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3-D Lattice Types

Name axes angles
Triclinic azb=c a#B=y=90°
Monoclinic azb#c a=y=90°p =90°
Orthorhombic azb=c a=B=y=90°
Tetragonal a;=a,#¢C a=f=y=90°
Hexagonal

Hexagonal (4 axes) | a;=a,=az#c| B=90°y=120°

Rhombohedral a;=a,=as a=p=y# 90°
Isometric a;=a,=a; a=p=y=90°

; A oS Space Lattice «us ol 4 ®
T ] Al o Sy plod o &St ol a5l 058
h Ass Unit Cell sy Jsbo ol

q

3 . .

3 Sbad sbasuw

a

MY cha vis el 555l b sae A S i Cilide (slael

+C

+b

Axial convention:
“right-hand rule”
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“ Triclinic Monoclinic
) a#b#c azb#c
v
2
Y
a P C F
Orthorhombic
va a=p=y=90° a*xb=*c
3
]
S
,
- 3

9 4k

uilg‘slf eI :‘5)5‘:

a

P | Por C R

Tetragonal Hexagonal Rhombohedral

a:B:’Y:gOO a1=32¢C

a3
a =) =

. | (body-centered innenzentriert)
Isometric

a=ﬁ=y=900 a,=a,=a,




SIS o= 3500058 o - MBI 59 wage 6/14/2010

Jf 05 2 3o

| (s equivalent 10C
see footnotet)

a¥b#e)

B1S Pl )5 03

D gndih oyl S
e (s S laangan Y

9 4atd

= | T Bl b 2,5 adlles
32
| B | V¥ olaasis l.e‘.,|
s T A5 0gly &5
VY | P

Gypsum  Monoclinic
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§ Dolomite  Triclinic
Emerald Hexagonal

Andalusite
Orthorhombic

Garnet Isometric
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Table 3.1 Atomic Radii and Crystal Structures for 16 Metals

Atomie Atomic

Crystal Radius" Crystal Radius

Metal Structure' ___(um) ____ Metal ____ Structure____(um)
Aluminum FCC 0.1431 Molybdenum BCC 0.1363
Cadmium HCP 0.1490 Nickel FCC 0.1246
Chromium BCC 0.1249 Platinum FCC 0.1387
Cobalt HCP 0.1253 Silver FCC 0.1445
Copper FCC 0.1278 Tantalum BCC 0.1430
Gold FCC 0.1442 Titanium () HCP 0.1445
Iron (a) BCC 0.1241 Tungsten BCC 0.1371
Lead FCC 01780 Zine _HCP  013%

“FCC = face-centered cubic; HCP = hexagonal close-packed; BCC = body-centered
cubic.

» A nanometer (nm) equals 10" m; to convert from nanometers to angstrom units (A),
multiply the nanometer value by 10.

Bl Pl S w3

5 9 4

‘_QL”‘S KVESWRy ST

Y¥

Sl 35 Ll (w9 Sl 9 Olo

A 3 o (oo S aile g b e
igas (0 48,5

O 9 paSude shaB (61,15 g b LS
REVSOVE. 2

A dymod 45 oL 9 b sl
5 SNa—od Lo (nearest-neighbor)
o Lo

9
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3 29537 / pwad 904
2
’%. LS 5 S0 ) it iy S lialu g sxialy g3 s |l o
igdce o BosSaar JLE L/ sl e L Y saneaS yeaic
¥ ~
\Q titanium cal
"«;a o (HCP), B(BCC)-Ti liquid
'i —+ 1538°C
o carbon: BCC
.—’g diamond, graphite —1—1394°C
Fee
—+— 912°C
e
Yo
3 sblas &5 w1y bl ol g0 45>
4 S g 0 ) g8 & S
g How can we stack metal atoms to minimize empty
¥ space? First in 2-dimensions:
2 OO0
3 + 44
i . S
3 ++4

Now stack these 2-D layers to make 3-D structures —

and note: the “Hard Spheres” touch as suggested above

¥

6/14/2010
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gad (A5 Il S o

Ls.:l.g,lf RV Y :d)gib

e Coordination No. =6
(# nearest neighbors) for each atom as seen

(SC) sals @56\.« JU;L».»

Polonium asé Ayl ‘;J)&E O yiaS u‘ olalu )y Guwl Hab Hluw e
_U_\u\)\.\ L"_I\)SS BN \) )\SAL“: ug\
A8 e B b s 202k slacies o

3’; (APF) il 58 yisd 4giS

‘XE ol o du
. e
y s

UJL:"S KVe 39 :‘_;)gib

YA

S o0 glo 1y (oo (50,488 )98 o ala

Volume of atoms in unit cell*

APF =
Volume of unit cell

*assume hard spheres
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e APF for a simple cubic structure = 0.52
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0

ay

3 T volume
3, ﬂ\ 4 <~ atom
o a unitcell 1 —m (0.5a) 3

ay

2 L R=0.5a _

) _ APF =

03\ volume
close-packed directions S ———
. unit cell
contains (8 x 1/8) = .
1 atom/unit cell Here:a =R,*2
Adapted from Fig. 3.23, Where R, is the ‘handbook’ atomic
Callister 7e. radius

Y4

3

‘—'? (BCC) )'éf}o &:S.o )L’Lﬁ

\Cj: e Atoms touch each other along cube diagonals.

7«‘\3 --Note: All atoms are identical; the center atom is shaded

differently only for ease of viewing.

ex: Cr, W, Fe (a), Tantalum, Molybdenum

e Coordination# =8

2 atoms/unit cell: (1 center) + (8 corners x 1/8)

1@

6/14/2010
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BCC ! oix> (59 50 5956

V2a

D Close-packed directions:
3, length = 4R = [3a
Y,
2 atoms
n - 4 volume
unitcell ™2 ;7‘(50/4)3 atom
APF =
3 volume
a°— —
unit cell
- e APF for a body-centered cubic structure = 0.68
3 1935 w0929 b eSSl 5 jlolw
i (FCC)
‘Ei: e Atoms touch each other along face diagonals.
"‘3 --Note: All atoms are identical; the face-centered atoms are shaded
differently only for ease of viewing.
¥ ex: Al, Cu, Au, Pb, Ni, Pt, Ag
‘n e Coordination # =12
)
=
.—)t
Y
4 atoms/unit cell: (6 face x %) + (8 corners x 1/8)
vy

AN

6/14/2010
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FCC (oo (58 yid 4951
e APF for a face-centered cubic structure = 0.74

The maximum achievable APF!

Close-packed directions:
length=4R= |24

(a=2\2*R)
Unit cell contains:
6x1/2+8x1/8
= 4 atoms/unit cell
ﬂ 4 volume
unitcell ™4 —m ({2a/4)3 gm
APF =

3 volume
a0° «——

unit cell

gad (PSS Il S ey

P TP CJRVESWR I 1

Sl 35 s Lol ) (2 » Olaziw

TABLE 3-2 W Crystal structure characteristics of some metals

Atoms per Coordination

Structure ap versus r Cell Number Packing Factor Examples
Simple cubic (SC) ag=2r 1 6 0.52 Polonium (Po),
«-Mn
Body<entered ao = 4rlV/3 2 8 068 Fe, Ti, W, Mo, Nb,
cubic Ta, K, Na, V, Zr,
Cr
Face-centered ap = 4ri\/?2 4 12 0.74 Fe, Cu, Au, Pt Ag,
cubic Pb, Ni
Hexagonal close- ag=2r 2 12 0.74 Ti, Mg, Zn, Be,
packed co = 1.6333, Co, Zr, Cd
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How to find Miller indices?

1) Find the intercepts of the plane with the
crystal axes.

1,12,1

Express them as integral multiples of the
basis vectors

2,1,2

2) Take the reciprocals of the three
integers found in step 1.

12,1,12

If possible reduce these to smallest set of
integers i, k and L

1,21

3) Label the plane (hkl)
a21)
Planes and directions

(lkl) = single plane

[kl = direction of a plane

{hki} = set of parallel or equivalent planes
<hki> = set of equivalent directions

EEXWCHIS

5 9 A

P TP CJRVESWR I 1

Y#

intercept length
reciprocal
cleared fraction

Miller irdice

b o
1 1
ol b
1 1
1 1

N

6/14/2010
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v

intercept length

reciprocal

cleared fraction

i [afel e ba

08|—8°'
._.__,r_,._.o

Miller indice

(101)

S ar 15y 5 g A (SISl S (w0

YA

intercept length
reciprocal
cleared fraction

Miller irdice

a b c

e

© lg|~| 8

(102)

99

6/14/2010
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reciprocal

Miller irdice

intercept length

cleared fraction

-z
a b ]
1
1 L] T
1 1 1
1 = 11
1 1] 2

(102)

S ar 15y 5 g A (SISl S (w0

intercept length
reciprocal
cleared fraction

Miller indice

plane A plane B
a b c a b o
1 1
1 @ v N @ 1
1 1 1 ke 1 1
1 = w w - 1
1 0 2 2 0 1

(102)

G

6/14/2010
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Figure 2.23 Miller indices for all visible faces on the crystal shown in Figure 2.22. The traces of unit cells are sketched on the erystal
See text for discussion.

) *
s
5

Figure 2.24 Miller indices in the hexagonal crystal system. (@) Hexagonal crystal with @, b, and ¢ crystal axes. (b) Relation of dark shades
face 1o the unit cell. Based on unit cell intercepts, the Miller index is (100). (c) Relati the light shaded face w0 a unit cell. Based
unit cell intercepts, the Miller index is (1 10). () View down the ¢ axis with the Mil e for all vertical faces shown.

S5 Pl )5 g

5 9 A

&9l

L9l arw

Yy

Fo S

Miller indices and intercepts

8
A

la,:=a;,:1a,

’,
.
’

¥ 1a,:wa, iwa,
1a,

from Klein & Hurlbut

9
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z
A

TR0
1. Vector repositioned (if necessary) to pass
through origin.

2. Read off projections in terms of unit
cell dimensions a;, a,, a;, or ¢

2 3. Adjust to smallest integer values
;:5 4. Enclose in square brackets, no commas
}Y [uviw]
=
:-?'; Adapted from Fig. 3.8(a), Callister 7e.
ex: Y%, %,-1,0 = [1120] &~
dashed red lines indicate
projections onto &, and &, axes a,
\as
n . s - . » S -
5 oleoglp— sho Sloudl (i 0520
i) £9° 0¥9)
.:"; * Hexagonal Crystals

9 45

P FPY QR VESWR IS

¥

— 4 parameter Miller-Bravais lattice coordinates are
related to the direction indices (i.e., u'v'w') as follows.

[dvVW'] = [uviw]

1

=—(2u-Vv
3( )
v=12v-u)

] 3

it [1120]
B t=-(u+v)
nig w= w'

Fig. 3.8(a), Callister 7e.

6/14/2010
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Yo

Olg> 051 99— oo SN (i 0 g
P99 ¥y,

[1100)
Fig. 3.8(a), Callister 7e.

[1120]

tJGo

Here: [1 1 0] - so now apply
the models to create M-B

Indices:

u=%(2u'—v')=%(2*1—1):%—>1
v= Y Gveu)= Y (ani-1)= Y 1
t=—(u+v)=—(%+%>=—%—>—2

w=w'=0

M-B Indices: [1120]

gad (PSS Il S ey

P TP CJRVESWR I 1

¥7

JGs51358 13 091y~ o 3 sln (S et

a,

How to find Miller indices in a hexagonal
lattice?

1) Primary axis is the one perpendicular to the
plane of the picture, called ¢

2) Secondary axes are a,. a, and a,.

3) Find the intercepts of the plane with the
crystal axes. Express them as integral multiples
of the basis vectors a,. a,a, and c.

4) Take the reciprocals of the 4 integers found
in step 3. If possible reduce these to smallest set
of integers i, k, i and L

5) Label the plane (hkil)

6) h+k =-i

7) Hence sometimes (hkil) is given just as (hkl)

The plane here 1s (1 150)

A

6/14/2010
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d;tdy=-43

* In hexagonal unit cells the same idea is used

9 4

P TP CJRVESWR I 1

YA

example a a a ¢ z
Y 1. Intercepts 1 0 -1 1 A
Y 2. Reciprocals 1 1o 1 1
) 1 0 -1 1
,3;: 3. Reduction 10 -1 1
e
‘3; 4. Miller-Bravais Indices  (1011)
13
% &
% : +3.=- o) ]|
] L d1TdT 3 W
X
N -
i) To show h+k = -1 1n the

hexagonal system

Plane ADC is perpendicular to the plane
of the picture

DE is parallel to AB and the triangle
BDE is an equilateral triangle.

Triangles ABC and DEC are similar
This leads to
(1/K)/(1/h) = [(1/k - 1/5)] /(1/s)

=>htk=s=-1

BC=1/k

N4

6/14/2010

24



SLolS o= s0TasS o - NS5 a0 6/14/2010

Violet plane is (1 2, -3, 0)

a,
; Green plane is (1,-3,2,0)

gad (A5 Il S o

u.:l.g,lf RV Y :d)gib

¥4

S5 Pl )5 g

9 4

The plane surrounded by the dotted
lines in this hexagonal lattice cuts the
a;, a, a;and c axes at 1a,, 1a,, -
(1/2)agz and =, respectively. Here a,,
a,, a, and c are the respective unit
vectors. The above plane is written in
terms of Miller indices as (1, 1, - 2,
0) in (hkil) notation or (110) in (hki)
notation. Find the Miller indices of the
plane that cuts a,, a,, a; and c axes

P TP CJRVESWR I 1

a
S at 1a,, -(1/3)a,, (1/2)a; and =,
Ezﬂ a respectively. Write them in both the
2 notations.

& 25
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3-61 Sketch the following planes and directions within a hexagonal unit cell.

Solution: (a) [01T0] (b) [1120] (c) [TO11] (d) (0003) (e) (T010) () (01T1)

9 4

P TP CJRVESWR I 1

oy

[ c (0001) c (1010) c 011)

2 Qo’m/? -\/ T =L D i

.:5 /

)2\ / = a + - a, 1 >l a,
:?5’ . = Morig) Q

1 [1120] G 8 a

2)

g o . 1
v, sy
v  Draw (a) the [12 1]direction and (b) the [210]plane in a cubic unit
@ cell.

(a) z zl
! “\Ig_"]\ Construction of a
0 g ./I“_ e & g (a) direction and
i s = use (b) plane within a
b unit cell (for
i 2 z Example 3.10)
= i
_— (210)
|
3 0,0,0 5 0,0,0

() 2003 Brooks/Cole Publishing / Thomson
Learning™

6/14/2010
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a. Because we know that we will need to move in the negative )~
direction, let’s locate the origin at 0, +1, 0. The “tail” of the
direction will be located at this new origin. A second point on the

direction can be determined by moving +1 in the x-direction, 2 in
the y-direction, and +1 in the z direction [Figure 3.24(a)].

9 45

P FPY QR VESWR IS

of

a

-'7.:: b. To draw in the [510] plane, first take reciprocals of the indices

) to obtain the intercepts, that is:

i x=1-2=-1/2 y=11=1 z=1/0 ==

?; Since the x-intercept is in a negative direction, and we wish to

Yy draw the plane within the unit cell, let's move the origin +1 in the
Xx-direction to 1, 0, 0. Then we can locate the x-intercept at 1/2
and the j~intercept at +1. The plane will be parallel to the zaxis
[Figure 3.24(b)].

Ay

3 c

‘—';1, A

= \ A

‘:& 4

Y

crystallographic planes in HCP unit
cells by using a four-axis coordinate
C system. The planes labeled A and B
and the direction labeled C and D are
B those discussed in Example 3.11.

/\ ) Miller-Bravais indices are obtained for

as =

/ %)

(€) 2003 Brooks/Cole Publishing / Thomson
Learning™

a4

6/14/2010
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i; c

v, 1

:

= « -
~[100] = [2110]

\as a3

? _ +2 o

}*, LIN=[11200- Lg% o N 2

gg a [010] = [1210]

(¢) 2003 Brooks/Cole Publishing / Thomson Learning™

Typical directions in the HCP unit cell, using both three-and-four-axis systems.

The dashed lines show that the [1210] direction is equivalent to a [010]
direction.

00
g ® o *

v, ’hﬁ.}o‘

:

@, Determine the Miller-Bravais indices for planes A and B and

directions C and D in Figure 3.25.

c
A

9 45

A

) Figure 3.25 Miller-Bravais indices
; are obtained for crystallographic
planes in HCP unit cells by using a
four-axis coordinate system. The
| B planes labeled A and B and the
direction labeled C and D are those
discussed in Example 3.11.

P TP CJRVESWR I 1
0

> s

N
N
D>

a

() 2003 Brooks/Cole Publishing /
Learning™

of

Y
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%} (da
"x?
3 Plane A
“’}: l.a=a=a=%c=1
=) 2.1a,=1/a,=1/a;=0,1/c=1
3. No fractions to clear
? 4. (0001)
o Plane B
2 1.a=1a=1a=-12,¢c=1
9 2. 1a =1,1a,=1,1a;=-2,1/c=1
3 3. No fractions to clear
1* 4. (1121)
2
=, Direction C
1. Two points are 0, 0, 1 and 1, 0, O.
2.0,0,1,-1,0,0=1,0, 1
3. No fractions to clear or integers to reduce.
4. [101]or[2113]
oy
%
1
2
‘2»
Y
(4aldl) Ja
% Direction D
s 1. Two points are 0, 1,0 and 1, 0, 0.
= 2.0,1,0,-1,0,0=-1,1,0
3 3. No fractions to clear or integers to reduce.
1, 4. [110]or[1100]
%)
2
Y
OA

A

6/14/2010
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Adapted from Fig. 3.2(c), Callister 7e.
: atoms
2D repeat unit

(100)

1

Planar Density =

5 2
area Pl 4/3 R
3

2D repeat unit
?

a,

%

")‘ ® o 1

3 X ¥

5y

o

g 3-62 Sketch the following planes and directions within a hexagonal unit cell.

3, Solution: (a) [2110] (b) [1121] (¢) [1010] (d) (1210) (e) (1122) (f) (1230)

¢: g & c c (1210 ¢ (22 c (1230)
21 i <l

B

2

—‘—95,: i a a a < = K, .
Yy a; [2110] "[1010] 2 a a .
84

g s - = = &2 < Q
> OB1(100) Axmio daw ((JED) (T pid o510
‘Q Solution: At T <912°Ciron has the BCC structure.

Yy 2D repeat unit

00069 .;
00060 :
T

R

Radius of iron R=0.1241 nm

=121

atoms _
nm?2

=1.2x 10!

o atoms
m?2

.Atoms: wholly contained and centered in/on plane within U.C., area of plane in U.C.

6/14/2010
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n

3 oaT(111) dmio oadaw (J2) F pid 956

s

Lo

G159

9 4

Solution (cont): (111) plane

1/2 atom centered on plane/ unit cell

\/E a ® atoms in plane

O atoms above plane

> atoms below plane

2 _ /3
:3 I_ h= \/;a
ét Area 2D Unit: % hb = %*[(V3/2)a][(V2)a]=1/2(V3)a2=8R2/(\3)
.—?5‘ atoms
2D repeat unit ~ 3*1/6
Planar Density = = 7.0 aton’;s = [0.70x 10" &TS
area P g i n
2D repeat unit ﬁ
71
g ~ - ® &2 . . K3
? Sl &5 s JULw 40 00y Llg> g Ol
3 o
,
Y
é: TABLE 3-5 m Close-packed planes and directions
L) Structure Directions Planes
3
i SC <{100> None
b‘ BCC (111 None
= FCC (110> {111}
| HCP <100y, <110} or ¢1120) (0001), (0002)
7Y

§9
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BS Pl )5 03

9 4atd

00 gd Wlxiio o oo

abab closest packing

W Side view
o
2R
R
%)
ay
:3‘ & -
Y 3 Top view Unit cell
’ ’
Atom in third layer .
lies over atom in
first layer.
Unit cell is hexagonal prism: lattice structure is called
7Yy
2 - -
S A e * R &
- 00 gud Wlxio yow 0>
Q abca closest packing
) |

9 ke

@lg.gls RV Y :d)sib

7¥

a

\ ) N
b Y @ g
: K o
A\
'

I
An atom in every Unit cell
fourth layer lies
over an atom in
the first layer.
Unit cell is face-centered cubic (fcc): lattice structure is called

~

v
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9 4atd

00 gd Llio (g0 o>

9 ke

@lg.gls RV Y :d)sib

44

3 s

ay

,:5 a 6 : 3

3 | 2

9

ay

:38

Y b

hep
In both hexagonal and cubic closest packed structures, contact between

¢ |atoms is maximized: each atom has 12 nearest neighbors.
g .

3 & . * . &

v 00 gwd Wlxio (yuw oV
2

o

“Y

(a) abab — Closest packing

b
W)

Top view

(b) abca — Closest packing

Top view Top view Top view Side view

v
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7A

(c) 2003 Brooks/Cole Publishing / Thomson
Learning™

5 FCC 40 (111) 08 pwd 40 g 00
. 29 (111) 00 g Qv O
% e ABCABC... Stacking Sequence

2 e 2D Projection

%

%: A sites

:% B sites

é-“ C sites

2

=, ¢ FCCUnit Cell

8%

3 HCP 48 08 yad Wlwio [y 00>
\I)V *
d

o

“Y

The ABABAB stacking
sequence of close-packed
planes produces the HCP
structure.

3
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FCC 30 00 g Glxio (o o0

S5 Pl )5 03

9 4atd

A

N

D

\%)

ay

:33

Y

The ABCABCABC stacking sequence of close-packed planes™ ™"

$q produces the FCC structure.

n 4 - *

3 HCP 40 00 g )L}Ld
]

- ex: Cd, Mg, Ti, Zn

<, e ABAB... Stacking Sequence

e 3D Projection e 2D Projection

TR
_.I

Top layer

Middle layer

Bottom layer

PPy VSR
—

Adapted from Fig. 3.3(a),
Callister 7e.

e Coordination# =12 6 atoms/unit cell
« APF=0.74

e ¢/a=1.633 (ideal)
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B Pl S ()

9 4

P ¢ Si98 S

Mass of Atoms in Unit Cell
Total Volume of Unit Cell

Density= p =

\ _ _hA
Sy VN,
)
éx n = number of atoms/unit cell where
'% A = atomic weight
V= Volume of unit cell = a® for cubic
N, = Avogadro’s number
=6.023 x 1023 atoms/mol
v
3 gos -
\—,? BCC)é‘p“S)QA‘le%
2
=) Ex: Cr (BCC)
A =52.00 g/mol
¥ R =0.125 nm
‘: n=2
3 .- a=4R/\3 =0.2887 nm
!2* atoms ptheoretical =7.18 g/cm3
&) itcell ™2 5200 *—
unitce ‘ mol pactual =7.19 g/cm3
p=
a3 6.023x10%

volume P ¥—_ atoms

unit cell mol
Yy

%
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95 Ugs eo JE> dmylio

9 4

@Q,ls KVe 39 :‘s)gib

V¥

In general Metals/ Graphite/ Composites/
p S p . S p Alloys Ceramics/ Polymers fibers
metals ceramics polymers Semicond
k 30
a‘:'VVhy? i B ased on data in Table B1, Callister
20 —] $Platinum *GFRE, CFRE, & AFRE are Glass
®Gold, W Ay e
. Metals haVe._, ® Tantalum Carbon, & Aramid Fiber-Reinforced
. Epoxy composites (values based on
% © close-packlng _ 60% volume fraction of aligned fibers
- (metallic bonding) e in an epoxy matrix).
\ ] °Stuéells
o -—) .T' Wi
2 e often large atomic masses = AT |
x . — 5 ]
& .
9 Ceramics have... . LT
1 o less dense packing S 3 LIS
. ®A| i -
e often lighter elements %8 B {5 .
2 —— ) licon -
= Polymers have... = ©Magnesium oG raphite . $caeon. fioers
;?‘; | k d t E\I}éone l/A\FrEquﬂbers
¢ low packing density PET '
1 — PC
(often amorphous) — HOPE
¢ lighter elements (C,H,0) _
q 0.5 — °
Composites have... 0 — $iaod
e intermediate values 0.3 —
Data from Table B1, Callister 7e.
vy
n
3
% Adhai, Adhatia
7 294 3 (Zone)
3
“

tailie ygo0 g (SR il A liiwd (NigS

. Write the integer Miller indices values for the first plane

twice in a row.

. Write the integer Miller indices values for the second plane

twice in row directly below.

. Disregard the first and last numbers in each row.
. Cross multiply each pair of adjacent columns

. Subtract the product of the upper right to lower left
operation from the product of the upper left to lower right

operation.

. Reduce the three integer values to the smallest integer.

N4
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é‘)gbu so g1 il & gliwd S8
i}a: Ol b)9>).: J::o b ackio
“,
i) I~ s o ~ Il
s - 2 ~ Il
% u =&y Shpoidy Ty
\Ye: =1, *h,-k; =1,
o)
S w=321 *.&:2—.3‘(71 *hz
3’ Here's an example for the intersection of the (100) and (010) faces.
= o o 1 o EE
Bl 1 o o 1 EE
=0*P-(O*N=0
v=@0*Q-(I*P=0
w=(1*-@0ry=1
Vo frevw] =[001]
5 X
e
i [001] zone axus (001) face
o
|
% : |
\\2‘ "‘-H /
oy |
3 | |
i |
i \><h |
o°
: NN
"ﬁ-ﬁ_‘_h—h/
v#

TA
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3w g 39 Jolis &5 slazio (40 55 I
% JuP |
N
Y
3 * [uvawy], [u,v, ws)
3’ * I=(uyv,-uyvy)
S
i
A%
R dilio S @ @l &5 Slwe
E
Y
| s 3l o ol yleo (slo bl 5l oad abl o lo liayi> @
¥ il
% h1k1|1
)
3 h,k,l, | =0
K h3ksls
)
* hk,ls+k Lhg+l hy ka1 k,hg-k hslo-hy Lk, =0
YA

9
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TN 4l Ao SO 0 &5 Sle>
s

k sio byl 1L gl e (glo il jlord aiils L slo (e @
¥ sl
& . ulviwil

; e u2v2w2| =0

\_3; . u3v3w3

i)

U V,W5HV, W,oUg+HW, U, Va-W, Vo Us-V, Uy Wa-Uy W, V=0
va

3 A Ao S (09! Ghio Lt (95
| saibaio S

2 4

M

WS o Ay il

3: u,h,+v k,+w,l,=0

2

:

i)
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S arw 1)) g (Al S ey

AN

*

LY

1- Is the direction [102] on (112) plane?
2- Find the plane that following two

direction is on it? [101] and [222]

3- Find the intercept of (133) and (211).

515 a5 oy

AY

I o S 4 6—‘_‘4&
| a7 P

Lk 2 J g8 Ty
L K k2 Snary g 51
S s 5

1 (k' + k* + [%)sin? x 4 2k + kI + M)(cos® a — cos x) JJ;)ﬂwf;
at a*(l — 3 cos? o + 2cos? a) ( =)

~_|W=if+hkpvk +{ J LSy
&8 .. pEehe
i:%. E+Eﬂz_/3+£72wcos_ﬂ Sanale s,
d sin? 1 \a? b? &2 P

— = %(S,,h‘ + S,k + Syl + 28,0k + 25,3k + 25541
V = abes1 — cos?a — cos? B — cos? y + 2 cos & cos fcos y

Sy = hretsint o

Say o= a'e? sin? i,
Sy = e?h?sin? y

g9
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S5 Pl )5 03

3

_3bals e 2 248005 & A

W1y Jolw pxe> dwlxo 4 b g o Ll
95bes b Sl 5 4o

V=a3 ) : as*‘-'—{"
=2
V=a“c J eS| ,msn
V=abec Sy gy |
‘v=a® ‘/1—3(30520!- +2C053cx J Ly 0o
v .2
5 c “J L.-,.S‘ !J.S.a
! Thas
L B C~ PR
V=abc Sin B w_,;u
V= v * 2 = ' :
=abc 1-Cos™ g -Cos™ B -Cos“ v +2Cosg Cosp Cos {5 WA L)

AY

n
haJ 1.
% cosidm hihy + kiky + 11 . G—...-S..
VU + KL+ D+ R+ D) ‘
i3
3 hoky + ks | Ll |
: . e T aySl,m |
) cos ¢ = J LSl
“lk RN
O-G-b aZ * F ﬂl * F
Ly o Wil !
e Sy 955!

E,
3
[~

9

cos ¢ =
N
_3+_1+F _z+'7+[1

. .
{
K WRE
52 é " A ’ “ JL_"JM—-'-:;
\33 X3 »9 ) cos ¢ = % [sin® a(hhy + kikay + 1i1) (J Lsser)

i&‘ “I . w + (cos? & — cos @)kl + kaly + [y + Lhy + By + k)]
3a2 JLgS 138
\_?“ . hihy + kiky + ik + k) + 75 0h (J LgSa,m)
cos = .
2° 3a* 3a?
2 \/(h{ + bk + 22 :f)(h% SR+ ks 13
cosdi dydy [hihy |k kysin? B ol ik L) cos /3:, CanadS g
sin? g @t b? c? ac
cos ¢ = “'l'/’i‘ [Svuhy + Saakiky + Syshiy S 5
A¥ S0ty + kaly) + Siyllhy + hy) + S0k + hok)]

gy
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® &g
i shlasd
‘%)é éb
#>lg Johu
3 R
CosYe = i =o [AFF
A
. 8 o /AF$
&g
shlasd
Aa\ ‘ » e
LA 313 Jaho
(J150155)
ooy s Sowr i > SO 8 1 et g o o

¥

s> b hoe s ;Se Las Jsb =T+ R= aVe = TR\/‘;: .3
f f T

r =0
A o =e/TTA

gy
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(J1 5001 55)

Tetrahedral

hole
a) A tetrahedral hole in the b) The location of
cleft between 4 spheres in tetrahedral holes.

a close packed lattice.

S ar 15y 5 g A (SISl S (w0

AA

313 Johe 30 SIB Solad £l

gg
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A4

a1y Jokw 38 JG slolad &1l
(J1 bS)

a) An octahedral hole in
the cleft between six spheres.

Atom of close-packed
structure

Octahedral
hole

b) The location of
octahedral holes.

gad (S Pl S ey

@lg.gls RV Y :d)sib

il b L gy sl SwTeasas 5 Jyar

GSJATPEJA:

e 8l by o s 5 1as

—“ > v - -t

/100
o/YYH
o/fV¥
o/YTY
Y/o

ga
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3? ea S aaas MgsSi SuaTeasacass, Lul L1, Mg0 5Si 0, &5 s Jsa
i«h ¥ @i 2t
b B S = °/f" =0 o
,;”"; $i0, o 03_ 7iCme b
T +2
¢ Mg = OIP; = of¥Y
?:’: D R g2 1 /¥
¥y
3
o) (a9 A\‘
¢ "
‘) (a) ()
T Seslos s el e 3 oedipn Coge 4 8 leon b g b
v, JhaalsTh o Jhael s slalas cpl 30 0 85,8 o 58 asly ol
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o
3
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£
Y
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a¥

in bcc |

m

octahedral (small)[(

5 g Jlywal 55 I slalad g9
1 (BCC cu ) WT ol 4o JI valst
)

¥

Iy

5

i

2

:?5’

> 9 J1 2! 5 I slalad oluss
! BCC , FCC 9 JI,0aLs
2

E Y4 %o Ya

¥ tetrahedral % % % (8)< 71 »

w  in FCC T

3 octahedral % % % (4)4 90

‘3? 0%0

iz tetrahedral (large) %2 % 0 (12)

idpoint of edges 007

enter of faces %2 % 0

v
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a7

B & 1 4@*
; E/\j ZAS)
2 b E—st
N A +x?%=@02+ (1?2 (L4 at= 0+ (VB
) l+x=4/2=1414 l4x =VT42=1732
o x=0414 x=0732
3 ta) () ion. (a) (b)
v Rca=Rna 12 fcc & hep Cu and Mg
ay
3 0.73< Rgy/Ryg <1 8  cube CsCl
0.41< Rgy/RNg <0.73 6 octahedral NaCl, CaCQO,, B in spinel
0.22< R4/Ryg <0.41 4  tetrahedral SiO,, ZnS, A in spinel
0.15< Rgy/RNg <022 3 triangle CO; and BO,
Rca/Rna <0.15 2  linear Cu,O
0
3
i
&) Interstial spaces

It depends on the r/R ratios,
leading to different coordination numbers

gGn
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Interstial spaces

S ar 15y 5 g A (SISl S (w0

aA

' Interstial spaces -8 -

g9
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-

Interstial spaces -12' _Ji"

S ar 15y 5 g A (SISl S (w0

| Examples

NaCl (FCC, octahedral bonding)
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u)\g,'s RV Y :d;,ib

:iFIuorite CaF,

t

vy

SS9

9 ke

Cubic coordination of F-
around Ca

C.N. = 8; Each of the Ca%*
ions contributes +2/8 = +%; of
a charge

8XYVa=2

@lg.gls RV Y :d)sib

Tetrahedral coordination of
Ca?*around F-

C.N. = 4; Each of the anions
contributes -1/4 of a charge

4XYe=-1

@

C.N.=4;e.v.=+
Ly
4><(4)ﬁ1
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Grossular Ca,Al,Si;O,,

Ca*2in cubic coordination (CN = 8)

S5 Pl 5 03

ARt in octahedral coordination (CN = 6)

Si** in tetrahedral coordination (CN = 4)

9 4ats

In order to satisfy the 2- charge on one

n
§ shared oxygen atom, the oxygen must
P belong to:
5’ For Ca, 2/8 = Y4 2 cubic Ca?*
ay
_Dt
Y For Al, 3/6 = %4 1 octahedral A13*
For Si, 4/4 =1 1 tetrahedral Si**
Thus will net a total charge of: (2* %) + 2+1=2
Yo¥
3 3 Rule — Sharing of Polyhedral Elements |
"’: The existence of edges, and particularly of faces, common to
,} two anion polyhedra in a coordinated structure, decreases the
\‘,—t stability of ionic structures.
0

Thus, polyhedrons tend not to share edges (and faces even more
s0) as this reduces the stability of the structure (see fig. 4.8)

9 ke

ke
Tay

2

2

I T
A%

EY ce

Fig 9-18 of Bloss, Crystallography and Crystal Chemistry. © MSA

YoF

ay
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Tetrahedrons:
» Sharing corners — common
» Sharing edges — very uncommon
» Sharing faces — never found when both tetrahedra are
occupied by a cation

S5 Pl 5 03

Note: the decrease in bond length leads to repulsion & distortion of
the polyhedra

9 4ats

2

KN

2

9

ay

:32

Y

ARYA)

2N

3 Octahedrons:

v, + Sharing corners — common

}' » Sharing edges — common (still large enough distance)
:'a\ » Sharing faces — not that uncommon (possible because
a, cation — cation distance is sufficiently large)

“b

Furthermore, cations in octahedral coordination tend to have
a lower charge, Mg, Fe?*, than those in tetrahedral
coordination (Si, Al) . Thus, the repulsive force is less.

9 4

n
‘—E: ;
\O @ cation
} @ anion
9
ay
2
Y
YoF
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4t Rule — Sharing of Polyhedral Elements Il

In a crystal containing different cations, those of high
valence and small coordination number tend not to
share polyhedral elements with one another .

S5 Pl 5 03

This is because of the repulsive forces)

9 4t

-
i)
Si#* in IV coordination is very unlikely to share edges or faces
A%
g =
v, tﬁ‘t" { 65‘“°3;
% * Metals structure
Y * Diamond structure
¥ * AX types
2 * AX, types
‘§ * Axtypes
1 * AX; types
K * A,.B.X, types
i

* Derivative structures
 Structures containing anionic complex
* silicates

ag 54
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Ifa [Ifa IVa Va Via Vila Viiia L) Iy Hib ¥y Vb VIb

S5 Pl )5

9 4
@6

Ca

S

.
.
o

d;sib
@
EeEEEE®

-
-

yolis yloid b

vilb VIiib

®» B

= 1
Sios
D[] O

Y9l awrw

Lunihanideslﬁ

Zle ot EEEERE

Cf Es  Fm  Md No

Actinides H

Lr

Fig. 2.1. Structures of the elements arranged according to the
(2) hexagonal close packing: (3) body-centered-cubic packing;
a substance has several modifications, the transition from the external to the internal symbol corresponds to a transition from a

modification and. then, to the modification existing at high
not presented

periodic system. The structures are denoted by the following symbols: (/) cubic close packing;
(4) molecular structure; (5) structure with coordination number 8-

N; (6) other structures. If
high- to low-temperature

pressures. Some modifications which are less common or have not been investigated enough are

o Cul'? ¢

h,wb

This structure is an important example of ccp structures.
It has 4 atoms in 000 position of ccp.

Copper doesn’t accept any atoms in its unit cell.

S35 gad Bl Plun S )

000 £ e
% %0 S

02% -, H
207"

L9l arw
o
o
o

-
d

@a
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* *

This structure is an important example of hcp structures.

B1S Pl )5 03

It has 2 atoms in 000 position of ccp.

Magnesium structure accepts H in his octahedral holes.
The AB AB layers changes to ABAC and shown as dhcp.

9 4

()  Mgi"2Lh

=
D
A
3: \ Z |
| |
9 I
= 000 : N
E 000 < 113213112 ! %
S =
- s E = ) A
<7 1
- 1
B

i 3
w | o Feldl.c

This structure is an important example of bcc structures.

S5 Pl )5 w0

It has 2 atoms in 000 position of ccp.

Iron accept atoms in its unit cell.

000
000
22 Ve

Solid solution of C in Fe:

Ferrite — C in ao-Fe

Austenite — C in y-Fe

On further C it change to Cemantite
that is orthorhombic

Martensite — finally it change to
tetragonal

9 45

P TP CJRVESWR I 1

ay
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ww‘ oi C ¢

This structure is known as diamond like structure.

B1S Pl )5 03

It has 8 atoms that 4 atoms are in 000 position of ccp and

the rest fill one-half of tetrahedral positions.

9 4

2
KN
D Y4 YaYa
3; Ya VaYa
YaVaVa
Y Ya%aVa
:32
Y YaVa Vs
Tetrahedral positions in ccp
Y

 CBlLh

Bl Pl S w3
¢
‘

9 4

Both structure is made of C, but difference is in structure.

It has 4 atoms in two layer. First series are in 0 0 2 and
another series are in 2/3 1/3 Va.

weak van der waals bounding power is between the
layers.

‘_g'tg.s‘s KVe 39 :‘_g)gib

ay
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Cs(Cl w CSBICI ¢

This structure is simple cubic.

It has 1 Cs atom in 000 position of sc and 1 atom in %2 %5
Y, position or vice versa.

S ar 15y 5 g A (SISl S (w0

NaCl (rock salt) = waecies

It has ccp structure. 4 Cl atoms fill 0 0 O position of fcc
and Na 4 atoms are in octahedral positions or vice versa.

6/14/2010
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B1S Pl )5 03

9 4atd

3 2

NiAs % Ni6lAs 61 h

It has hcp structure. 2 As atoms fill 0 0 0 position of hcp
and Ni 2 atoms are in octahedral positions.

9 4

P TP CJRVESWR I 1

If it had one type atoms, it would be similar to diamond.

2 As
3

! Ll

Y

3 : 5

o Sphalerite  ~zwswc

\‘,"j: It has ccp structure. 4 S atoms fill 0 0 0 position of fcc and

) Zn 4 atoms are in one-half of tetrahedral positions.

ay

6/14/2010
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3 - 5

“ Wurtzite %0 Znl4iS M h

% It has hexagonal closest packing structure.

:'_" 4 S atoms fill 0 0 0 position of hcp and Zn 4 atoms are in
k! one-half of tetrahedral positions.

2

:32

Y

114

o P o

‘Qw . .

3 wurtzite & sphalerite
o

“Y

=

T)X

Y

6/14/2010
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Fluorite > CalfIF, bl

B1S Pl )5 03

It has ccp structure. 4 Ca atoms fill 0 0 0 position of fcc
and F 8 atoms are in tetrahedral positions.

9 4atd

u)\g.,lf RV Y :d)gib

3

o - - 5

1 Antifluorite (Na,0) 2 \.u0m.

™

=

Y It has ccp structure. 4 O atoms fill 0 0 O position of fcc and
Na 8 atoms are in tetrahedral positions.

3{ Li20, Li2S and alkali metals oxides, selenides and

wy tellurides.

3

\

3

Y

YYY fluorite

W

6/14/2010
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Sphalerite 2 zwsus

It has ccp structure. 4 S atoms fill 0 0 O position of fcc and
Zn 4 atoms are in one-half of tetrahedral positions.

B1S Pl )5 03

If it had one type atoms, it would be similar to diamond.

9 4atd

)
v
2
Y
yYY
3 3
\2 Cd Cl 2 o CdI€ICl, BL.R
3’ It has rhombohedral or fcc ,
2 structure.
N
Y Cl atoms fill 0 0 O position of

rhombohedr and Cd atoms are
in one-half of octahedral
positions.

9 ke

But in real structure a row of

?“5 octahedral sites is empty and
3 next row is full, then it form a
,}fz sandwich of AcB AcB or XmX
9 XmX.

gt

Y

VY ¥
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CdIz - Cdeell, BL.R

It has rhombohedral or fcc structure.

Cl atoms fill 0 0 0 position of rhombohedr and | atoms are in one-half of
octahedral positions.

B1S Pl )5 03

But in real structure a row of octahedral sites is empty and next row is
full, then it form a sandwich of AcB AcB or XmX XmX.

The difference lies in this that CdI2 is more ionic than CdCI2.

9 4atd

LS"“:SK RV Y :d)gib

TiOz i Tiel0, 1.t

S5 Pl )5 g

It's in tetragonal system.
Ti atoms fill 0 0 0 and %2
Y V> positions of bct and
6 O atoms have
octahedral coordination
around each Ti atoms.

9 4

There are three

Ti
0]
. /

polymorphous of TiO2:

In rutile coordination
; octahedrons share two

edges and is more stable.

Brukite shares 3 and N

anatase shares 4 edges.
\Y#

P TP CJRVESWR I 1
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Alumina  =A=oR

It's in rhombohedral system. O atoms fill 00 0
positions of hcp and Al atoms fill 2/3 of octahedral
positions. In fact 3 O atoms make a plane that 2 Al
atoms places on two side of the plane. A3 axis is
perpendicular to this plane.

B1S Pl )5 03

9 4atd

There’re three polymorphous of Al203 (a, $ and y).

2 ais more stable than the other in the nature. B is
& hexagonal and y is cubic .

%)

3

Y

YYY

a, &

3 . 0 Fel3ITi B0, 4l.h
- Ilmenite

.‘—.z It's in rhombohedral system.

:r"g Each Al atoms is changed with Fe and Ti alternatively.

Ti

/

9 4

L9l s 15590
-
o

Fe

Vg

6/14/2010
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CaTiOZ (perOVSkite) o?:c:anzm[e]ozlel_c

It's important example of perovskite group.

B1S Pl )5 03

It has two type structure in simple cubic lattice as follow:

A type: Ti at corners, Ca at body and O at mid point of edges

9 4atd

B type: Ca at corners, Ti at body and O at face centers

%)

By

Y

1Y

S . 3

- MgAl,O, (spinel) =wgamome
3 It's important example of spinel group. This

\\3: structure is known by distorted ccp.

)

O atoms occupy framework of fcc, one-half of
octahedral holes fill with Al and Mg atoms fill
1/8 tetrahedral holes.

9 4

For stability two lattice share to each other.

P TP CJRVESWR I 1

V@
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B1S Pl )5 03

9 4

Derivative structures

Structures that symmetry of space group is sub-division
or similar to original lattice.

In substitutional type some atoms occupy original atoms
sites. In chalcopyrite Cu and Fe each occupy one-half of
the Zn sites.

‘%; Spaherite Chalcopyrite

.‘;) -

:DX

Y J p s / / >

- > Sulfur (/>'\

Y Y Face-centered |sometric Body-centered tetragonal
» Derivative structures

5 * Another type can be seen when a little change in
\C‘I: atoms sites occur. This change have effect on

Y symmetry. The best example is a and B-quartz.
%)

=

N

yYY

6/14/2010
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g 5 C
o Structures containing
5 anionic complex
) When cations with big charges surrounded by
: low strength anions, powerful bounding
3:5 groups form.
iy At this structures bounding force of anion
) groups is powerful than the other and are
§x anisodesmic with them.
o) . .
% Bulk charge of structure is unique and crystal
overall is isodesmic.
Crystals like carbonates, nitrates, borates and
sulfates have this structure.
\YY
g .
“ Calcite structure
3 Bounding force inside the complex is more than between
“2: complex and other ions. Electrostatic valency (e.v.) in calcite
"‘"\3 between C and O in anionic complex is 1/3*4=11/3 , then
each O have 2/3 exceed charge.
=0y
-:}: ﬁ e (Carbon
: T.l ev.= 1% ~
v 17 .Oxygen
2@
/
4
e Charge not neutralized
(a) on each oxygen = =
\Y¥

W

6/14/2010
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Silicates

Contain Si and Al and are the most abundant
minerals in the earth. is

+ SiO, is framework of silicates and has compact
structure.

» Al can substitute in si sites to form AlO, tetrahedr,
that is a little bigger.

« 7 principal group of silicates are discussed later.

gad (A5 Il S o

u.’\g.s's RV Y :d)gib

AR A

silicates

S5 Pl )5 g

Arrangement of $i04 tetrahedra Unit
ass (central Si%* notshown) | composi tion [ Minersl exam o
Olvine,
S0, p
esosilic L (Mg Fe);5i0; —
Inosilicates
(double chain)
= Hemimor phite,
’% Sorasilicates 2007 | 70,51,0,(OH)-H,0
t
ay
\
ke
=
ay
3
= = {51200
- Benyl,
iz Cyclosilicates [CR N se,Ag&‘o.,
Phyllosilicates
ay
F
}macﬂ'z
Inosicates es, Eovtmte,
(single chain) MgSi03
0
Tectosilicates (80

Amphibole
eg Anthophyllite,
Mg;SigOz2 (OH);

Mica

e.g. Phologopite,
KM, (A1Si;0,H(OH),

High eristobalit,
50z

W
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> Nesosilicates
% « We can see each is isolated from
?,; the other. Because the structure
possesses isolated silicate
¥ tetrahedra, olivine is called an
5y nesosilicate or island silicate.
3  High atomic packing and hardness,
é lacking of cleavage, equidimension
Y crystals are specification of this
3 group.
The crystal structure of
s olivine ((Fe, Mg),SiO,).
'YV
2 sorosilicates
:—i « we can see each tetrahedra is linked
g"g at a corner to form pairs. Because the
structure possesses double island
¥ silicate tetrahedra, is called
4 sorosilicates.
,‘I.;: » More than 70 minerals there aren't in
- this group and most of them are rare.
‘3?  Epidote group is the most important
Y mineral of this group.
B " The crystal structure

P of llvaite

_ (CaFe3Si208(0H)). :

VYA

W8

6/14/2010
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3 Chain silicates
™
% » Inosilicates are two groups single and
double chain.
% « They are similar to each other in more
> things like:
) « Crystallize in orthorhombic and monoclinic
i system.
§: « The length of c axis are similar ( about 5.?\)
h « Similar cations exist in both.
» They have solid solution series with Fe, Ca
and Mg end members.
yya
3 Inosilicates
:-i we can see each tetrahedra is linked to two
i;; others at the corners to form single chains.
, Because the structure possesses parallel
% single chains of silicate tetrahedra, pectolite
L: is called an /nosilicate (single chain).
< This type of structure is represented by the
}; pyroxenes.
3 e .

R The crystal structure
. of Pectolite
o, (Ca2NaH(SiO3)3).

6/14/2010
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W Inosilicates
% + Each tetrahedra is linked at the corners
?,; to form double chains.
, » Because the structure possesses
¥ parallel double chains of silicate
\5_2 tetrahedra, tremolite is called an
3 inosificate (double chain).
3,  This type of structure is represented by
2 the amphiboles.
i
HP® The crystal structure of <«

W0 Tremolite P

be (Ca2Mg5SIB022(0H)2) “)ll4
V¥
5 Cyclosilicate
;’;% » Tetrahedras are linked at the corners
QY to form rings.
: » Because the structure possesses
% isolated rings of silicate tetrahedra,
2 they called cyclosilicates.
3 - The best example for this group is
§= Beryl.
%
'—?'3

s The crystal structure of
——
&P/ Beryl (Be3AI2(Si6018)).

YFY

9

6/14/2010
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. Phyllosilicates
3 « Each tetrahedra is linked at three corners to
o form a sheet.
Y « Because the structure possesses parallel
, sheets of silicate tetrahedra, biotite is called
¥ an phyllosilicate.
o~  This type of structure is represented by the
X micas.
L « They are platy, have flexibility and low
i density.
Y « Their classification is based on chemical
3 property and geometry of octahedral layers.
; ' . ® The crystal structure of Biotite |
o Fe  (K(Mg, Fe)3(AISi3010)(OH)2)
) FY
2 Phyllosilicates
3
\—\:i Trioctahedral Dioctahedral
h ' Gibbsit m
0 Brucite (DRSIE
i oo ,, el
] (VA ; AT
5? Antigorite i Kaolinite .
h VA |
RO :
o = octahedral ?‘: ::;I??E‘yl

yment| t = tetrahedral : : m;nr:::mmm

VFF n

W

6/14/2010
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g Trioctahedral Dioctahedral
3 \VAV z VA
> RON . XX
‘;g VAVAN : Ll
’ Talc Pyrophyllite e -
® d f N
¥ g 1
¥ f Fiy,
‘%‘\ Muscovite
3
i i
v l
:?g hnlerlaye: cation
,!
|
© = Oxygen
o = oclahedral ?: :\‘)I,::;)?yl
t = tetrahedral x : :‘:n;:::mm
AR
> Tectosilicate
\—‘-i » Every tetrahedra is linked at each corner to form
;"g a framework.
« Because the structure possesses a three-
3} dimensional framework of silicate tetrahedra,
A quartz is called an framework silicate.
¥ « 3/4 of crust minerals are tectosilicates.
& « This group minerals are very stable and have
:}; strong bounds.
b‘ « SiO2 and its polymorphous and feldspars are
= important example.
!
The crystal structure
of Quartz (Si02).
A4

e
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Super lattices

* Some crystals have two order in different
condition.

PbZrTiO; (PZT)-a periodic tilt angle of BO,
octahedr is seen, on heating the tilt remove.

Bl Pl 5 w3

9 4

?’3‘ * AuCus,-at low T Au occupy corners and Cu
‘3 centre of faces, on heating atoms keep
\_O’ accidental distribution.
3 * B-Brass
* etc...

8%
%
3 Crystals as Building Blocks
\Ci: e Some engineering applications require single crystals:
™ -diamond single --turbine blades
3’ crystals for abrasives
2 LN =
3 | .
g e Properties of crystalline materials
\_,; often related to crystal structure. ’ 3
’?'; --Ex: Quartz fractures more easily

along some crystal planes than others. %
YFA
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3

%

4

o

= X

¥y

9

=

"'3 ) i [} ()
Rotation Reflection Center of Symmetry Rotation with

Inversion

ags it SF» 950 — (98

V¥4

g A o o ae

? wl‘ﬂ' . u)b)

i:—t * Reflection (m)- produced by a mirror plane

™ that passes through a crystal structure so the

y  Ppatternonone side is a mirror image of the

\?: pattern on the other. (symmetry over a plane)

§ MIRROR PLANES

}; — How many mirror planes

ﬁ: do these crystals have?

™y

Both have 3!

So notation is 3m

Ya

6/14/2010
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CUTTENSL

* Rotation (A)- rotational symmetry involves repeating a motif
by a set of uniform rotations around an axis. (symmetry about
an axis)

B1S Pl )5 03

9 4

— Repeating the pattern every 120° of rotation means 3-fold
symmetry.

— Every 60° = 6-fold symmetry

— Denoted as #A, where x=x fold rotational symmetry

Orthorhombic- 3 axes of 2-fold symmetry, so notation is 3A,
Vo)

Ls‘l‘.’.ﬁtf RV Y :d)gib

Y LHVY @ A

Ao
B

VOV www.tulane.edu/~sanelson

S ar 15y 5 g A (SISl S (w0

LS

A
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V9o 3 oy

* Inversion (i)- also known as center symmetry. Any line drawn
through the origin will find identical features equidistant from
the origin on the opposite side.

B1S Pl )5 03

9 4

Both of these crystals have center symmetry (i)

3

e

‘DX

; %

; o

yor

> R0 — oy 3l

3 ¥ 1399 2 &

\Ci: * Rotoinversion (A,) - involves a rotation and inversion to repeat
Y a pattern

. — Denoted as #A, where x=x fold rotational symmetry
é: — NoteA;=iandA,=m

2

3 J A
1 .
Y

£

Y v

VOF

Ve

6/14/2010
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g A 000
} u)lﬂé
2
;;; * The 32 crystal classes represent the 32
possible combinations of symmetry

¥  operations.
.'_; * Each crystal class will have crystal faces that
3 uniquely define the symmetry of the class.
3‘ * These faces, or groups of faces are called
% crystal forms.
AT
3 . o
“ u)lﬂ
3 * Note that the 32 crystal classes are
2 divided into 6 crystal systems.
r;"; * The Triclinic System has only 1-fold

or 1-fold rotoinversion axes.
; * The Monoclinic System has only
3{ mirror plane(s) or a single 2-fold ’»
y axis.
-':.}\ * The Orthorhombic System has only
) two fold axes or a 2-fold axis and 2
} mirror planes.
‘_,; * The Tetragonal System has either a
= single 4-fold or 4-fold rotoinversion ‘
Y axis.

* The Hexagonal System has no 4- : "Exmm
fold axes, but has at least 1 6-fold
or 3-fold axis.
* The Isometric System has either 4

3-fold axes or 4 3-fold rotoinversion

oY axes.

N 78
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TRICUINIC ORTHORHOMBIC

Onthorhombic systems have three unequal axes all at right angles.

S arw i35 g (Bl S Pl S (e

CRYSTAL SYSTEMS
ISOMETRIC
—
e
s anglé to o e chaeina
‘of thaee, but inclined to the other.
S ol ot right
TETRAGONAL
HEXAGONAL
/’\
LW\ regonal tuo equal ra g —— E——
bt Hocagenal systems have thres cqual awee in the £ama plane, intersecting &1 angles of 60
digreczond anglee to il of thise.

s 3 ol b gy G (018 ylis (K gS>

Symmetry Operation Symmetry Symbol Hermann-Mauguin Symbol

Mirror m m

Rotation ALALALALA 1,2,3,4,6
AXxis

S arw iyl g (Al S ey

Rotoinversion A=i, A, A A, A, 1,2,3,4,6
Axis

YOA

e

6/14/2010
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gad (B Il S o

u)\g.gls RV Y :d;,ib

Vo4

lbv)m gL %33-0 5&9§"

Rotation \‘m‘lﬂ ) Reflection
Reflected / Orlgujal
Fi:yl:;‘liw;li i | motif motif
\ Z/_/,:'_r__ ot o WAL ¥
Bl
4 i ¥ ,/
v g |
.I/ *‘—/
la) (2]
Center of " | Rotation with
riginal -
Symmetry @ 2 Inversion
y Q% Nyl s 7
\\ //
AN
i "o X J
7 /// "\\\
xS L
ot @

I00] {d)

gad (B Il S ey

@lg.gls RV Y :d)sib

NUTLIG JT-

As an external symmetry element, rotation
increments (n) range from 1 to oo

When considering the

limits of translation, e -
rotation increments are
limited to 1, 2, 3, 4, (O L0 )4 ®,
an d 6-f0|d \ ‘?.“_:;:’.I:-/ ;’7,‘;', ’:-, :\-\\k-;"’f"
(@ ) {®}

6/14/2010
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432

V7Y

i‘; * . L o oad
3 o0 — g9 o8
™ . .
a Rotation with
, Inversion
i (Rotoinversion)
S Equivalent to other
i}j symmetry operations
2
K]
Equivalent to Center
\$1 of Symmetry
2 3499 oy )& AF WS> b
3 <v119° O 7 5P )90
X
=
v« Axes at 909 (except 3-fold
: axes in cubic symmetry at
?; 54944’)
% + Axes intersect at point
3« Ppossible symmetry
,}fz combinations:
%)
,.az 422,622,222, 32, 23,

A

6/14/2010

81



SbolS a5 01055 o - A8 i S wae

SIS arw i35 g (Bl S Pl S ey

V7Y

1599 o)l AW by 90

&, o= - motif projections
7 - MW d .
7 e\ \ o not require a
7 K . second set of 2-fold
/ \\ \  axes

32 622

S arw 1505 g A (SISl S

VFF

432 Point Group

50 L Gﬁé')sé ,;_,)liS folf.»e 6‘&)3&0

*

T

f<——— Face normals

)

Baody
diagonal

AV
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3 S35 g3 gl 33 gl
\%: LN Q)WQL;J@;ML;LA_@ dbb ul‘“ LS‘)’.
)

!

§ A cubic xI like

}f our model

v Note poles

2 (normals to xI

Y face planes)

V70

> S )5 93 gl 53 g
\‘%: LR Q)gqu.\&gmdhéz.é dbb uLW L5|).3
Yy c

¥

]

3

N

\Kds
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Gray plane =
Equatorial Plane

B1S Pl )5 03

Want to use it
asour 2-D
representation
and project our
spherical poles
back to it

9 4atd

u)\g.,lf RV Y :d)gib

Thisisa 2-D
stereographic
projection

Y7V

S 5 93 il p3 g3

S5 Pl )5 g

D and E are spherical

9 4

D'and E' are
stereographic

Distance GD' = f(p)

asp »>90D" > G

P TP CJRVESWR I 1

asp > 0D >0

Y7A

S 5 93 il g3 g3

N 001

D
0l1 011

~lo

~g
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How do we find the
zone axis??

3 S 55 g3 g 53 g
é We can thus
=@, use the angles

and calculate
3;' the 2-D
D distances from
) the center to
9 find the
gx stereographic
Y poles directly
’%a Or we can use

special graph

paper and

avoid the

calculation
V74
3 dilio pd Wlnio (i g SuS 5 g3 gl 3 g
J
o __
Y (111)(100)(111)

(011) (100) all

3; coplanar
v, (=zone)
3 Thusall polesina o
i, zone are on the
% same great circle!!
Y

G

6/14/2010
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lb)leu"hm 9 lb)‘M

Py P 5l W5,be pio A9l 9

S5 Pl )5

$910)5 9 a5

Y9l awrw

AR

BlS Pl 5 oy

9 ke

ESSEREes

e Sanen soos

-

S

&9l®

A

jagsseese s Rhama o

pra

Combines
great circles
and small
circles in 2° \
increments

L9l arw

\VY

A 86



SLolS e g y0lass o - NS5 a0 6/14/2010

o Great CIrcles
3
%
B
)
o pid
¥  WULFF
PO
-; S50 31
g b
S 7 W)
Lyr Primitive Circle s
3 1 0ol b Wl 3o &gl (6 50 31
3 S 35 93 gl 53 g
\E‘i‘, How to make a stereographic projection of our crystal
)

Use a contact goniometer to measure the interfacial
¥ angles (also measures normals: poles)
ay

S35

e

Lol

Crystal
face

o

VV¥
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3
3 Plot Cardboard Model
2 .
;""; Isometric System (p. 93)
Crystallographic Axes

3:’: “The crystal forms of classes of the isometric system
- are referred to three axes of equal length that
) make right angles with each other. Because the
i, axes are identical, they are interchangeable, and
LY all are designated by the letter a. When properly
Sf o . .
i) oriented, one axis, a,, is horizontal and oriented  -a,

front to back, a, is horizontal and right to left, and

a, is vertical.” ar %

90 90
Vo +ay
3
3? Plot (100) (001) (010) (110) (101) (011):
X
i;g - = top half
o = bottom half
¥
« How plot (111) ?
"7;; a) Plot (110) & then plot (111) between (110) and (001)
2 (110) £ (111) = 36.5°
ix - go in from primitive
‘32,7 b) No measure technique:
Y (111) must lie between (110) & (001) (zone add rule)
also between (100) & (011)
thus intersection of great circles — (111)

‘Y

A

6/14/2010
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3 The finished product
2
o
Y
¥
;
K]
symmetry elements
\vy face poles and principal zones
3
K
%
f?";; Once finished can determine the angles
between any 2 faces w/o measuring.
¥
&y What is (100) £ (111) ?
g (54.50)
2 (111) £ (111)?
™y

(70°)

VYA

A

6/14/2010
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B1S Pl )5 03

9 4atd

9 4

@lg.gls RV Y :d)sib

5

2

_33

N

yvAa —

S RN .

% X dxif cudlo
‘Q: *

\‘% o] b lirog SN J8U jlus 9 (65591 32 Euiornid X and]
Y

E=hc/A Axrays) = 0.02-100A (~1)
)\(visible light) = 4000-7200A

Electromagnetic Spectrum

1Hz 1kHz 1MHz Frequency (Hz)

1.0 10% 105 10° 102 10" 10'8 10 10%#
I 1T T T T 1 T 1

o In}raretli IUltlravit.'llet !

FM, TV e —
Microwaves Visible Light

AM  Short Radio Waves X-Rays
B [ [ ) [ ) I I S —

10° 108 10° 1.0 102 10% 10° 1012 1015
1 km Tm Tum 1nm

Wavelength, ). (m)

Long Radio Waves
Gamma Rays

6/14/2010
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S ar 15y 5 g A (SISl S (w0

YAY

2 X azif 0d o
4
™
“,
Y
¥ ~
\,, W Cathode Cu Anode
=0 =
3 electrons ‘
_31 “\ ‘
i) Xerays)
N
YAY
X axi! o o (o) gl
X-ray Vacuum T
Tube e il i
CathOde (W)_ g coaans A .’—/’x.-ajs

electron generator

Beryllium
window

Anode (Mo, Cu,
Fe, Co, Cr) - f
electron target,
X-ray generator

)

6/14/2010
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5 9 4

1 7| L Ve SV 1)

YAY

S s & - -
°

3 : X &l b 193
\’)‘ 25

_1} L + To ! “”\- % -

™ ’ 20 72 L. .
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& \ \ absorption (stopping) of
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3 Wavelength Wavelength * Characteristic X-rays —

P . . . i . . particular wavelengths created
)g‘ o v a by dislodgement of inner shell
2 ' . I electrons of the target metal;

Y I x-rays generated when outer
R shell electrons collapse into
E . = vacant inner shells
Ka = * Ko peaks created by collapse
\l {ij from L to K shell;
X ow dnoray 2 KB peaks created by collapse
T I : i T from M to K shell
\ A“’ Shells K L ~M N (] P Q
’2\ S . - . s & ~ 00 &
5 Bl )5 Olmio g9 31 X dmal (§485) il
v, )
% » Incoming X-rays diffract from crystal planes.
- R
ey . N 7
% -/'/Ooo 0.

%
12

extra
distance
traveled
by wave “2” — spacing
d between
Measurement of . planes
critical angle, 6c,
allows computation of X-ray -
planar spacing, d. intensity L
(from 2sinfg
For Gubic Crysals: detector)
a
dhkl = i > 0
h> +k* +1°

h, k, | are Miller Indices
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r?b' »Two diffracted beams both three properties:
* Amplitude: a measure of the strength of the beam and is proportional to
the intensity of the recorded spot;
+ Phase: interference, positive or negative, with other beams;
+ Wavelength: set by the x-ray source;
»>We need to know all three properties to determine the position of the
YAD atoms giving rise to the diffracted beams.
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(a) (b)

Fig. 3-5 (a) Transmission and (b) back-reflection Laue methods.
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(a) (b)
Fig. 3-6 (a) Transmission and (b) back-reflection Laue patterns of an aluminum crystal
YAQ (cubic). Tungsten radiation, 30 kV, 19 mA.

Sl Pl )5 0,2

5 9 A

&9l

L9l arw

o9¥ 9,
S5) F

(b)

(J 4 Fig. 3-7 Location of Laue spots (a) on ellipscs in transmission method and_(b) on
hyperbolas in back-reflection method. (C = crystal, F = film, Z.A. = zone axis.)
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Fig. 3-10 Rotating-crystal pattern of a quartz crystal (hexagonal) rotated about its ¢
axis. Filtered copper radiation. (The streaks are due to the white radiation not removed
AR by the filter.) (Courtesy of B. E. Warren.)
n
3
i3
A 1y SIS b Sl 5 b = 4391 b
T riré d S Ll WIS

Substance should be powdered and in preparation of sample
orientation make some problems.

Diffracted cone of radiation is area that resonance occur.

(a) ki ; (h)

Fig. 3-11 Formation of.a diffracted cone of radiation in the powder method.
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© is calculated from distance of the curve and
intensity can be quantify by micro photometer
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3
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) * Requires random

orientation of very fine
crystals

Incident beam of a certain
X-ray wavelength will
diffract from atomic planes
oriented at the appropriate
¢ angles for the
characteristic d spacing

* Random orientation of
crystals will produce more
intense diffraction peaks
for particular angles that
correspond to
characteristic atomic
planes
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X andl ol 93 59531

0 = arcsin (nA / 2d)
A(Cu) = 1.544

d - Qtz [101] = 3.342

6 = 13.32°; 26 = 26.64°

50.0 — —

10"
W
o
o

Quartz

Intansity (ce

5727 J lJu ] L JD i lm ulalol;

20 30 40 50

S5 Pl )5 g

5 9 A

&9l

L9l arw

Va7

PDF o,l8

A pdf card contains most information of a crystalline phase
such as d-spacing and their intensity, radiation,
crystallographic and so on.

L -836

d |2.09 | 1.81] 1.28] 2.09 Cu *
I/L 100 46 20 100 Copper (Copper)
Rad. CuKe; A 1.5405 Filter Ni Dia. d A h I hk1 d A 11/0)] hkl
Cut off 1/ly Diffractometer 1/1 2.088 | 100 111

Ref. Swanson and Tatge, JC Fel. Reports, 1.808 Lel 200

NBS (1949) 1.278 fo zz?

Sys. Cubic S.G. 0: =Fm3m :gag: g 2122

a, 3.6150 b c, A c

o A % 7z 4 Dbx 8.936[0.9038| 3| Loo

Ref. Ibid. .82931 94 331

: .8083] 8| 420

€a nwA € Sign 4\

2V D mp Color

Ref,

Johnson and Matthey-spec. sample,

annealed at 700°C in vacuum.

At 26°C.

Toreplace 1-1241, 1-1242, 2-1225, 3-1005,

3-1015, 3-1018.

YA
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Vay

PDF o8

PDF#33-1161 (Deleted Card): QM = Star (+): d = Diffractometer, | = Diffractometer PDF Card
Quartz, syn

sioz2

Radiation = CuKal Lambda = 1.540598 Filter =

Calibration = Internal (Si) d-Cutoff = Ifle (RIR) = 3.6

Ref = Natl. Bur. Stand. (U.S.) Moncgr. 25, 18 61 (1981)

Hexagonal—(Unknown), P3221(154) Z=3 mp =

Cel 4,9134 x 5.4053 Pearson = hP% (02 Si)

Density (c) = 2.649 Density (m) = 2.656 Mwt = 60.08 Vol = 113.01 F(30) = 76.8 (.0126.31)

Ref = Ibid.

NOTE: Sample from the Glass Section at NBS, Gaithersburg, MD, USA, ground single-crystals of optical quality. To replace 5-490 and
validated by calculated pattern. Plus 6 additional reflections to 0.9089. Pattern taken at 25 C. Pattern reviewed by Holzer, J.,
McCarthy, G., North Dakota State Univ., Fargo, ND, USA, ICDD Grant-in-Aid (1990). Agrees well with experimental and calculated
patterns. Deleted by 46-1045, higher F#N, more complete, LRB 1/95.

Color: Colorless

Strong Line: 3.34/X 4.26/2 1.82/1 1.54/1 2.46/1 2.28/1 1.37/1 1.38/1 2.13/1 2.24/1
39 Lines, Wavelength to Compute Theta = 1.54056A (Cu), 1%-Type = (Unknown)

# d(A) i h k | 2-Theta Theta 1/(2d) # dia) 6] h k I 2-Theta Theta 1M2d)
1 4.2570 220 1 0 ©O 20.850 10.425 0.1175 21 12285 10 2 2 0 77.660 38.830 0.4070
2 33420 1000 1 O 1 26.651 13.326 0.1495 22 1.1999 2.0 2 1 3 79.875 39.938 0.4167
3 2.4570 80 1 1 O 36541 18.271 02035 23 1.1978 10 2 2 1 80.044 40.022 0.4174
4 2.2820 80 1 0 2 39455 19.727 0.2191 24 1.1843 3.0 1 1 a4 81.145 40.572 0.4222
5 2.2370 40 1 1 1 40283 20.141 02235 25 1.1804 30 3 1 0 81.470 40.735 0.4236
6 2.1270 60 2 0 0O 42464 21.232 0.2351 26 1.1532 1.0 3 1 1 83.818 41.909 0.4336
7 1.9792 40 2 O 1 45808 22.904 0.2526 27 1.1405 1.0 2 0o 4 84.969 42.484 0.4384
8 1.8179 140 1 1 2 50.139 25.070 0.2750 28 1.1143 1.0 3 o 3 87.461 43.731 0.4487
9 1.8021 1.0 0 0 3 50610 25305 0.2775 29 1.0813 2.0 3 1 2 90.855 45.428 0.4624

10 1.6719 40 2 0 2 54.887 27.434 0.2991 30 1.0635 1.0 4 o 0 92.819 46.410 0.4701

11 1.6591 20 1 0 3 55327 27.663 0.3014 31 1.0476 1.0 1 0 5 94.662 47.331 0.4773

12 1.s082 1.0 2 1 0 57.236 28.618 0.3109 32 1.0438 10 4 o 1 95.115 47.558 0.47%0

13 1.5418 9.0 2 1 1 59.947 29.973 0.3243 33 1.0347 10 2 1 4 96.223 48.112 0.4832

14 1.4536 1.0 1 1 3 63999 32.000 0.3440 34 1.0150 10 2 2 3 98.734 49.367 0.4926
15 1.4189 1.0 3 0 O 65759 32879 03524 35 09898 1.0 4 0 2 102.195 51.098 0.5052
16 1.3820 60 2 1 2 67748 33874 0.3618 36 0.9873 10 3 1 3 102.556 51.278 0.5084
17 1.3752 70 2 0 3 68.128 34064 0.3636 37 09783 1.0 3 0 4 103880 51.940 0.5111
18 1.3718 80 3 0 1 68321 34160 03645 38 0.9762 1.0 3 2 0 104.195 52.098 0.5122
19 1.2880 20 1 0 4 73460 36.730 0.3882 39 0.9636 1.0 2 0 5 106.141 53.071 0.518%

20 1.2558 20 3 0 2 75668 37.834 0.3982

EEXWCHIS

5 9 A

@lg.gls RV Y :d)sib

Y4A

(

Intensity (relative)

o

BCC) WIT (paT (gl 9 X dnil il 9 (54591

a b vy
X (110) c a b
y

i a b (211)
‘ X

| (200)

s et pdon b o ﬂww«-mwwmwwnr} R binflerrspoend |
20 30 40 50 60 70 80 S0 100

Diffraction angle 20

Ficure 3.20  Diffracuon pauern ror poiyerysialline a-iron.

Diffraction pattern for polycrystalline o-iron (BCC)
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Sample 204-1245B-28X-2,125-150 cm

Chiorite (002)
Kaolinite (001)
)

1  Chlorite
[ llite  (pog)
(002) " 5
NN
/) Quartz
W (100)

M ‘.:.er.\u,,.au

/I s ]
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"
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Angle (°26 CuK )

Reflection angle
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*

B

* 1- d-spacing of (111) plane in NaCl
equals 3.21A°. Find the radii of
sodium ion, if radii of chlorine is

1.81A°.

* 2- Find following d-spacings in a
ccp crystal, that its radii is 1.3Ao0:
(110), (211), (310), (111).
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