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History of X-ray diffraction
18951895 
German physicist Röntgen discovers a new form of 
radiation. Röntgen radiation was later called X-radiation 
(X for unknown) Nobel Prize for Physics 1901(X-for unknown). Nobel Prize for Physics 1901.

1912
von Laue demonstrates wave nature of X-rays by Wilhelm Conrad Röntgeny y
diffraction through a crystal of copper sulfate. Spots 
appeared on a photographic plate. He reasoned that the 
periodic crystal lattice acted upon X-rays in an analogous 

Wilhelm Conrad Röntgen

way to an optical diffraction grating does on light waves.  
Nobel Prize for Physics 1914.

Max von Laue

Main conclusions
(1) Wave nature of X-rays
(2) Wavelength comparable 
to spacings between atomsto spacings between atoms, 
i.e 10-10 m



1913
WH and WL Bragg suggested that diffraction could be interpreted asWH and WL Bragg suggested that diffraction could be interpreted as 
reflections from imaginary planes within the crystal. The planes acted as 
semitransparent mirrors on the X-rays. They showed that diffraction could 
only occur when the path difference between adjacent planes was equal to y p j p q
an integral multiple of the wavelength. Nobel Prize for Physics 1915.

William H 
Bragg

William L 
BraggBragg Bragg



1914
Debye and Scherrer and Hull independently demonstrate X ray powder diffractionDebye and Scherrer and Hull independently demonstrate X-ray powder diffraction. 
The camera developed by Debye and Scherrer was generally used until quite 
recently. Nobel Prize for Chemistry 1936.

Paul Scherrer
Peter Debye



X-rays

X-rays with λ ≈ 1 Å are used in diffraction 
i.e. ≈ to the lattice spacings in crystals.

X tt d b th l t hi hX-rays are scattered by the electrons which 
surround atoms.

The amount of beam scattered depends on the atomic number, i.e. the 

The scattering factor f is defined as the 
amplitude of the scattered wave in terms 

p ,
number of electrons.

of the scattering power of one electron 
taken as unity.

Scattering also decreases ith theScattering also decreases with the 
incident radiation angle θ due to the 
finite volume of the atom.



Bragg’s Law
Consider two parallel X ray waves striking successive planes in a crystalConsider two parallel X-ray waves striking successive planes in a crystal 
lattice.  

Path difference between waves = 2x = 2dsinθ

In order for the waves to emerge 
from the crystal as diffracted beams 
th t i t f t ti lthey must interfere constructively.



Constructive interference occurs when the path difference is equal to 
i t l b f l than integral number of wavelengths

n λ = 2 d sinθ (Bragg’s Law)n λ = 2 d sinθ (Bragg s Law)

n is the order of diffraction. In modern usage the definitions of d and θ
take into account the order and Bragg’s law is now used as:gg

λ = 2 dhkl sinθhkl

where hkl are the Miller indices of a particular set of parallel planes 



Systematic Absences
Not all combinations of h k and l will give rise to diffraction Many may beNot all combinations of h, k and l will give rise to diffraction. Many may be 
absent from reflection data due to systematic absences which are caused 
by the symmetry of the lattice.

Systematic absences are very important in space group determination.

e.g. Body centred cubic

A-C = λ,  001 waves in phase

In a primitive cubic lattice 001 reflection 
presentpresent

A-C = λ, 001 waves in phase. However 
002 planes halfway between 001 and002 planes halfway between 001 and 
waves from these are 180° out of phase 
with 001. Destructive interference 
occurs.occurs.

In a BCC lattice 001 reflection absent.



There are two types of systematic absence

(1) General systematic absences affect all hkl data and are caused by 
centering.

Centering       Absence condition
P none
A k + l = 2n + 1
B h + l = 2n + 1
C h + k = 2n + 1
I h + k + l = 2n + 1
F h + k and k + l and h + l = 2n + 1
R h - k + l or h - k - l = 3n + 1



(2) Special systematic absences are caused by translational symmetry 
and affect only certain types of hkland affect only certain types of hkl.

Screw Axes
e g 21 axis parallel to be.g. 21 axis parallel to b.

0 k 0 absent when k = 2n + 1

Glide Planes
e.g. c-glide perpendicular to b

h 0 l absent when l = 2n + 1





Space Group Determinative Tables

Ref: International Tables for 
Crystallography Vol. A













e.g. 
A compound with a monoclinic cell gave the following X-ray powder p g g y p
diffraction data

h k l I %
0 2 0 100
1 1 1 70
1 0 0 80
0 1 1 10
0 2 1 200 2 1 20
0 4 0 80
0 0 1 10

No general absences therefore P.
0 k 0 absent when k odd therefore 21 axis parallel to b. 
No other systematic absences.No other systematic absences. 

Therefore space group is P 21 or P 21/m.

Note we cannot determine point symmetry from systematic absences. 



Intensities of Reflections
X rays are scattered by the electrons of the atoms in a crystal structureX-rays are scattered by the electrons of the atoms in a crystal structure. 
Therefore the greater the number of electrons the stronger the scattering 
power of the atom. The scattering factor f decreases with scattering angle θ.

Path difference = ABC 
=2D sinθ ( D is the (
diameter of the atom)

ABC is generally less than λ so 
interference is incomplete. As θ
increases ABC increases andincreases ABC increases and 
destructive interference increases 
and therefore scattering falls off with 
θ.θ.



The main factors that influence intensities are

(1) Scattering factors f
(2) Geometrical factors
These are due to the diffractometer geometryThese are due to the diffractometer geometry
(3) Polarisation factor 
X-rays are polarised so the intensity is reduced by this factor as a function 
of θof θ.
(4) Absorption 
Large crystals with heavy atoms cause a reduction in intensity.
(5) Thermal vibration( )
This has the effect of enlarging the electron cloud and therefore an 
increase in path difference resulting in a decrease in scattering with θ.
(6) Extinction
Diffracted X-rays making their way out of a crystal may be diffracted again 
or scattered. This can result in enhancement of certain reflections with 
respect to others.



Intensity Relationships and 
Unique ReflectionsUnique Reflections

Symmetry of space groups and crystal systems often results in 
theoretically equal intensities for certain types of reflection.y q yp

e.g. A centre of symmetry  (Friedel’s Law)

II ≡ etcIIei ≡lkhhkl II ≡ ... 123321 etcIIei ≡

Monoclinic centrosymmetric

lkhlkhlkhhkl IIII ≡≡≡

Orthorhombic centrosymmetric

IIIIIIII ≡≡≡≡≡≡≡ lkhlkhlkhlkhlkhlkhlkhhkl IIIIIIII ≡≡≡≡≡≡≡



Therefore for monoclinic cells one 
quadrant of reciprocal space 
represents the unique data

Ref: X-ray Structure 
Determination. ADetermination. A 
practical Guide. G.H. 
Stout and L.H. Jensen 
2nd ed. 1989 Wiley 
New York.

For orthorhombic cells one octant of 
i l t threciprocal space represents the 

unique data.



Structure Factors
Each atom r has a net scattering power f To calculate the total intensity ofEach atom, r, has a net scattering power fr. To calculate the total intensity of 
any given reflection, the scattering factors (fr) for each atom in the unit cell 
must be summed.

Since each atom in the unit cell will be in a different position, the X-rays 
emerging after scattering from a plane will have travelled different 
distances. This phase difference in the waves also needs to be taken into 
account. The quantity used for this is the structure factor, Fhkl.
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Where, 

N is the number of atoms in the unit cell, h,k and l are the Miller indices of a 
particular reflection, xr, yr, and zr are the fractional coordinates of atom r,  fr
is the scattering factor of atom r at θ corresponding to the particular h k lis the scattering factor of atom r at θ corresponding to the particular h,k,l
reflection.



For centrosymmetric crystals

x, y, z is equivalent to -x, -y,- z

Therefore the imaginary part becomes 

sin2π (hxr + kyr + lzr) + sin2π (-hxr - kyr - lzr)

Since sin( θ) sin(θ) thenSince sin(-θ) = -sin(θ) then

Imaginary part = sin2π (hxr + kyr + lzr) - sin2π (hxr + kyr + lzr)
= 0 0

Therefore for centrosymmetric crystals:
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The Phase Problem

hklhkl IF ∝

This means that from the intensity data we can know the magnitude of 

hklhkl

the structure factor but not its phase. This is known as the phase 
problem of crystallography.



Density
How can we find out the number of atoms or molecules in a unit cell ?How can we find out the number of atoms or molecules in a unit cell ?

This is done by measurement of density ρ.

cellunitofVolume
cellunitofMass

=ρ

ANV
MwZ

=ρ

Where,  Z = Number of formula units per unit cell, Mw = Formula weight, 
V = Volume of unit cell, NA = Avogadro’s constant

Densities can be measured in a density bottle. V is calculated from the 
cell dimensions obtained from diffraction measurements.



e.g.
Crystals of WO2Cl2 (Mw = 287 g mol-1) crystallise in the space group I222Crystals of WO2Cl2 (Mw  287 g mol ) crystallise in the space group, I222 
with ρ = 4.67 g cm-3 and unit cell dimensions a = 3.84, b = 3.88 and c = 
13.87 Å. How many formula units of WO2Cl2 are present in the unit cell ?

Now for an orthogonal system V = a × b × c

∴ V = 206.5 Å3 (1Å3 = 1 × 10-24 cm-3)
Now

ANV
MwZ

=ρ

2324 1002.61065.206
287

×××
×

=⇒ −

Zρ

31.2
67.4

=⇒ Z

2≈⇒ Z i.e. 2 formula units per cell.



Diffraction Techniques
Crystallographic data collection can be divided into two broad areas ofCrystallographic data collection can be divided into two broad areas of 
study.

Diffraction Techniques

Powder techniques Single crystal techniques
e.g.
Debye-Scherrer e.g.Debye Scherrer
Guinier
Powder diffractometer

(1) G d f lit ti k

Weissenberg Camera
Precession Camera
4-circle diffractometer

(1) Good for qualitative work
(2) Excellent resolution of cell 
parameters
(3) Superlattice reflections easily 

(1) No multiplicity of reflections
(2) Excellent resolution of thermal 
parameters
(3) At i t ll( ) p y

observed
(4) No need to grow single crystals
(5) Ab-initio difficult

(3) Atomic parameters well 
resolved
(4) Ab-initio determinations routine


