goniometer : 0-20 Coupled

RS

=% 0.5mg, 42 (1um O] &)

Bldg.102 B101-2
o|g| 7t
D8 DISCOVER
40 kV 40 mA (Cu Ka)

R (FWHM) : 0.036 ° (Al,O,)
20:5 ~ 110°
Operation mode: Horizontal
Goniometer : 0-20 Coupled
9ol 2% A= £4

a

Bulk & =22 (1um O|S})

Bldg.102 B101-2
O|2|/XIEAME 7S
D8 ADVANCE
40 kV 40 mA (Cu Ka)

R (FWHM) : 0.058 ° (Al,O;)
20:10° ~ 110°
Operation mode: Vertical
Goniometer : -0 Coupled

o A 24

i

29t 0.3g, Bulk, %4t

Bldg.102 B101-2

o|8| 7t
T8 Tiger
40 kV 40 mA (Rh)
R: 3 eV (vs. EDS 150 eV)
“Be to °°U

Operation mode: Reverse

32

High Power XRD [X1] High Resolution XRD [X2] Normal XRD [X3] XRF [X4] High Resolution Powder XRD [X5]

Bldg.102 B101-2
o|g| 7l
Smart Lab
40 kV 200 mA (Cu Ka)
R (FWHM) : 0.036 ° (LaB)
20:10° ~ 110°
Operation mode: Vertical

Goniometer : 0-20 Coupled

CHANGE



Goniometer Type

O - O Geometry O - 20 Geometry

________ Detector
L (26 moving)

X-ray tube P
(Fixed) ANl ~

Sample

(0 moving)
» A sampling X|TF G2 » ALK SE 7S, (From 0.8 degree)
» CBHE X2 S K|S (From 10 degree) » EHE : Sampling A2t S (Liquid 53 =71

s Al

= AMH| - NXRD H| : HPXRD
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Single Crystal XRD Patterns in 6/206 or 6/6 mode

(100)
(110)

(210)

(111)
00)

20 25 30 40 45

Two-Theta (deg)

H
4 4
Voo |
\ |
. \J/
Y

--d-1--——
/
N
’
’
,,
’
/
/

- Produce only one family of peaks in the diffraction pattern.

AMNiST
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Poly Crystal XRD Patterns in 8/206 or 68/6 mode

iL——{’IDD}
;2 (110)
(111)
(210)

- zé'ruvmn' gg .

Twm—Theta (deg)

\ v

[RUp [ - - —_— — — T -
’
/
N
/
’
L
’
’
/
’

« For every set of planes, there will be a small percentage of crystallites that are properly oriented to
diffract (the plane perpendicular bisects the incident and diffracted beams).

 Basic assumptions of powder diffraction are that for every set of planes there is an equal number of
crystallites that will diffract and that there is a statistically relevant number of crystallites, not just one

or two.
UNiIST CHANGE



P

Axial Silt 0T

% Spec
1) Target : Cu (K., : 1.54056A & K, : 1.54442A)

2) Power : 18kW (40KV, 200mA)

3) Dual goniometer : Standard & Auto Sample Changer
4) Variable Slit system

5) 20 range : 0.8 "~ 130 °

6) Attachment : in-situ Variable Temperature

- Temperature : 20 °C ~ 1500 °C

dence Length

Glass(Amorphous)

Divergence Slit (DS)

1/6,1/2, 1,2, 4°

Divergence Height Silt (DHS)

10/ 5/ 2/ 1.2 mm

Receiving Slit (RS)

0.15, 0.3, 0.6 mm

Scattering Slit (SS)

1/6,1/2, 1,2, 4°

Soller Slit (SS)

AMNiST

Powder (GLS) Bulk (Al) Powder (Si)

R: 20 mm R: 20 mm R: 20 mm
D:1 mm D: 2 mm D: 0.2 mm

Powder (GLS) Powder (GLS) Bulk (Al)
R: 5 mm R: 18 mm R: 18 mm
D: 0.5 mm D:1 mm D: 2 mm

Glass

] l i
St

|
Wt W i

b
x"'W" ot
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% Aperture Slit system

AMNiST

*» Detector Slit system

% Spec
1) Target : Cu (K,, : 1.54056 A & K_, : 1.54442 A)
Detectar™™ 2) Power : 4kW (40 KV, 40 mA)

3) Goniometer: Auto Sample Changer & Manual Operation
4) Slit system Not variable
5) 20 range: 10 "~ 130 °

** Instrument parameters for NXRD * NXRD Sample Holder

Slits Value
Divergence Silt 0.6 mm (= 0.3") .J |
Axial Soller Silt 2.5° i\ A\
Anti-Scatter Silt 0.6 mm (= 0.3") =/
Secondary monochromatoer anti-scatter Slit T mm a a
Beceiving Slit 0.1 mm E?\évger;rfﬂ) Eu!f(O(errErL)
Linear Detector 3 ° Detector Opeing D: 2 mm D: 7 mm

FIRST IN CHANGE



HRPXRD

% Spec
1) Target : Cu (K, : 1.54056 A Only)
2) Power : 9kW (40 KV, 200 mA)

3) Goniometer : Standard or Auto Sample Changer

4) Variable slit system

5) 20 range : 10 "~ 130 °
6) Attachment : Capillary

Glass(Amorphous)

Powder (GLS)
R: 20 mm
D:1 mm

Divergence Slit (DS)

1/6,1/2, 1,2, 4°

Divergence Height Silt (DHS)

10/ 5/ 2/ 1.2 mm

Receiving Slit (RS)

0.15, 0.3, 0.6 mm

Scattering Slit (SS)

1/6,1/2, 1,2, 4°

Powder (GLS)

Soller Slit (SS)

1,25, 5°

R: 5 mm

AMNiST

D: 0.5 mm

Bulk (Al) Powder (Si)

R: 20 mm R: 20 mm
D: 2 mm D: 0.2 mm

Powder (GLS) Bulk (Al)
R: 18 mm R: 18 mm
D: 1 mm D: 2 mm

Capillary (GLS)
R: 0.9 mm
L: 5cm

FIRST IN CHANGE



Application
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Applications 40

Peak Iintensities -

Quantitative Phase analysis _Crystal Structure (Rietveld)
Atomic Positions
Temperature factor

Peak positions Occupancy

Space group | |

Lattice parameters -

| ‘
| || [} | - ]
\ I ,,w,l.'..,.,.,..‘" d M Profile width and shape
ot ¥ VR '~*~".V'w"'w»’\.-"wv‘wwww In_ strument contributions
Microstructure
(Size, strain, Stress ...)

Background

Scattering from sample environment (air, sample holder, ...)
Local order / disorder

Amorphous phase amounts, "degree of crystallinity"”
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Applications 41

« Phase ID (Qualitative Phase Analysis)
« A powder diffraction pattern can be compared to a database of diffractograms for known materials in order to
identify the contents sample.
« Or one can simply determine the presence or absence of a particular phase.
* Phase Fraction Analysis
« A mixture of two or more crystalline phases can be easily and accurately analyzed in terms of its phase fractions.
 Lattice Parameter Refinements
* Precise lattice parameters can be determined.
« Rietveld Refinement (Structural Refinement)
« The crystal structure of a new or unknown material can be determined when a similar material with a known
structure exists.
« This can be relatively straightforward depending on how similar the new structure is to the known one.
* Line Shape Analysis
« Crystallite size, for example you can determine the approximate size of nanoparticles using the Scherer equation.
 Crystalline microstrain, arising from sources such as atomic disorder, non-stoichiometry, (lattice vacancies),
dislocations, etc.
 Structure Solution
« The crystal structure of a new or unknown material can be solved ab /nitio even if no information about the
material other than its stoichiometry is known
 Non-conventional diffraction (PDF, Resonant diffraction, and etc)
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Phase Analysis

Intensity(Counts)

Sample A

15.0-
S ,
10.0
% % T ‘Twzo‘e-Tht‘eta(deg‘) 7 & T T %
5.0+
00-021-1272> Anatase - TiO»
L N N L
00-021-1276> Rutile - TiO»
[ ' [ I I [ I I [ I : I I I I lI I I I I
20 30 40 50 60 70 80

AMNiST

Two-Theta (deg)

Intensity(Counts)

Sample B

30.0

25.0

20.0-

15.0-

10.0-

200

1504

100+

SQR(Counts)

50

00-021-1272> Anatase - TiO2

00-021-1276> Rutile - TiO>

Two-Theta (deg)

JKMJL

[T

x103-

01-070-7348> Anatase - TiO,

00-021-1272> Anatase - TiO»

20

Two-Theta (deg)

70

80
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Software for Powder XRD 43

N/
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Database

NG

461212 Llualiby: #

CaA5 Number:

M olecular Weight:  107.96
Volume[CD] 25481
[ 3,987 Dir;

L4 PDF # 461212, Wavelength = 1.540562 [A)

ng-al2 13
Alurnirurn Cxide
FRef: Huang, T et al., Adv. ®¥-Hay &nal., 33, 295 [1930]

Syz Hexagonal

Lattice: Rhomb-centered
5.6 Rac 167

Cell Parameters:

a 4758 b c 1293

r f ¥

S5/F0M: F25=3058[.0028, 25)
|/l cor:

Rad: Cuk.al

Lambda: 1.540562

Filter:

d-zp: diffractometer

tineral Mame:
Corundum, zyvn

Fixed Slit
=qrt Intensity -=

d[&]

24797
25405
23734
21654
20853
1.9643
1.7400
1.6015
1.5466

Accessing COD Data

1
1.3
k- A I s Y k- I s Y
45 1 2 [1.5150 2 2 2 [1.18597
100 o 4 |1.5110 14 1 & |1.1600
21 1 0 |1.4045 23 1 4 |11.1472
2 0 B [1.3737 27 0o [1.1386
BE 1 3 |1.3353 1 2 5 |1.1256
1 0 2 [1.2755 2 058 [1.1241
a4 2 4 11.2391 29 0710 | 1.0330
e 1 B [1.2343 12 1 3
1 1 1 11.1331 1 1 7

Rk — a2 7

—h
L R R e U Y S

Q ©° Crystallography Open Database

COD Home

Home
What's new? £

% COD (Crystallography Open Database)

Browse
Search
Search by structural
formula
Add Your Data . o . . . ) )
Deposit G Open-access collection of crystal structures of organic, inorganic, metal-organic compounds and minerals, excluding biopolvmers.
posit your da
Il:}::::g? (:fll:: Z:"Ons Including data and software from CrystalEve, developed by Nick Day at the department of Chemistry, the University of Cambridge under supervision
e/'re . . - 3PAy - .
prelgmblica(ions- of Peter Murray-Rust.
All data on this site have been placed in the public domain by the contributors,
COD Wiki Currently there are 384529 entries in the COD.
Obtaining COD Latest deposited structure: 2310785 on 2017-09-27 at 15:05:36 UTC

Querying COD
Citing COD

COD Mirrors
Advices to donators
Useful links

CIFs Donators
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Quantitative Analysis

" £FE BHO| Ar§ Peak o HEZ
XM HE ZE(I)R LHeo| 22 $X|5

W jmax
!
W. o R, [max
_Iﬁggﬁggﬂlr -,E-rﬁ'r 170323_1

W, : Corundum(SRM) S/ F7

I[JMI . A3 L_'H_'_é.l'-E

SIS U LiE I peak 2/

0

LY .
JZE

: Corundum(SRM) &L peak S FE2&E

AMNiST

10 20 30 40 50 60 70O &0 90 100
VUt (%)

Graphite 2H [}

Silicon

RIR(Reference Intensity Ratio) Value 211

ZFE (1i)QF SYUSH ZZHO 2 NIST-1976 (Corundum - Al203)E &
gL Cf”

X

2 0e+005

1.5e+005

—

w
j=
£ 1.0e+005-
w
-

5 0e+004

0.0e+000 —————

I

(zraghite 2H, C, 01I-075-1621 |

= Be+0047
4e+004+
3e+0044
2e+004+

1e+004-
0e+000 |

Integrated Intensity (cps dé

30

Phase name SITELD
170329 1
Graphite 2H 96.4(3) [Feak.2]
Silicon 1.69(3) [Feak.3]
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What is size ?

O J ) 2 o
N .‘., QM )
W y '

Sl D

Small Angle
X-ray
Scattering
or

SEM

or The width of diffracted line

Size Measuring (Scherrer method) with
System XRD

! W N

Particle
size

e
3

e

»

%4
.

.
v i " v & W 3

%, -
4

Powder Particle Grain Crystallite

N/

“ Particle size
|t is a notion introduced for comparing dimensions of solid particles (flecks), liquid particles
(droplets), or gaseous particles (bubbles). Size and strain analysis

“ Grain size
* |t refers to the diameter of individual grains of sediment, or the lithified particles in clastic rocks.

% Crystallite size

* |t refers to the size of a single crystal inside a particle or grain. A single grain can be composed of several crystals.
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Size & Strain Analysis

* Scherrer Calculation

* Analysis of peak width estimate
* Single line analysis of single peak profile fit
* Only size or strain analysis
< Williamsom-Hall method
* Size and strain analysis
« analysis of multiple peak profile fits
“ Halder-Wagner method
» Size and strain analysis
 Analysis of full pattern fits

s Rietveld Refinement

 Analysis of peak width estimate

* Single line analysis of single peak profile fitting

AMNiST

Intensity —————p

Peak Width-Full Width at Half Maximum

FWHM Important for:

icle or

Peak position 26 + Part
| in size

T
1.4

1.6 ' 1.8 ' 2.0
sin@/A

prid*)®

2.00E-05

1.60E-05

1.20E-05

8.00E-06

4.00E-06

0.00E+00 = *
0

350/250/1h
L]

35&:25&4'3!1

a Turbula M 3h

"‘l ¢

o

0.005 0.01 0.015
(Bd?

0.02

47
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Size & Strain Analysis 0

< Peak Broadening?l| & ¢l (FWHMS| B3}
1) Crystallite size Hz}
2) = Lot Micro Strain
3) AAt B (stacking fault)

1) Crystallite size # 3} 2) =t Lot Micro Strain
| KA Strain : = 4¢ctan 6
Scherre Equation : L = BeosO (0.005% < & < 5%)
o L :crystallite size * ¢ :lattice distortion
¢ B:FWHM sz%d(%)
* K:Scherrer constant = 0.6 ~ 2.5 - dislocations, Inclusions, lattice twins

e A:Wavelength (ex: Cu = 1.5406A )
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Crystallite size & strain

“ Lattice strains from displacements of the unit cells about their normal positions.

< Often produced by dislocations, domain boundaries, surfaces etc.

“* Microstrains are very common in nanocrystalline materials.

% The peak broadening due to microstrain will vary as :

49

William-Hall Method

Halder-Wagner Method

K A
B. =
S S- cos6
Bcos@
— 4.
A

Ad sin@ 0.9
. +

0.9- 1

S-cos@

d

A20 = 4- 2% tan g

d

d

A S

KA

Bcosf = nsinf + —

KA

0.9- 1

B, =

S- cos@

S-cos@

Ad

2
B2 = (A20)2 = 16 - (7) . tan20

2
B KA B )

= +16 - ¢
(tan8)? L tan®O-sinb
B? KA B
p— +7’]2
tan L tanBOsin
( 0)2 Osinf
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Crystallinity (2823k)

O] &= L0 E{0f| A

Areacyystal

4

L)

*

» Crystallinity = y

redgmorphous + AreéQcrystal

o HEXHo= ot FHo| AEa HHEZE LIEILI= ZFS0] M-85
< d2{L}, 2SH0|EEt: 0| F CHUSHEE Aot 2828 A
< Search/Match7} 22 8i3.

<« BT Z40|B22 Ho|F FHOo| FRE.

<+ BG 27480 w2} Zutdfo| FEtE = US.

<o AM™ZIZE A4Ast7] st e H2lof wet ZapZko| Eetd £

AMNiST

2y

O] XtX|ol= H|E (%)

X 100 (%)

(o]
M

(=]
=l =

Intensity(CPS)

3500+

3000+

2500+

2000+

1500

1000

500

NG

U

| . |

01-081-2261> Pyrolusite - MnO ,

01-080-0382> Hausmannite - Mn304

T ‘N

I I I [ [ I I I I [ I I I [ I I I I [
10 20 30 40 50
Two-Theta (deg)

T T T T '
60 70

Profile Fitting Report

R =7.16%, Total Area = 975596 (19740), Crystallinity = 39.21(1.49)%

@ 2-Theta d(A) Height Area Area% | FWHM XS(A)
20.742 4.2790 959 492389 100 8.723 9
28.978 3.0788 145 4394 0.9 0.393 241
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Rietveld Refinement

00000

00000

00000
Z 30000
)

00000

00000

Crystal Structure

10000,0 -
ooooo 9000,0 -
8000,0 -
°°°°° 7000,0 -
= 5000,0 -
5000,0 -
4000,0

? 00000 — SDUU:U:
| L l 1

Intensity

00000 2000. 0.

‘ ' 1000,0 -
0.0 I L L e
’ s - - - I[J.U 2cj.nI 3[1]0 | 4(10 | ISEJU
Measured XRD Pattern Simulated XRD Pattern Crystal Structure

00000
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Rietveld Refinement

00000

00000

00000
Z 30000
)

00000

00000

L

1

J

LlJL

AMNiST

Measured XRD Pattern

10000,0
9000.0 S
8000.0 S
7000.0 S
6000.0 S
5000.0 S
4000.0 S
3000.0 S
2000.0 S
1000,0 -

0.0

Intensity

M

e

3N S
2[10' 3[J.|o | 4E).D |

Simulated XRD Pattern

Minimization of the residual Q :
— 2
Q = E w; (Y, —Yg)
i

Y; : Observed intensity at data point |

Y.; : Calculated intensity at data point |

W; : Weighting scheme = —

o; : Variance of Y,

1
o2

1
where g; =Y,

/2
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Rietveld Refinement 53

< Rietveld &f'HO| &7
. A|H FH|O| ZRM > 2o 8™ ZE (Step size)
 MX| TEO QAR BE mEo| e
» Bragg peak 2%, ¥, LA 5= 232 & U= Peak profile ZEO0| EL
« 2theta range : 10& ~ 130 &7
 Step width : equal or smaller than FWHM/5

* Intensity : 10,000 ~ 20,000 counts in main peak
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Rietveld Refinement 54

< Rietveld Refinement 2| &A
- 02, K2, Y2 0|80 22 S o Bzt Ao et

1= o — —
B AR} A Al TbS
- 2 =2 88 40| 7ts

< Rietveld Refinement 2| EtH
« A X Parameter, 50| 2= QKXe| H2ETF BO 4.

» 2 A 9| Disorder, preferred orientation2 Z+= 42 &7t EO{3
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Available applications I

55

A I . t . E I t . “
[ 2_sample & - DRAXION, SCAN: 10.0/90.0/0.02/0.8(sec), Cu(40kV 200ma), I(p)=4250, 03-30-18 04:14p
[ 743 (4.8} [RIR=1.60{5%)]
m = 25.7 (1.7) [RIR=4.10{5%}]

oooooo

Qualitative Phase Analysis &

DDDDDD

Quantitative Analysis PDF Card(International Database)& 0| &5} 0
(RIR method: Reference Intensity Ratio) Search/Matcho}{ Phase identification 11111
RIR methodS 0| 8310 £ SXO| ACHH H|E2 A A

Wi _ MClX(Ii)

W,. R;Max(c)

SJ, SCAN:

Peak FWHM XS(nm)
0.443 21
0.434 23
0.571 18

Crystallite Size (Scherrer equation)
/"}:«:\ ;Ennn
L Small Crystallit
L : Crystallite size angle <: Particle & [ (>'\ rystallite size
K 2 K: Shape Factor 0.94 X-ray >1Z€ {ﬁ @
I = A: X-ray wavelength Scattering,
, , Nano diffracted line
B: FWHM (in radian) measuring (Scherrer
©: Diffracted angle system equation)

[68.raw] - Singh

00000

Crystallipity
C = Areacyystal X 100 (%) f:xélﬂl- HIIC.)I?EIOI %_E_OI-E...EIIOIE-IO"A-I HIIJIEI Eeakgl-:a:l %; “ Crystallinity = 39.21 %
R — S peak O HEH|E A M3}0], ZHEO| AtX|SHe Hlg 0 - . 7
““““““ I R ot

AMNiST

40
Two-Theta (deg)
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Available applications II 56

Coupled scan (6-20 scan) & o ® Ansiase
Glancing(Grazing) Incident Diffraction (Incident o

4000

angle fixed, 20 scan)

100 nm O|o} &9} A|20{|A{2| 2|& Data =& A
Intensity 57} "o 2 0 = w0 s % = w
2p [deq]

Rocking-curve (w scan )
Peak width(FWHM)& &¢t Crystalline quality

2

Detector

x 1 " 1 . L L 1 L 1 s
-2000 -1500 -1000 -500 0 S00 1000 1500 2000

W (ArcsecC)

LE+00 7 | Interpretation of XRR Data
z /' R P Layer  Thick. Rough BENE
X-Ray RefIECtiVity (XRR) E 1E-01 | Critical angle 3104 TiO, 0.4 0.2 4.0
(?! : Roughness g 1 l ! ! l
45‘ Density Contrast e 70
A = z
H_!-D_!-Q_I 3H:El -Ihll_-*—-ll 4,—5 1E.07 - and Roughness E g?
1) Thickness 2) Density 3) Roughness = Fili Thicknes
1E-03
0.2 03 04 0.5 0.6 0.7 0.8 0.9 1 e 0.49 0.98 147 196 245 294 343 392 441 43
Incidence angle (deg.) —Faw curve — Simeurve )
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Not available applications 57

350 e
Epitaxial Film2| quality =l 200 |
" — 250 1
1) In-Plane scan : A|& THHO|| CH{St 8 00l
="
orientation 22l (20-w scan) 5 :Zz
Phi scan : tilt plane0f| C{SF symmetr 50 { u |
ZQL E{JZ.COSZ%) _qp p I H Y Y 0 JL'-W—«-JM ..... i |\-~—~JL~—~1
éll- IO_I =150 =100 =50 0] 20 100 150
2D Image : Fiber2| T & 2D Detector
° ° ° f— AR )
- Hermans’ orientation function 5
38 :
* §
o
S—

In situ

i

Il

- Variable Temperature XRD
- Charging & Discharging: HIE{Z| Cell 71 S &

Mg S8 83| PX Y Y H 2

84 86 88 S0 < 2 80 82 84 g6 88 90 a2 94
26/ ° (A =0.07085nm) 26 /° (A =0.07085nm)
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Sample Preparation



MR Z X

“» Powder Al =
1) St AlR2o| AR, UX} A0 A ZOtELE ZE AR B2, 12 HE 0|8810] 2 LHO|E HE 5

Z 0 LT}

2) Spatulag O|&3l0 22 AR E A2 Glass Holder 22 Low BG Holder &0} Slide GlassZ HHE HES|
S| L|CH o|l, SHHEHO| 222 HolderOl| EHX| &1, AZFA EHO} Slide Glass2 HE M-S HEMSS| SL|C}
3) HPXRD 578 A =2| 47, Holderg 45k 7|20 A|=27F RE&E=X 22 20 585 A LC

< Bulk A|Z (Of: M2te! & =2h

I

1) Al Holder0j| Al=2| 37| Bt 1 & &2 EetA 20 F L L O] I, DEEZ1F A| 22| 7|7t Holderl| &7H 2 Cf

F7t AL} ZOOF gfL|C},
2) 12 &= 2|0 Bulk A|EE 2=, F 719 Slide GlassE 0| &3t A|=9| 7tEHAt2|E =21 Holder?| HIF2|2}
S8t 50|& &F0 ZLLCL O], A|z7t SYLERE HOLAL, 7| S0X[X| BFES Fo|gfLC
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AR B MK

< Film A=

1) Film A2 ChENS njelA ZapELCH 7435 XI2X| @1 7t2, HZ(1xlcm) 0|4te] 37]9| A|R S FHTLCH
) Al Holdert] ROREE AlZ0| 272H8 Zakd EOBLUCH of O, DSEEH AlZ9l S} Holderel Sy
oF7b 2 7{Lt Z¥okof BHLC

3) AHE Film RQEIL| A|RE A7 ZF ?0 =F, £240|E 22t A= CA| BEre} S &Lt

X 7|'|:|=I:|I —|—.LL‘7|- Nu_ A|E (O:” A'E-le

N 7tE, M2 1cmQ| A 7|2 BFE=5LAH ZELA, Pellet Diedf| 7| 20| X| &0 ZO{ A PressE& Sll&L|Ct

2) Al Holder0l| 15 &2 A|l=22| A7|TE HEtM 0 FLICHE 17 282 20| =2tAa =2 =2 HErst oL L}
g 082 BL

=
3) PressEl AHX|E 17 &5 20| Se{+&1, =210|E =etA =z HESLE Si= L L
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A28 EH %7

= - L

R OF

. =
o T =

| 20| Q0| [}2} HolderE MoHCH 29t A|22| 20| 28 A2 ASCO| 18mm Glass Holder& A 7L} STDO

A
Low BG HolderS AFE3HC}

Sample Holder Divergence Slit Divergence Height Slit Scattering Slit Receiving Slit

1° 10 mm 1° 0.3 mm

e = ARQ| YO M2 HAF, ASCO| 5mm Glass Holder& M1 =A2F0| AL STDO| Low BG HolderS AtEStL,

I

Sample Holder

Divergence Slit

Divergence Height Slit

Scattering Slit

Receiving Slit

1/2 °

5 mm

1/2 °

0.3 mm

AMNiST
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o HOF A| 29| 0| M2 AL ASCO| Al HolderE A HL} STDO| Glass HolderE Ar&3SHLt

Divergence Slit Divergence Height Slit Scattering Slit Receiving Slit

1/4 ° 10 mm 1/4 ° 0.3 mm

% Bulk A|Z22| 4%, ASCO| Bottomless Al Holder& 2A7{L}, STD2| Bottomless Al Holder& AfESHC}

Sample Holder Divergence Slit Divergence Height Slit Scattering Slit Receiving Slit

1° 10 mm 1° 0.3 mm
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(Caution for use)

CCCCCC



Caution for HPXRD 64

< Sampling 2| At
+ HPXRD Al2& &2, Bulk, 1um O]&f2] Eato| AL HHO| JtsTLICE 2Ll AIEY2 %4 05 mg 0|4 2H Jts
otLt, O] B20|= Low BG Holder2 Bt 50| 7t LICt (EHO{ =7}, 2=|7ts)
- BH Mo = 3 mgl| YO| HRTLLCHL 22 A|ze 2% 12 2 HEHO|O S5tH, 22 AtO|of THERSH RIE A0 R
8%, MortarE = €0} &L},

- Bulk 22 2f%o| AL 7IE, MZE, FH7H1 cm, 1 cm, 2 mmE TH| gL|Ct Er8fo| A

fujo

40
T
gl
uo
OF

A Al =7 2EEE
« Sample displacement error?| A SIX| A= E, sample holder?| EHII 5L CHAHE FX| = JEE FO|gHL| L.
» HPXRD Geometry«= 6-20 goniometerE A|=7} 02| 4= 7|20 X|H, detector 4 =7} 202 7|20 X[= A= RLICE
2t D422 7[20{X|H A7 REE = UALEE AMgE 200 B2 T 90°2 M&H &

| 271 2£0& A2, Kaptone Tape (EtH: noise 37HE E&SIAHLE, & £ YHHO|Z I ¢ ELS S O|&310 A|=R2

o T
ras AL

AMNiST CHANGE



Caution for HPXRD

65

S8 A FAH
 X-ray &ElS N Control WindowE& E5l0| &H|o| MEfE E QX|$t 2, DoorHES £ & T 2x 20| Doorg €11 Et
SLICEH A2t =0 =22 022 QI8 X-rayZt ZH| Shut downO| gt o~ o, O|FH AP MESHA Door Off
Control padO| A reset HEZ =2 & L|LC}
« HPXRD+= 0.8 °FH £730| 7I55tLt, Divergence Silte| ZHE=E v, °=2 7G| OF LT}
Ol =&l Intensity’} 108t cps& B= 47, O F2 4= 2°5l0F S L|Lt. (detector =& M=)
« HPXRDE 1&E XM 2|E 247|2 =3H0| X0 60 kV, 300 mAE H7H0| 7tsStLt, M F IHFT s34 0|
e =E0| =0r, 40 kV, 200 mA= ARESHOF fL|Ct, A&7 EHA| Filament Short ZE-4ot22 F=O|gtL|Ct.
« A| =0 I2tA] Optic Setting= oliOF o, & MAE| & S8 U2 5 S8 &= of= A0 S L LT
- M| 22| E40] t2tA] Divergence Slit, Divergence Height Slit, Scattering Silt, Receiving Slit& & M85l & gfL|C}
QEREE-EXIR R0
« DHSZ =32 = HEZ off5F0{0F &LCH =82 = SlitE HEY Of, 7| 2reldr HAHSHA o BotX| s 8% Fel
otA X RS &L (H7|H22 SiltE Moot 220 F2[H 540| 716 1 &)
WUNiSsT CHANGE



Caution for NXRD 66

< Sampling 2| A
« NXRDE S L25HA 22, Bulk,, Tum O] Q| Btato| AL £7H0| 7tsBtLICt SHX[2, Sample Holdere sizeZt 37| W&
of 22lo| gt 0| = Sample Holder 7t& 2 S 2 A{0F &FL|C}.
Of Al, Bruker=.2|0} 02-3476-86002 = 125t A{ Al D8Advance Sample HolderE O{StA|EH & L|C}
S Al, Make Lab (7]7]7t5&-107& 1032)= H
3mgl| 0| ERUL|Cr &% AR2| &
2 42, Mortar2 &4 Z0} FLC}.

* Bulk or I 2[ 32 7=, MZ, F 7} 1cm, 1cm, 2mmE Z=H| gL|LH S8 9| 4L # 2ot A|=7F ZEEESE &

&l
Bl
_I_>'LJ
Hu FO

=0t SIEG{OF 81D, 2L ALO|Of THEFSE QIX{7t A0 Y

H| ¥ LTt

« Sample Displacement Error7 2 SIX| %=, Sample Holder2| EHIt 5Lot HHAE R XS = JEE Fo|gtL L}
* NXRD Geometry= 6-8 Goniometer=2 A|&2| Z =7} NHE|N QUL Source?l Detector?t 82| 4= ZX0|HA =
got= 7|79 H L MEfA, Alze| 720 Bl

HAM A\l BEME JhsSHL O}

I

AMNiST CHANGE



Caution for NXRD 67

. —

+ X-ray &ElS 2 Control WindowE &06t0] ZH|o| HENE & QX|et &, 'Open DoortHEZ +& 2 2x 20| DoorE

22 0|22 28 X-ray7t & Shut DownO| 282 o~ A0, 0|2 B2 Door Of2 “ Open

L
rjm
|0

|
-
-r

« NXRDE 6-6 Goniometry=2 T+ E[0] J}ESL|CE X-ray Source2l Detector?t OFEN 6L 2 S USHH SEO0|ER
KN 580 S7ts UL 7ttt 58 #2l= 10 °FH 110 °7tX| &IL{C},

o T

¥ 10° 0|2t 2 =™SIH Sourcel| 43 BeamO| DetectorE D& HH £~ Qo0 2 HHE A| F=O|SHA| 7| HFZHL|CY,

« NXRDE Auto Sampler ChangerE 0|83}0 £H 7t53tH, &£ Manual ModeZ = &8 0| 7Hs 2L Lt Manual Mode
S8Ae AR 2571 A5l 2 KX oL, 54 25 A|F0| E|H BtEA| A& 2|55 StA|0(Unload HE 2H), Cie

MEXL] A|R2et 5=0| == F2[5IA|7] BHE L L

M=ot Sample Holder 7t 578 S0 Sample Lift0f] 7|0{A LA 2X| pf=CtH, Sample Holderl| 2|&8& 1mm O|Lf=
Zror XArESH2| HEE LT,
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Software & References

“ Software
1) GSAS- Rietveld Refinement of Crystal Structures

2) FullProf- Rietveld Refinement of Crystal Structures

3) Rietan- Rietveld Refinement of Crystal Structures

4) PowderCell- Crystal Visualization and Simulated Diffraction Patterns

5) JCryst- Stereograms

<+ References
1) Elements of X-ray Diffraction, 3" Ed., B.D. Cullity and S.R. Stock

2) Introduction to X-ray Powder Diffractometry, R. Jenkins and R.L. Snyder

3) Basic Solid State Chemistry, 2"d Ed., A. West
4) X-ray Diffraction Procedures, H. Klug and L. Alexander
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