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Crystal structure

Crystal diffraction

Crystal binding

Thermal vibration (phonon)
Specific heat
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Thermal properties of solids
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The Unit Cell Concept

The simplest repeating unit in a crystal is called a unit cell. Opposite faces
of a unit cell are parallel. Not unique. There can be several unit cells of a crystal.
The smallest possible unit cell is called primitive unit cell of a particular crystal
structure.
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STRUCTURE OF SOLIDS

Can be classified under several criteria based on atomic arrangements,
electrical properties, thermal properties, chemical bonds etc. Using electrical
criterion: Conductors, Insulators, Semiconductors. Using atomic arrangements:
Crystalline, Amorphous, Polycrystalline.

Crystalline Solids
Atoms arranged in a 3-D long range order. “Single crystals” emphasizes
one type of crystal order that exists as opposed to polycrystals.
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Amorphous Solids

No regular long range order of arrangement in the atoms. Eg. Polymers,
common window glass, ceramic. Can be prepared by rapidly cooling molten
material. Rapid—minimizes time for atoms to pack into a more thermodynamically
favorable crystalline state as Fig below.
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Continuous random network structure of atoms in an amorphous solid

Polycrystalline Solids

Atomic order present in sections (grains) of the solid. Different order of
arrangement from grain to grain. Grain sizes = hundreds of © m. An aggregate of a
large number of small crystals or grains in which the structure is regular, but the
crystals or grains are arranged in a random fashion.

Polycrystalline
aterial

Lines show lattice orientation
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Grain boundary

When finished, please press the "back” button in your browser.

Polycrystalline Solids
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Examples:

Amorphous silicon (a-Si) used to make thin film transistors (TFTs) used as
switching elements in LCDs. Ploycrystalline Si — Gate materials in MOSFETS.
Active regions of most solid state devices are made of crystalline

semiconductors.
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Lattice symmetry operation
There are mainly six symmetry operation :-

1. Translation symmetry operation Sl el
2. Rotation symmetry operation s s
3. Reflection symmetry operation (lSai) L
4. Inversion symmetry operation o) lalis
5. Glide symmetry operation Sila i s
6. Screw symmetry operation (& oA ) anll Hlalss

1. Translation symmetry operation AL b

T =na+n,b+n;c 0 53—

r=r+T

o O a4 51 ) g 308D ) (5 shl) CusS 5l A 31 Adausd gy oy JEEY) I i o)
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2. Rotation symmetry operation s

Dbl s Leadge AN Dlie aal g Adadil) Ly 3 923 Al & gall dae

Rotations by an angle 2n/n about a specific axis.
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3. Reflection symmetry operation (mirror plane) (Sl el

if we have point r; = a,i+a,j
after applying a mirror (reflection)
we get T = a,i-a,j

4. Inversion symmetry operation ) lals o |
|

if r represent any point or atom in space
r; = adtay
-1 = -ai-a,j
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5. Glide symmetry operation PIENG YR Sk
Lsnian lSadl (S ol 5 (Al 3 5 ge (Ao dians O (San Gaam ALalS 4808 Ll S 13
Al s 1/2 Jusl
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6. Screw symmetry operation (& A i) a ) ol

S I Gsaana (1,2,3,4) Olosd ssae (0 (&l Less) (s osmal) JBLEN Jise o oS3
Al A8l e Jass el
nT=Pa
T 2 O S
o) S
bl e 0 ol lus o 27/n
=2
T—(n)a
Ex. 1:- Draw the following screw operation 21
&e 21 QB4 A np

n=2, p=1
Dalzall uda
T=C)a»T=1/2 a gUEY Jlaka
a 2m/n» 2n/2=m Glosall 4y 5
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Ex. 2:- Draw the following screw operation 31
&e 31 QA4 A& np

n=3, p=1
Adalaal) (guas
T=(§) a»T=1/3 a gAY ldia

a 2m/3» 2rn/3=120° Olosll A )
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Ex. 3:- H.W:- Draw the following screw operation 43?

Hard Sphere Model of Crystals

Assumes atoms are hard spheres with well defined diameters that touch.
Atoms are arranged on periodic array — or lattice. Repetitive pattern — unit cell
defined by lattice parameters comprising lengths of the 3 sides (a, b, ¢) and
angles between the sides (a, B, 7).

Lattice Parameters

Atoms in a Crystal
Crystal structure

In a crystal, the atoms are arranged in a regulator pattern that repeats
throughout the material. The periodic arrangement of atoms in a crystal is called
a lattice. All the lattice points are geometrically equivalent. A lattice therefore
exhibits perfect translational symmetry and, relative to an arbitrarily chosen
origin, at a lattice point, any other lattice point has the position vector.
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where 7 is necessarily an integer and the vectors a, b and ¢ are fundamental units
of the translational symmetry. There are fourteen different lattice structures
which are called the Bravais lattices. By repeated duplication, a unit cell should
reproduce the whole crystal. A Bravias lattice (unit cells) - a set of points
constructed by translating a single point in discrete steps by a set of basis
vectors.In 3-D, there are 14 unique Bravais lattices. All crystalline materials fit
in one of these arrangements.

Crystal system

The crystal system: Set of rotation and reflection symmetries which leave a
lattice point fixed.There are seven unique crystal systems: the cubic (isometric),
hexagonal, tetragonal, rhombohedral (trigonal), orthorhombic,monoclinic and
triclinic.
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pletiall paals o ubmall o= [f=y=90" a=h=c cubic wuasall
CaF; «ZnS i(rock salt)NaCl

STIO, p3lill) S S 7o 98 3 o=p=7y=90" a=h#c Tetragonal «a5¥) (Sl
KH;POy :8n0;

‘HgS Mg 23 il oo 3| o= =90 y=120° a=b#c Hexagonal 43 5¥1 (ol iu
8iQ), (silica)

sBi &5ma 2l iCaCOy Sl (Calcite) o=p="y#90° a=hbh=c¢ Rhombohedral 4331 &5
NaNOs

sBaSQ, :Br, a5 i 1 o=p=y=90" azbh#c Orthorhombic (ssall
Mg50,.7H,0 (epsomite)

Apdlall agyageall Sy S | g=1y=90° B £ 90° azh#c Monoclinic Js=all g3l
CaS0,..2H,0 :Na,50,.10H,

iCuS 0, 5H, 0 Amdlall (uladll 2l 8 aZBEy#90° azb#c Triclinic J=dl A3
K;Cr;; (Potassium Dichromate)
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3 Bravais lattices

WS

Face-centered Body-centered
cubic cubic

Symmetry elements: Four 3-fold rotation axes along
cube diagonals i '
a=b=c

a=B=y=90°
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(Fig. 27 a) Js& kil Simple cubic das e (1

(Fig. 27 b) K&l kil Body-centered cubic S !l semes onSa (¥
{(Fig. 27 ¢) JS&! jhil Face-centered cubic 8yl e 5 oS (¥
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| Simple cuhic | Y Besdy-centered ® Face-censened
| cubic cubic
I
| I

(b) (c)

(1-a): Simple Cubic Structure (SC)

Simple Cubic iavisd! eS| (1
(Simple Cubic Unit Cell) dliuivel] duniil | 5 gul| dundid |
Primitive Cubic Unit Cell duuildul| dustd | duebd|
jﬁj(.hnﬁlhlj‘)jl_:d_m.bd.]-_hs.njl I\SJlﬁa_P}quJ ..L‘L._us.n l:.nJ._':.j;!j
JEETIE S _ﬁl mJ:..l_iL LAF-J'.S
-1.&.3.._}53*.;:5 a(‘“‘ JS.:;_; Al JS.:;].EE&JSJL}” o_j:\.j.n.‘&s_mjl.h' [ s s shg
saal y Al (Jhad aal ) A0al o) e o3 e LA Al L oL (s 03 e n)
Al ) g5l e ) 5 S (a A (1/8) Jiat 51 Lo
Coordination#=6
(# nearest neighbors)

1 atom/unit cell
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One atom per unit cell

a=2r=li=ig=f o=l Al Lagal 4080 sayi ; (F7) K&

SC

No. of atom/unit cell 1/8*8=1 atom

No. of nearest neighbor are 6

the distance of the nearest neighbor d=a
the relation between r and a is a=2r, r=a/2

A

the primitive vector are a=ia, b=jb, c=kc
Volume=|a. b * ¢|

Volume= ia.( jb*kc)

a=b=c in the cubic system
Volume= ia.(ja*ka)» ia.(ia%)
Volume=a’
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(1-b): Body Centered Cubic Structure (BCC)
(Body-Centred Cubic) ! eted et (i
(Body-Centred) detmeiieg duiiniet dutmbi
Body-Centered Cubic Unit Cell peid] daliyh i dubiiiet cunks
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* Exhibited by Cr, Fe, Mo, Ta, W

* Close packed directions are cube diagonals.
* Coordination number =8

All atoms are ide

2 atoms/unit cell I

13
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BCC
D=\/ a? + (V2a)? V2a

D=V3a
d=1/2(+/3a)
1. No. of atom/unit cell (1/8*8)+1=2 atom
2. No. of nearest neighbor are 8
3. the distance of the nearest neighbor d=1/2(~/3a)
4. the relation between r and a is v3a =r+r+2r, V3a =4r» r=1/4(/32)
r=d/2 T
5. the primitive vector are
a=a/2(i+j-k)
b= a/2(-i+j+k)
c= a/2(i-j+k)

Volume=|a. b = ¢|

Volume= a/2(i+j-k).( a/2(-i+j+k)* a/2(i-j+k))
a=b=c in the cubic system

Volume=(1/2)a’

(1-c¢): Face Centered Cubic Structure (FCC)
(o ol | il duiSid ) dudad|) Face-Centred Cubic jmpdl obir§ weised (2
Face — Centered Cubic Unit Cell dargdl duym pb) duttnd | S ul | cusukid|
b..‘lP}.e n..“_i'lJ:.‘l —tas L.bgi_j u_u.S.qll 3..93'“3.1.5 QItSJ‘\ZHI u.ﬂ bdp}n u“_i'IJ:J L“5.:;;.&3 ‘\_11 -._uS.q L..F SJIL:I':- _}h_g
Kora b A5 aplal) S,V i 4S8 i) Canlall cundl ilgal 5l (e Agal 5 IS dany
(Al aa ;g (e JS
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4r=a2 =r= [%J\E

e Coordination number =12
* 4 atoms/unit cell

All atoms are identical

Adapted from Fig. 3.1(a),
Callister Ge.

6 x (1/2 face) + 8 x 1/8 (corner) = 4 atoms/unit cell

15
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FCC
D=1/2a a \2a
d=1/2(v/2a) S q
1. No. of atom/unit cell (1/8*8)+6*1/2=4 atom
2. No. of nearest neighbor are 12 D /
3 planes * 4 points=12 ® ® a

3. the distance of the nearest neighbor d=1 /2+(2a)

4. the relation between r and a is V2a =r+r+2r, v/2a =4r» r=1/4(~/2a)
r=d/2

5. the primitive vector of FCC are
a=a/2(i+j)
b= a/2(j+k)
c= a/2(i+k) o | @
Volume=|a. b = ¢|

(¢

Volume= a/2(i+j).( a/2(j+k)* a/2(i+k))
a=b=c in the cubic system
Volume=(1/4)a’

16
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The filling factor F.F or packing factor

W&WB

AAL o Casall ASH anal) o el )3l ddaud g J gdial) anall 4y giall daudl) g8 g

volumecupbedtoms

F.F

totwblum
atoms

4 3 "
FF_Snr *N 00 unitcell
L] a3

Applications
1.SC

No. of atoms /unit cell=1
r=a/2

2n §)3*1
F.F=2%

2.BCC
No. of atoms /unit cell=2

r=1/4(/3a)
SR

a3

= —’6’—3.14/6=52%

amE’2_ o,
F.F 68%

3.FCC
No. of atoms /unit cell=4

r=1/4(\/2a)
Fp=" R
a

T =74%

17
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(Tetragonal System) «a93 b | bl : i

Aals ol 5 JS ol Al 13 S (@ = b) e LlSE alacl AdE el slie s
 (a=b#c)déaaYadus(a=p=y=90°
(Y \ JSMZ) u_.}j.]:-‘dlll E:‘L«'ﬂh aa J}}: = -.J.l::.bl 4&1553JH5 Ga.j_jiu.n':m :kl;l}:h:...-.u s...JLL‘:L;..llI A% g g3

¢ B

¥ b
a

Tetragonal System 42 ) Ll ABI) : (YY) Jo&
Zr o555 (7 SN0, sl 3l B (Y TiO, asslil) sl 6 () 1 Alla

Two Bravais lattices

Simple Body-centered
tetragonal tetragonal

Symmetry element: One 4-fold rotation axis
a=b#c

18
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(Hexagonal System) a8l el e | ol | : G i

bl_.dlllljj u-fu 'au:a::.!ll 12a )‘ﬁ-ﬂij EM‘YH -Hﬁ.jlhms.a b s ILG_IS.:\ Aaacld 4403 _}}.:rm 3
(VY JS5) (a=b £ c) 4nls (a=p=90° y=120°)

18
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Hexagonal System 4> 831 el aud) aUall) ; (YY) JS&

(C) s all (f Mg sl (T (Si0y) 380 (Y o3l () alia

Only one Bravais lattice

Hexagonal

Symmetry element: One 6-fold rotation axis
a=b#c

o= 120°

B=y=90°

19
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(Trigonal System) aagdl e Sl | ol | il 3
(Rhombohedral) gt | dees olided ) §l
oo Ale 48 ga 5 CoaSa JS5 AUl 128 4y (inal) 4 AUail) Cal anss ) 4n Y1 AN AUl

(=B =7 # 90°) 4uild Cud 13K 4y 5ldia sl 535 (a = b = ¢) Jshall & slaiia 43 jal 5 lguinny
(YT U8

Rhombohedral ((rmall 4aud) 4 ¢¥1 A0 2UBL) 2 (YF) J8&
Bi &gl (Y (ALO;) psties¥) wSi (Y CaCOy Candisll () 2 Al

One Bravais lattice

Rhombohedral

Symmetry element: One 3-fold rotation axis

a=b#c
o= 120°
p=y=090°

20
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(Orthorhombic System) (g} el | : (WY ES
((a#b # c)lell shl Calis s sa s G aY Al (o= B =1y = 90°) Aald ol 53 JS Adaill 128
(Y€ J88) oy sl Ao JS5 andy il laa

By

Ot

b

a
Orthorhombic System (Amall B3 ¢ (Y£) J8&

K580, psals sl ldy 1€ (Y BaSO, a skl S ;< (Y Syl () Al

(Bry) a0l (© S Ll (¢

Four Bravais lattices

] [

Simple Body-centered Base-centered Face-centered
orthorhombic aorthorhombic orthorhombic orthorhombic

Symmetry element: Three mutually perpendicular 2-
fold rotation axes

azb#c

a=pB=y=90°

21
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: (Monoclinic System) Jud! uji-‘l-"i P : o i
Aald e ZAIEN 5 S G55 4y e Dl L3l s Clem s Alkais o s 5 Aag )l Alail) 138
(Yo &) (a#b# ) dsda e Al s G als (o=v=90% B #90°)

C
oy, 1P
a
b
Monoclinic System Jsall gaaf sl ¢ (Y9) 83

(KC103) a5l 58 (Y (Naz SO 1 0H,0) Al 2 33 goall iy 5 () 2 Al
(PbCrOs) wabea 1l e S (¥

Two Bravais lattices

Simple Base-centered
Monoclinic monoclinic

Symmetry element: One 2-fold rotation axis
axzb#c
o=y =90°B #90°



el ol shggladdladace. o/ slas) oo ols

(Triclinic System) Jub| (et ol : o et

2":'.51"“":"“ B “-3)3'“5 (Cl * l.j) F Y F 900) Sl By ;n._.‘:_jlwﬁ.q e ;;}a.ﬂll KT 1..__‘;||_5)' &

(Y1) (afb#0)
Ve
B
ol st

Triclinic System Jgall (A6 alai: (Y1) JS&
KoCry07 a sl sall Slas S S5 (Y (CuS04.5H,0) 4l udadl) iy 58 () addia

One Bravais lattice

Symmetry element: None
azb#c
a#P#y#90°
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Miller Index

*Miller index is used to describe directions and planes in a crystal.

*Directions written as [u v w] where u, v, w integers u, v, w represent
coordinates of the vector in real space. A family of directions which are
equivalent due to symmetry operations is written as <u v w>

*Planes: Written as (4 k [), Integers A, k, and [ represent the intercept of the plane
with x, y, and z axes, respectively. Equivalent planes represented by [h k 1].

Q: - The intercepts of a crystal plane with the axis defined by a set of unit
vectors are at 2a, -3b and 4c¢. Find the corresponding Miller indices of this and
all other crystal planes parallel to this plane.

The Miller indices are obtained in the following three steps:

1. Identify the intersections with the axis, namely 2, -3 and 4.

2. Calculate the inverse of each of those intercepts, resulting in 1/2, -1/3 and 1/4.
3. Find the smallest integers proportional to the inverse of the intercepts.
Multiplying each fraction with the product of each of the intercepts (24 =2 x 3 x
4) does result in integers, but not always the smallest integers.

4. These are obtained in this case by multiplying each fraction by 12.

5. Resulting Miller indices is (6 4 3)

6. Negative index indicated by a bar on top.

Miller Indices: Directions

X y z
[1] Draw a vector and take components 0 2a 2a
[2] Reduce to simplest integers 0 1 1
[3] Enclose the number in square brackets G 1]

24
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Negative Directions

Ly
o
X y z
[1] Draw a vector and take components 0 -a 2a
[2] Reduce to simplest integers 0 -1 2
[3] Enclose the number in square brackets [0T2J
Miller Indices: Equivalent Directions
Equivalent directions due to crystal symmetry:
_ _ . A
1= sE00]
2 1010]
30 JO0E]
—p
.

25
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Miller Indices of Planes

X y z
[1] Determine intercept of plane with each axis |23 2a o
[2] Invert the intercept values V7a: «1a 1/2a
[3] Convert to the smallest integers | | |
[4] Enclose the number in round brackets (ol 1)

X y z
[1] Determine intercept of plane with each axis |a ') ')
[2] Invert the intercept values 1/a 1/00 1/00
[3] Convert to the smallest integers 1 0 0
[4] Enclose the number in round brackets (100)
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Planes with Negative Indices

Th
X y z
[1] Determine intercept of plane with each axis | a -a a
[2] Invert the intercept values 1/a -1/a l/a
[3] Convert to the smallest integers 1 -1 -1
[4] Enclose the number in round brackets (1 Tl)

Miller Index for Hexagonal Crystal System

*Four principal axes used, leading to four Miller Indices:

*Directions [h k 11]; Planes (h k11), e.g. (0001) surface.

*First three axes/indices are related: 7+ k+i=0 ori = -h-k.

Indices 4, k and [ are identical to the Miller index.

» Rhombohedral crystal system can also be identified with four indices.

SR Y AN jle OOlalza yu ddle L# (31,32’33) Baalaiall ilgatiall yu daSlad) o))
J e g b e gana 0S8 Ol g g

Q:- show that the first three miller indices in the hexagonal system have a sum
of zero. .
(31,32,33) :‘ﬁ)w\ JJIAAS‘ L@.ﬁ ‘_;\S\J Gu‘.l.ul\ ELL'..'J\ e ld 3Al A

G saall e s adalh (g siaa RS 120 Casne S Ll

al/h al

CEY]

as
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AABE—la—B* “71 in 60

l1la3 —a?2

AABD——— * T sin 60

lal —a?2

ABED——— * T sin 60

AABE= AABD+ ABED

1 3 al a3 a?2. al a?2_.
——*— n60=———*—1 60 - 2L % %5in 60
2 h i k 2h k
a;—a=—az=a

a?> _  a? a? N 11

ih ik hk ih ik hk

h

+kk+=iO»h+k +i =0

Wigner-Seitz cell

In order to incorporate the information about the point group symmetry in the
primitive cell, the Wigner-Seitz cell is usually employed. This particular
primitive unit cell is constructed by first drawing lines to connect a given lattice
point to all nearby lattice points, and then drawing new lines (or planes, in three-
dimensional lattices) at the mid point and normal to the first lines. The Wigner-
Seitz cell is the smallest area (volume) enclosed by the latter lines (planes). An
example of the construction of a Wigner-Seitz cell for a two-dimensional
oblique lattice is illustrated in the figure below. For a two-dimensional square
lattice the Wigner-Seitz cell is also a square. The Wigner-Seitz cell is always
centered on a lattice point and incorporates the volume of space which is closest

to that lattice point rather than to any other point.
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N

Mo

/

5 gadall ( ) il siaa O Adualdl) Adlical) Gilisa
y y
B
0}
Y
X
z z
OS2 0t COS % Pt COS 2 Y=L 1
d=a/h cos
d=b/k cos 3

d=c/l cOs Y
] adyAlslas 3 Lem smi s L)yl ol cun (g IS e 2 G g oDle ) B3l (e

d*[(h/a) *+(k/b) *+(I/c) *]=1
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1
V(h /ad+ (k /b?¥ (1 /c?)

d =

for cubic system a=b=c

a

Vi F+ k(19

d =

d=inter planer distance
a=inter atomic separation

Ex.1:- find the inter planer distance of the following plane (100).

a a

JhF+ (k5 (a2 JaF+r@w 03 -

d hkI™

Ex.2:- find the inter planer distance of the following plane (200).

a a

J6F+ kor (D) ¢(4?+(02)+(02)):a/2

d hkI™

Q:-show that in the cubic system the directional cosines are:-
1-proporational to the Miller indices

cos a/cos P/ cos y=h/k/l

L cos = .
Vv ¥+ &3+ QA NGO ENCENE)

2-prove that cos a =

N l
cosY JOF+ &+ QY

30
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cos o= d(h/a)
cos =d(k/b)
cos y=d(l/c)

in the cubic system

a=b=c

cos a/ cos =d(h/a)/ d(k/b)= (h/k)

cos P/ cos y=d(k/b)/ d(l/c)= (k/1)

cos Y/ cos a=d(l/c)/ d(h/a)= (I/h)

cos a/cos P/ cos y=h/k/Il

we remember

a

VCEENCE )

d_

a

JO ¥+ k3+ 19

h
JO ¥+ &+ 1)

) (S 48y Hall adiy

(h/a)*d =

COS 0=

_ a

d
Vh 3+ k(19

a=b=c

k/b)*d = -

(/b) MO ENCE )
cos = i

JO i+ &+ 1)
) Al 44 Hlall iy

N l
cosY JOF+ &+ QY

(h/a

(k/b

@ Aadl 8 )l o par*(h/a)

)

@ Al (8 s o par®(k/b)

)
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Crystal diffraction

(s il g Ladll Arpalay (3lay ¢ gua gall o Sl Aipme 0 5an jeaall (Y (ad 33 o) Gl )
3 0358 L o3 Jinl 7000-4000 G 55 3mne Fun sl gkl Ui ya o s (5585 3lealad
33)3‘)13_))3,\]\Q\Jluﬁ@&\g\w}@ﬁgw\&&w\wdﬁ\J\g}w@ﬂ“d)}aaw
Ay (e JB) ) b Al g 5K ) g slhaall gl 1Y) Gl Bl pay e
QUS)UM\L\.&.’\\&]&S}@M\&\A&@}Jﬂ‘ﬁ\@)}ﬂ\)u\)hﬂd}}c@\f}s)#\&@i
.(EJU&\M‘)]\) QS&SS\_)UL};\M\‘:SAGcﬁjqj#\j\qudmiweﬁgaﬁb}\hQ\'SJJLJ\

M\}SJ%‘Y\MQA/UA
oJMch);id\oﬁ}ﬁ\}\M\ﬁé\l\éhw\cawb\jujjgﬁl\&uwdc@um/c
‘;J#&J*YHLH\@J#&@A\SJMJA\Jgﬁﬁjlinh‘}[\scﬁw\al‘gjﬁ&&amﬁ
( 4yl 3 Uatay) )= Aalaal) la @}d\ J skl
uJM@@\m\M&\}ﬁuhM\@;ﬂ\Q@d\w@h\&\y\gb%hy
-1 (o AN &) 53V 228 3 aall

1-X-ray photons.
2- Electrons.
3-Neutrons.

X-ray photons 4l 4ad) cligigh, 1
donndill (308 Al G a8 Baane daa 9o ) ghal 1D Aplaling 9 5eS Dl ga oA Ainal) 228Y)
(0.1-10A) o 5 yiuil damg (e Gym sl Lell sl 2y 35 Cam WS el
Al 43U () 6 sall A8l )
E =hv =5h=6.63*10"

c=3*10® m/s
9 12 .4
A(A) T E(keV)

if 1 =1 A»E=12400 eV
E=12.4 KeV

(KeV 50-10)a 53 <l ) zias (5 sl a3 o o)
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Electrons il g A<, 2
Ayl can gay il g ASIY) (38 55 il ga 3 9 od L) ) B A g A 3 gaal) 3 AU &
e B8y oLy g Adaulll 4Bl (49 i saill g (i gl 8 (9 ASIY) Jaasla (K19 48 5 pal) (A g e
Al O O e g YY) (e i Aaaday ) e 38 Lyped B i cilloca ) 1gB i3 9 31 gall
éjﬁéaﬁﬂs&u\ﬁ#‘lgﬁ\ﬂaﬁkha\,QJAJ,,\'QJ‘QJAM&A

h

mev

1 =

SIS

p=momentum
me=mass of electron
v=velocity of electron
h=planks constant

E =Fk/2m,A?
A =k/\2m,E (e V)
AA)=12 YE (V)

if 1 =1 A»E=150 eV

Neutrons — <l g3
Aalatia ddadi ¢y i gaill OB alad LaSy (98 gl 2 guad) Joawdll Jlga Jg) sy a3 1945 oo A
ALY (jSay SUIAY dpa gall g Adlud) Adauid) S A (ol pss c_\.lu.agughl.\a.a aJe Allay 4i<1 4
daje quey Qe Jelhy dua daghliall @ljpsldl 40l cush Al dul e A 4da
sl clehd) Al A La) @l i) (568 ae Alolin ellisg cl ygld) oy clig il aa udlinal)
(9 Aalae L) 51 (9 55 5l ABUS Alslaa Jan il M) (5 65 aa Jo Ly () 9 5 2illd dpundalisg

h

muv

1 =

SIS

p=momentum
my=mass of neutrons
v=velocity of neutrons
h=planks constant

E =k/2m, A?
A =k/J/2m,E (e V)
1 (A) =028 (E (V)

if 2 =1 A»E=0.08 eV

33



S dlaly. g, 5 slas! Woo| ol

Bragg diffraction law

Jsb) o sl Jslall palal (u€) dadldaja (e elali sgay (O <0)) JSEN (e praialy
Lais o3 oLl 8 s ) of ol A il e aaly g G sall (x5 2 5 b 28 j0as (ke s
Alie Laie puadi b A sall of Jaa D o(Jlaudl) AW 5,5 o) il )3 5 die b s sal) Sl
5 i b An sall (Leadats ) W ppas Al ALy clilaall 5 @ A sall Lgadal Al Gl (g0 S
(G Y S ) w2 d sind

Lerie 5l (il legians (a, b) Cufin sl )t Ladie 3 i) cilela Y 5538 5l 30 oy 35
b A sall Lol Al A dlia)) Ailusall ()5S5 Gl ny I Giail g Caa Lagamn g g Lagdlip )3 (i
L0 @) 0sS) Al sall Jshall cilieliad 4 sl

| n.=2 d sind |

S (sl Jslall) A asds (5 saml AT €] Aail 305 () S0 Larie Auliall B aid (e
Ag,A) Al maas ey B plall ABNL, clalal) Jeeaials g A il G d Adl) laa

LBkl JS aaas AT daay gl 3 skl DA AGNA]) clalasil 4 g Sy 4SS
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) BC
e o St S0 BC = dsin#

Incident i, , Reflected

rays rays
“u
Ist layer
@ h
of atoms
2nd laver
- _o. - __., !

of atoms

Fig. 52 : Diffraction of X rays of wavelength A from atoms in the top two layers of a crystal.
Rays striking atoms in the second layer travel a distance equal to BC + CB’ farther than rays
striking atoms in the first layer. If this distance is a whole number of wavelengths, the reflected
rays are in-phase and interfere constructively . Knowing the angle & then makes it possible to
calculate the distance d between layers,

nA=2d sin 0
n=1, 2 0=1
A max=2d
Alucall e JB1 gl (5 gbowy (o gl Ad gha (4 685 ) g 3 gaad) Al Al dalaiiin) o glhaall £ ladl
hkl < fina (A3l
i.e A<2d
if d=5A» A max<10 A
La gall J)gha¥) (Y (g sl Sl Al 3 (B A sall ¢ gudall o BALEELY) ade (B Conad) g8 122
A (7000 -4000) ¢ 5 9asa
g J3.5 AN Sl kel (ha (353 U 20 5 gbasi a5 cp )3 Bale (il ydall
.2 AN G Aaind) A8Lual) IS g A gl 3N

d _ a
NS R E)
n’=2d sin 0

sin 0

A=2 2
M e kot 09

((h)? + (k)? + (1)?) n?A* = 4a®s i ho
sing =1/2(1—-cos26)
sihe =1/2(1—c apy
((h)? + (k)% + (1)?) n?A%2 =2a*(1 —c o)
&y O Land) JOEY) 138 9
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Experimental diffraction methods

1-Laue method oY A4k
2-Rotating crystal method 8y gall 3 slull Ay 4l
3-Powder method (B samual) 434 jha

Laue diffraction equation

in one dimension

let a and a, are the angles
between a and the incident
and diffracted radiation
respectively ,

where a is inter atomic distance

from the Fig.
Al=a cos 0,=a S,
A2=acoso=a s

The path-difference

A2- A1= a(cos 0-cos 0,)=a (5-S,)=a S
where S=(5-5,) is the normal scattering factor 43 gl 3 Uaic) Jale

Jdehal) ) dasaua Lase cliclaa (g gban O i 138 Jlasal) (38 Gld Uy JAIN o Juaad I
sl

a(cos a-cos a,) = a S=ek

for three dimension

S Jrand Ui ga 03l ) @ gla) (il aladlily
a(cos a-cos 0,)=a (5-5,)=a S = ek
b(cos B-cos B,)=b (5-3,)=b S =fi
cy(cos y-os 7,)=C (5-5,)=C § = gi

where e=nh, f=nk, g=nl (hkl) Miller indices
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from the Fig. we find that ~
| S | =2 sin 0
$=2 sin 0.7

where 7 is unit vector along S

Q-Prove that Laue equation are equivalent to Braggs law.
Answer:-

a(cos a-cos a,)= eA=nhir

b(cos B-cos B, =fA=nkA

cy(cos y-cos y,)=gAr=nlA

*consider a cubic system a=b=c

* Take the square of both sides of Laue equation above and add them
together we get

a’ [(cos > o+ cos > B+ cos > Y)+ (cos * agt cos * Pot cos > ¥,)-2(cos o cos 0, + cos
B cos B, + cos y cos ¥ o) ]=(e™+H+g%) A2

e=nh,f=nk,g=nl
a” [2-2(cos a cos o, + cos B cos P, + cos ¥ cos ¥ o)]=n> (W*+*+1%) 12
because (cos > o+ cos > B+ cos > y)= (cos > agt cos * Pot cos > yo)=1

but

(cos a cos a, + cos B cos B, + cos ¥ cos Y,)=cos ¢ (to be prove later) where
$=26 v

2 a’[l-cos b]=n® A* (W*+K*+1)

cos ¢ =(cos o cos a, + cos B cos B, +cosycosy,)

S$=1icos o+ j cos P+ kcosy
$,=1cos a, +j cos B, + k cos y, v o

-

§.so=|s|.|s0| cos ¢
=cos ¢

z

>

S. $,=COS 0. COS 0, + c0s B cos P, + cos ¥ cos Y= cos P
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Other forms of LL.aue equation

1-in terms of phase difference H
Definition :-

H=path diff.*2xa/A
but path diff.=a’S
=b 'S

=C' S

H=Qn/})*@ $)= 2n/).*e \=2me=2nnh
H=Q2n/0)*(b §)= 2n/r*f \=2nf=2nnk
H=Qn/})*(C S)= 2n/)*g A=2ng=2nnl

Reciprocal lattice g glaal) ALy
The concept of reciprocal lattice is directly connected with the periodicity of

crystalline materials and of their physical properties (such as charge density,
electric field distribution, etc.).

& Sl sal) Jeld e i Al jalshall JS e juaill aadiig @l ol ale B oulal 6 ge8e (A
JaY s @l A e L il (e i Apiad) AlY) s Gl alad LSy 0 gl Jia dolall o) sall
LM‘M‘?}WEMBJM‘&JMMJ"‘

Ao glaal) ASuil) 8 Adads a8 ge (o) 9 hKT b sise (Al Adliall G slia
A
| G | =
where Gy is reciprocal lattice vector
Alall Alall & gt g0 (& 277 p2300 Caguns 15 271 Ll Al g ans I} (i Jale A

| G | =21 /dpy

Alay) D eliad A (5 ) 90 SN g pUaTL A pal) L) (e 2ana pe dae o4 4 glaal) 2S00 )
d Al Ailaal) e LS and A gl Al 8 A 1 5 Joa) AL (s dnial ok o 5

A il Al Clgaiall G AB3all Gaid) oYy dida 4808 34 ) siall l sisal) (e & sanal
Al L ) slae Alle 48081 4018 B 5 Lial () a0 A i) A8l Apull¥) Clgaiall 5 i)

a.brc.
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&GEJY\ * 3ac8l) dalie v aSdll 12a A
op* saclall Aaliw v

dOOl* saclall daliw v

a*b ey
a - ?Mj\ /EJQN\ AALumzl/dOOI

a.b+¢

| G | =21 /dyi

G001=27C /d()() 1 =27

-1 a0 Ay Hhall Gadiy

G010=2n /d010=21t a

G100=2n /d100=27[

:*-’}M‘ ‘\5.-.‘-‘*7‘3\ ‘L‘LP:‘A d:fiaﬂ,a* ,b* ,c*%ﬂlﬂ‘ J}“)ﬂ-’ G001 ,G1oo G010 db:‘:‘“\ C)S“-‘.J

L)
a* =2n ,Bjaa
a.bxc
b* = ;B*jcﬁ
c* =2n ﬁafbﬁ
a.bxc
DT e gosee 058 a® 4 o pedi il o3 e
arL BT
bl a@.c.
c*L a@.b
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at.d=b*b=c*.¢=2m

Ryo=hd +k b+ I'c

4 glaal) Al glaal jle cblelaa Ay A0l odn & Adals (gl iy o Qb 4 sl 4S8l L Ll
a*b*c*

Guo=ha* +k b +1¢

4 slaal) Al ks

1-SC

The primitive vector
a=ai
b=bj
c=ck

a* =2n - b 2 on (2D

—

b* =2xn =

(—)J

*C
a.bx¢

c* =2m= *”—( Dk

2 sl Sl sl ()18 AL 9() 4 slusia Ll 50 (%) g at, b, ¢ dsh o) G

21 g 30l s oS0 das xS Gl
(—) s» 4Sa . 5 G
a
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. d . Tr/d
S S D I
3, % b,
& O O—e, e,
NS >
T
2-BCC
The primitive vector
a=a/2(i+j-k)
b= a/2(-i+j+k)
c= a/2(i-j+k)
. _ bx¢ E*C_ﬁ .
a” =2n oo 2m = (i)
2
bt = arC _2m +h)
< db+¢ a (]
* =9 a ;_2717 )
¢ =2 oo k)

Gua=ha" +k B+ L & =h[ZX(i4j) [+h[=(Hh) [HI=(+K) |

=22 hHD)i |+ (AR T+ (kD |

a

The reciprocal lattice of (BCC) is (FCC)

3-FCC

The primitive vector
a=a/2(i+j)
b= a/2(j+k)
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Gua=ha” +k B + 1 ¢ =h[=(i4-k) A= (-it7) [HI=(i5 ) |

=%( h-k+D)i 1+ (h+k-0)j 1+ (-h+k+Hk

The reciprocal lattice of (FCC) 1s (BCC)

2 m, . _ a
Q-show that d—mls equivalent to d L)

in SC.
Answer:-

Gua=ha” +k B+ 1 ¢ ==X(hitkj+1k)
2

G- th1:| Ghk1|2 + (k)z + )2))
| th1|— \/(h)z + k)2 +(1)2)
2m 2n _ a

1G | %J(h?+(k§+(lz)) \/(h?‘l‘(kz)‘l'(lz))

Q-show that Ak=G
- 2T
The wave vector | k| =

Ak=E-ﬁo=normal to the plane
=diff. in the wave vectors

from the Fig.

W&WB

27 . 27 .
| Ak | =7nsm 9+Tnsm 0

and | Ak | =(%sin 0O ... vector

n unit vector along the normal Ak or G

—

n—i—»| Ak | —(—sm 0).n%»| AK | —(—nsin 9).|g—|

d_

2T 2T 47 . E
» |G F—»»| AK | =(—sin 0).5—=
|G | | |=d | | (AS 6)%,
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Ak | =(2Tdsin 0). G»»2dsin0=n A for n=1
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1. Crystal structure 

2. Crystal diffraction 

3. Crystal binding

4. Thermal vibration (phonon)

5. Specific heat

Thermal properties of solids

فيزياء الحالة الصلبة تختص بشكل كبير لدراسة البلورات والالكترونات في هذه البلورات, وتعتبر هذه الدراسة امتداد للفيزياء الذرية.

تتكون البلورات المثالية بواسطة التكرار الامتناهي من وحدات تركيبية متماثلة وغالبا ما تكون الوحدة التركيبية (unit cell) 

        من عدد من الذرات او الجزيئات وصولاًِ الى 10000 ذرة او جزيئة



The Unit Cell Concept



      The simplest repeating unit in a crystal is called a unit cell. Opposite faces of a unit cell are parallel. Not unique. There can be several unit cells of a crystal. The smallest possible unit cell is called primitive unit cell of a particular crystal structure.

[image: E:\محاضرات صلبة\unit cell.JPG]









Unit cell





ان الشبيكة ومتجهات الانتقال    ,      ,      , يقال لهل اولية (                     ) اذا كانت أي نقطتين     ,     يبدوون خلالها التركيب الذري نفسه ويحقق العلاقة:-





















[image: E:\محاضرات صلبة\permittive.JPG]

















primitive transtational  vector                    non- primitive transtational  vector

حيث ان      هي نقطة في وحدة اولية من نقطة الاصل 

   ,      ,       , اعداد لوحدة الازاحة الازمة في اتجاهات    ,      ,       , للوصول الى   

   ,      ,       , هي وحدة مسافات في كل اتجاه        ,        ,      ,

ان متجهات الانتقال الاولية لها نقطة شبيكة واحدة لكل وحدة خلية

اما متجهات الانتقال غيرالاولية فلها اكثر من نقطة انتقال شبيكة لكل وحدة خلية كما في الشكل اعلاه

ان تركيب كل البلورات يوصف بوحدات الشبيكة (            ) مع مجموعة من ذرات ملتحقة بكل نقطة شبيكة وهذه المجموعة من الذرات تدعى بالقاعدة (           ) وتكرر في الفراغ مكونة التركيب البلوري .



STRUCTURE OF SOLIDS 



Can be classified under several criteria based on atomic arrangements, electrical properties, thermal properties, chemical bonds etc. Using electrical criterion: Conductors, Insulators, Semiconductors. Using atomic arrangements: Crystalline, Amorphous, Polycrystalline.



Crystalline Solids

Atoms arranged in a 3-D long range order. “Single crystals” emphasizes one type of crystal order that exists as opposed to polycrystals. 

[image: ][image: ]













Amorphous Solids

No regular long range order of arrangement in the atoms. Eg. Polymers, common window glass, ceramic. Can be prepared by rapidly cooling molten material. Rapid–minimizes time for atoms to pack into a more thermodynamically favorable crystalline state as Fig below.



[image: ]

[image: ]



تركيب غير منتظم (عشوائي)                                    

Continuous random network structure of atoms in an amorphous solid



Polycrystalline Solids

Atomic order present in sections (grains) of the solid. Different order of arrangement from grain to grain. Grain sizes = hundreds of µ m. An aggregate of a large number of small crystals or grains in which the structure is regular, but the crystals or grains are arranged in a random fashion. 



[image: ][image: ]



محاضرات صلبة                                                                         اعداد/د.مسلم البلداوي+ د.وسام الدجيلي    

Polycrystalline Solids
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Examples: 

Amorphous silicon (a-Si) used to make thin film transistors (TFTs) used as switching elements in LCDs. Ploycrystalline Si – Gate materials in MOSFETS.

Active regions of most solid state devices are made of crystalline semiconductors.

اذا امتدت التكرارية خلال المادة فسوف نحصل على بلورة منفردة (           ) اما اذا اضطربت التكرارية عند الحدود الجيبية (                                   ) فسوف نحصل على تركيب متعدد البلورات. 

وعندما لا تعطى الذرات الفرصة الكافية لتنظيم نفسها بشكل ملائم أي بواسطة التعرض لحركتها (                       ) فسوف تكون المادة الغير متبلورة (                                    ) .

اما ما يتعلق بالبلاستك والبوليمرات فتتكون من جزيئات كبيرة ذات تركيب غير منتظم ويصعب الحصول على تعبئة بلورية منها (                           ) 



Lattice symmetry operation

There are mainly six symmetry operation :-

1. Translation symmetry operation تناظر انتقالي                                               

2. Rotation symmetry operation                  تناظر دوراني                                    

3. Reflection symmetry operation تناظر انعكاسي                                              

4. Inversion symmetry operation تناظر انقلابي                                                   

5. Glide symmetry operation تناظر تزحلقي                                                        

6. Screw symmetry operation تناظر البرم (تدوير البرغي)                         



[image: ]1. Translation symmetry operation تناظر انتقالي                



T = n1+ n2 + n3 

	= r+T



ان مؤثر التناظر الانتقالي يتم بواسطة ازاحة التركيب البلوري او الشبيكة بموازاة نفسه ويربط بين أي نقطتين في الشبيكة.

2. [image: ]Rotation symmetry operation                  تناظر دوراني                                 















عدد الدورات  التي تعود بها النقطة واحد مثلا الى موقعها ويرمز لها بلرمز



Rotations by an angle 2π/n about a specific axis. 









   

عدد الدورات  التي تعود بها النقطة واحد مثلا الى موقعها 3-

اذا بقي محيط البلورة بدون تغيير بعد الدوران بزاوية                     حيث ان           فان هذه العملية تسمى (بمؤثر التناظر الدوراني )





عدد الطيات او الدورات بحيث ان الذرة تبقى بدون أي تغيير وترجع الى موقعها الاصلي 



3. Reflection symmetry operation (mirror plane) تناظر انعكاسي               



if we have point r1 = axi+ayj

         after applying a mirror (reflection)

[image: ][image: ]we get 1 = axi-ayj











[image: ]

4. Inversion symmetry operation تناظر انقلابي                  



if r represent any point or atom in space 

	r1 = axi+ayj 

	-1 = -axi-ayj

دوران ب 180 وانعكاس على شكل مرآه.يمكن اعتبار الاتقلاب التناظري عملية مركبة حيث يكأفئ دوران 180 مصحوبا بانعكاس على مستوي مرآه عمودي على مستوي الدوران 



5. Glide symmetry operation تناظر تزحلقي                         

اذا كان لدينا شبيكة كاملة ببعدين يمكن ان نحصل على موثر تزحلقي والذي يكافئ انعكاس مصحوبا بانتقال 2/1 ثابت الشبيكة











6. Screw symmetry operation تناظر البرم (تدوير البرغي)       



يتكون مؤثر التناظر المحوري (تدوير البرغي) من محور دوران (1,2,3,4) مصحوباً بتناظر انتقالي وبذلك نحصل على العلاقة التالية 

nT=Pa

حيث ان      =عدد صحيح

ونتذكر ان

 حيث ان     هو عدد الطيات  α= 2π/n 

T=(

Ex. 1:- Draw the following screw operation  21

في البداية نقارن 21 مع   np

n=2, p=1

نطبق المعادلة 

T=(»T=1/2 a  مقدار الارتفاع           

   α= 2π/n» 2π/2= π زاوية الدوران         

لكي نرسم هذا المؤثر نقوم برسم دائرة وهمية تساعدنا على تقدير الزاوية ونبدا بتدويرها زاوي باي وبنفس الوقت نحرك الشكل مسافة 

1/2 a

 (
 (
½
)a
 (
½
)a
)ولو دورنا الشكل مرة اخرى بنفس الزاوية ونفس مقدار الحركة فسوف نرجع الى الموضع الاصلي ولكن مصحوب بتناظر انتقالي

 

   















Ex. 2:- Draw the following screw operation  31

في البداية نقارن 31 مع   np

n=3, p=1

نطبق المعادلة 



T=(»T=1/3 a  مقدار الارتفاع           

   α= 2π/3» 2π/3= 120زاوية الدوران        ° 



 (
(1/3)a
)





 (
(1/3)a
)



 (
(1/3)a
)











Ex. 3:- H.W:- Draw the following screw operation  43?





Hard Sphere Model of Crystals

Assumes atoms are hard spheres with well defined diameters that touch. Atoms are arranged on periodic array – or lattice. Repetitive pattern – unit cell defined by lattice parameters comprising lengths of the 3 sides (a, b, c) and angles between the sides (α, β, γ).



[image: E:\محاضرات صلبة\crystal.JPG][image: E:\محاضرات صلبة\lattice parameter.JPG]



















Atoms in a Crystal



Crystal structure



In a crystal, the atoms are arranged in a regulator pattern that repeats throughout the material. The periodic arrangement of atoms in a crystal is called a lattice. All the lattice points are geometrically equivalent. A lattice therefore exhibits perfect translational symmetry and, relative to an arbitrarily chosen origin, at a lattice point, any other lattice point has the position vector.

r123 = n1a + n2b + n3c 



where n is necessarily an integer and the vectors a, b and c are fundamental units of the  translational symmetry. There are fourteen different lattice structures which are called the Bravais lattices. By repeated duplication, a unit cell should

reproduce the whole crystal.A Bravias lattice (unit cells) - a set of points

constructed by translating a single point in discrete steps by a set of basis vectors.In 3-D, there are 14 unique Bravais lattices. All crystalline materials fit in one of these arrangements.



Crystal system



The crystal system: Set of rotation and reflection symmetries which leave a lattice point fixed.There are seven unique crystal systems: the cubic (isometric), hexagonal, tetragonal, rhombohedral (trigonal), orthorhombic,monoclinic and triclinic.
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(1-a): Simple Cubic Structure (SC)
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SC

1. No. of atom/unit cell 1/8*8=1 atom

2. No. of nearest neighbor are 6

3. the distance of the nearest neighbor d=a

4. the relation between r and a is a=2r, r=a/2

5. the primitive vector are =ia,=jb, =kc

Volume=||

Volume= ia.( jb*kc)

a=b=c in the cubic system

Volume= ia.( ja*ka)»  ia.( ia2)

Volume=a3



































(1-b): Body Centered Cubic Structure (BCC)

[image: ]

[image: ]

 (
a
a
d
D
)BCC

D=

D=a

d=1/2a)

1. No. of atom/unit cell (1/8*8)+1=2 atom

2. No. of nearest neighbor are 8

3. the distance of the nearest neighbor d=a)

4. the relation between r and a is a =r+r+2r, a =4r» r=1/4a)

r=d/2

5. the primitive vector are

 =a/2(i+j-k)

= a/2(-i+j+k)

 = a/2(i-j+k) 

Volume=||

Volume= a/2(i+j-k).( a/2(-i+j+k)* a/2(i-j+k))

a=b=c in the cubic system 

Volume=(1/2)a3





(1-c): Face Centered Cubic Structure (FCC)

[image: ] [image: ] [image: ]















 (
a
a
d
D
a
)FCC

D=a

d=1/2a)

1. No. of atom/unit cell (1/8*8)+6*1/2=4 atom

2. No. of nearest neighbor are 12

3 planes * 4 points=12



























3. the distance of the nearest neighbor d=a)

4. the relation between r and a is a =r+r+2r, a =4r» r=1/4a)

r=d/2

5. the primitive vector  of FCC are

 =a/2(i+j)

= a/2(j+k)

 = a/2(i+k) 

Volume=||

Volume= a/2(i+j).( a/2(j+k)* a/2(i+k))

a=b=c in the cubic system 

Volume=(1/4)a3















The filling factor F.F or packing factor



وهو النسبة المئوية للحجم المشغول بواسطة الذرات على الحجم الكلي للمكعب او النظام 

F.F=

F.F=



Applications 

1.SC

No. of atoms /unit cell=1

r=a/2

F.F== ==3.14/6=52%

2.BCC

No. of atoms /unit cell=2

r=1/4a)

F.F==68%



3.FCC

No. of atoms /unit cell=4

r=1/4a)

F.F==74%
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Miller Index

•Miller index is used to describe directions and planes in a crystal.

•Directions written as [u v w] where u, v, w integers u, v, w represent coordinates of the vector in real space. A family of directions which are equivalent due to symmetry operations is written as <u v w>

•Planes: Written as (h k l), Integers h, k, and l represent the intercept of the plane with x, y, and z axes, respectively. Equivalent planes represented by [h k l].



Q: - The intercepts of a crystal plane with the axis defined by a set of unit vectors are at 2a, -3b and 4c. Find the corresponding Miller indices of this and all other crystal planes parallel to this plane.

The Miller indices are obtained in the following three steps:

1. Identify the intersections with the axis, namely 2, -3 and 4.

2. Calculate the inverse of each of those intercepts, resulting in 1/2, -1/3 and 1/4.

3. Find the smallest integers proportional to the inverse of the intercepts. Multiplying each fraction with the product of each of the intercepts (24 = 2 x 3 x 4) does result in integers, but not always the smallest integers.

4. These are obtained in this case by multiplying each fraction by 12.

5. Resulting Miller indices is (6  3)

6. Negative index indicated by a bar on top.



Miller Indices: Directions

[image: ]

Negative Directions

[image: ]

Miller Indices: Equivalent Directions

Equivalent directions due to crystal symmetry:

[image: ]



	





Miller Indices of Planes
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Planes with Negative Indices

[image: ]

Miller Index for Hexagonal Crystal System

•Four principal axes used, leading to four Miller Indices:

•Directions [h k i l]; Planes (h k i l), e.g. (0001) surface.

•First three axes/indices are related: h + k + i = 0 or i = -h-k.

•Indices h, k and l are identical to the Miller index.

• Rhombohedral crystal system can also be identified with four indices.



ان العلامة بين المتجهات المتعامدة (a1,a2,a3) تعطي علامة بين معاملات ملر الثلاثة الاولى وهي وجوب ان يكون مجموعها يساوي صفراَ.

 (
a
1
a
2
a
3
a
1
/h
a
2/k
a
3/i
)Q:- show that the first three miller indices in the hexagonal system have a sum of  zero.

ناخذ قاعدة النظام السداسي والتي فيها المحاور المتساوية (a1,a2,a3) 

والزوايا بين كل محورين 120 ,نختار مستوي يقطع أي من المحورين

                                          ويقطع الامتداد السالب للمحور الثالث







ΔABE=

ΔABD=

ΔBED=

ΔABE= ΔABD+ ΔBED

= --

a1=a2=a3=a

 »

» 



Wigner-Seitz cell

In order to incorporate the information about the point group symmetry in the primitive cell, the Wigner-Seitz cell is usually employed. This particular primitive unit cell is constructed by first drawing lines to connect a given lattice point to all nearby lattice points, and then drawing new lines (or planes, in three-dimensional lattices) at the mid point and normal to the first lines. The Wigner-Seitz cell is the smallest area (volume) enclosed by the latter lines (planes). An example of the construction of a Wigner-Seitz cell for a two-dimensional oblique lattice is illustrated in the figure below. For a two-dimensional square lattice the Wigner-Seitz cell is also a square. The Wigner-Seitz cell is always centered on a lattice point and incorporates the volume of space which is closest to that lattice point rather than to any other point.



[image: ]



حساب المسافة الفاصلة بين مستويات (               ) المتجاورة

 (
X
y
z
α
β
γ
) (
X
y
z
)



















cos 2 α+ cos 2 β+ cos 2 γ=1………………………………1

d=a/h  cos α

d=b/k cos β

d=c/l cos γ

من العلاقات اعلاه سوف نجد قيمة كل من جيب تمام الزوايا ونعوضها في معادلة رقم 1

 d2[(h/a) 2+(k/b) 2+(l/c) 2]=1

d hkl=

for cubic system a=b=c

d hkl=

d=inter planer distance

a=inter atomic separation

Ex.1:- find the inter planer distance of the following plane (100).

d hkl= =     = a









Ex.2:- find the inter planer distance of the following plane (200).

d hkl= =     = a/2









Q:-show that in the cubic system the directional cosines are:-

1-proporational to the Miller indices 

cos  α/cos β/ cos γ=h/k/l

2-prove that  cos α =, cos β=,  

cos γ =,

 (
X
y
z
α
β
γ
)cos α= d(h/a)

cos β= d(k/b) 

cos γ= d(l/c)

in the cubic system 

a=b=c

cos α/ cos β= d(h/a)/ d(k/b)= (h/k)

cos β/ cos γ= d(k/b)/ d(l/c)= (k/l)

cos γ/ cos α= d(l/c)/ d(h/a)= (l/h)

cos  α/cos β/ cos γ=h/k/l

we remember 

d =                بضرب طرفي المعادلة ب*(h/a)

(h/a)*d =  *(h/a)              

cos α=  

وبنفس الطريقة يمكن ايجاد  

d =                بضرب طرفي المعادلة ب*( k/b)

a=b=c

(k/b)*d =  *(k/b)              

cos β=  

وبنفس الطريقة بالنسبة الى 

cos γ =,





Crystal diffraction

لغرض دراسة التركيب البلوري لايمكن ان نحصل على معلومات كافية من خلال الملاحظات المجهرية او بالعين المجردة ليس لان للمجهر حدود معينة للتكبير بل الموضوع يتعلق بطبيعة الشعاع المستخدم وفي المجاهر عادة يكون ضوءا مرئيا اطواله الموجية محصورة بين 4000-7000 انكستروم فما نريده هو شعاع طوله الموجي يساوي او اقل من المسافات المطلوب تحليلها وبما ان الفسح بين ذرات البلورة لاتزيد عن بضع انكسترومات اذا فالشعاع المطلوب يجب ان يكون طوله الموجي يساوي او اقل من بضعة انكسترومات ومن خلال هذا سوف نحصل على تفاصيل وافية عن التركيب البلوري مثل حجم اصغر خلية في البلورة ومواضع نوى الذرات والتوزيع الالكتروني في داخل الخلية وكذلك انماط اهتزاز ذرات البلورة ان هذا وغيره يتم من خلال الانعطاف اوالحيود وتدعى هذه العملية احيانا بالتشتت  ( الاستطارة ).

 س/ متى تحصل الاستطارة والتشتت

 ج/ عندما يتفاعل الاشعاع الكهرومغناطيسي مع المادة فاذا فقد الجسيم او الفوتون المنحرف عن مساره قسما من طاقته فهذه العملية تدعى الاستطارة غير المرنة وذا لم يحدث تغير في الطاقة لايحدث تغير في الطول الموجي فان العملية تدعى( الاستطارة المرنة ).                        

توجد ثلاث انواع اساسية من الجسيمات الموجية المختلفة بالطاقة والتي يمكن استخدامها في تجارب الحيودوهذه الانواع الثلاثة هي :-

1-X-ray photons.

2- Electrons.

3-Neutrons. 





     X-ray photons 1.فوتونات الاشعة السينية

ان الاشعة السينية هي موجات كهرومغناطيسية ذات اطوال موجية محددة تقع بين الاشعة فوق البنفسجية واشعاعات كاما حيث لاتزيد اطوالها الموجية عن بضعة انكسترومات (0.1-10Å) 

  ان طاقة الفوتون للاشعة السينية 

» h=6.63*10-34

 	c=3*108 m/s

    



if =1 »E=12400 eV

E=12.4 KeV



ان دراسة التركيب البلوري تحتاج الى طاقات بحدود)10-50 KeV)









	Electrons	2.الالكترونات   

ان ظاهرة الحيود الالكتروني هي في الاساس اثبات لوجود موجات ترافق الالكترونات بموجب نظرية ديبرولي المعروفة ولكن مايميز الالكترون عن الفوتون والنيوترون امتلاكه للشحنة ويتفاعل بقوة مع المواد ويخترقها الى مسافات صغيرة نسبيا قد تصل الى بضعة مئات من الانكسترومات قبل ان يعاني من تشتت مرن او غير مرن, ان طاقة الالكترون تعطى بواسطة علاقة ديبرولي 

 = 



p=momentum

me=mass of electron 

v=velocity of electron 

h=planks constant

 





if =1 »E=150 eV



	Neutrons	3.النيوترونات

في عام 1945 تم بناء اول جهاز لتسجيل الحيود النيوتروني وكما نعلم فان للنيوترون شحنة متعادلة ولكنه يمتلك عزم مغناطيسي بسبب عدم تطابق مركزي الشحنة السالبة والموجبة لذلك يمكن الاستفادة منه في دراسة التراكيب البلورية للبلورات المغناطيسية حيث يتفاعل النيوترون بسبب عزمه المغناطيسي مع الكترونات هذه البلورات وكذلك تفاعله مع نوى الذرات اما في حالة البلورات الغير مغناطيسية فالنيوترون يتفاعل مع نوى الذرات, تعطى معادلة طاقة النيوترون بواسطة معادلة ديبرولي 



 = 



p=momentum

mn=mass of neutrons 

v=velocity of neutrons 

h=planks constant



 





if =1 »E=0.08 eV





















Bragg diffraction law
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nλ=2d sin θ

n=1, 2 θ=1

λ max=2d

الشعاع المطلوب استخدامه لدراسة الحيود يجب ان يكون طوله الموجي يساوي او اقل من المسافة البينية بين مستويات  hkl

i.e λ≤2d

if d=5Å» λ max≤10 Å 

هذا هو السبب في عدم الاستفادة من الضوء المرئي في دراسة التركيب البلوري لان الاطوال الموجية محصورة بين (4000- 7000) Å.

في المختبر نقيس عادة الزاوية ф وهي تساوي θ2 لذلك يكون من المفيد ايجاد علاقة تدخل فيها الزاوية ф وكذلك المسافة البينية بين الذرات a.



d =

nλ=2d sin θ

nλ=2 sin θ













وهذا الشكل العملي لقانون براك





Experimental diffraction methods

1-Laue methodطريقة لاوي                                                                                       

2-Rotating crystal method طريقة البلورة الدوارة                                                        

3-Powder method طريقة المسحوق                                                                             



Laue diffraction equation



                                

in one dimension

 

let α and αo are the angles 

between  a and the incident 

and diffracted radiation 

respectively ,

where a is inter atomic distance 









from the Fig.

Δ1= a cos αo= o

Δ2= a cos α = 



The path-difference



Δ2- Δ1= a(cos α-cos αo)= (-o)= 

where S=(-o) is the normal scattering factor  عامل الاستطارة العمودية



لكي نحصل على تداخل بناء فان فرق المسار هذا يجب ان يساوي مضاعفات عددية صحيحة الى الطول الموجي

a(cos α-cos αo) ==eλ



for three dimension

باستخدام نفس الاسلوب اعلاه سوف نحصل على 

a(cos α-cos αo)= (-o)=λ

b(cos β-cos βo)= (-o)= =fλ

cγ(cos γ-cos γo)= (-o)=λ



where  e=nh, f=nk, g=nl (hkl) Miller indices 















from the Fig. we find that

│S│=2 sin θ

=2 sin θ. 

where  is unit vector along 



Q-Prove that Laue equation are equivalent to Braggs law.

Answer:-

a(cos α-cos αo)λ=nhλ

b(cos β-cos βo =fλ=nkλ

cγ(cos γ-cos γo)=λ=nlλ



*consider a cubic system a=b=c

* Take the square of both sides of Laue equation above and add them together we get

a2 [(cos 2 α+ cos 2 β+ cos 2 γ)+ (cos 2 αo+ cos 2 βo+ cos 2 γo)-2(cos α cos αo + cos β cos β o + cos γ cos γ o)]=(e2+f2+g2) λ2



e=nh,f=nk,g=nl

a2 [2-2(cos α cos αo + cos β cos β o + cos γ cos γ o)]=n2 (h2+k2+l2) λ2

because  (cos 2 α+ cos 2 β+ cos 2 γ)= (cos 2 αo+ cos 2 βo+ cos 2 γo)=1

but 

 (
X
y
z
α
β
γ
)(cos α cos αo + cos β cos β o + cos γ cos γ o)=cos ф (to be prove later) where ф=2θ

2 a2[1-cos ф]= n2 λ2 (h2+k2+l2) 







cos ф =(cos α cos αo + cos β cos β o + cos γ cos γ o) 



= i cos α+ j cos β+ k cos γ

o= i cos αo + j cos βo + k cos γo



.o=│s│.│so│ cos ф

       = cos ф







.o= cos α cos αo + cos β cos β o + cos γ cos γ o= cos ф

Other forms of Laue equation 



1-in terms of phase difference H 

Definition :-

H=path diff.*2π/λ

but path diff.==

=



H=(2π/λ)*(= 2π/λ*e λ=2πe=2πnh

H=(2π/λ)*(= 2π/λ*f λ=2πf=2πnk

H=(2π/λ)*(= 2π/λ*g λ=2πg=2πnl







Reciprocal lattice الشبيكة المقلوبة                                                                      

The concept of reciprocal lattice is directly connected with the periodicity of crystalline materials and of their physical properties (such as charge density, electric field distribution, etc.).

هي مفهوم اساسي في علم البلورات يستخدم للتعبير عن كل الظواهر التي تنتج من تفاعل الموجات في المواد الصلبة مثل الحيود وكما نعلم فان حيود الاشعة السينية تنتج من استطارتها من الذرات ولاجل معرفة مصدر كل استطارة نستخدم مفهوم الشبيكة المقلوبة .

ان مقلوب المسافة البينية بين مستويات hkl هو الذي يعين موقع نقطة في الشبيكة المقلوبة.

│Ghkl│=

where Ghkl is reciprocal lattice vector 

  عامل قياس الرسم وقيمته اما π2 او1 وسوف نستخدم π2 في موضوع الحالة الصلبة  A 

│Ghkl│= π2/dhkl



ان الشبيكة المقلوبة هي عدد غير محدد من النقاط المرتبة بانتظام وبشكل دوري في فضاء ثلاثي الابعاد وان طول المتجه بين نقطة الاصل وأي نقطة في الشبيكة المقلوبة تتناسب عكسيا مع المسافة البينية  d  لمجموع من المستويات المتوازية في شبيكة حقيقية ولاجل اشتقاق العلاقة بين المتجهات الاساسية للشبيكة الحقيقية والمتجهات الاساسية للشبيكة المقلوبة نفرض ان لدينا وحدة خلية لشبيكة مائلة محاورها الاساسية  











حجم هذا المكعب v =مساحة القاعدة * الارتفاع

v =مساحة القاعدة *op

  v =مساحة القاعدة *d001

=1/d001مساحة القاعدة/ الحجم=

│Ghkl│= π2/dhkl

G001= π2/d001= π2

	وبنفس الطريقة نجد :-

G010= π2/d010= π2

G100= π2/d100= π2

ويمكن استبدال G001 ,G100 G010  بالرموز التالية  لتمثيل متجهات الشبيكة المقلوبة الاساسية

 π2

 π2

 π2

من هذه العلاقات نفهم على انه  يكون عمودي على  

     

     

     



=0

لقد حددنا مواقع الشبيكة الحقيقية بواسطة المتجهات الاساسية  

Rhkl=h  

اما في الشبيكة المقلوبة فيتم تعريف أي نقطة في هذه الشبيكة بدلاله معاملات ملر لمحاور الشبيكة المقلوبة    

Ghkl=h  

تطبيقات الشبيكة المقلوبة 

1-SC

The primitive vector 

=ai

= bj

 = ck

 π2=2 π=()i

 π2=()j

 π2=()k

حيث ان طول   يساوي  () والزوايا متساوية 90 لذلك فان مقلوب المكعب البسيط هو كذلك مكعب بسيط ولكن ثابت الشبيكة هو ()







[image: ]

2-BCC

The primitive vector 

=a/2(i+j-k)

= a/2(-i+j+k)

 = a/2(i-j+k) 

 π2=2 π=(i+j)

 π2=(j+k)

 π2=(i+k)

Ghkl=h  =h[(i+j) ]+k[(j+k) ]+l[(i+k) ]

=( h+l)i ]+ (h+k)j ]+ (k+l)k ]

The reciprocal lattice of (BCC) is (FCC)

3-FCC

The primitive vector 

=a/2(i+j)

= a/2(j+k)

 = a/2(i+k) 

 π2=2 π=(i+j-k)

 π2=(-i+j+k)

 π2=(i-j+k)

Ghkl=h  =h[(i+j-k) ]+k[(-i+j+k) ]+l[(i-j+k) ]

=( h-k+l)i ]+ (h+k-l)j ]+ (-h+k+l)k ]

The reciprocal lattice of (FCC) is (BCC)

Q-show that d=is equivalent to d hkl=

 in SC.

Answer:-

Ghkl=h  =(hi+kj+lk)

Ghkl. Ghkl=│ Ghkl│2  =()

│ Ghkl│=

d== ==

Q-show that Δk=G

The wave vector  │ │ =

𝚫k=-o=normal to the plane

=diff. in the wave vectors

from the Fig.

│ 𝚫k │ =sin θ+sin θ

│ 𝚫k │ =sin θ ……………scaler

and │ 𝚫k │ =(sin θ). ……………vector

 unit vector along the normal 𝚫k or G

==»│ 𝚫k │ =(sin θ).»│ 𝚫k │ =(sin θ).

d=» =»»│ 𝚫k │ =(sin θ).



𝚫k │ =(sin θ).»»2dsinθ=n for n=1

𝚫k=

-o=»»o+	
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