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Solid: Can you define it?  
 High density (~1022-23 atoms/cc) 

 Low compressibility  

 Definite Shape 

 Mechanical Strength  

 Rigidity 

 Luster (?)  

  



Classification of Solid 
  Crystalline  

  Sharp melting point  

  Flat faces and sharp edges 

  Symmetrically arranged 

  Long range order 

  Short range order 

 Amorphous  

  No ordered arrangement 

 “Super cooled liquid”  

 



 Crystal Lattices 
  A crystal is build up from regularly repeating “structural 

motifs”, which may be atoms, molecules, or group of 
atoms, molecules or ions.  

 A space lattice is the pattern formed by points 
representing the locations of the structural motifs.  

Motifs + Lattice = 
Crystal 



Another definition … 
 A space lattice is a three dimensional, infinite array of 

points, each of which is surrounded in an identical way 
by its neighbors and which defines the basic structure of 
the crystal. 

 The unit cell is an imaginary parallelepiped (parallel-
sided) that contains one unit of the translatioanally  
repeating pattern (not reflection and inversion) . A unit 
cell can be thought of as the fundamental region from 
which the entire crystal may be constructed by purely 
translational displacement.       



Unit Cell 
 Definition: You Know !!! From last slide… 

  Construction of Unit Cell 

  A unit cell is formed by joining lattice points by straight lines. 
Such unit cells are called primitive. It is sometimes more 
convenient to draw larger non-primitive unit cells that also 
have lattice points at their centers or on the pairs of opposite 
faces.   

 

 



 An infinite number of different u.c. can describe the 
same lattice but the one with side that have shortest 
lengths and that re most nearly perpendicular to one 
another is normally chosen.  

 
Depending upon the 

relation   between these 
parameters the unit cells 
can be divided into seven 
groups. Again these seven 
different types of the 
crystals can further 
subdivided into 14 types.   
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14 Bravais lattices 

NAME Dimension Category Example 

CUBIC a = b = c; a = b= g= 90 S, BC, FC NaCl, KCl 

Tetragonal a = b  c; a = b= g= 90 S, BC Sn, SnO2, TiO2 

Orthorhombic a  b  c; a = b= g= 90 S,BC,FC,EC KNO3, K2SO4 

Rhombohedral a = b = c; a = b= g 90 S NaNO3 

Hexagonal a = b  c; a = b= 90, g= 120 S Na2SO4 

Monoclinic a  b  c; a  g= 90  b S, EC CaSO4 

Triclinic a  b  c; a  b g S CuSO4, 5H2O 

Why every unit cell is not present in every system?  





Contribution of corners:  
Nc/8 



Contribution of interior motifs:  Ni 



Contribution of motifs on faces:  Ni
 /2 



So… 
Number of atoms per unit cell: N=Ni + Nf/2 +Nc/8. 

 Coordination Number: Each atom of the crystal 
structure is surrounded by other structural motifs and all 
structural motifs have identical surroundings. The 
number of nearest surrounding neighbors of any 
structural motif is called the coordination number.  

 BCC: 8; FCC: 12; HCP: 12.  

Atomic Packing Factor:  

 =(Volume of atoms in a unit cell)/ (Volume of the UC) 

SC: .52, BCC: .68; FCC: .74 (Prove this) 

 



Early Ages of Crystallography: 1669  
Nicolaus Steno   

 Faces of a crystal are always constant. In other words, the 
angles between the corresponding faces on various crystals 
of the same substance are constant.  

 

 

 

 

A crystal of a particular substance may be recognized by the 
study of the angles the faces make with each other.  With 
the help of a Goniometer  one can measure the angle 
between the faces.  
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Goniometer  



Planes inside a lattice 



Crystallographic Axis 
 In order to describe the relative directions and 

orientations of the faces and also the planes 
present within the crystal, three suitable axes are 
chosen which meet a point, say O, These axes can 
be selected in a number of ways depending upon 
the symmetries of the crystal.  

 

 The best choice is the line, coinciding with or 
parallel to the edges between the principal faces. 
These three lines are called crystallographic axes.  



Law of rational indices 
 Lets consider the following diagram 
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The intercepts made by any face 
of the crystal on the 
crystallographic axes are either  
(1)Same as those of the unit 

plane or  
 

(2)Simple whole number 
multiples of those of the unit 
plane, or 
 

(3)One or two intercepts may be 
infinity, if the face is parallel 
to one or two axes.  

UNIT PLANE 



  According to Haüy,  “it is possible to choose the unit 
lengths a, b, and c along the three basis vectors such 
that the ratio of each of the intercepts h,k and l to 
the corresponding unit length is either an integer or a 
ratio of two integers.” (Kapoor) 

 The three ratios are known as Weiss Indices of the 
plane.  

   

Another version of “Law of rational indices” 

a 

b 

1) a, b,  
2) 2a, 2b,  
3) 3a, 3b,  

Intercepts are:  

Miller Indices?  



Miller indices (hkl) 

 Suppose n1, n2, n3 are the 
coefficients of the intercepts 
of a given plane on the 
crystallographic axes. 
Reciprocals of the numbers n1, 
n2, and n3 are taken and 
multiplied by the lowest 
number LCM of the 
denominators. So as to 
express all reciprocals as 
integers. The integers thus 
obtained are called Miller 
Indices.   
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PICTORIAL DESCRIPTION 



  The intercept made by 
DEF are usually expressed 
in terms of the intercepts of 
the unit plane (a, b, c) as 
followes:  

OD = a/h; OE=b/k; OF= c/l. 

 

The Miller indices of the 
plane is represented as 
(hkl). 

 

Miller indices (hkl) Cont… 
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The vector which passes through the 
origin of the reference coordinates, is 
ordinarily used to determine the 
directional indicies.  

A direction within the space lattice is 
represented by aline passing through 
the origin and any other point P in 
space. (Figure)  

This line may be identified simply by 
stating the coordinates of P. 

The coordinates are expressed in 
terms of a, b, c and reduced to the 
smallest integers 

These are the Miller indices of the 
direction in question. 
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I Know This-I  

(110) 

b/2 

a/2 
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(hkl)  ? 



(110) (100) 

d100 

d110 

The questions… 

1. What will be the Interplaner Spacing ? 
2. Why is this necessary?   



 The distance between the two (hkl) planes measured 
at right angles to them is known as interplaner 
spacing.  

It is function of a, b, c and a, b, g. This is denoted  by 
dhkl. (Derive the formula for cubic system: HW) 

Interplaner Spacing  

NAME dhkl 
Volume of 
unit cell 

CUBIC 

Tetragonal 

Orthorhombic 

Hexagonal 

2 2 2a h k l 

2 2 2 2 2/a h k l a c 

2 2 2 2 24( ) / 3 ( / )a h hk k l a c  

3a
2a c

2( 3 / 2)a c

abc2 2 2 2 2 2( / / / )a h a k b l c 



 If one can determine dhkl  experimentally, the 
constancy of the equation given in previous table will 
help to determine ‘a’ . 

 This will also indicate the nature of the crystal 
system. 

 For example: The ratios of the interplaner distances of 
different faces in the three cubic lattices are:  

 Simple cubic: d100: d110:d111 =  

 Face-centered: d200: d220:d111 =  

Body centered: d200: d110:d222 =  

   Can you see something very unusual here?  

Importance of Interplaner Spacing  

1: 0.707: 0.577 

1: 0.707: 1.154 

1: 1.414: 0.577 



 1895: W. Roentgen; 1900: 1st Nobel Prize in Physics.  

Properties of X-Ray: 
 Not deflected by electric or Magnetic field. 

 Propagate in straight line. 

Highly penetrating. 

 Ionize gas. 

Produce fluorescence in many substances. 

 Reflect, Refract and diffract like rays of light. 

Have destructive effect on living tissues. 

Produce photoelectric effect. 

Affect photographic plates. 

When X-ray falls upon a plate of some chosen material they 
give rise to other rays of similar characteristics.  

X-Ray  



 In the case of low atomic number and gases, the secondary x-
rays are of same nature and have same wavelength as that of 
primary X-rays.  

 

 

Produced from substances of high atomic weight. 

Characteristics of the substance on which X-rays incident. 

 Not dependent on primary X-ray 

 Have low penetrating power. 

 Can be grouped into several series (K, L, M etc. ) 

 The higher the atomic weight of an element, the more 
penetrating are X-rays. 

Scattered X-Ray  

Characteristic  X-Ray  



 Need to know what is constructive and destructive 
interference?  

 Two waves coming from two different sources having 
the same wavelength and same amplitude reinforce 
each other when their maxima and minima coincide. 
(Constructive Interference) 

When their maxima and minima do not coincide they 
will interfere and will cancel each other.  

 

See Next Slide 

Interference 







What is diffraction? 

 When light from a monochromatic source is incident 
perpendicular to the diffraction  grating, all the clear 
spaces will act as secondary sources of light and will emit 
light in all direction.  

The wavelength and frequencies of the diffracted light 
waves are same as that of the incident light wave.  

 The waves from two apertures  will cross at some point 
beyond the grating. If  the screen is placed at this point a 
series of bright and dark spots will be observed. 

 Dark spots will be destructive interference and bright 
spots are from constructive interference.  

X-Ray Diffraction  



 Laüe Method: 1912 

 “Distances between particles in a crystal are of same 
order of magnitude as the wave length of X-rays. Thus 
crystals could be used as 3D diffraction grating and thus 
if a beam of non-homogeneous X-rays were passed 
through a crystal a diffraction pattern would be observed.     

X-Ray Diffraction Cont…  



 Establishes that X-rays have very short 
wavelength compare to the interplaner 
distance in crystal 

 Crystals have their atoms arranged. 

 The Laüe pattern can be used for 
structural determination of crystals.  

Another very different approach was put 
forward by B.H. Bragg and W. L. Bragg. 

Laüe Method Confirms 



 They suggested that since a crystal is composed of a 
series of equally spaced atomic planes, it may be 
employed not only a transmission grating as in the Laüe 
Method, but also as a reflection grating. 

 X-Ray incident on the surface of a crystal plane on a row 
of atoms at an angle  to a single horizontal plane.    

 

Bragg’s Suggestions 

  



 Each atom becomes a source of scattered X-radiation. 

 Each atom scatters secondary radiations of the same 
wavelength in all directions. 

 Only those directions where scattered X-rays are in phase 
with each other give a reasonably intense scattered beam 
of X-rays. 

 Three dimensional array of atoms may be thought of as a 
family of parallel planes. 

 Let the interplaner spacing be d. 

 A parallel beam of X-ray incident on crystal and get 
reflected. 

These beams due to their relative path differences, either 
interfere destructively or constructively.    



 For constructive interference and for an intense 
diffracted beam, reflected rays from individual planes 
should be parallel across the wave-front. 
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 Bragg condition accounts for the Laüe 
pattern of the spots produced. 

 Each spot is produced by a certain set of 
planes that fulfills the condition.   

 Since similar sets of planes are disposed 
within the crystal in accordance with the 
crystal symmetry, the arrangement of the 
spots in the Laüe pattern has the symmetry 
of the crystal to a certain degree. 

 

Reasons for Laüe pattern  
 
 
 
  



 The reflected beam makes an angle 2 with the 
direction of the incident beam. (See Figure). 

 

 

 

 

 

 For a set of planes with specified (hkl) and a   fixed by 
the geometry of the experiment, there are several 
wavelengths (determined by the Bragg condition) that 
combine constructively to produce bright spots.   

Bragg’s X-ray Diffractometer  
 
 
 
  

2 

 



 In principle, every set of planes can produce several spots. 

In practice, the number of spots is restricted by the limited 
range of wavelengths in the incident radiation and the limited 
range of observable values of . 

For a monochroatic radiation, No pattern may be observed, 
unless the Bragg condition were accidentally fulfilled for some 
set of planes. 

  Due to different density of structural motifs on planes, 
variation of intensity  of the diffracted beam from different set 
of planes is observed.  

 The planes of high atomic density scatters x-ray better and 
produce more intense beam. 

 If more than one kind of atom is present, the species with 
greater number of electrons has the greater scattering power.  



 X-ray from T falls on crystal C, 
which is mounted so that it may be 
r0tated.  

 The angle of rotation is measured 
on the scale of the instrument. 

 By rotating the crystal it is possible 
to bring the coherent scattered 
beam from each set of planes in the 
detecting chamber D.  

 The response of the detector at 
various angles of rotation can be 
recorded to produce a pattern of 
peaks at various values of .   

Bragg’s X-ray Diffractometer Cont… 
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 The problem with Bragg’s method of rotating crystal is 
that mounting the crystal on a precise axis is time 
consuming.   

 Way out is Debye-Scherrer Powder Method. 

 A sample of crystal is ground to powder and placed in 
a thin walled glass tube mounted in the x-ray beam. 

The logic is, many crystals are present, all having 
different orientations, and some will be orientated so 
that Bragg relation is satisfied.  

 Another group will be oriented so that the Bragg 
relation is satisfied for another set of planes.   

 

Debye-Scherrer Powder Method 
 
 
 
  



 If a given set of planes satisfies the Bragg condition, 
the reflected ray produces a spot.  

If this set of planes is rotated about the axis of the 
incident beam, the corresponding rotation of the 
reflected ray generates a cone.  

 In powder method one gets this cone of reflected 
radiation. Because, all the orientations of a given set 
of planes about the axis of beam are present in 
different particles of the powder.  

 The film makes a nearly completely circle so that 
even the rays  reflected at large angles are recorded 
on the film.    



2 

 



NaCl Crystal 



 In FCC crystal, the 100 planes are interleaved 
at just half the spacing by the 200 planes, 
which contain only face centered atoms.  

The reflected rays from this second set of 
planes are 180 degree out of phase with those 
from the 100 planes. 

 The two reflections interfere destructively so 
that a first order reflection does not appear 
from the 100 planes in this lattice.   



  We know, 

 

 

  By assigning consecutive integral values (0,1 ,2, 3,…) to h, k, l we 
can calculate a series of values of dhkl  and sin2  by using the above 
equation. 

  We will observe diffraction lines at angles listed below. Thus the 
predicted diffraction pattern consists of six lines which are equally 
spaced when plotted against sin2  followed by a gap and then again 
another series of lines. This observation confirms the primitive 
nature of the crystal. 
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  =  =   =

 

hkl 100 110 111 200 210 211 220 221 
/300 

310 311 222 320 

sin2 K 2K 3K 4K 5K 6K 8K 9K 10K 11K 12K 13K 



 NaCl Crystal 

 ZnS Crystal  

CCDC Data of Lattices  

1000041.cif
1011195.cif


A Mathematical Perspective: Bravais Lattice  
 Definition-I: 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. 

 Definition-II: A (three-dimensional) Bravais lattice consists 
of all points with position vectors R of the form 

  

 Here a1, a2, and a3  are any three vectors not all in the same    
plane, and n1, n2, and n3  range through all integral values. 
Integers include positive and negative integers including zero. 

The vectors ai appearing in the second definition of Bravais 
lattice  are called primitive vectors and are said to span the 
lattice.  

1 1 2 2 3 3n n nR = a + a + a


