Chapter 3 Diffraction Theory

Elastic scattering

- interaction of e beam / atom (chapter 3)

- interaction of e beam / unit cell (chapter |6)

- interaction of e beam / crystalline sample (chapter |6)
- reciprocal lattice(chapter |2)

- Diffraction Pattern

- Shape Effect of Nano-object (Chapter |7)



3.1 interaction beam / atom
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(@ 3.1.1 Elastic Scattering (particle picture)

As an electron approaches an “isolated” atom, it
feels Coulomb potential of atom, it will diffract its

direction due to Coulomb force. This is the nature of _L l k,
a charge particle.

Coulomb potential includes two contributions:
1) Nucleus 2) Electron Cloud
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Noting that x-ray is e'Iec'tro-magne't'ic wave on'ly iInteracts with electron could but
not nucleus.
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3.1.3 Imaging of Single Atom

NTER
NTHU
Incoming electron interacts with electrostatic potential
contributing from both nucleus and electron cloud
(X-ray only interacts with electron cloud)
Atomi
y _ elzd(r) - p(r)] —— focuser

dme r -
‘ electrostatic field of an
atom acts as an

electrostatic lens

Lens does two focus action

(two Fourier transforms in Math) i
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Further on atomic scattering factor
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NTHU
L elzd(r) = p(r)]
de r
£(8) = £ (H) = 23U = 2’;’2"’ 3V, (1)
= ey | 2800) Oy M ey
H? 27th’s, H|=-— £ Sm(g) sae 21 D)

f*(H) or fX(©@) is called x-ray scattering factor and is the Fourier
transform of electron cloud, since the x-ray only interacts with the
electron cloud. /)

The unit of f¢/(O) is the length (nm) (A’

I’ pe

* fel decreases as increasing of 0
* feldecreases as decreasing of A

* f¢lincreases as increasing of Z

« refer to “P.A. Doyle Hartree-Folk X-Ray
and Electron Scattering Factors”.Acta
Cryst.(1968)A24, 390 0
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|5 -4 5f—— coherent length > "a”
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| _)\ 3.1.4 Scattering (Daffraction) from two atoms

—— coherent length > “a”

NTHU

'V cxp(ik, -r)

*For observer at far distance P, he
saw the incoming wave was
diffracted by the sum of electrostatic
potential of bi-atoms (Fraunhofer

V(x)*(8 (x)+ 8 (x+a)) Diffraction)
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\\\\/‘-‘9 - B o _Potential is placed at
— =1 the positions given by
=\ T "5 functions
] T
k : k’
: Ghase of wave\
e’ : 1 O gives the
: : relative
position of
atoms
F (V(x)*#(d (x)+ 0 (x+a)))
p® e  =T(V(x).(1+exp(2niHa))
=felexp(exp(2mi 0))+f! (exp(PriHa))

. second atom
amplitude of wave depends on th ~ : ~ -
atomic potential (kinds of atom) interference of produces phase shift

two diffracted

waves
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(a)f&.0> 37 J7 (body-center cubic,bec)
e N A R E R (0,0,0) K2(1/2,1/2,1/2)
F=f{exp(27i(h-0+k-0-+1-0)+exp(2mi(h- 1/2-+k- 1/2+1-1/2)}
=f{1+exp(mi(h+k+1)} hk,] AR F5EL
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(b) A1 .U> 37 F7 (face-center cubic,bec)

an e Y A P J51+(0,0,0), (1/2,1/2,0), (0,1/

2.1/2)%(1/2,0.1/2)

F=f{exp(2mi(h-0+k"0-+1-0)+exp(2mi(h- 1/2+k-1/2+1-0) +exp(2i(h -0

+k-1/2+1-1/2) +exp(2mi(h -1/2 +k-0+1-1/2) }

=f{ 1+exp(mi(h+k) +exp(mi(k+) +exp(mi(h+l)} hk,1 %>

j5E 1 12 (selection rule)
F=4f % h, k, I=un-mixed

=0 & h, k, I=mixed
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(c) MO & B A 4

Diamond: |(((0) (%%0) (%O%) (O%%)
genlerell el CrediCee)

Basis: super lattice diffraction
F=t{exp(2mi(h-0+k-0+1-0)+eXp(2mi(h-1/4+k-1/4+1-1/4)}
{ 1+exp(mi(h+k) +exp(mi(k+1) +exp(mi(h+1)}

[.attice fundamental diffraction



(d) NiAl (L10) A . /
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Crystal type Reflection present for F  No. of lattice points
per cell
Primitive Any h, k, | f 1
Body centered (h+k+1)=2n 2f 2
Face centered including GaAs h, kand / all odd or all even 4f 4
and NaCl
Diamond As fce but if all even and h+ k+ I # 4n then
absent, anyway
Base centered h, kand / all odd or all even 2f 2
Example reflection
Hexagonal close-packed h + 2k = 3n with / odd 0 0001
h+ 2k = 3nwith /even 2f 0002
h+ 2k=3n+ 1 with / odd f3 0111

h+ 2k=3n+ 1 with /even f 0110




3.3 interaction of 3 beam / crystalllne sample

M 25(AB+BO)Am n 15 7 2 31 T 35

%@ 2E A d, R4t A O AB+BC=2d sin 0, = n A
b X 4% & Bragg’s Law

Bragg H b/~ M523 R & 25,

S oAaem ouc[d
JuPIdU]

’

#Bragg’ s/~ AKRFITAF B WA - FRMED N5 A A
ji,. b5 #5 A7 Ko NS K 89 & RM=12.2/EV2), 471 °T # & #4 o
A L0 &R R R T ey R 8B, \

- BAELSS T AZERENER T

“' .' = w
. " 9:.; &
.‘\ .\\ = %
= @ )z 3
% + Je O
" W, ‘.\‘ é'?;o
' ' 3

|
‘ |

e ;\ nh = 2d sin O
Bragg's law



DL B8 252

H=k’-k, (Bragg’s condition)
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1 ¥ (plane trace)
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Fourier Transform of periodic function

f(x) =30 (x~na) f(H)
3a-2a-a 0 a 2a 3a -3/a-2/a-1/a0 1/a 2/a 3/a
L 7 gk 8] 22 [H]
(E7EH) GEsHERE
F(H) = f 26 (x — na) exp(—2stikx)dx
= }i 0 (x —na) exp{— 2nik(x — na) }exp(—hikna)dx
I PR R FEk=1/a BT ool
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= E exp(—2mnikna) =
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/ radius =3 Ewald
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Zone axis SADPs have symmetry closely related to symmetry of crystal lattice

Example: FCC aluminium

[00 1]

(1117

4-fold rotation axis

2-fold rotation axis

6-fold rotation axis - but [| | 1] actually 3-fold axis .
Need third dimension for true symmetry!




Ring diffraction patterns

Larger crystals => more “spotty” patterns

Example: ZnO nanocrystals ~20 nm in diameter




Ring diffraction patterns

If selected area aperture selects numerous, randomly-oriented nanocrystals,
SADP consists of rings sampling all possible diffracting planes

- like powder X-ray diffraction

Example: “needles” of contaminant cubic MnZnO3 - which XRD failed to observe!
Note: if scattering sufficiently kinematical, can compare intensities with those of X-ray PDF files



Amorphous diffraction pattern

Crystals: short-range order and long-range order

Amorphous materials: no long-range order, but do have short-range order

ZKm4nr2p(r)

8000
6000
4000

2000

(roughly uniform interatomic distances as atoms pack around each other)

Short-range order produces diffuse rings in diffraction pattern

Example:

SieSi
Sis0
0+0
10,000 Sis0 SieSi
| T

l

Vitreous SIO:

0 10 20 30 40 50 60 70 — :
rin A Vitrified germanium

(M. H. Bhat et al. Nature 448 787 (2007)



Crystallographically-oriented precipitates

Co-Ni-Al shape memory alloy, austenitic with Co-rich precipitates

Dark-field image

' B e » » ‘/
e ‘mXBY » .

. S . ‘ . .
ot oty

. . a o o w ’

B2[110] * °

Burgers relationship:
of h.c.p. e-Co (110)82//(001)h.c_p.; ['11'1132//[11°]h.c.p.

of h.c.p. e-Co (110)g,//(001), . . ; [-111]82//[110],\.”,.

30
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Double diffraction

Special type of multiple elastic scattering: diffracted beam
travelling through a crystal is rediffracted

Example |: rediffraction in different crystal - NiO being reduced to Ni in-situ in TEM
Epitaxial relationship between the two FCC structures (NiO:a = 0.42 nm Ni:a = 0.37 nm)

NiO [110]

200
. 1M1 *
. 022

000 71

T=400°C T=480°C .
t=0min — t= 75 MIN [ —— t=115 min

T=250°C

10nm"~] 10nm-~]

Formation of satellite spots around Bragg reflections



Double diffraction

Example |l: rediffraction in the same crystal; appearance of forbidden reflections
Example of silicon; from symmetry of the structure {2 0 0} reflections should be absent

However, normally see them because of double diffraction

Simulate diffraction pattern
on [| | 0] zone axis:




Fourier Transform of Top-Hat Function

—) Fraunhofer Diffraction
M CENTER
- NTHU

...... F(H)=F(f(x))

Incident : § "
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3.3.4 Shape Effect for nano-object

F(x)
4

Fourier
Transform

Wave wnplitude in Fraunhofer plane (the
Fourier transform of a top-hat function)

8

[=|AP= |FP (sinz(anK.a)) (sinz(nNyK.b)) (sinz(nNzK.c))

sin’(nK.a) sin” (nK.b) sin” (1K .c)




3.3.5 Thin Foil Effect
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3.3.4 Dit

from nano-Precipitates, particles
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