
Chapter 2: Experimental Methods

Scanning Probe Methods

Volume / Surface Averaging Techniques
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Atomic Force Microscopy (AFM)

short range: v.d. Waals Forces ..., electrostatic



Magnetic Force Microscopy (MFM)

~ 100 nm

20 x 20 mm

http://www.datarecoverytools.co.uk/wp-content/uploads/2009/12/mfm.png
http://www.datarecoverytools.co.uk/wp-content/uploads/2009/12/mfm.png


Scanning Capacitance Microscopy (SCM)

bruker company

NCU, Tw.



Scanning Probe Methods:

Strength: excellent real space resolution combined with
magnetic, electronics, optical, ..... information

Weakness: slow, no depth information



Wave Diffraction 

and

Reciprocal  Lattice

倒晶格



Sir William Lawrence Bragg & William Henry Brag: NP 1915
"For their services in the analysis of crystal structure by means of X-ray”



Generation of X-Rays

Spectrum of the X-rays emitted by an X-ray tube with a rhodium target, operated at 60 kV. The smooth, continuous curve 
is due to bremsstrahlung, and the spikes are characteristic K lines for rhodium atoms.

Bremsstrahlung

Characteristic K Lines

https://upload.wikimedia.org/wikipedia/commons/5/5c/TubeSpectrum.jpg
https://upload.wikimedia.org/wikipedia/commons/5/5c/TubeSpectrum.jpg
https://upload.wikimedia.org/wikipedia/commons/7/72/WaterCooledXrayTube.svg
https://upload.wikimedia.org/wikipedia/commons/7/72/WaterCooledXrayTube.svg
http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjmxePk4ZLWAhVFF5QKHWuOBrsQjRwIBw&url=http://colloidalfrere.blogspot.com/2015/03/rhodium.html&psig=AFQjCNHEm5j79bopnQdC7QcxxRkG9sNNEQ&ust=1504862981549619
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reflection at lattice planes &
constructive interference

(only elastic scattering is
considered)



A Monochromator Set-up

2 (d/n) sin = 

(110)

n =1        n =2     n = 4

Determination of Crystal Orientation



X-ray Powder diffraction pattern of Si

What contributes to the intensities ?



Scattering at lattice planes
(Bragg Reflection)

Scattering at the Basis
(Structure Factor, Atomic Form Factor)

n (r + T)  = n (r)

n (x), x element of Basis



A crystal is invariant under any translation of 
the form T= u1a1+ u2a2 + u3a3, where u1, u2, u3

are integers and a1, a2, a3 are the crystal axes

Electron number density n (r) is a periodic 
function of r: n (r + T)  = n (r)

Fourier Development:

Fourier Coefficient
Real Space

A lattice point in the Fourier Space



1D

3D



Reciprocal Lattice Vector

倒晶格向量

倒晶格



1. Every crystal has two lattices associated with it :  

the crystal lattice, and the reciprocal lattice.

晶體晶格 倒晶格

2.  The reciprocal lattice is a lattice in the Fourier space 

associated with the crystal. 

3.  A diffraction pattern of crystal is a map of the reciprocal 

lattice of the crystal.

Reciprocal Lattice 倒晶格
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Incident beam

Outgoing beam 

Bragg angle  =  ;      +  = 90 ;   sin = sin = cos

Crystal specimen

o

k  r = kr cos = kr sin = kr sin

r sin

k = 2/





Diffraction Conditions



And F is ~0  when Dk ≠ G

2k‧G + G2 = 0

Dk = G 



2k‧ G = G2

|G| = 2/d



Laue Equations



Ewald Sphere Construction

Reciprocal lattice



Take (23) divided by 4 at both sides

BRILLOUIN ZONES

A Brillouin zone is defined as a Wigner-Seitz primitive cell in 

the reciprocal lattice.



Plane 1 Plane 2



The set of planes that are the perpendicular bisectors of the reciprocal lattice
vectors is of general importance in the theory of wave propagation in crystals. A
wave whose wavevector drawn from the origin terminates on any of these planes
will satisfy the condition for diffraction.

These planes divide the Fourier space of the crystal into fragments, as shown in
Fig. 9b for a square lattice. The central square is a primitive cell of the reciprocal
lattice. It is a Wigner-Seitz cell of the reciprocal lattice.

the first Brillouin zone



The first Brillouin zone of an oblique lattice in two dimensions is 

constructed in Fig. 10, and of a linear lattice in one dimension in Fig. 11. 

The zone boundaries of the linear lattice are at k = ±𝜋/a, where a is the 

primitive axis of the crystal lattice.



First Brillouin zone

2-D oblique lattice



First Brillouin zone

1-D lattice



Reciprocal Lattices



Reciprocal Lattice of a Simple Cubic (sc) crystal

a1 = a x a2 = a y a3 = a z Volume: a1 · a2  a3 = a3

b1 = (2/a) x b2 = (2/a) y b3 = (2/a) z

Real Space Lattice

Reciprocal Lattice

1st Brillouin zone

½ b1 = (/a) x ½  b2 = (/a) y ½  b3 = (/a) z

cube of volume: (2/a)3

a

2/a



Reciprocal Lattice of a bcc Lattice

a1 = ½  a (-x+y+z) a2 = ½  a (x-y+z) a3 = ½  a (+x+y-z) Volume: a1 · a2  a3 = ½  a3

b1 = (2/a) (y+z) b2 = (2/a) (x+z) b3 = (2/a) (x+y)

Real Space Lattice

Reciprocal Lattice

1st Brillouin zone

(/a) (y z) (/a) (x z) (/a) (x y)

cube of volume: 2(2/a)3

a

2/a



Reciprocal Lattice of a fcc Lattice

a1 = ½  a (+y+z) a2 = ½  a (x+z) a3 = ½  a (+x+y) Volume: a1 · a2  a3 = ¼  a3

b1 = (2/a) (-x+y+z) b2 = (2/a) (+x-y+z) b3 = (2/a) (x+y-z)

Real Space Lattice

Reciprocal Lattice

1st Brillouin zone

(2/a) (2x) (2/a) (2y) (2/a) (2z)

cube of volume: (4/a)3

a

2/a



Fourier Analysis of the Basis

structure factor

atomic form factor (atomic property)



bcc unit (cubic) cell

1:(0,0,0)

2:(½ , ½ , ½ )rj = xja1 + yja2 + zja3

For each atom of the unit cell

r1 = 0; r2 = ½ a1 + ½ a2 + ½ a3

G = vjxb1 + vjyb2 + vjzb3

Real Lattice

Reciprocal Lattice

SG =  fj exp(-iG · rj) Structure Factor

Atomic Form Factor

G ·  rj = (vjb1 + vjb2 + vjb3 ) ·  (xja1 + yja2 + zja3 ) = 2  (vjxxj + vjyyj + vjzzj)

SG =  fj exp(-i2  (vjxxj + vjyyj + vjzzj)) 

if SG = 0 then even if G is a reciprocal lattice vector => no scattering

the solution is independent of how we choose the unit cell and basis



SG =  fj exp(-i2  (vjxj + vjyj + vjzj))

= f (1 + exp(- i  (vjx + vjy + vjz))

bcc unit (cubic) cell

1:(0,0,0)

2:(½ , ½ , ½ )

= 0 if vjx + vjy + vjz = odd integer for example (100), (111),....
= 2f if vjx + vjy + vjz = even integer for example (200), (110), ...





0,0,0

(0, ½ , ½ ) 

FCC (conventional unit cell: 4 atoms)

(½ , ½ ,0)
(½ ,0, ½ )

SG =  fj exp(-i2  (vjxxj + vjyyj + vjzzj))

= f (1 + exp(-i (vjyyj + vjyzj) + exp(-i (vjxxj + vjzzj) + exp(-i (vjxxj + vjyyj j))

0 for even – odd (mixed) – (211), (221), ....
=

4f for only even or only odd – (311), (222), .....





Looks like sc with a/2 unit cell !

Looks like fcc !



Cl-

K+

http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=&url=http://www.ptable.com/&psig=AFQjCNHAVGks3GcfKP-LNWl5JxQesUiJoA&ust=1505986374655603
http://www.google.com.tw/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=&url=http://www.ptable.com/&psig=AFQjCNHAVGks3GcfKP-LNWl5JxQesUiJoA&ust=1505986374655603


atomic form factor

spherically symmetric distribution of electron
density



(1) if electron density localized at r=0: (sin Gr)/Gr ~ 1

(2) Scattering in forward direction (G = 0)

f = Z 

(3) Most electron scattering centers are not affected by the chemical environment. 
Therefore, the atomic form factor is not very sensitive to small redistribution of electrons
due to bonding (valence electrons)

f represents the ration of the radiation amplitude scattered by the actual distribution in
an atom to that scattered by one electron localized at a point.



fcc Al metal


