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2. Structure and Bonding

2.1 Introduction to Structure and Bonding

Matter (materialsis composef atoms and molecules

Gases, liquids and solids are different states of matter (there can be some other states
also under some extreme conditions of matter)

—> Phase diagram

. depending upon their stability at differgaressure, temperatuoe
variation of both

A
Compressible Supercritical
Liquid : Fluid
9 H
= L ...;Critical Point )
w
w
o Solid Gas
o
P Triple Point i)
Vapour
T T _
Temperature

Fig. 2.1 Phasediagramshowing different statesof matters,which dependupon
pressureand temperature
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2. Structure and Bonding

2.1 Introduction to Structure and Bonding

Water molecule (kD) can be in gaseous statejgou), liquid state (water) or solid
state (ice) depending on the temperature and pressure

1,000
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100 — —
& Liquid
£ 10— Solid TN ey, (Maten —
8 (Ice) R
m —
5 1.0 | ;:‘L
8 E ’u:l 1 &‘
o 0.1— N
0.01 — Vapor
(Steam) X
S A/ S
0.001
—20 0 20 40 60 80 100 120

Temperature (°C)

Three phases for the,8 system are shown in this photograph:
- lIce (the iceberg)

water (the ocean or sea),

vapor (the clouds).

These three phases are not in equilibrium with one another.
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2. Structure and Bonding

2.1 Introduction to Structure and Bonding

Density and atomic distance

Density of gas is usually very low ¥atoms/cc,
whereas that of solids and liquids is high viZ3l&ioms/cc

Between atoms (or molecules)

In gases; 3to 4 nm D an order of magnitude

________

____________

the density and distances between the atoms or molecules for both liquids and soli
are comparable

- Alliquid does not have a particular shape and takes the shape of its container. A
or molecules in a liquid, as in a gas, are under a state of continuous, random mo
known as Brownian motion

- Solid: There the atoms and molecules also are in a state of motion, but the motic
is about their fixed positions. Atoms and molecules vibrate about their fixed
positions with some characteristic frequencies.

Applied Nanomaterials & Dévices LAB.

Electronics & Probes by Materia Is Engineeri [



2. Structure and Bonding

2.1 Introduction to Structure and Bonding
Crystalline structure on materials properties

Example: Solid AJO,

appear as z#ansparentopaqueor translucent even without change of its
chemical formula or presence of impurities
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Single (rystal Poly(rygt alline An]orphous F|g 2.2Different typeS of solids
0Single crystal d there is almost infinitely
symmetry characteristics of the material
0Polycrystallinedé solid, there are some 06gr
processing and typically canbefewm Each grain itself is a 0s

these different crystals are different or r
atoms may be more or less randomly distributed
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2. Structure and Bonding

2.1 Introduction to Structure and Bonding

Crystalline structure on materials properties
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Single crystal Polycrystalline Amorphous
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Fig. 2.2Different types of solids

The thickness of such walls is often very crucial in determining the various properties
materials such as mechanical, optical or electrical. At the grain boundary the long ran
periodicity of the solid is broken.

OAmor phousodé solid: each grain in the m
distance between the atoms or molecules
— the grain boundaries disappear

the arrangement between nearest or even next nearest atoms may look similar
for most of the atoms, thdgck longrange order as in a poly or single crystal
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2. Structure and Bonding

2.1 Introduction to Structure and Bonding

Crystalline structure on materials properties P S

with same type of atoms or molecules even different sir | &~ @
crystals can be formed with altogether different properti e~

Diamond vs. Graphite

Properties

Graphite

o O/ N p

sp? bonds
Oc¢

Figure 12.16 A unit cell
for the diamond cubic crystal
structure.

Diamond

Basal plane

Crystal system and form

Hexagonal; substantial lamellar
veins and earthy masses

Isometric; cubes and octahedrons

Specific Gravity 22 3.5
Density (gfcm:‘) 2.25 3.52
Color/ Appearance Grey bl.?tck, B]:@k silver, Variabl.c-‘pn]u ye!lnws, I::ro"n:- ns,‘ grays, ‘:md also wh'itu,
opaque shiny blue, black, reddish, greenish, colorless and sparkling
Luster Metallic to dull Adamantine to waxy
Cleavage Perfect in 1 direction Perfect in 4 directions forming octahedrons
Transparency Crystals are opaque Crystals are transparent to translucent in rough crystals
Fracture Flaky Conchoidal

Electrical and Heat
conductivity (E&H)

Good conductor of both E&H

Poor electrical conductor; good thermal conductor

Burning in the air

Applied Nanomaterials & Dévices LAB.
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At about 700 °C

Most readily at about 900 °C

sp?bonds OIS
\

Figure 12.17 The structure of graphite.

Carbon atom



2. Structure and Bonding

2.2 Arrangement of Atoms

Crystalline

A crystalline material is one in which the atoms ® ® ® ® ® ® ®

are situated in a repeating or periodic arrayove @ ® ® ® ® ® ® ¢ lattice point
large atomic distances ® ® ® ® ® ® ® O om

- long-range order exists, such that upon 2 D crystal with one atom

solidification, the atoms will position themselves per lattice point

in a repetitive threelimensional pattern, in which
each atom is bonded to its nearest neighbor atoms. ~ Fi9- 2-4Alattice + atom makes a solid or crystal

Lattice

Arrangement of points repeated in one, two or three directions making it a one
dimensional, two dimensional or three dimensional lattice.

L L L @ 0 [ o
e @ L] L L L L 2-D Lattice
L e i o @ L L

Fig. 2.3A periodic arrangement of points in two dimensions makes a lattice
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2. Structure and Bonding

2.2 Arrangement of Atoms

Unit Cell

The structure into small repeat entities caliad cells

the unit cell is the basic structural unit or building block of the crystal structure and defines thi
crystal structure by virtue of its geometry and the atom positions within

Q@ 0 PP @-Q O 99
4 o @ @ O *:g 8§ G0
§ G—8 0 0 -0 0O

Different unit cells

Fig. 2.5Different unit cells in the same arrangement of atoms

Primitive Cell

Unit cel |l with s maprimavetelbv ol u ' ' a

unit cell vectorsvhich define the boundaries or edges o O ﬁ O
of unit cell. It can be seen that in directionagff we

transl atedthreicelthbdycdl | i @}?’%a
Is true for b. Thus andb are translation vectors. E } i

Translation vectors of primitive or smallest unit cell are known as
Oprimitive vectors?o

Yy

l-.-

Fig. 2.6 primitive cells
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2. Structure and Bonding

2.2 Arrangement of Atoms

Symmetry

Symmetry transformation aboatpoint is the one which leaves the system invariant or without
any change even after some operation

Rotational Symmetry

=

Circle is a perfectly symmetric object which can
be rotated about an axis throughaentreby any
angle—without it appearing as if it was rotated.

Thus by rotating through any angle we make an
invariant transformation for a circle or a sphere

Fig. 2.7A circle can be rotated
around an axis passing through its
centrethrough any angle and
would appear as if unmoved
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2. Structure and Bonding

2.2 Arrangement of Atoms

Rotational Symmetry

Square: a lower symmetry object

rotate it by 90about an axis passing throuigh midpoint which appears as if it
has not been rotated

This can be done onfpur times successively in any directi@ockwise or
anticlockwise)

m) a fourfold symmetry

After 45° rotation After 90° rotation

Fig. 2.8Point symmetry of a square
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2. Structure and Bonding

2.2 Arrangement of Atoms

Rotational Symmetry

Rectangle: a lower symmetry object

rotate it through 99 you see the difference as shown in Fig. 2.9, but if you rotate
it through 180é it |l ooks similar to t
This you can do twice.

m) Twofold symmetry

_____
-

'
!
!
1
!
!
'
1
!
!

After 90° rotation After 180° rotation

Fig. 2.9 Point symmetry of a rectangle
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2. Structure and Bonding

2.3 Two Dimensional Crystal Structures

Only five types of units or Bravais lattices

a 3 —32 S -bja%-b
) ] ]
b b b
V% \
|a| = bl and ® = 90° |a| # |bland @ = 90° |a| # |bland @ = 90°
(Square lattice) (Rectangular lattice) (Centered rectangular lattice)
a

la = b and @ = 120° a=b and®#120°
(Hexagonal lattice) (Oblique lattice)

Fig. 2.10 Five two-dimensional Bravais lattices
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2. Structure and Bonding

2.4 Three Dimensional Crystal Structures

Three dimensional solids are divided into seven crystal systems and fourteen Bravais

. Triclinic 2. Monoclinic

‘\ azb#c 4' 45' a#b#c
fe azPry "j %. a=p=90°%y

3. Orthorhombic

Fig. 2.11Fourteen Bravais lattices in three dimensidgnBrimitive cell,| Body centreccell,
F Facecentrecbell, C Basecentredcell)




2. Structure and Bonding

2.4 Three Dimensional Crystal Structures

Three dimensional solids are divided into seven crystal systems and fourteen Bravais

4. Tetragonal

6. Triagonal
/ a=b=c
)Q a=p=y<120%%90°
‘,9 ,,
5. Cubic 7. Hexagonal

a-b+e
@ =P =90°y =120°

Fig. 2.11Fourteen Bravais lattices in three dimensidgnBrimitive cell,| Body centredcell,
F Facecentredcell, C Basecentredcell)
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2. Structure and Bonding

2.5 Some Examples of Three Dimensional Crystals
2.5.1 BodyCentred Cube (bcc)
The BodyCentered Cubic Crystal Structure

a cubic unit cell with atoms located at all eight corners and a single atom
at the cube center.

Center and corner atoms touch one another along cube diagonals, anc  ,,

unit cell lengtha and atomic radiu® are related through a=5
R 4 The number of atoms per
; (\/Q r)/o N BCC unit cell
A , 4 T | ¥ 7 ’}f ﬁa : Ny N,
: : 3y Y N=N+—+—
. - 7; 2] 3
a L i f}«”' r" :1+{}+§=2
Ji g ///1;)—___—__\;7) * ,J )} ‘I 44 - N, = the number of interior atoms
v O/ 0 py : s N; = the number of face atoms
(a) b) (c) N, = the number of corner atoms

Fig. For the bodycentered cubic crystal structure, (a) a ksyptiere unit cell representation, (b) a
reducedsphere unit cell, and (c) an aggregate of many atom
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2. Structure and Bonding

2.5 Some Examples of Three Dimensional Crystals

2.5.2 FaceCentred Cube (fcc)

The FaceCentered Cubic Crystal Structure

a unit cell of cubic geometry, with atoms located at each of the corners and
the centers of all the cube faces.

spheres or ion cores touch one another across a face diagona' *-~ _
cube edge lengthand the atomic radiug are related through a=2RV2Z

R

«— The number of atoms per

FCC unit cell
N N,
@ Jﬁ.‘ - Iﬂ‘rll - T N I'T

N=0+

[ =

8
+-=4
8

Fig. For the facecentered cubic crystal structure, (a) a hsptlere unit cell representation, (b) a
reducedsphere unit cell, and (c) an aggregate of many atom
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2. Structure and Bonding

2.5 Some Examples of Three Dimensional Crystals

2.5.3 hexagonal clospacked (HCP)

The Hexagonal ClosPacked Crystal Structure

The top and bottom faces of the unit cell consist of six atoms that form regular hexagons an
surround a single atom in the center. Another plane that provides three additional atoms to t
unit cell is situated between the top and bottom planes. The atoms in this midplane have as
nearest neighbors atoms in both of the adjacent two planes.

The number of atoms per unit cell for
the HCP crystal structure

(a) (b)

Fig. For the hexagonal cloggcked crystal structure, (a) a redusgthere unit cell (a and ¢
represent the short and long edge lengths, respectively), and (b) an aggregate of many atoms.
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2. Structure and Bonding

2.5 Some Examples of Three Dimensional Crystals

CsCl : Body Centred Cubic (bee). Cs' ion at (000), two atoms/cell, Cl™ ion at
(1/2, 1/2, 1/2) co-ordinates. It is a conventional unit cell.

oClI oCs'

NaCl: Face Centred Cubic (fec), alternate arrangement of Na™ and CI” 1ons in
x, yand z directions. It is a conventional unit cell.

+

OCI oNa

Applied Nanomaterials & Dévices LAB.
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Diamond: Cubic, interpenetrating cubes, eight atoms/cell

@ Carbon

Graphite: Hexagonal hep ABAB... ¢/a= 1.633

@ Carbon




2. Structure and Bonding

2.6 Point Coordinates

three point coordinate indiceg.r, ands.

These indices are fractional multiples of 5
a, b, andc unit cell edge lengtldsthat is,q is some fractional length af /,af’f
along thex axis r is some fractional length d@falong they axis, and .f'* /
similarly fors; or T/ /
I." f ! grs /
efl -'IIIII PI'T IIII

ga = lattice position referenced to the x axis “ II.-’f an f —

rb = lattice position referenced to the y axis _;j_f—rb—r* -

sc = lattice position referenced to the z axis =

Fig. The mannerin which theq, r, ands
coordinatesat point P within the unit cell
_ o o _ are determined The g coordinate(which
thex-y-z coordinate system with its origin located at a unit cell corner, s a fraction) correspondgo the distance
and the lattice site located at pohtNote how the location d? is ga along the x axis, where a is the unit
related to the products of s r, ands coordinate indices and the unit ~ cell edgelength The respectiver and s
cell edge lengths coordinatesfor the y and z axes are
determinedsimilarly.
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2. Structure and Bonding

2.6 Point Coordinates

Specify coordinate indices for all numbered points of the unit cell in the
I

illustration
. [ TII H I| I|

Point 1is located at the origin of the coordinate system, and, therefore, its lattice .
position indices referenced to tkegy, andz axes arda, Ob, andOc L_.' | o514 _,
I | |
! | /o
f Il_ré S'I ,.;r

_'rl_as p

f f——

x

lattice position referenced to tlexis =rOa ga
lattice position referenced to ty@xis :fOb =rb,
lattice position referenced to thexis -'Oc sc.

s=—=0 M) thisisthed 00 point

Point 2is located at the origin of the coordinate system, and, therefore, its lattice
position indices referenced to they, andz axes are, Ob, andOc

lattice position referenced to tlexis =a ga ,
lattice position referenced to tyexis =r0b =rb,

lattice position referenced to thaxis =Oc —sc.
s=—=0 M thisisthel 00 point

Applied Nanomaterials & Dévices LAB.
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2. Structure and Bonding

2.6 Point Coordinates

Point Number

Ly

00 =] Oh LA b L) B e

== =R =T T I

=2 a2 o 9

e e e T B |

Applied Nanomotenols N Dewces LAB.




2. Structure and Bonding

2.7 Crystallographic Directions

A crystallographic directions defined as a line directdettween two poinfr avector.

1. Aright-handedk-y-z coordinate system is first constructed. As a matter of convenience, its origin may be
located at a unit cell corner.

2. The coordinates of two points that lie on the direction vector (referenced to the coordinate system) are
determined for example, for the vector tail, point4; y,, andz; whereas for the vector head, poinkz:
Y., andz.

3. Tall point coordinates are subtracted from head point companéimas is,x. - X, y: - i, andz - z.

4. These coordinate differences are then normalized in terms of (i.e., divided by) their respéciarelc
lattice parametedsthatis, +, — x, v, — v,

iz iy

i b C

5. If necessary, these three numbers are multiplied or divided by a common factor to reduce them to the
smallest integer values.

6. The three resulting indices, not separated by commas, are enclosed in square brackets)jthlise[J, v,
andw integers correspond to the normalized coordinate differences referenced,ty tedz axes,
respectively.

Applied Nanomaterials & Dévices LAB.
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2. Structure and Bonding

2.7 Crystallographic Directions

A crystallographic directions defined as a line directdektween two pointor avector.

For each of the three axes, there are potitiveandnegative

coordinates.
Thus, negative indices are also possible, which are representes

by abar over the appropriate index

=¥ For example, th[1T1] direction has a component iy the
direction.
/ [001]
X
¢ \
Fig. The [100], [110], and [111] b
directions within a unit cell. »[010]
AW Fig. 2.15 Crystallographic
[100] directions

Homework #1. How to defineDirections in Hexagonal Crystals
Please make sure uploading the homewofklmeon L MS system aj} o nBRGcwien

Applied Nanomaterials & Dévices LAB.
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2. Structure and Bonding

2.8 Crystallographic Planes

Miller indices
crystallographic planes are specified by thveker indices as qkl)

Consider the intercepts @b, c (the primitive axes or neprimitive axes of

unit cell).

For example as in Fi@.13 let the axial lengths be 0.8, 0.4 and 0.4 nm

alonga, b andc respectively.

Let the intercepts be 0.2, 0.4 and 0.4 nm respectively.

Fractional intercepts would be ¥4, 1 and 1. Miller indices of the plane would be 4,
1 and 1 or conventionally written as (411). Miller indices are written in the round

brackets.
1 A
Sy
1
1/4

Fig. 2.13 Plane having
Miller indices (411)
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2. Structure and Bonding

2.8 Crystallographic Planes

Miller indices

The procedure used to determine lthk, andl index numbers is as follows:

1. If the plane passes through the selected origin, either another parallel plane must be constructed within t
cell by an appropriate translation, or a new origin must be established at the corner of another unit cell.

2. At this point, the crystallographic plane either intersects or parallels each of the three axes. The coordina
the intersection of the crystallographic plane with each of the axes is determined (referenced to the origir
coordinate system). These intercepts fondhg andz axes will be designed by, B, andC, respectively.

3. The reciprocals( ) of these numbers are taken. A plane that parallels an axis is considered to have an
infinite intercept and therefore a zero index.

4. The reciprocals of the intercepts are then normalized in terms of (i.e., multiplied by) their respdxtaredc

lattice parameters. Thati a« » ¢
A B C
5.1f necessary, these three numbers are changed to the set of smallestinte¢ , _ na
by multiplication or by division by a common factor. A
nb
. . .. .| k==
6. Finally, the integer indices, not separated by commas, are enclosed withir B
parentheses, thudiKl). Theh, k, andl integers correspond to the ne
: : : [=—
normalized intercept reciprocals referenced toxilye andz axes, C
respectively.

n is the factor that may be required
to reduceh, k,andl to integers

Applied Nanomaterials & Dévicés LAB.
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2. Structure and Bonding

2.8 Crystallographic Planes

Miller indices

£
4
|

(201} Plane referenced to
the origin at point O

J11 1) Plana referenced to
the origin at point &

(110} Plana refarencad to the
/ origin at point O

e by

/\Mf’\/\/

I-"}' Other equivalent
(001} planes )
: / — - I
/ T I Other equivalent !
’p-' Other equivalent (111} planes
P (110) planes &
i) ih) ic)

Fig. Representations of a series each of é#€d01), p) (110), and€) (111) crystallographic planes.

*One interesting and unique characteristicwoic crystalds that planes and directions having the same
indices are perpendicular to one another

Applied Nanomaterials & Devices LAB.
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2. Structure and Bonding

2.9 Reciprocal Lattice

Using X-rays, electrons or neutrons having wavelength ~ 0.1 to 0.2 nm, length comparable to
distance between atoms or planes in a solid, it is possible to obtain a diffraction pattern

» Analysis of diffraction patterns leads to the determination of crystal structure

Diffraction pattern is obtained in threciprocal space
Points in the reciprocal space are related to real space.

Each point in the reciprocal space represents a set of planes in real lattice

It is therefore often convenient to use the concept of reciprocal lattice to deal with the crystals
Reciprocal Lattice Vector&, B andC are defined in terms of the vect@s andc in real lattice as

27 (b = ¢)
A=—"—"—"— : : : .
(a.bxc) In the resulting network of reciprocal points, position veGaran be
g 2rlexa written as
(a.bxc)
C— 2n (a x b) G =hA +kB +1C
" (a.bxc) where h, k, | are Miller indices of the planes

Applied Nanomaterials & Dévices LAB.
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2. Structure and Bonding

2.10 Quasi Crystals

As far as point symmetry iIs concerned, 36/
if one tries to translate a pentagon in two dimensional space, it cannot fill the space
completely as can be seen from the Fig. 2.16.

m) Therefore fivefold rotatiomloes not satisfy the criterioiz.
rotation plus translation symmetry to make a crystal

However there are now evidences after the experimental
work by DanShechtmann 1982 that in some crystalline
matter fivefold symmetry does exist.

Indeed in some alloys like AYIin, Al-PdMn and AFCu-Co,
fivefold, eightfold or tenfold symmetries have been
observed.

Fig. 2.16Five-fold pattern
The credit for It goes t o pesrdsdilimgbhysi ci st Penros

What Penrose suggested is that instead of using a single unit
cell for the translation, use taumnit cells like a thin and a fat
rhombus or a kite and a dart as shown in Eig)7.

Applied Nanomaterials & Dévicés LAB.
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2. Structure and Bonding

2.10 Quasi Crystals

Fig. 2.17 Penrose tiles (first line) and various motifs generated using them Fig. 2.18 Penrose tiling: (a) using fat and thin rhombus and (b) using kite and dart

Such aperiodic materials which exhibitr®y diffraction patterns are known @sasi crystals

Properties of such alloys are quite interesting. For example they are poor heat and electricity conductors.
They also do not get rusted easily

Applied Nanomaterials & Dévices LAB.
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2. Structure and Bonding

2.11 Liquid Crystals

Similar to quasicrystalsiquid crystal is another class afnconventional crystals.

FriedrichReinitzernoticed that the cholesteryl benzoate, when heated, became a cloudy

liquid at 1458C and clear liquid at 17&C.

Otto Lehman looked into more details and not only confirlRexli n i resalts bubatso
gave the name liquid crystals in 1889 to it and similarly behaving materials. He found that
some molecules before melting pass through a (liquid) phase in which they flow like

liquids.

Many molecules have relike shapes and are the candidates of different types
of liquid crystals likenemati¢ cholestericsmecticand discotic

a

l
|

[T
\||| |

|
|
|

|

i

|
|

|
|

d

il

Applied Nanomctenols & Deévices LAB. Fig. 2.19 (a) Nematic (b) Smectic (¢) Cholesteric (d) Discotic liquid crystals
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2. Structure and Bonding

2.11 Liquid Crystals

Nematic crystals the molecules are almost parallel to each other in the vertical
direction but their positions are random

®» orientation order like in a crystal but positional disorder like in a liquid

Smecticcrystals are characterized by slabs of oriented molecules which are disordered with

respect to each other

Cholesteric (also called chirahematic) the molecules are oriented in the same direction as in
anematiccrystal in a single plane but there is rotation of molecules from plane to plane like

twisting

Discotic liquid crystals: disclike molecules which arrange themselves randomly in a plane but

form vertical stacks to form

—— T —

—— ———

il

i

|
|

|
|
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Fig. 2.19 (a) Nematic (b) Smectic (¢) Cholesteric (d) Discotic liquid crystals



2. Structure and Bonding

2.12 Bonding in Solids

Bonding forces and Energies

the principles of atomic bonding are best illustrated by considaongtwo isolated atoms
interact as they are brought close together from an infinite separation

At large distances
interaction negligible

At small separation distances:

attractive F.) and repulsiveRr), and the magnitude of each depends on the
separation or interatomic distancg (

L. ] » The net forcéF, ) between the two atoms
The origin of amattractive force () depends on

the particular type of bonding that exists between Fy=F, + Fg
the two atoms, as discussed shortly.

Repulsive forceér) arise from interactions
between the negatively charged electron clouds for
the two atoms and are important only at small
values ofr as the outer electron shells of the two .

llh Attractive force Fy

Attraction
~

Force F
(]

atoms begin to overlap

// Interatomic separation r
/ Repulsive force Fip

Repulsion
-

Fig. The dependence of repulsive,
attractive, and net forces on interatomi
separation for two isolated atoms.
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2. Structure and Bonding

2.12 Bonding in Solids

Bonding forces and Energies

At equilibrium state
F, andF,are equal in magnitude but opposite in si¢ F4 + Fr =0

The centers of the two atoms remain separated by the equilibrium spacing

The potential energiesetween two atoms instead of forces

1010

En, Ea @andEgare, respectively, the net, attractive, and
Fy dr
nr

repulsive energies for two isolated and adjacent atoms

E= |Fdr Ey =

= | Fydr+ | Frar
= E, + Eg . ||

The minimum in the net energy curve
corresponds to the equilibrium spacing,

Repulsion
—_—
.-"—.‘--

Bonding energyfor these two atomg,,

corresponds to the energy at this minimum poin

Pofehtial energy &

Attraction

Fig. The dependence of repulsiy
attractive, and net potential ener
interatomic separation for two isc
atoms..
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2. Structure and Bonding

2.12 Bonding in Solids

Bonding forces and Energies

The magnitude of this bonding energy and the shape of the émergy$interatomic separation
curve vary from material to material, and they both depend on the type of atomic bonding.

» Material properties depend &, the curve shape, and bonding type

For example

materials havindarge bonding energiegypically also have high melting temperatures; at
room temperature, solid substances are formed for large bonding energies,

whereas for small energiesthe gaseous state is favored; liquids prevail when the energies
are of intermediate magnitude

The mechanical stiffness (or modulus of elasticity) of a material is dependent on the shape of its
force' versus$interatomic separation curve

Primary bonds

Different types of bondsas:(1) Covalent bond, (2) lonic bond, (3) Metallic bond
(4) Mixed bond and (5) Secondary bond
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2. Structure and Bonding

2.12 Bonding in Solids

Covalent Bond

Covalent bonding, is found in materials whose atoms have small differences in electronegati

When two atoms form a molecule blgaring some of their valence electromgovalent bond
IS established.

*The hydrogen atom has a singleelectron. Each of the atoms can acquire a helium electron configuratic
(two 1svalence electrons) when they share their single electron

Fig. Schematic representation of covalent bonding
in a molecule of hydrogen ¢H

Bond Bond length (nm) | Bond energy (eV)

Many nonmetallic elemental molecules (e.9., wHu 007414 15
Cl,, F,), as well as molecules containing 0-0 |0.12074 1.4
dissimilar atoms, such as GH,0, HNQ,, CT S >
and HF, are covalently bonded CC 012425 36

S5i-5i 0.2246 1.8

Ge-Ge | 0.2403 1.6
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2. Structure and Bonding

2.12 Bonding in Solids

Covalent Bond

Covalent bonding ofarbon

Often associated with the covalent bonding of carbon (as well other nonmetallic substance
is the phenomenon of hybridizatidrihe mixing (or combining) of two or more

atomic orbitals with the result that more orbital overlap during bonding results.

For example, consider the electron configuration of carbG2sPe?,

promaoticn ﬁ,pu’l
of election hybridization
7 = 4 = T W
| ] t T
Energy -H_ - Energy -1_ - Energy
H 1s 4 1s 4 1s
Fig. Schematic diagram that shows the formation of =
sp’® hybrid orbitals in carbonaj Promotion of a &

electron to a @ state; b) this promoted electron in a
2p state; €) four Zp? orbitals that form by mixing the

single Zorbital with the three 2orbitals. sp

Fig. Schematic diagram showing fourt$gbrid

7 orbitals that point to the corners of a tetrahedron;
Applied Nanomaterials & Dévices LAB. the angle between orbitals is 108.5 sp”




2. Structure and Bonding

2.12 Bonding in Solids
lonic Bond

This type of chemical bond is formed when atoms are in the vicinity and electron(s)
from one atom is transferred to another

It is always found in compounds composed of both metallic and nonmetallic elements, elements situated
at the horizontal extremities of the periodic table.

The one able to transfer the electron or electrons is
termed as electropositive and the one which has a
tendency to accept electron or electrons is known as
electronegative. The ions thus formed are called
cationsandanionsrespectively.

The attractive bonding forces areulombic
positive and negative ions, by virtue of their net electrical charge, attract one another

lonic bonding is termedondirectionad that is, the
magnitude of the bond is equal in all directions around
an ion. It follows that for ionic materials to be stable,
all positive ions must have as nearest neighbors
negatively charged ions in a thrdenensional scheme,
and vice versa.
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