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Crystal: a repeated (periodic) array of atoms

Crystal structure = Lattice + Basis of the Lattice Point

Lattice Basis Crystal

A crystal structure consists of identical copies of the same physical unit (a group
of atoms), called the basis, attached to all the points of a lattice.

A lattice is defined as an array of equivalent points in 1, 2 or 3 dimensions. The
environment of an atom placed on any one of these lattice points would be
identical to that placed on any other lattice point. Therefore the lattice locates
equivalent positions and shows the translational symmetry. The actual positions
of atoms or molecules, however, is not provided.

What is a “Crystal” - microscopic

High resolution STEM image
from a grain boundary in gold at
the atomic level; white dots can
be directly interpreted as atom
columns.

http://ww It i icle_display.

RCHI&C=Specl&ARTICLE_ID=333000&p=109

Bravais Lattice (24 &%)
A Bravais lattice is an infinite array of discrete points with an arrangement and
orientation that appears exactly the same, from whichever of the points the
array is viewed.

A (3-D) Bravais lattice consists of all points with position vectors R of the form

R=1a+mb +ne

where @, b, and € are any three vectors not all in the same plane, and /, m, and
R=2a,+3a,

n range through all integral values.

: basis vectors

!

generate the lattice

R=3a, +2a,
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14 Bravais Lattices - 3D (7 crystal classes + 4 types of unit cell)

P: primitive  I: body centered F: face centered  C: side centered
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lattice points in reciprocal space

lattice planes in real space
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A crystal‘can be described b)" s‘ets of evenly spaced parallel planes.
Represent each set of planes by its 7 and 1/d,,,, a vector (point) in reciprocal space

Bragg Law - X-ray reflected by the (hkl) planes
Path Difference L = 2d,,, sin(26/2)

m_ i(kF-ot)
E=Eype Constructive interference: L = nA
ki k= zi ke Bragg Law: 2d,;, sin(26/2) = nA
\ 2 /
6, b, 2. 1
B, B, 2x—sin(26/2) = 27—
d A Ikl
) 0 hkl _
s G=Z in(20/2) § = 4= G,
A dyy

condition for diffraction to occur

Find G’s from measurements,

Derive R’s from G’s

(one to one correspondence between G’s and R’s)
Crystal lattice is determined

Scattering by a charge distribution

X-rays are mainly scattered by electrons.

‘wave vector
k=2mn/n

scattering vector
G=(k'-k)

Path difference L =d cosd *+d cos® =d - (7' - 7))

W N T
Phase difference 7(](,, d-k,-d)= (k, d-k,-d)y=G-d
Scattering amplitude: 4 Otfpe(?) exp(ig F)d’F  FTofe density distribution
Scattering vector:  § = ];/ - /;, , q=2ksin(20/2)=4xsin(20/2)/ A
Intensity: I x ‘A‘Z

X-ray scattering probes the electron distribution within the sample.
We measure the square of its Fourier components.

Fourier Transform - 1D

f(x) F(k)
periodic periodic
withp=a with p =2m/a
T T T T
Gaussian Gaussian
with FWHM =a 1 with FWHM = 1/a

narrow broad
Gaussian Gaussian

Fourier Transform - Convolution

. 1 ) = -
f(x)= ﬂil’(k)e “dk  where  F(k)= :[;f(x)e dx

Convolution  f(x)®g(x) = }f(x') gx—x) dv' = g(x)® f(x)

‘ FII0)®e@]=F F®IF [g(X)]‘
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Fourier Transform - example

FU0O®gml=F F®IF [g @)

Real space basis lattice crystal (¢ density)
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The electronic distribution of the crystal can be described as the convolution of the

Bravais lattice with the electronic distribution of the basis.

T(x) cos(m) ® Soa-na) = N0 cos(m)]® 3 o(r-na) Fourier transform
: K. o Reciprocal space
basis fattice crystal structure factor reciprocal lattice diffraction pattern
- . C .

%sinc(k+%)+%sinc(k—%)- ".E.j(k_n%r) = "-24[5(1\7—n%{).[%sinc(k+%)+%sinc(k—%)] . : .. )
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LT ' A,

— - - 1 ‘ 4 . ., ° ©

intensity envelop peak position diffraction pattern . :
Reproduced from An Introduction to Synch Radiation by Philip Willmont

X-ray Scattering Intensity
group the electron distribution
P position of electron within an atom
F=R" +E+ 0 7. :the i atom within an unit cell
R™ : the m™ unit cell within the crystal

one crystal

one atom one molecule

structure factor

2 D)

1) o L[p:(?)exp(iq'r?)d 1@) = pre(F)exp(iw)d;F &) exp(iq-ﬁ.)] exp(iG+ R™)
id v
J

2

\ atomic form factor /

lattice sum

X-ray Scattering by Crystals

K K

atom unit cell whole crystal

= 3 S(@)exp(ig R,,,)

Lm,n —
where R, ,,, =1d+mb +nc for crystals

1-exp(iN,g,a) 1-exp(iN,q,b) 1-exp(iN.q.c)
I-exp(ig,a)  1-exp(iq,b) 1-exp(ig.c)

=8(2)

f : atomic scattering factor -~ A — 5 .
1tomic scattering factor It §=G,exp(ig-R,,)=exp(iN2r)

S : structure factor
constructive interference === Bragg reflection

Lattice mms) diffraction peak position

Basis === intensity profile

Diffraction peak position mms) crystal symmetry
lattice constant

structure factor
charge distribution

Intensity profile -_

Diffraction Pattern of A Single Atom

Assume a spherical charge distribution

A cutin 2D in
Real space reciprocal space reciprocal space
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Size Effect - Diffraction Pattern of A Row of Atoms Diffraction Patterns of Various Lattices
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i o — 91 g an oblique lattice
Scherrer’s equation L = FWEM(g) L= m The inverse relationship between
B .
4 G ialty real and reciprocal space
Pictures reproduced from Interactive Tutorial about Diffraction e si=d
(http://www.Iks physik uni-erl de/diffraction/teaching html)
Rotation of Crystal
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Rotation of diffraction
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Peak broadening — strain

2
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qg=— ‘Aq‘= Ad=%£=qs

Agq =qe proportional to ¢

(001) (002) (003)
1
J .- - . q
2/a 2:2/a 3-2/a
2nfa;, 22w, 32w,
211/a g 22mfag,  32mfags ag=095a

Diffraction Patter of Single Crystals
gle by Diffraction patter of a protein crystal

area detector

single crystal /{8

Lattice: symmetry, lattice parameters
Intensity distribution: atomic arrangement within a unit cell

Presentation No.



X-ray Powder Diffraction (XRD)

XRD pattern of a
single crystalline

Kfelu]

XRD pattern of many
crystallines
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Powder rings

Types of Crystalline Samples and Their Diffraction Patterns

single twinned crystal with textured powder nanoctrystalline
crystal crystal mosaic spread sample sample powder
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bad powder and good powder

Preferable particle size < 5 um  Detectable particle size > 3 u.c.

Good powder: uniform size and random orientation

X-ray Powder Diffraction (XRD)

Criteria of good sample:
« fine powder (um)
* random orientation

peak position
(111) . )
lattice constant & symmetry (220) Cubic SiC
(lattice) & @i A=0.6975 A

intensity distribution

331)(420
(200) (222) (400( Y420422) 5,

A o M
(within unit cell) z0

structure factor

30 a0 s0

26 (%)

Texture - Pole figures

Pole figures show the stereographic projection of the locations where a
selected crystallographic plane, defined by its interplanar distance d value, is
in a reflection position.

To define the orientation of a crystal, we usually specify the directions of a
crystallographic plane, such as the (001) plane of a cubic system.

r=R tan(y/2) 1
X=rcos ¢
Y=rsin¢
- -y
98¢ 1sing)
v
X

Texture - Pole figures

With fixed |g|, measure the diffraction intensity while rotating the sample
orientation over a hemisphere. === Spatial distribution of orientations.

Experimental method:
With a given, 26, a series of ¢ scans is performed at regularly incremented y values.

Ag/NaCl(001) [001],,, || [001 e
g NaCl = -
<220> pole figure [100], || [100]x,c1 [q1= [Gxagl = 20/d59
Ag: fee structure
L
t
H~ ¥ ¥
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Texture - Pole figures (epitaxial) Texture — pole figure (preferred orientation)

With fixed |g|, measure the diffraction intensity while rotating the sample Si cubic a =5.431A
orientation over a hemisphere. === Spatial distribution of orientations. ZnO/Si(111) cubie '
ZnO Wurtzite (hexagonal)

Ag/NaCl(001) Ag{220} pole figure

(0001)z40 [| (11 1)s;

B

a3
|g[=2m/d.
BT 04 (202 (101),0
8 )
0% 03y |
, - 022) /(010 2
a, A [010]xacr [112]
& 220 220 a
| 11007
10011 111001y e l[l 10,

[100], I [100]

!

Columnar growth, no fixed in-plane orientation

The other method: azimuthal scan i.e., phi scan

Azimuthal Scans (Epitaxial Relationship)
With ﬁxgd |, rotate sample against surface normal or crystalline Texture - Pole figures
a3

cubic-on-cubic growth . . . [N
For a powder sample, you will see a uniform intensity distribution over

01)
10 . . . —— o, . the entire sphere. Each angular position corresponds to a crystalline.
“ 3 —— substrate (111)
film | N “ L Y
] L
N 10" - @ -
ay » K - - X
(001 ]
111) P
1074 H
50 100 150 200 250 300 350 | |
substrate " (deg)
i = ‘ <] a’ In-plane 45° rotation, i.c. Pole figure bears the information about crystalline orientation and symmetry
d‘ ' h <100>mm H <110>sub
High Tc Superconductor Thin Films Radial scan along surface normal of YBCO/STO(001)

YBa,Cu,0,,,0<0.1
grown by PLD  SrTiOj: cubic structure with a =3.905 A 10 STol002)
T~3000A  orthorhombic yBCO: orthorhombic with e veeees

or tetragonal a=3.823A,b=3.887 A, c=11.677 A @
= or _10°{ vecoor) ¥80000)
tetragonal with ERY vacowe

YBCO(007)
YBCO(006) @ STO(002)
YBCO(005)
YBCO(004)
YBCO(003) ® STO01)

YBCO(007)

YBCO(005)

a=3.85A,andc= 11.665A 10° Thoowey
10" YBCOWOI)
ag10 ~ Aypco ~ bysco 10
3ag10 ~ Cynco 10°
104 h
00 05 10 15 20 25 30
(s No peaks at (m/3 n/3 1) were observed.

The intensity profile of a 6 -26 scan along surface YBCO films are (001) oriented.
normal. The Miller indices of each Bragg reflection is
marked on the top.

7o it

AFM images
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h-k mesh scans at various reflections

014 Koo
(104) 014 C et
1385 J»
E 1.335
1.325
"e w2 Lw A A I
H il S U
(-112) BN T
2 v oS I =
-L.00
E 1.0 Satellites are displaced along cither
4@ [110]or [1-10] direction
-Lm Same pattern was observed at S0K.

Q% 10D L0l 1.02 .08 LO4 This pattern is T independent.
rlul

The patterns are independent of / <= not due to lattice tilting
Satellites are displaced along either [110]or [1-10] direction <=m=>not due to lattice twisting

EXT—T
Wi

Coexistence of twins with [1.£1 0] || [1 21 0]¢;,

- Four twins with [1 =1 0] || [1 =1 0]y This
arrangement is equivalent to that two domains have
their [1 0 0] direction deviate from STO [1 0 0] by

~ £13° and the other two domains with their [0 1 0]

direction deviate from STO [1 0 0] by =1.3°.

Hsro orthorhombic structure with
a=384A,b=390Aandc=11.67A
The lattice of the YBCO films is fully relaxed.

Y Cu,Ba;0,-0 grown epitaxially on STO(001) has orthorhombic structure with
(001)ygco Il (001)gro. Twins with (1£10)ypeq || (1 £ 10)gr, coexist.

€CD camera fibre.

Fiber Diffraction
Two types of nano-crystallines
exist in spider silk
XGRS B Sk S AR K B

Spider Silk (Nephila A & %k drag line

The most basic & stable (secondary)
structural units found in proteins
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single

Hokk 446 R R X L4
H.-S. Sheu et al. F) 484 i #, 52, 2002)

Spider Silk combines the advantages
of both aramid and nylon

aramid —# 5% A 44 G R R )

Spider Silk

Stress

Toughness

% Elongation gy ———

Structural change of stretched spider silk

Two kinds of crystallines exhibit different deformation behavior upon stretching

C. Moluccensis
(E s ¥okk)

S 40 Bupeds-p

‘d-spacing of (0 0

Nephila (A@¥esk) C. moluccensis (% pE#o¥k)

L=1, T
(nature C ‘ ’
length) dry / \
L=0.461, R disorder '
(wet & l
contracted "

order

)

. .|

L=0.651, o order
then . s
stretched

4

200 0 10 2 Mok 4h Y AB 45 L XE AR 4R AE @ 64
Scattering vector, q=4xSin0/h, nm”" AR EBEAS
Shok 4B ABLE IS AR 4 @ E)  olecular chain orientation in supercontracted and
AR EHRETE reextended spider silk

Int. J. Biological 24(1999) 203-210.
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A schematic of a X-ray Nanoscroscopy

ccD
- Polychromatic <> Monochromatic

Differential  y p
< Aperture

Removable Small-
Mirrors displacement Monochromator

resolution ~ 50-100 nm

Polychromatic Laue patterns and
monochromatic diffraction patterns,
fluorescence emission from x-ray
microbeams provides local composition,
structure, orientation, and elastic strain
tensors with 3D submicron spatial
resolution.
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DAXM with depth sensitivity

Strain €,,* map before EM

BE o .--i'-!iﬂ

n 1
L:30 mm, W:2.6 mm, T:0.75 mm

in-plane orientation maps

A strong strain gradient formed in the
upstream part of the Al lines. Strains A

along the downstream part of the lines
we@maller and more scattered. oo

The EM is mainly along the top and
bottom interfaces, with less EM flux
near the edges of the line than near
the center due to the stronger
mechanical constraint by the
passivation layer near the edges of
the line.

JAP 104, 123533 (2008).

X-ray Diffraction Microscope - Orientation Distribution
0. 50 Mm thick

gram size ~ 50 um

Superconductor wire made
by epitaxial growth of

. )
YBCO on textured Ni tape p
% CeO, epi-layer Rolled and recrystalhzed Ni
buffered with YSZ/CeO, 2 foils with (001 normal

q

High-angle grain b ies degrades ductivity and lead to brittle
mechanical properties of superconductor.

Orientation map for epitaxial CeO, film (a) grown on roll-textured Ni substrates (b).
The lines represent grain boundaries. Areas of the same color denote regions in
which all grain boundaries have rotations < 5° and therefore do not disrupt current
flow. Grains of different colors have rotations > 5° and disrupt current flow.

Systematic crystallographic tilts between the film and substrate are present.

The film is not exactly aligned with the substrate.

MRS Bull. 29, 170 (2004).
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