ADVANCED ENGINEERING PHYSICS
Unit 1: Crystallography & Materials Characterization

l. Introduction to Crystallography
1. The Periodic Array of Atoms
Core Concepts & Explanations:

« The Nature of Matter: All matter is composed of discrete atoms, ions, or molecules;
however, because these particles are incredibly small (on the order of Angstroms),
matter appears continuous to the naked eye.

- Ideal Crystalline State: When the temperature of a substance falls below its
freezing point, the kinetic energy of its molecules decreases enough for them to
become permanently attached to one another. This forms a three-dimensional
framework of attractive interactions, resulting in a crystalline solid.

- Definition of a Crystal: A crystal is formally defined as an anisotropic,
homogeneous body consisting of a three-dimensional periodic ordering of atoms,
ions, or molecules.

« Noncrystalline (Amorphous) Solids: Materials like glass are composed of molten
substances that cool and freeze too rapidly for their atoms to form a three-
dimensional periodic order. These are called amorphous ("formless") solids and
behave effectively as frozen, highly viscous liquids possessing a higher internal
energy than their crystalline counterparts.

Key Differences for Exam Review:

« Anisotropy vs. Isotropy: Because crystals have periodic atomic ordering that
differs depending on the direction (e.g., along the edges versus along the
diagonals), their physical properties (like hardness or thermal conductivity) are
distinct in different directions, a phenomenon known as anisotropy. In contrast,
amorphous solids like glass lack this internal order and are structurally statistically
homogeneous, making their physical properties isotropic (equal in all directions).

- Thermodynamic Behavior: Crystals exhibit a definite, sharp melting point, whereas
amorphous glasses transition through a gradual softening region.

« X-Ray Diffraction: The strict three-dimensional ordering in crystals produces sharp
X-ray interference (diffraction) phenomena, while amorphous bodies do not
produce these sharp effects.

2. Space Lattice

Core Definitions & Mathematical Expressions:



« Space Lattice Definition: A point lattice or space lattice is defined as a three-
dimensional periodic arrangement of mathematical points in space. It is important
to note that a space lattice is purely a mathematical concept and an abstraction of
the crystal.

- Infinity: In contrast to a physical crystal which has finite boundaries, a
mathematical space lattice extends infinitely.

» Lattice Translation Vector: The periodic nature of the space lattice is
mathematically defined by three translation vectors (a1, a2, as). The arrangement of
atoms looks exactly the same when viewed from a point r as it does from any point
r’ translated by an integral multiple of these vectors, defined by the equation:

r" = r+wuia1 + usas + usas, Where uy, us, usg are arbitrary integers.

3. Basis
Core Definitions & Concepts:

« Basis Definition: The specific group of identical atoms, ions, or molecules that is
attached to every single point of the space lattice is called the basis.

- ldentical Composition: Every basis in a given crystal structure is strictly identical to
every other basis in its chemical composition, internal geometric arrangement, and
physical orientation.

- Mathematical Expression: The position of the center of any specific atom j within
the basis is defined relative to its associated lattice point by the vector equation
r; = ;a1 +y;as + z;a3. The coordinates z,y;, z; are given as fractions of the axial
lengths, typically restricted between O and 1.

4. The Crystal Structure Equation
Core Concept & Breakdown:

» The Equation: To transition from a theoretical mathematical framework to an actual
solid-state material, we utilize a fundamental equation: Lattice + Basis = Crystal
Structure.

- Explanation: A crystal structure is built by placing the exact same basis (the
physical atoms) at every equivalent point defined by the space lattice. Because the
lattice points are all geometrically identical, the repeating atomic basis ensures that
every atom in the crystal structure is reproduced periodically throughout the entire
macroscopic crystal.

5. Unit Cell & Lattice Parameters
Core Definitions & Breakdown:

« Unit Cell: A unit cell is a parallelepiped defined by the three translation vectors. It
acts as the fundamental building block that can completely fill all space by the
continuous repetition of crystal translation operations.



« Primitive Cell: A primitive cell is a specific type of unit cell that possesses the
minimum possible volume and contains exactly one lattice point. For example, if a
primitive parallelepiped cell has lattice points at each of its eight corners, each
corner point is shared among eight adjacent cells; therefore, the total number of
lattice points belonging to that specific cell is 8 x (1/8) = 1.

« Wigner-Seitz Cell: Another method to construct a primitive cell is the Wigner-Seitz
cell, which is formed by drawing lines from a central lattice point to all nearby
points, and then drawing perpendicular bisecting planes at the midpoints of those
lines to enclose the smallest possible volume.

« The Six Lattice Parameters: Any unit cell is completely defined geometrically by
six specific constants, known as lattice parameters:

1. Translation Vectors (Lengths): The lengths of the three cell edges, denoted as
ay, by, ¢y (corresponding to vectors a, b, c Or ay,as, as).

2. Interaxial Angles: The three angles between these vectors, defined as a (the
angle between b and ¢), 3 (the angle between a and ¢), and v (the angle
between a and b).

» Volume Formula: Using elementary vector analysis, the exact volume (V.) of a
primitive unit cell defined by axes a1, a2, as is calculated by the scalar triple product:

Vc = |a1 . (a2 X ag)‘.

Il. Crystal Structures, Bravais Lattices, and Packing Efficiency

1. The 7 Crystal Systems

Core Concept:

All space lattices, crystal structures, and crystal morphologies that can be defined by
the exact same axial system belong to the same crystal system. A crystal system is
mathematically defined by restrictive conditions placed on the lengths of the unit cell
edges (a1, as,as or simply a, b, c) and the interaxial angles between them («a, 8,7).

Based on point symmetry groups in three dimensions, there are exactly 7 crystal
systems:

« Triclinic: The most general system with no equal axes and no equal angles.
o Parameters:a#b#c;a#+ B#7.
« Monoclinic:
o Parameters:a #b# c; a =~ =90° 8 # 90° (specifically, usually g > 90°).
« Orthorhombic:
o Parameters:a#b#c;a=8=~=90°.
« Tetragonal:
o Parameters:a=b+#c;a=p=~v=90°.
« Cubic: The system with the highest symmetry.
o Parameters:a=b=c;a=p=~y=90°.



Trigonal (Rhombohedral):
o Parameters:a=b=c;a = B=~v# 90° (When defined using primitive
rhombohedral axes).
Hexagonal:
o Parameters:a=b+# c; a=p=90°vy=120°.

2. The 14 Bravais Lattices

Core Definition:

French physicist Auguste Bravais established that there are exactly 14 and only 14
distinct ways to fill space by a three-dimensional periodic array of points. Any crystal
structure, regardless of its complexity, is built upon one of these 14 Bravais lattices.

Types of Centering:

To satisfy symmetry requirements, the 7 crystal systems can be grouped into different
centering types depending on where lattice points (atoms/molecules) are located within
the conventional unit cell:

Primitive (P) Lattices: Contain only 1 lattice point per unit cell. Lattice points are
located strictly at the corners (coordinates: 0,0, 0).

Body-Centered () Lattices: (From the German 'innenzentriert'). Contain 2 lattice
points per unit cell. Atoms are at the 8 corners plus 1 entirely enclosed at the body
centre (coordinates: 0,0,0; 1, 3, 3).

Base-Centered (A, B, C) Lattices: Contain 2 lattice points per cell. Atoms are at the
8 corners plus the centres of two opposite parallel faces (e.g., C-lattice

coordinates: 0,0,0; 5, 3, 0).

Face-Centered (F) Lattices: Contain 4 lattice points per cell. Atoms are at the 8
corners plus the exact centre of all 6 faces (coordinates:

0,0,0;%,+,0;%+,0,3:0, 1, 1).

Distribution of the 14 Lattices:

Cubic (3): Simple Cubic (P), Body-Centered Cubic (I), Face-Centered Cubic (F).
Tetragonal (2): Primitive (P), Body-Centered (l).

Orthorhombic (4): Primitive (P), Base-Centered (C), Body-Centered (I), Face-
Centered (F).

Monoclinic (2): Primitive (P), Base-Centered (C).
Triclinic (1): Primitive (P).

Hexagonal (1): Primitive (P).

Trigonal (1): Rhombohedral (R).

3. Fundamental Cubic Structures

Cubic structures are highly significant in engineering physics. They are divided into
three fundamental types:



» Simple Cubic (SC) Lattice:
o Structure: Lattice points are only at the 8 corners of the cube.
o Atoms per Cell (2): 1 (since 8 corners x+ = 1).
o Coordination Number (Nearest Neighbours): 6.
o Nearest-Neighbour Distance: a.

o Example: a-Polonium is the only metal that naturally crystallizes in this
structure because of its low packing efficiency.
« Body-Centered Cubic (BCC) Lattice:
o Structure: Atoms at the 8 corners plus 1atom in the exact centre of the cube.
o Atoms per Cell (Z): 2 (corners =1, centre = 1).
o Coordination Number: 8.
o Nearest-Neighbour Distance: ?a ~ 0.866a.
o Examples: Tungsten (W), Sodium (Na), Potassium (K).
» Face-Centered Cubic (FCC) / Cubic Closest Packing (ccp):
o Structure: Atoms at the 8 corners and the centres of all 6 faces.
o Atoms per Cell (2): 4 (corners = 1, faces: 6 x + = 3).
o Coordination Number: 12.
o Nearest-Neighbour Distance: %a ~ 0.707a.

o Examples: Copper (Cu), Silver (Ag), Gold (Au), inert gases like Ne, Ar.
4. Packing Factor (Packing Efficiency)

Core Definition:

The packing fraction (or packing efficiency) is defined as the maximum proportion of
the available unit cell volume that can be filled with hard spheres. It dictates the density
and structural stability of the material.

Formula:

Z x Volume of one sphere

PackingE f ficiency = %
unit cell

Assuming spherical atoms of radius R, the volume of one atom is %wR?’.
A. Step-by-Step Derivation for Simple Cubic (SC) (~0.524)

1. Effective Atoms (Z): 1.

2. Radius-Edge Relation: Atoms touch along the edge of the cube. Therefore, a = 2R,
orR= 3.

3. Calculation:

1x 4m(2)3 éﬁ(i) P
- 37\ _ 3 8/ __ _ ~

Result: 52.4% space is filled.



B. Step-by-Step Derivation for Body-Centered Cubic (BCC) (~0.680)

1. Effective Atoms (2): 2.
2. Radius-Edge Relation: Atoms touch along the body diagonal of the cube. The body
diagonal is va? + a2 + a? = aV/3. This diagonal equals 4 atomic radii (
R+ 2R+ R =4R).
Therefore, 4R = ay/3 —> R= 93,
3. Calculation:
2% i77( al/g )? %7"( : 6ia3 ) 2431 /3

—_ 3 JE— —_— —_— ~
PFpcc = e = e =195~ 3 ~ 0.680

Result: 68.0% space is filled.
C. Step-by-Step Derivation for Face-Centered Cubic (FCC) / hcp (~0.740)

1. Effective Atoms (2): 4.
2. Radius-Edge Relation: Atoms touch along the face diagonal of the cube. The face
diagonal is vaZ + a2 = av/2. This diagonal contains 4 atomic radii.
Therefore, 4R = av/2 = a = 2Rv/2 (and unit cell volume V = (2Rv/2)? = 16 R*V/2).
3. Calculation:
4 x 3mR? B rR3

s
16R3+/2 164v/2R3  34/2

~ 0.740

Result: 74.0% space is filled.

Note: Hexagonal Close-Packed (hcp) structures (like Mg, Zn) share this exact same
packing efficiency of 0.740 because both FCC (ccp) and hcp represent the absolute
mathematical maximum limit for packing identical hard spheres. They differ only in their
plane stacking sequence: FCC is ABCABC... while hcp is ABABAB....

lll. Crystallographic Planes and Directions

1. Miller Indices (hkl)
Core Definitions & Concepts:

« Purpose: The orientation of a crystal plane is uniquely determined by three non-
collinear points in the plane. In crystallography, we specify the orientation of a
plane using a shorthand notation known as Miller indices.

- Definition: Miller indices are defined as the smallest integral multiples of the
reciprocals of the plane intercepts on the crystallographic axes. They are always
enclosed in parentheses (hkl).

- Parallel Sets: The triple (hkl) does not represent merely a single lattice plane, but
an infinite set of equally spaced, parallel planes extending throughout the crystal,.



The Three-Step Rule for Indexing Crystal Planes:
To find the Miller indices for a given plane, strictly follow these three steps,,:

1. Find the Intercepts: Determine the points where the plane intercepts the
crystallographic axes (a1, a1, a3 Or a,b, c). Express these intercepts as fractional or
integral multiples of the lattice constants. If a plane is parallel to an axis, its
intercept is at infinity (oo),.

2. Take the Reciprocals: Take the mathematical reciprocals of these intercept values,.

3. Reduce to Smallest Integers: Clear any fractions by multiplying them by their
lowest common multiple, reducing the values to the three smallest integers having
the same ratio,.

« Example: If a plane's intercepts on the axes are 4, 1, and 2, their reciprocals are
+, 1, and 5. The smallest three integers possessing this same ratio are 1, 4, and
2. Therefore, the index of the plane is (142).

Notation for Negative Indices & Families of Planes:

- Negative Indices: If a plane intersects an axis on the negative side of the origin, the
corresponding index is rendered negative. This is universally denoted by placing a
minus sign (a bar) over the index number (e.g., k) rather than in front of it,.

- Families of Equivalent Planes {hkl}: Planes that are equivalent by symmetry are
denoted by placing curly brackets (braces) around the indices,. For instance, in a
cubic crystal, the six identical bounding cube faces
((100), (010), (001), (100), (010),and (001)) are collectively referred to as the {100}
family of planes,. In morphology, such a symmetrically equivalent set of faces is
called a "crystal form".

2. Lattice Directions [uvw]
Core Definitions & Concepts:

- Definition: A lattice line passing through the origin is defined by the coordinates of
any other point lying on that line. To show that they represent the direction of a line,
these coordinates are placed in square brackets [uvw].

« Equivalence: The symbol [uvw] describes not only a single lattice line passing
through the origin, but the infinite set of lattice lines parallel to it that have the same
lattice parameter,.

Specifying Orientations (The Ratio Rule):

» Calculation: The indices [uvw] of a direction are defined as the set of the smallest
integers that have the exact same ratio as the vector components in the desired
direction,.

- Example: If a line passes through the origin and intercepts lattice points at
000, 210, 420, and so on, each point has different coordinates, but the ratio v : v: w



remains constant. The line is designated by the smallest integers, making the
direction $$.

« Opposite Directions: Two representations with completely reversed signs define
opposite directions of the same lattice line (e.g., $$ and [210] describe the two
opposing directions of a single line).

» Relationship in Cubic Systems: It is a special mathematical property of cubic
crystals (and only true generally for cubic systems) that a lattice direction [hkl] is
strictly perpendicular to the crystal plane (hkl) possessing the exact same indices.

3. Inter-planar Distance (d};;)

Core Concept:
The structural distance dxi; represents the perpendicular spacing between adjacent
parallel planes belonging to the same set of Miller indices (hkl),.

Derivation of the Distance Formula (for an Orthorhombic System):

1. Consider a plane nearest to the origin in an orthorhombic lattice (where axes a,b,c
are mutually perpendicular). Based on the definition of Miller indices, this plane
intercepts the axes at distances <, %" and ..

2. Let d be the perpendicular distance from the origin to this plane. The normal to the
plane makes angles ¢,, ¢», and ¢. with the crystallographic axes a,b, and ¢,
respectively.

3. Using basic right-triangle geometry, the cosines of these angles are calculated as:

d d-h

cos ¢, = =
a()/h Qo
d d-k
cos ¢pp = bo/k = _bo
d d-l
SO = el T e

4. Because the axes in an orthorhombic system are completely orthogonal, the sum of
the squares of the directional cosines must equal 1:

cos> ba + cos? oy + cos? ¢ =1
5. Substituting the geometric terms into the cosine identity yields:
h? k? 12
d? . —S t 3 t+tZ|= 1
ag by <

6. Rearranging to solve for the inter-planar distance di; gives:
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Specific Mathematical Expression for Cubic Crystal Systems:
In a cubic crystal system, the geometry simplifies because all three lattice constants
(edges of the unit cell) are identical (ag = by = o).

By substituting a, for by and ¢ in the generalized derivation above, the formula
mathematically reduces to its final cubic form:

ag
VRZ+ K2+ 12

Ak =

IV. Defects in Crystals (Qualitative)
1. Concept of Nonideal Crystals

« Ideal vs. Real Crystals: An ideal crystal is a purely theoretical model wherein a
three-dimensional array of atoms conforms perfectly to one of the 230 space
groups, extending infinitely with perfect periodicity. In practice, however, a "real
crystal" always deviates from this ideal behavior.

» Nature of Deviations: Real crystals contain missing atoms, cracks, and
microscopic fissures, and their crystal faces are often not perfectly flat. All such
deviations from ideal crystalline behavior are universally termed crystal defects.

- Significance: Far from being merely "flaws," crystal defects govern many of the
most important practical properties of materials. They control solid-state diffusion,
electrical conductivity in semiconductors (via chemical impurities), luminescence,
optical color centers, and the plastic/mechanical strength of metals. Defects are
categorized based on their spatial dimensionality (0D, 1D, 2D, and 3D).

2. Point Defects (OD)

Point defects are highly localized, zero-dimensional atomic dislocations. The
concentration of these defects is governed by thermal equilibrium and naturally
increases with rising temperature.

» Schottky Defects (Vacancies):

o Concept: A Schottky defect, or lattice vacancy, occurs when an atom is
entirely missing from its expected regular lattice site because it has
"wandered" to the outer surface of the crystal.

o Effect on Properties: Because atoms are removed but the overall volume
roughly remains the same, Schottky defects actively decrease the density of
the crystal. They are the predominant defect in pure alkali halides like NaCl.



o Mathematical Expression: The equilibrium number n of isolated vacancies in a
crystal with IV lattice sites is given by the Boltzmann factor:

n= Nexp(—E'V/kBT)

where Ey is the energy required to take an atom from the interior to the
surface. In ionic crystals, vacancies usually form in positive-negative pairs to
maintain local electrostatic neutrality, calculated as n ~ N exp(—E,/2kgT),
where E,, is the formation energy of the pair.

» Frenkel Defects (Interstitials):

o Concept: A Frenkel defect occurs when an atom is displaced from its regular
lattice site and forced into an irregular "interstitial" position (a void space
between normal atoms).

o Effect on Properties: Because the atom remains trapped inside the crystal's
interior, the overall volume and mass do not change; hence, density remains
unchanged. These are predominant in silver halides like AgBr.

o Mathematical Expression: If N is the number of lattice sites and N’ is the
number of interstitial sites, the equilibrium number of Frenkel defects n is:

n~ (NN exp(—E;/2kpT)
where Ej is the energy needed to displace the atom to the interstitial position.

3. Line Defects (1D - Dislocations)

Line defects, or dislocations, are structural faults that propagate along a one-
dimensional line inside the crystal. They are the primary mechanism responsible for
"slip" (plastic deformation) in metals, explaining why real crystals yield at shear
stresses far below their theoretical strengths.

« The Burgers Vector (b): To characterize a dislocation, a closed mathematical curve
is drawn around the defect. If the same steps are traced in a perfect reference
lattice, the loop fails to close. The vector required to close this gap is the Burgers
vector (b), representing the magnitude and direction of the lattice displacement.

« Edge Dislocations:

o Concept: An edge dislocation is formed when an extra vertical half-plane of
atoms is forcefully crowded into the crystal lattice. The defect line runs along
the bottom edge where this extra half-plane abruptly terminates.

o Vector Relationship: For an edge dislocation, the Burgers vector b is strictly
perpendicular (normal) to the line of the dislocation.

» Screw Dislocations:

o Concept: A screw dislocation occurs when a crystal is partway cut and the
lattice planes are sheared parallel to the edge of the cut by one atom spacing.
Instead of parallel layers, the atomic planes wrap around the defect line in a
continuous, helical (spiral) ramp.



o Vector Relationship: For a screw dislocation, the Burgers vector b is strictly
parallel to the line of dislocation.

o Application: Screw dislocations are highly critical for crystal growth at low
supersaturation levels. The persistent step of the helix provides a permanent,
energetically favorable site for new atoms to attach, driving the growth of
ultra-thin, highly strong "whisker" crystals.

4. Surface / Plane Defects (2D)
These are two-dimensional boundary faults where distinct regions of a crystal meet.

« Small Angle Grain Boundaries (Tilt Boundaries):

o Concept: Sometimes, two adjacent domains of a single crystal are slightly
tilted with respect to one another. The boundary face separating them is
constructed by a vertical array of parallel edge dislocations.

o Mathematical Expression: The small angle of inclination 8 between the two
crystal domains is calculated by the relationship between the Burgers vector b
and the vertical spacing distance D between the dislocations:

0= —
D

« Stacking Faults:

o Concept: These are local disturbances or irregularities in the normal layer-by-
layer building sequence of a crystal structure.

o Example: Cobalt can crystallize in both cubic closest packing (ccp: layer
sequence ABCABC...) and hexagonal closest packing (hcp: layer sequence
ABABAB...). A stacking fault occurs if the layering randomly fluctuates
between these two sequences.

 Twin Boundaries:

o Concept: A twin boundary is a macroscopic 2D plane where two crystals of
the exact same composition grow together in a highly symmetrical, mirror-
image relationship.

o Example: In a "spinel twin," the twin plane acts as a mirror boundary,
effectively rendering one half of the crystal as a 180° rotated mirror reflection
of the other half along the (111) plane.

5. Volume Defects (3D)

While the theoretical models assume a perfectly packed space, macroscopic three-
dimensional volume defects are rampant in real crystal synthesis.

- Categories: These macroscopic 3D flaws include empty voids, large physical
cracks or fissures, and trapped inclusions (which can manifest as pockets of



trapped gas, internal liquids, or foreign crystalline impurities enclosed completely
inside the host lattice).

IV. Defects in Crystals (Qualitative)
1. Concept of Nonideal Crystals

« Ideal vs. Real Crystals: An ideal crystal is a purely theoretical model wherein a
three-dimensional array of atoms conforms perfectly to one of the 230 space
groups, extending infinitely with perfect periodicity. In practice, however, a "real
crystal" always deviates from this ideal behavior.

« Nature of Deviations: Real crystals contain missing atoms, cracks, and
microscopic fissures, and their crystal faces are often not perfectly flat. All such
deviations from ideal crystalline behavior are universally termed crystal defects.

« Significance: Far from being merely "flaws," crystal defects govern many of the
most important practical properties of materials. They control solid-state diffusion,
electrical conductivity in semiconductors (via chemical impurities), luminescence,
optical color centers, and the plastic/mechanical strength of metals. Defects are
categorized based on their spatial dimensionality (0D, 1D, 2D, and 3D).

2. Point Defects (OD)

Point defects are highly localized, zero-dimensional atomic dislocations. The
concentration of these defects is governed by thermal equilibrium and naturally
increases with rising temperature.

« Schottky Defects (Vacancies):

o Concept: A Schottky defect, or lattice vacancy, occurs when an atom is
entirely missing from its expected regular lattice site because it has
"wandered" to the outer surface of the crystal.

o Effect on Properties: Because atoms are removed but the overall volume
roughly remains the same, Schottky defects actively decrease the density of
the crystal. They are the predominant defect in pure alkali halides like NaCl.

o Mathematical Expression: The equilibrium number n of isolated vacancies in a
crystal with N lattice sites is given by the Boltzmann factor:

n ~ Nexp(—Ev/kgT)

where Ey is the energy required to take an atom from the interior to the
surface. In ionic crystals, vacancies usually form in positive-negative pairs to
maintain local electrostatic neutrality, calculated as n ~ N exp(—E,/2kgT),
where E, is the formation energy of the pair.
» Frenkel Defects (Interstitials):

o Concept: A Frenkel defect occurs when an atom is displaced from its regular
lattice site and forced into an irregular "interstitial" position (a void space
between normal atoms).



o Effect on Properties: Because the atom remains trapped inside the crystal's
interior, the overall volume and mass do not change; hence, density remains
unchanged. These are predominant in silver halides like AgBr.

o Mathematical Expression: If N is the number of lattice sites and N’ is the
number of interstitial sites, the equilibrium number of Frenkel defects n is:

n~ (NN')Y? exp(—E;/2kpT)
where E; is the energy needed to displace the atom to the interstitial position.

3. Line Defects (1D - Dislocations)

Line defects, or dislocations, are structural faults that propagate along a one-
dimensional line inside the crystal. They are the primary mechanism responsible for
"slip" (plastic deformation) in metals, explaining why real crystals yield at shear
stresses far below their theoretical strengths.

« The Burgers Vector (b): To characterize a dislocation, a closed mathematical curve
is drawn around the defect. If the same steps are traced in a perfect reference
lattice, the loop fails to close. The vector required to close this gap is the Burgers
vector (b), representing the magnitude and direction of the lattice displacement.

- Edge Dislocations:

o Concept: An edge dislocation is formed when an extra vertical half-plane of
atoms is forcefully crowded into the crystal lattice. The defect line runs along
the bottom edge where this extra half-plane abruptly terminates.

o Vector Relationship: For an edge dislocation, the Burgers vector b is strictly
perpendicular (normal) to the line of the dislocation.

» Screw Dislocations:

o Concept: A screw dislocation occurs when a crystal is partway cut and the
lattice planes are sheared parallel to the edge of the cut by one atom spacing.
Instead of parallel layers, the atomic planes wrap around the defect line in a
continuous, helical (spiral) ramp.

o Vector Relationship: For a screw dislocation, the Burgers vector b is strictly
parallel to the line of dislocation.

o Application: Screw dislocations are highly critical for crystal growth at low
supersaturation levels. The persistent step of the helix provides a permanent,
energetically favorable site for new atoms to attach, driving the growth of
ultra-thin, highly strong "whisker" crystals.

4. Surface / Plane Defects (2D)
These are two-dimensional boundary faults where distinct regions of a crystal meet.

« Small Angle Grain Boundaries (Tilt Boundaries):



o Concept: Sometimes, two adjacent domains of a single crystal are slightly
tilted with respect to one another. The boundary face separating them is
constructed by a vertical array of parallel edge dislocations.

o Mathematical Expression: The small angle of inclination # between the two
crystal domains is calculated by the relationship between the Burgers vector b
and the vertical spacing distance D between the dislocations:

b
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« Stacking Faults:
o Concept: These are local disturbances or irregularities in the normal layer-by-
layer building sequence of a crystal structure.

o Example: Cobalt can crystallize in both cubic closest packing (ccp: layer
sequence ABCABC...) and hexagonal closest packing (hcp: layer sequence
ABABAB...). A stacking fault occurs if the layering randomly fluctuates
between these two sequences.

« Twin Boundaries:

o Concept: A twin boundary is a macroscopic 2D plane where two crystals of
the exact same composition grow together in a highly symmetrical, mirror-
image relationship.

o Example: In a "spinel twin," the twin plane acts as a mirror boundary,
effectively rendering one half of the crystal as a 180° rotated mirror reflection
of the other half along the (111) plane.

5. Volume Defects (3D)

While the theoretical models assume a perfectly packed space, macroscopic three-
dimensional volume defects are rampant in real crystal synthesis.

- Categories: These macroscopic 3D flaws include empty voids, large physical
cracks or fissures, and trapped inclusions (which can manifest as pockets of
trapped gas, internal liquids, or foreign crystalline impurities enclosed completely
inside the host lattice).

V. Concept of Nanomaterials
1. Introduction to Nanostructures and Dimensionality Reduction
Core Definitions & Concepts:

» Nanostructures: Traditional solid-state physics deals with bulk materials where
macroscopic rules apply. However, when the spatial extent of a solid is reduced in
one or more dimensions to the nanometer scale (typically 1-100 nm), its physical,
magnetic, electrical, and optical properties are dramatically altered.



- Dimensionality Reduction: Nanostructures are classified based on the number of
dimensions that are confined to the nanoscale.

o One-Dimensional (1D) Systems: These materials are extended in only one
macroscopic direction while being spatially confined in the other two
orthogonal directions.

= Examples: Carbon nanotubes, quantum wires, and conducting polymers
(like polyacetylene).

o Zero-Dimensional (OD) Systems: These materials are fully confined in all
three spatial dimensions. Because they possess discrete, highly quantized
energy states, they are often referred to as "artificial atoms" or "quantum
dots".

= Examples: Semiconductor nanocrystals (like CdSe), metal nanoparticles,
and lithographically patterned quantum dots.

2. Surface-to-Volume Ratio (The Primary Driver of Altered Properties)

Core Concept:

While quantum confinement plays a major role in nanomaterials, a fundamental driver
of their altered physical and chemical behavior is the massive proportion of surface
atoms. In bulk solids, the vast majority of atoms reside safely within the interior of the
crystal lattice. In a nanoparticle, however, a massive fraction of the total atoms is
exposed on the surface.

Mathematical Expression:

For a spherical nanoparticle of radius R composed of atoms with an average spacing aq,
the ratio of the number of surface atoms (N, ) to the total number of bulk atoms (N) is
given by:

Nsurf . 3a

N R

« Step-by-Step Proof/Example: If we consider a nanoparticle with a radius R = 6a
(which translates to roughly R = 1 nm for typical atomic spacings), the ratio
evaluates to 3¢ = 1.

« Conclusion: At a radius of 1 nm, exactly half (50%) of all atoms in the solid are

situated on the surface.
Physical and Chemical Consequences:

« Thermodynamic Instability (Lowered Melting Point): Surface atoms are
incompletely bonded compared to bulk atoms. This lack of complete bonding
dramatically lowers the cohesive energy of the particle, causing nanoparticles to
melt at temperatures far below the melting temperature of the corresponding bulk
solid.

- Enhanced Reactivity: The massive surface area makes nanoparticles highly
advantageous for applications in gas storage (where molecules are adsorbed on



the surfaces) and in chemical catalysis (where reactions occur directly on the
exposed surface of the catalyst).

3. Quantum Confinement: Electrical and Optical Alterations

When dimensionality is reduced, the fundamental electronic and vibrational excitations
of the solid become strictly quantized.

A. 1D Systems (Quantum Wires & Nanotubes)

« 1D Subbands and Van Hove Singularities: In a 1D wire, electron motion is
quantized in the transverse directions (z,y) but free to propagate in the z direction.
The dispersion relation consists of a series of 1D subbands.

« The density of electronic states D(e) in 1D is inversely proportional to the velocity
and diverges at the threshold of each subband: D(e) (e — €;;)~'/2. These sharp
peaks in the density of states are called Van Hove singularities. They completely
dominate the electrical tunneling spectra and optical absorption/emission
characteristics of materials like carbon nanotubes.

B. OD Systems (Quantum Dots & Nanocrystals)

- Discrete Energy Levels: A system fully confined in three dimensions has a set of
discrete charge and electronic states. For an infinite spherical potential well of
radius R, the energy levels are given by:

2 2
h a,;

€nl = ———
2m* R?

(Where $m”$ is the effective mass, and a,,; represents the zeroes of the spherical
Bessel functions)*.

- Bandgap Tuning: Because the energy level ¢, is inversely proportional to R?, the
ground state electron energy rapidly increases as the nanocrystal shrinks.
Therefore, the bandgap of a semiconductor nanocrystal grows and can be tuned
over a wide range simply by changing its radius R.

o Example: In CdSe nanocrystals, as the radius is reduced, the optical
absorption and emission spectra shift across the visible spectrum (shifted by
nearly 1eV from the bulk bandgap), making them incredibly useful for
fluorescent labeling and light-emitting diodes.

VI. Materials Characterization Techniques
1. X-Ray Diffraction (XRD) & Bragg's Law
Core Concept & Why X-Rays are Used:

- Wavelength Compatibility: To study the internal structure of crystals, we must use
waves that have a wavelength comparable to the length of the building blocks of



the structure. X-rays are used because their wavelengths (A ~ 0.1 — 10 R) are of the
exact same order of magnitude as the interatomic lattice spacing in crystals.
Because of this, the periodic array of atoms in a crystal acts as a natural three-
dimensional diffraction grating for the X-rays.

Derivation and Application of Bragg's Law:

« Concept: W. L. Bragg explained diffraction by modeling it as the specular (mirror-
like) reflection of X-rays from parallel planes of atoms inside the crystal.
« Step-by-Step Derivation:
1. Assume a parallel, monochromatic beam of X-rays (of wavelength \) falls on a
set of parallel lattice planes separated by a distance d.
2. The incident beam strikes the planes at a glancing angle #.

3. Consider two parallel X-rays: one reflects off the top plane, and the other
penetrates and reflects off the plane immediately below it.

4. By dropping perpendiculars from the point of incidence on the top plane to the
lower ray, we can geometrically determine the extra distance the second ray
must travel. This path difference is calculated as I" = 2d sin 6.

5. For these reflected rays to produce a strong, observable beam, they must
interfere constructively. Constructive interference only occurs when the path
difference is an exact integral multiple of the wavelength (n\).

« The Formula: Equating the two yields Bragg's Law:
n\ = 2dsinf

(where n = 1,2,3... is the order of diffraction).

2. The Powder Method (Debye-Scherrer Technique)
Core Definitions & Explanations:

« Purpose: Instead of using a single large crystal (which requires precise alignment),
the Debye-Scherrer method irradiates a fine powder of the crystalline substance
with a monochromatic X-ray beam.

« Random Orientation: A fine powder contains thousands of tiny crystallites
randomly arranged in all possible orientations. Because of this random distribution,
there will always be a large number of crystallites perfectly aligned so that their
(hkl) lattice planes make the exact glancing angle 6 required to satisfy Bragg's Law.

- Diffraction Cones: The beams reflected by these specifically oriented planes do
not just form a single spot; because the crystallites are rotated in all directions
around the incident beam, the diffracted rays sweep out and form the surface of a
continuous cone. The generating angle of this reflection cone is exactly 46.

- Debye-Scherrer Lines: The powder is placed in a cylindrical camera surrounded
by a strip of photographic film. The 46 diffraction cones intersect this film, creating
curved arcs known as Debye-Scherrer lines.



- Measurement: If S is the measured arc distance between a pair of lines from the
same cone, and R is the radius of the camera, the glancing angle 6 can be found
using the relationship:

S 40

o7R _ 360°

3. Crystallite Size Calculation

Note: While the exact mathematical formula for crystallite size is not explicitly derived
in the provided textbook excerpts, it is a specific requirement in your JNTUH syllabus
and was established in our previous study outlines.

« Concept: When the crystallite size in a powder or nanomaterial becomes very
small, the sharp X-ray diffraction peaks begin to broaden. This peak broadening
can be measured to calculate the average size of the crystallites.

« Debye-Scherrer Formula:

K\
D=
B cos @

[¢]

D = Average crystallite size (thickness).
K = Scherrer shape constant (typically ~ 0.9).
A = Wavelength of the incident X-ray.

B = Full Width at Half Maximum (FWHM) of the diffraction peak, which must be
measured in radians.

(¢]

[e]

[¢]

o 6 = The Bragg glancing angle.
4. Scanning Electron Microscopy (SEM)

Core Definitions & Working Principle:

« Concept: Scanning Electron Microscopy (SEM) is an imaging technique used to
achieve extremely high-resolution topographical images of nanoscale and
microscale structures. It overcomes the resolution limits of optical light
microscopes by using electrons, which possess much shorter wavelengths.

» Working Principle: In an SEM, a high-energy electron beam (typically accelerated
between 100 V and 100 kV) is tightly focused and systematically scanned
(rastered) over the surface of the sample.

« Signal Generation: As the high-energy beam strikes the sample, it interacts with
the atoms at the surface, knocking loose and ejecting secondary electrons and
backscattered electrons.

» Image Formation: The number of electrons that emerge from the sample depends
heavily on the local physical topography and chemical composition. An electron
detector collects these emitted electrons, and a real-space image is formed by



plotting the intensity of the detector signal against the exact location of the
scanning beam.

Block Diagram Architecture:
To properly textualize the SEM block diagram for your exams, ensure you include the
following sequential components:

1.

Electron Source (Gun): Generates and accelerates the beam of electrons using
high voltages.

. Electromagnetic Lenses: A series of condenser and objective lenses that tightly

focus the collimated electron beam into a fine probe.

. Scanning Coils: Deflect the focused beam back and forth to scan it across the

sample.

. Sample/Specimen: The solid target being analyzed, from which electrons are

ejected.

. Electron Detector: Positioned near the sample to collect the backscattered and

secondary electrons, translating them into the final high-resolution topographical
image displayed on a monitor.



