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solids, liquids and gases.
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some are bad conductors of heat and electricity, some are magnetic,

npon-magnetic and so on, but all these materials are composed of
molecules.
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The constituent particles, i.c.. atoms (o) molecules of matter are helg g

;3" rces of attraction. The artractive forces which hold the constitueny papy

|  The reason for these different properties of the solids are due o g

| Structure. L., the hehaviour of the solid materials is closely related 10 the sty
| Of the material. In this chapter we are going to discuss about the different ¢y

1 ; ¥ ™ A i CTT N W e ey g " 'I"'
. F-.‘_'-'9' ‘ﬂﬁ“ T - i WG | e Con, [uenl atoms

ordertly | .-1"' o o '-‘:-ﬁ,-!‘:-i-:j'ﬁ'!-'l‘.:-il._.'..'p:ra G ‘-:.-'ﬁir":,'-‘{ﬂ'--

Ll Ear) "ZW,-":.,_{“L e G "

s . i

Ll
=
)
-

= T T

B 08 W - i ML



—-_
T ———

["rvwﬁ‘ﬂ”"mﬂ'rmr ul _____E

Purther when crystal breaks, all the

broken pieces will have a regular shape.
Toperties and therefore they are called |
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A crystalline material will he m two forms vz |

(1) Single crystal, in which the solid contains only o

NIt Crystal. These single
rystals are prodoced aruticially from their v

apour (or) lquid state

(i) Poly crystal, which has an aggregate of m
separated by well defined grain boundari
potnt

any small crystals (or) grains
8. These crystals will have a sharp melting

Examples  for crystalline solids: Diamond,

Copper, Platinum, Silver,
Polonium, Gold, Aluminium, h'lnl:.-hs!-:num

» Nickel, Cadmium, Iron etc. |
Crystallography: The study aof the geometric
af crystalline solids, using X -ravs (or) electron
termed as the science of crystallography,

|
Jorm and other physical properties
1 beam (or) neutron beam etc.. is ,

Note: Grains: The crystals are also known as grains.
Grain boundary: The boundary ~separating
adjacent gmmismﬂfﬁdgmhw :
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3.4 AMORPHOUS SOLIDbS {Oll] NON-CRYST ALLINE sSOLIDs
“Anarphm" means “withowt fqm".

E In amorphous solids the const

ttuent particles i.e., atoms (or) molecules are
mnmmmmar&dyfgﬁm.haMw@u

wmm:wm;mmmmmwmwﬁmﬂm.

These solids have no directional properties and therefore they are called
MMMW‘WMMME a sharp melting point.
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S. . -Er'itélli'ne:material e S |

No. . :."1r SR do mnot have definite | |
' finite and regular :

1. have a defin extend geumcmcﬂi shape. ‘

geometrical ShApes which
throughout the crystal, . L
2. |They arc anisotropic. |
3. m:’ are most stable. They ;m lcishiljzlzhmp ke
y hay melting point.  [They do no g
4. |They have sharp o
Examples: Glasses,
Rubber elc.

Plastics,

5. |Examples: Diamond, NaCl, KCI,
Copper, Iron, cic.

3.6 FUNDAMENTALS OF CRYSTALS AND ITS STRUCTURE

Crystal: Crysial is a regular polyhedral form bounded by smooth surfaces, which
is formed by chemical compound under the action of its interatomic forces, wien
passing from the state of liquid (or) gas to that of a solid, under suitable conditions,

The phase change from liguid (or) gas to solid is called crystallization.
: T_Tie crystal structure gives the arrangement of atoms within a crystal
Determination of crystal structure with the help of X-ray is known as X-ray
crystallography.
i3 X-rays arfimmt wiﬂdy used to study the crystal structure because, the wavelength
of X-rays (107 “t0 10" " m : -
' y are are passed through the crystals.

Fundamental crystallographic terms (definitions)
1. Lattice

Lattice is de / | |

fined as an array of points which are imaginarily kepy to represent
a::i-::'e Point has got the same
Pomnt cannot be distinguished

environment as that of the ol
from the other lattice point.

It is an imaginary concept,

o Sﬁe i:ﬂn:: (or) crystal lattice
ihiree aimensional !
P . collection of points in space
rystal latnice. The environmen o are called space lattice (or)

ter and hence one lattice
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I@ Unit cell

Definition
The unit cell is defined ax the smallest peomelric
repetition of which in all over the three dimensions glves the

figure, (he ranslational |
actual crystal

Structure,
(or)

as the fundamental elementary pattern

The unit cell may also be defined
of molecules which

with minimum number of atoms, molecules (or) groups
represents the total ch aracteristics of the crystal.

Explanation

Let us consider, a (WO dimensional crystal
lattice as shown in fig. (3.7)

Let us consider a parallelogram ABCD of side
AB=aand AD= B! When the parallelogram ABCD
is rotated repeatedly by any integral multiple of

' vectors aand b’ then, corresponding 1o AB and AD

the whole pattern (or) array may be obtained, le.,
the whole crystal may thus be reproduced. Fig 3.7

This region ABCD is called a unit cell and

a b,
a, b are called basis veclors.

The choice of a unit cell is not unique. It can be constructed in many number
of ways like A, B, C, D, (or) A, B, C, Dy etc., without affecting the symmetry of

the crystal as shown in fig 3.7.
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We can extend the same procedure for
| three dimensional case also. The fig 38
dows the unit cell (shaded portion) I tlﬁ
three dimension, which on repeatation over u.:t
the three directions viz X,y and 2, We can &
the total crystal structure

it cell
example, the unt
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5. Hexagonal crystal system >

In hexagonal crystal system, two of the crystal axes
are 120° apart. While the third is perpendicular to both '
| of them.

The axial lengths are the same along the axes that c
are 120° apart, but the axial length along the third axis

is different, as shown in fig. 3.14,
a=b#c ] @

P‘“m are W
Lattice ['«1 B= 9{]°nnd'f"lm" -
igd.
Hexagonal lattice has only one form ie., Simple

6. Trigonal (or) Rhombohedral crystal system
In trigonal crystal system, the three axes are inclined
to each other at an angle other than 90°. The three axial
lengths are equal along the axes, as shown in fig. 3.15.
a=b=c
me“[u:ﬂ:-r:g{}“]

Trigonal lattice has only one form ie., simple.

7. Cubic crystal system
\ In cubic crystal system, the three crystal axes are perpendicular to each othe

and the axial lengths is the same along all the three axis

as shown fig. 3.16
Joy
Cubie lattices may be in any one of these three "

Jorms viz Simple Cubic (SC) (or) Body-Centred Cubic
(BCC) (or} Face Centred Cubic (FCC)

a=b=c

Lattice parameters are & [u=l3=‘f=wj

Fig 3.16
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passing through the lattice poinis called latiice planes. The different ways LF
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4 Atomic packing factor (or) packing density (or) density of

packing
Atomic packing factor is defined as the ratio between the volume occupied by
the total number of atoms per unit cell (v) to the total volume of the uni cell (V).

Volume occupied by the total number

_ _of atoms per unit cell i .o - {
ie., APF= Total volume of the unit cell V) %‘

Total Number of atoms per_unit ce:l X Volume of one atom
Total volume of the unit cell

(or) APF =

Lét us discuss all the above parameters one by one for a simple cubic
Structure.




77.4 Simple Cubic (SC) Structure
The cubic unit cell for simple cubic lattice is shown in Fig. 77. 10,
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(a) atomic-site model (b) hard sphere model Simple Cubic Structure.
Fig. 77.10
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' L

ber of atoms Per unit cej| e
There are 8 atoms at the 8 corners of the cel)

h corner atom s shared by §
The share of Cac

unit cells thag adjoin
AOM 10 4 unit el 15 1/8 of
Total number of arome pe
(i) Atomic radius |

In a SC cell the atoms are |
(Fig. 77.11). € aloms are ip comtact along the ¢

ais |cllg1.|'| of side of cubic cell
The atoms touch tlong cube edges
Nearest neighbour distance,

-
e =

il ‘W
h corner at each corner,
an atevm,

rumit cell jx 8x l =],
X

dges of the cube

F=all

(iif) Coordination number, CN

Fig. 77.11

_EdLh comer ayun touches four atoms in it horizontal plane, and two
above it and one vertically below i1, So there are

adistance ‘a’ from that atom, Therefore, the

atoms, one vertically
six equally spaced nearest neighbour atoms each at
coordination numby is six,

CN =6,
{iv) Packing Factor

4 TR Volume of all atoms in the unit cell
Facking faciorm ——— T W

Volume of the unit cell

No, of atoms inunit cell x Volume of one astom

P e A it L L Pt

Volume of the unit cell

I_x _!'m 54—11”— I_'.'L!-:'rl
(a) 32y
)52
f

.. Packing factor = 52%

Simple cubic structure is a loosely packed structure,
Polonium is the only element which exhibits this structure,

77.5 Body Centred Cubic (BCC) Structure

Fig. 77.12 (a) shows the arrangement of lattice points in a BOC cell,

7. : £ ssented as hard spheres,
Fig. 77.12 (b) shows the arrangment of atoms represcited . o
Fig 77.12 (¢) shows the BCC repeating structure. Body Centred Cubic Structure.
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. § @
() momic site model (1) hisrd sphere model (c) repeating structure in n crystal
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Let us now compute the
i1} Number of atoms per wnit ccll

There are § atoms at the 8§ comers, cach
The atom at the centre of the body of the cell wholly bel

charactenstics of a BC C cell.

shared by 8 unit cells and ane atom at the body centre,

I
Thus. the total number of atoms per unit cell is B X E‘H"z'

(i1 Atomic radius, r . T,
the diagonal of the :

In this case, atoms touch each other along
cube (Fig. 77.13).
The length of the body diagonal = 4r, A

AG mAC +CG =(AB* +BC?) +CG*

(4rP = 3a*
3
Atomic radius r-:ill;‘—'Iil
4

i g ==,
Lattice constant ﬁ
i) Coordination number, CN

11Hur&lc=llumlﬂnsmmammumhﬂfﬂm:iihlmnmﬂfﬂlﬁunll
cell and one atom at the body centre. The nearest atom (o the corer atom is
the body centred atom and not the other corner atoms. The number of nearest

neighbours is eight (Fig. 77.14).
The body centre atom i$ in contact with all the eight corner atoms.
Therefore, the coordination number is eight.
CN=8.

(iv) Packing Factor

- Volume of all atomsin the unit cell
Packing factor=
Volumeof theunit cell

_Hn,nl'uumsin unit cell = Volume of one atom
Volumeof the unit cell

Ix(4/3mr B
= ] =

a W
Jjﬂ 3
o
h’

. Packing factor = 68%.
Thus the packing factor is equal t
Tungsten, sodium, iron and

i
i
" Ny & "
I

%. So itis not a closely packed structure,
this type of structure,
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77.6 Face Centred Cubic (FCC) Structure

The unit cell of this structure is shown in Fig. 77.15
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Fig. 77.15

The tace centred cubic unit ce i s cell
¢ unit cell is a nonprimitive Ceil. :
] : the cube.

e " = 0
It has six atoms at the centres of six faces and eight atoms al the eight com=

We shall now determine the characteristics of the FCC cell
(7} Wumber of atoms per unit cell

, . rtred aloms, €ach
There are § atoms, each shared by 8 unit cells al & COINED and 6 face-cenlr

shared by 2 cells,

The total number of atoms per unit cell = contnbution due to § comer atoms + contr

10 6 face centred atoms
: i
:[lf’CHJ'I'[II H{]J—-’]+3—_'4
H_ =

4

Thus the total number of atoms per unit cell is 4.

ihution due

{if) Atomic radius,r
Ina FCC cell, atoms are in contact along the face diagonal of the cube (Fig. 77.16).

Length of the face diagonal, AF = 4r. E ] '.

AF? = AR+ BF __-'_::L*A
(4rf =a*+a*=20" , e

4r = '*ilriﬂ . [ 2: - a
. h‘lm [‘h“ﬁq r= E'IJE : -\:\\;-\-- s ’r,i
Lattice constant~ a= 2v/2r. & | ~
' B

(i) Coordination number CN ﬂ'.;? -

lnl,hiium.mmmighhwﬁnfmfmmmmhMHmmdumu[um:—
rounding unit cells. Any comer atom has four such atoms in its own plane, four in a plane above it and
four in a plane below it.

Therefore, the coordination number CN = 12.

Theoretically, a sphere can touch simultancously 12 identical spheres at the maximum in a
three dimensional structure. Thus, an FCC cell has the maximum value for the coordination number,
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{iv) Packing Factor
Volume of all atoms in the unit L‘::Ii_
Volume of the unit cell

Packing Factor =

No.of atomsin unit cell x Volume of one alom
= Vaolume of unitcell

Lo

m—' e
(Cca=242r)

' (Exﬁr}j

n
= )74
3.2
Packing factor = 74%
When compared with SC and BCC, this has the highest packing factor.

Most of the metals like copper, alominium, lead and silver have this structure.
77.7 Calculation of Lattice Constant
Consider a cubic lattice of lattice constant .

Let p be the density of the crystal,
Volume of the unit cell = a®

Mass in each unit cell = p a’ A1)
Let  n=No. of molecules (lattice points) per unit cell,
M = molecular weight and
N = Avogadro number (i.e., number of molecules per kg mole of the substance).
- M
Mass of each molecule = N
ilz]

Mass of each unit cell = n KF

From Egs. (1) and (2), we have

LE} A onild
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Volume occupied by one atom = n — = 122610 ""m".

i

—

(i) MPFCC, g=242r=2J2 x 1.292A

L

- ,‘!1,-"-_"; w (1.202%10 Wym= _1.!!'1‘1-5‘.-’|[]'|”r11.

Volumme of unit cell = & = (3.654 x 10r1%)? = 48.787 x 10 m’.

Number of atoms per unit cell = 4

; 48.787 % 10
Volume occupied by one atom = — p

| , 12,26 - 12.2 '
s Volume change in % = 1996 %100 = 0,489 .
77.8 Hexagonal Close Packed (HCP) Structure
The conventional unit cell for hexagonal close packed structure is shown in Fig. 77.17.
G - > ,
+ . - :_ 'x\\:.- | . z | I. :I' - ': ) \ . | - : ] ' .
e Gy IR
| '-I = “m L .j"\ : _.'.."' ___ ‘._-

W1
= 122107 m

Hexagonal Close Packed (HCF)
{n) atomic site model {b) hard sphere model Struciture.
Fig. 77.17
There are three layers of atoms in the unit cell.
(i) At the bottom layer, central atom has six nearest neighbour atoms in the same plane.

(i) Top layer has the same atomic arrangement as the bottom layer.
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(i) At o2 distance from the bottom layer there is a middie layer containing three atoms.
Let us NOW compute the charactenstics of HCP cell.

Nymber of ntoms per unit cell
i

The top Jayer contains 6 atoms al the comers and one atom at the centre.
The comer aloms are shared between 6 unit cells, Hence 6 atoms contribute only 1 atom 0 the

ll.T“l I.T 1] a

i - 1.
The central atom is shared between 2 unit cells and therefore contribules - atom to unit cell

-

; 1
Hence the top layer contributes 14 = == atoms 10 the unit cell

el TR NPT

gimilarly, the botiom layer contributes ; atoms to the uml cell.

The three atoms of the middle layer lie within the volume of the u
( 3 atoms ) contribute 1o the cell.

Thus, the total number of aloms/umt cell.

pit cell and hence fully

1.3
g o |
a9

i) Atomic radivs, © ek,
The atoms are in contact along the edges of the hexago

(Fig. 77.18)

r=a
r=all.

i nmufmmﬁlheunitwﬂﬂfﬂ

Th;mﬂhkﬂdﬂmicﬂlhihngﬂnfm:m:agm
mu!‘m:mnulm: sluqml-simqimangks.

A a
el Fig. 77.19 1 S e o
.-.hmnlhuunnhﬂﬂm-ﬁ{uﬂafhm
=5H[lixﬂx{ﬂﬁﬂmﬁl
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2 Volume of the unit cell, V = (area of the hase) x (Height of the cell)

=[.3~_@a=]c_

2

= 3q° [ﬁ] = i?-ﬂ.z -

Calculation of ¢/a ratio

Let ¢ be the height of the unit cell and a be its edge. Also a = 27,

The three body atoms lie in a horizontal plane at a height ¢/2 from the orthocentres of alternate
equilateral triangles in the base or at top of the hexagonal cell.

From Fig. 77.20,

o, | FmoANa g[ai) =l

4 '-."
g Y
- : o il '.3:

'-@?.-r- - e =
- lll " A o b T

o H_..:F.fz.. ﬂ- | -.'_ L [ TTH s mill I!l.l.:l:ll.l.'lr:l
.,,"_‘-.-li!-.;'-::ﬂh"w-ﬂ;
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.. Packing factor = 74% T —

Since th.r.': den:a.i ty of packing is 74%, it is a close packed structure
Magnesium, zinc and cadmium crystallize in this structure.

Example 1. f;ﬂz.;m H%P structure. The height of the unit cell is 0.494 wm The nearest
#ighw-- =/ i Lhe atomic weight of zine is 65,37, Calculate the
it m@";ﬁm e the volume of the unit

Solution. Here,a =2r =0.27 x 10 m; ¢ = 0494 % 10~ m.
Volume of the unit cell.

” _33a’c _ 3x\3x(0.27x10°) % (0.494x10)
2 2
=90.356 x 107" m’,
Let p = density of the crystal.
Mass of the unit cell = pV = (9.356 x 10%)p kg.
The number of atoms belonging to a unit cell of HCP = 6.
If M is the atomic weight and N the Avogadro number, then

T, 6M _ 6X65.37
B e oel= Ny 6,02%10%




3.16 COMPARISON CHART FOR SC, BCC, FCC, AND HCP
STRUCTURES

The parameters determining the crystal structure of SC, BCC, FCC and HCP
are given for comparison, in Table 3.3.

TABLE - 3.3

.......

e Sl T s e

1. |Atoms per unit cell 1 2

. a 4a
2. |Atomic radius ) T T )

3, |Coordination number 6 8 12 12

4, |Atomic packing factor %- 0.52 =5 068 =—=0.74 el

h—

Packing density
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6 (INTERPLANAR DISTANCE) IN CUBIC LATTICE
] ﬂi‘fﬂf@hﬂﬂf distance: ‘d’ Spacing (or) Inierplanar distance
: ﬁunwm any wo Successive planes

midw a cubic lattice with two planes ABC and A'B'C as shown

dl be the distance between the origin and the second plang
B J.ﬁ ‘d’ be the distance between the two planes ABC and A' B C

'.:-'.' e distance between the
d the first plane.

WS consider the plane ABC as shown in a
| _s- plane ABC belongs to & family of
jose Miller indices are (hkl). The
ar ON from the origin (0) 1o the plane Y
dﬁm{d.}hﬂﬂ.mmainﬂﬂh »
1
Fig. 3.49
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in fig. 3.50 we can wrile, COS Y= ~= "7 ="

d]h d;j-‘ : l'.'flf

ﬂ!ﬂ:cmﬂ:ms]r=

.,. a4 a4 a4
BFrom the law of direction cosines we can write cos™ o0+ cos i+ o2
Nl 3 < I 2
-'-* drh fd']‘: .. _'r I".(rlr
'I" -.t - + s l| "" —— — - ?
. a e a

f 5
{nr};‘mhf-”ajzi
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l"nml 1m Ilw ."‘r II"L"{"“II ‘l"qlfh"‘ﬁl Wi Can wiilic con” i i ¥ IIL"\-.‘I lplx " ‘_l'lﬁ'! \rr' & I
1 3 3
d.h d.k \ [ dl
A J ¢| =4 »r | A | =)
idl fl £l ]

J:-; W b Nl
ey L
da da* A

n'} . “
="+ 4+ I
4a r

{“ﬂ riﬂ____} ‘IH" .
(he + &* + [%

(or) |da= 2 - (2)

W+ +F

e (d)

r distance is the distance between two successive plane
= ;;mﬂ the two planes ABC and A’ B . we can write
(d) as

(8 and (2) in equation (3) we  gel
.= - h ﬁ_'_ id
S TR
(4)
|

r distance, which is same as that of
‘“ ,ﬂr.ﬂ Plane, represented by equation (1)
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mg 1o a uml Haof HOCP = 6

W the Avogidro wimber, then

[§] '..'Iﬁ 4 f
602107 % (9.356x10™")
n = i Ip-lzlm !

7.9 Diamond Cubic Structure
liamond structure is a combination of itwo nler-
trine face-centred cubic (FCC) sublattices.
e unit cell is sketched in Fig. 77.21 (a)

L §
» Diamond Culbic Structure
Y
L
; a4

A

(b)
Fg. 77.21
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blattice. say X, has i oigin ot (0, 0, 0), The other sulslattics ¥, huns jUs Gl ggan dphiadtiy

ol e, mt the point e b, el el

fierrsonrsed cutbibe strictinne is loosely pocked, sinde by e Jvan il Tenar """""“"“"Hl'm'ﬂﬂl-

o unit cell, i addition o the eight comer atomn, there are Six lace centred atimn aned fo

ane bowentedd insede (he unit cell. Each cormer atom 1s shared by eight adjacent uriit cells and

cntred atom 1s shared by two undt oells, Hence the totial number of atloms per unht cell bs,

|
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nyl
ik 0.34
Packing factor = 34 %
hus it s a loosely packed structure,
Carbon, silicon, germanium and Erey tin ¢

Eaumple 1. Silicon Hﬂ. —
Fytimate its dgm‘}._ ...I. e

Solution, In the case of diamond cul '-?’i-"_'

—

ystall

Nearest neighbour distance 2 ;""’ .
Number of atoms per unit ﬂlﬂ I'}.
B
4 4 Pty
= 2ri=—=x0.235
g eder

-

p N} (6.02x10™)(

77.10 Summary
The characteristics of the un
structures are III_H‘; -

o




