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FIGURE 3.2-2 Three examples of Z-D patterns all created using the same rectangular lattice but each having a
different basis: {a) the basis is a single character; {b} the hasis containg a repeated character, and {c) the basis
- contains two charactars with different orientations. :
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A few sites from a body-centered cubic Bravais
Jattice. Note that it can be regarded either as a simpie
cubic lattice formed from the points A with the points
B at the cube centers, or as a simple cubic lattice
. formed from the points B with the points A4 at the
cube centers. This observation establishes that it is
indeed a Bravais lattice. :
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- Table 4.2
. ELEMENTS WITH THE MONATOMIC BODY-CENTERED
CUBIC CRYSTAL STRUCTURE '
ELEMENT  a (A) ELEMENT  a (A) ELEMENT  « (A)
Ba 5.02 Li 3.49(78 K) Ta 3.31
Cr 2.88 Mo 3.15 Ti 3.88
Cs 6.05 (78 K) Na 423(5K) 3.02
Fe 287 Nb 3.30 @ 3.16
K 5.237(75 K) _ Rb 55%{5K)
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A more symmetric set of primitive vectors,
specified in Eq. (4.4), for the body-
centered cubic Bravais latiice. The point
P, for example, has the form p = 2a, +
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(6

A set of primitive véctors, as given in E'q. 4.5),
for the face-centered cubic Bravais Iattice. The

labeled pointsare P = a;, + a, + a,, 0 = 2azr,

R=2a, +aj,and §= —a, + a, + a,.
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Table 4.1
“ELEMENTS WITH THE MONATOMIC F ACE-CENTERED

CUBIC CRYSTAL STRUCTURE

ELEMENT a(A) ELEMENT g (A) ELEMENT g (A)
Ar 526 (42 K) Ir 3.84 Pt 3.92
Ag 4.09 Kr 572(8K})  5-Pu 4.64
Al 4.08 ) La 5.30 Rh 3.80
Au 4.08 Ne 443 (42 K) Sc 4.54
Ca 5.58 Ni 3.52 Sr 6.08
Ce 5.16 Pb 4.95 Th 5.08
£-Co 3.55 Pd 3.89 Xe(S8K) 620
Cu 3.61 Pr 5.16 Yb 5.49

Fe LATTICE , MO BASIS

0,§@+w,§@+m,§@+m (fec).
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76 Chapier 4 Crystal Lattices

SOME IMPORTANT EXAMPLES OF CRYSTAL STRUCTURES AND
LATTICES WITH BASES

Diamond Structure -[&C 7N Q% UQ{ {5/} o _CA‘ )

The diamond lattice!® (formed by the carbon atoms in a diamond crystal) consists of
two interpenetrating face-centered cubic Bravais lattices, displaced along the body
diagonal of the cubic cell by one quarter the length of the diagonal. Tt can be regarded
as a face-centered cubic lattice with the two-point basis 0 and (a/4) (% + § + %). The
coordination number is 4 (Figure 4.18). The diamond lattice is not a Bravais lattice,

Figure 4,18
Conventional cubic cell of the diamond lattice.
For ciarity, sites corresponding to one of the
two interpenetrating face-centered cubic lattices
are unshaded. (In the zincblende structure the
shaded sites are occupied by one kind of ion,
and the unshaded by another.) Nearest-neighbor
bonds have been drawn in. The four nearest
neighbors of each point form the vertices of a
regular tetrahedron,

because the environment of any point differs in orientation from the environments
of its nearest neighbors. Elements crystallizing in the diamond structure are given
in Table 4.3.

Table 4.3
ELEMENTS WITH THE DIAMOND CRYSTAL
STRUCTURE

ELEMENT CUBE SIDE a (A)

" C(diamond) _ 357 W o do M) oy
Si ' 5.43 -, 1,05 *HIP
Ge 566 o

®-Sn (grey) 6.49

é/use the word “lattice,” w1t110ut qualifications, to refer either to a Bravais lattics or a lattzce
with a basis,
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The hexagonal close-packed crystal structure. It can
be viewed as two interpenetrating simple hexagonal
Bravais lattices, displaced vertically by a distance cf2
along the common c-axis, and displaced horizontally
5o that the points of one lic directly above the centers
of the triangles formed by the points of the other.
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FIGURE 3.6-1

The locations of the inter-

stitial sites in the common
crystal strugtures: {a) octa-
hedral sites in FCC, {h} te-
trahedral sites in FCC,

{e¢} octahedral sitas in BCC,

{d} tetrahedral sites in BCC,

,(e) octahedral sites in HCP,
and (1) tetrahedral sites in
HCP.
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3.6.2 Interstices in the BCC Structure e chpns
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Like the FCC structure, the BCC structure also contains both octahedral and tetrahedral
sites. As shown in Figure 3.6—1c, the octahedral sites are located in the center of each face
and the center of each edge, giving a total of six sites per unit cell. The diameter of the
octahedral site cannot be determined by examination of the face diagonal. The BCC
structure is not a close-packed structure, and the atoms that surround the interstitial site
are not all equidistant neighbors. When the largest possible atom occupies the octahedral
position, the atoms touch only along {1 0 0) as measured from one central atom to




CRVSTALS WITH 2 ATOMS Jfefce

SQ{NUN QORI PE  STRuer. Pre o e Mo Cl  pocksolX
[ONIC

- Black ATOMS rFopm Teo LAaTTiCE

CWHITE ATOMS ANE  S&cotrh  ATOR

I BASIS

x |2 L OR VICEYE LA
o &Y Sobtir GLORINT STRUCTURE ==

@‘-”;0) Na
E(,II.
gD ce

1

_ BuT ElERY
COUPLE OF
.. SEE  FPHeOoPy  FOR  BxAMPLE & 20

wWhZl ok

i

& OR. You CAW COR) SIDER AS
2 (AMTERPELTRATI L & LATTICcSsS

G e=> 2

Ao [1007 bie

PACE

'}1'«
Ny e

coo



80 Chapter 4 Crystal Lattices

The Sodium Chloride Structure

We are forced to describe the hexagonal close-packed and diamond lattices as lattices
with bases by the intrinsic geometrical arrangement of the lattice pomts A lattice
with a basis is also necessary, however, in describing crystal structures in which the
atoms or ions are located only at the points of a Bravais lattice, but in which the crystal
structure nevertheless lacks the full translational symmetry of the Bravais lattice
because more than one kind of atom or ion is present. For example, sodium chloride
(Figure 4.24) consists of equal numbers of sodium and chlorine ions placed at alternate
points of a simple cubic lattice, in such a way that each ion has six of the other kind
of ions as its nearest neighbors.!” This structure can be described as a face-centered
cubic Bravais lattice with a basis consisting of a sodxum lon at 0 and a chlorine ion
at the center of the conventional cubic cell, (2/2)(& + ¥ + ).

Figure 4.24
The sodium chloride structure. One type of ion is repre-
sented by black balls, the other type by white. The black
and white balls form mterpenetratmg fee lattices.
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Table 4.5 _ _ ,
SOME COMPOUNDS WITH THE SODIUM CHLORIDE STRUCTURE
CRYSTAL  a(A) CRYSTAL  a(A) CRYSTAL  a(A)

LiF 4.02 RbF 5.64 Ca$ 5.69
LiCl 5.13 RbCl 6.58 CaSe 5.91
LiBr 5.50 RbBr 6.85° CaTe 6.34
Lil 6.00 RbI 7.34 Sr0 5.16
NaF 4.62 CsF 6.01 Sr$ 6.02
NaCl 5,64 AgF 492 SrSe 6.23
NaBr 597 AgCl 5.55 SrTe 6.47
Nal 6.47 AgBr 577 BaO 5.52
KF 535 MgO 421 BaS 6.39
KCl 6.29 MgS 5.20 BaSe 6.60 -
KBr - 6.60 MgSe 5.45 BaTe 6.99
K1 7.07 CaO 481

The Cesium Chloride Structure

Similarly, cesium chlioride .(Figure 4.25) consists of equal numbers of cesium and -
chlorine ions, placed at the points of a body-centered cubic lattice so that each ion

17 For examples sec Table 4.5, -
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Some Important Examples of Crystal Structures and Lattices with Bases 81

has eight of the other kind as its nearest neighbors.'® The translational symmetry

of this structure is that of the simple cubic Bravais lattice, and it is described as a
imond lattices as lattices : simple cubic lattice with a basis consisting of a cesium ion at the origin 0 and a chlorine
lattice points. A lattice . jon at the cube center (a/2)(X + ¥ + Z).
| structures in which the ‘

. . . Figure 4.25
*, but in which th‘e cry sFa,] The cesium chloride structure. One type of ion is repre-
y of the Bravais lattice 1 sented by black balls, the other type by white. The black -
tample, sodium chloride and white balls form interpenetrating simple cubic lattices.
gions placed at alternate i /
has six of the other kind : : s
ribed as a face-centered ‘T , A
‘at 0 and a chlorinejon £ ' ' C-S ce
QGBI
5 One type of ion is repre- i ' OR Rer — o Ccs
T tyPc by whitg. The black Table 4.6 . CLBIC —em B Dy .a‘.‘. 3 ) c.j'_
rating foc lattices. : _ SOME COMPOUNDS WITH THE CESIUM CHIORID
» : STRUCTURE -
g CRYSTAL a(A) CRYSTAL a(A)
q' ¥ CsCl 4.12 TiCl 3.83
3 x'¢g Fed) M ; CsBr 4.29 TIBr 3.97
Csl 4,57 TII 420
v Ce
The Zincblende Structure ‘
TRUCTURE Zincblende has equal numbers of zinc and sulfur ions distributed on a diamond lattice
A so that each has four of the opposite kind as nearest neighbors (Figure 4.18). This
CRYSTAL  a(A) structure'® is an example of a lattice with a basis, which must be so described both
Cas 560 because of the geometrical position of the ions and because two types of ions occur.
CaSe 5.91 - Table 4.7 :
g:g e 6.34 ;:;5 SOME COMPOUNDS WITH THE ZINCBLENDE STRUCTURE
- 516 .
Srs 6.02 CRYSTAL a(A) crYSTAL  a(A) CRYSTAL  a(A)
e o2 ' CuF 426 ZnS 541 Alsb 6.13
BaO 5'52 Cu(l 541 ZnSe 5.67 GaP 5.45
BaS ' 6. 39 CuBr 5.69 ZnTe 6.09 GaAs 5.65
BaSe - 660 Cul 6.04 cds 5.82 GaSb 6.12
BaTe 6‘ 99 Agl 6.47 CdTe 6.48 TonP 5.87
: BeS 4.85 HgS 585 InAs 6.04
BeSe 5.07 HgSe 6.08 InSb 6.48
BeTe 554 HgTe 6.43 SiC 4.35
MnS (red) 5.60 AlP 5.45

wmbers of cesium and MDJS‘E 582 AlAs 362

lattice so that each ion

**  For examples sec Table 4.6.

C l o ®" For examples see Table 4.7,
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| Table 4.3
DAHOND EiEMENTS WITH THE DIAMOND CRYSTAL
STRUCTURE
ELEMENT CUBE SIDE & (A)
C (diamond) 3.57 £ Titn
Si 5.43
Ge 5.66
o-Sn (grey) 6.49
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96 ) Part|  Fundamentals

FIGURE 3.9-1

A schematic illustration of
a polycrystalline sample.
The polycrystal is composed

Unit cell orientation
in Grain A

of many grains separated AT
by thin regions of disorder \\
known as grain boundaries. ]
Note that the unit-cell \ Y
\h____’/

atignment within grain A
{shown in the high- ! —— Grain boundary
magnification insert) is dif-
ferent from that in grain B.

Unit cell orientation
in Grain B

Many ceramic materials are also in the form of polycrystalline solids. With s
inorganic solids, such as silica, it can be relatively easy to cool the material sufficie
quickly that crystal formation does not occur. Hence, these materials may be ei
crystalline or noncrystalline (amorphous), depending on thermal history. The structw
noncrystalline and partially crystalline materials will be discussed in Chapter 6.

Polymers are unique in that because of the nature of long-chain molecules, they rz
form structures that are entirely crystalline. Hence, polymers are either semicrysta
or amorphous. Although there are no commercial single-crystal polymers, Spectra® f
one of the strongest materials known, has a structure similar to that of a single cry

Spectra consists of long polyethylene chains that are processed in such a way tha

molecules are highly aligned. Crystallinity is very high, and defects, principally ¢

ends, are randomly dispersed through the continuous crystal.

Few materials are used in a single-crystal form; however, those few are commerc
significant. Single-crystal materials have no grain boundaries, so they offer unique
chanical, optical, and electrical properties. Single-crystal quartz (SiO,) and perovs
are used as transducers in a variety of applications, such as in high quality receivers
pickups (phonograph cartridges). Single-crystal germanium and silicon are used e;
sively in the microelectronics industry. Single-crystal nickel alloys are used in tw
blades in high-performance jet aircraft. Sapphire (Al,O;) and diamond (C) single cry

C Z 7 are precious stones.

3.10 ALLOTROPY AND POLYMORPHISM

%
Many materials can exhibit crystal structures that change from one unit cell to an

- - 1. 1 o i [P S



i f §
i i .
- - } £ i (£0%] Lw{, ot
P e, e ] food :

¢ i ! : v
~A SIS L e
- "H-\w/ N ,// et ~ '

< b ,
/ y g‘?_gﬁim
¥
\\ \l. / I m‘i{é‘ . -
\\\ AN

) :
Ve vvolicc "”“}’bﬁg@/

£
4

- f -
f\ ) 1%‘?.‘&‘:?"”/’ La,

:j; . .

Wi

t . | , .
W: %‘X"/F 2 d AT = 2x o Alnidud

f{.\i‘- ‘g;-uﬁ{ LA

¥

A fn




Bl wileied ' poms @ T Gl ¢

bunye !
=) A e @iﬁ@‘ﬁsf‘@%&x =) gmm’ C/z,«é/;us?“'{j od H-gay

Ao pfn

Qan- zf% J?kﬁﬁu el

e
o

fﬂm“'"*‘ww
R S s
S

1 = G
(L‘l éi 2 o fé? 2 %‘/ = F,y;.g,ﬂ ,,g;]’ a»«/

T e

(29 \F SOMETHING |5 MISSIHE



WHAT ABour MISSING LiaES

EXAMPLE

Tawt CUBlc @ O,k o YoU HAVE LINE  fon ol (1 00)

) Q}‘(? NV\G FosimivE

N ' — ’
o = stoowal ro ua{ Lon il 1;00’535“
A 2y “ R _‘ ) :

\\0\; B TRl A a —_— /<

¢ 3‘? & - Pl

3 @ag bon ealur X
bt 42?%'5 Lo, z’f’v‘{;f‘é

. \
\F T wWERE a%\

/“ 1, T
Q_‘”) o o Wﬂ) becrevenve
Lo ’ i ' ML A orrad

wms R/ULF_;& E%LL,\-, (},4-/{—2, Lol 3@ LiNE (w}b/{ﬂ\}
o n l.\ &:‘ .é, okl e\ien. OF. o228 ool (M_A,Jf, g{/}

A Ll X BAY TTEcyiveloy 1S Al
EvelLpTwoa OF THESS IDEAL

== EXNTREMELY PowERFUL

C20



1001

133
ne

B981 | BERYLLIUM 122
a]iss  Be

220 HEX
409 | 1850

POSTASSIIUM 05|

220808

1"

150 | 972

MAGNESILHA 24305

an

LEGEND

Nama Symbaol

z L
bt
11

e

€

Wass Number

Censity lam em’

e Constant, a

MeHing Temperature

) 922 M 38

;»ozmm_cz\?uﬂ.
{Comman Crystal phase) ™~ly00 Mg 12

i N

321 HEX 1824

r—— Atomlc Number

F—— Atomic Configuration

Crystal Typs (Common Crystal Phase)

FCC — Face-Centered Cuble  QRC — Qrtherhombie
BCG — Body-Centered Cuble  HEX — Hexagonal

SC - Simple CubTe O1A - Diamond
GUB — Cubie HHL — Rhombohedral
TET -~ Tetragonal MCL —~ Mdneclinic
3| 4B 1:3 6B . B

h— c/a Ratio or Angle o in RHL fsee Ch. 7) and #/2 Ratio in ORC

le—— Rfean Debye Tempersture {LT signifies & low temperature determinatjon}

SEFAMD
CURTAOI
Z T

NOBLE
ELEMENTS

HELIUM  4.0020
osm He 2
152

357 HEX 8%

3 A 5A A 7 ~1.0 (20 Atem) 2647
BORON 10,81 | cAREGN HITROGEN 14007 |OXYGEN 15090 | FLUORING 18938 | NEON 2.9
FETI -4 5|lws  C w N b O 6 |17 F aties Ne 10
157242201 152247202 17257208 182287201 152247255 12 2l2p?
73 TET 8s78|3s%  DIA ass HEX 1451|683 CUB MCL asz FCC
2600 1250 | 14300 633 B)70LT |54.7 iy)46LT | 538 245 63
ALUMINUM 26502 | SIiLICON FPHOSPHOALS 30474 | SULFUR Z2.084 JCHLORINE #5455 | ARGON 39348

2 Al 13|z 8P

g2 P18

207 s 16 202 Ch

17|1e  Ar ®

SCANCIUMS 44858 | TITAMIUM 4780 | VANADIUM 50842

CHACWIUM 52,00 | MANGANESE 54033

] 55.05

{Me) 323p* [#e] 3s23p? [Ma} 32307 INel 323" [Ha) 3s23pE iNel 357308
a05  FCC sas DIA 77 CUB aaz ORG 137 [sas ORC [Fg[e2s FRC
28 333 304 | 1683 317.3 388 1223 839 3
2ING 6533 | GALLILM .72 |GERMANIUM ARSENIC 74322 |SELENIUH 1998 | BROMINE 061 | KAYPTON 83,60

533 234 | 303 24g {1z

g Zn 3 |sm  Ga  a|su  Ge
{ar] 3e¥0as? (A 20Pasdapt | [Ar] 30P4stapt
208 HEX 1851]451 ORC 199 |ses  DIA

srz A a3
[Ar] 36%04524p3

443 RHL &0

1080 285

1Ar] 30@as2apt
38 HEX a3

am S8 m|ue Br 3| Kro o3
(4] 30042405 | |Ar) 300457400

8sT ORG yio sz FOG
450 16047 | 266

1185 7341

o

CADMIUM 11240 | INDIUM 11482 | Tine

aes Cd aawm in slzm  Sn

ANTIMDNY 12176
w2 S 8w
1] 40 ®5:T6p*

¢z Te 52 [ass I

TELLURIUM 127,60 | IDDINE 126.90 | XENON 12130
6ijan Ke s

~

1)1 Ca Sc  2f4st Ti' 2afea Vv o oaa|mw Cr 227 Mn s Fa 28
tAr3atast 1Ar] 30?452 (Ar) 33457 1) 3efFas {Ar] 35352 [A¢) 368422
g HEX 1324|295 HEX 158|302 RBCC 28 BOC 809 CUB 287 BLG
100 | 11 35T (1933 36012163 39012130 450 | 1518 1808 420
E5.47 | STRONTIUM . YTTAIUM BASI | ZIACCRALM 9122 E NIOBLLH 9291 | MOLVGDENUM 95,94 | TECHNETIUM  98.91 | RUTHEMIUM 10107
37}z Y m[em Zr a0faa Nb #4|wa Mo az{ns Tc 12z Ru &
|Ke] 421557 IKel 452557 [r] 4a'sst K] 4a95s! [Kr] dcR 652 ficr] 40751
(L] HEK 1smt]220 HEX 1863 (33 BCC 245 BCC 274 HEX 1604 [230 HEX e84
B6-7 | 1043 258L7 | 2125 250 | 2741 275| 2800 30 | 24456 2883 3g2T
13251 | RARIUM LANTHANUM 13881 | HAFRIUM 173,45 | TANTALUM 18095 | TUNGSTEN 18385 | RHENIUM osMIUK 180.20
s5fas La st|ur Hf 72|ws  Ta 73 __,nw;m»ﬁ 7z Re zs  Os 78
(Xel5d'as? M IRalarWBa262 | [Re} 44 ¥Ea6s? Iite] ar MEd4 652 el artsasast | [as] arHBoses?
5.02 HEX 1512} 320 HEX 1582|331 BCC 456 BCC 278 HEX 1815|274 HEX 157
4pVT | 638 132 | 2485 226 | 3c83 310§ 3453 3318 400-7
273 | AADIUM ACTINILM w7
BT | s Ac uA
ifn] 6752
Foe
973 RARE EARTHS
CERIUM _,nﬂhu.vwbmmﬂuf.z_cupﬁo. NEQDYMIUM 344,21 | PROMETH U 145
err  Ce pa|err Pr  sef{vm  Nd Pm w1
LANTHANIDES 6 - Ol %6002 | [l 4r35d%0s? %] 4PABc%6s2 | IRl 48550687
516 FCC 247 HEX 1914 |288  HEX
1071 13887 | 1204 1527 | 1283 113501
THORIUA 7X05 | PROTACTINIUM 231 | URANILM NEPTUNItN 23706
Wnx Th wfse Pa slme U 23 Np @
ACTENIDES ? [Rnl 6d%7s2 (Rn] 5£764175 [An) 57361757 [Bn] BFSBLOTST
fsus FCO a2 TET oM |285 ORC 412 ORC 34
2020 100} 1470 1404 813 18817

1533 12817 | 1680 16647 1743

asa Th esferm Dy 66 |ws Ho
1Ko} AP0 | DXo)arTBe®es? | fie] amMEa0Ei?
260 HEX 15m (38 MEX 1m3|3ss  HEX

e Er @
1%al 47260562
ase HEX 1870

1785 19517

1Xa} 47 B5aP8s?
354 HEX V&0jEss  FOO
1618 20017 | 1087 11BLT | 1a2e 20787

an Tm ss|em YR
1Xe] 4/H6a%6s7

|Kr) 4267 1) 4d96s28p1 | (%) 439552652 (Kel 460552504 § [Kel 252605 | IKr) 40962605
205 HEX 1386 |o  TET savi [smz  FET osis|esi RHL 57¢ Jass HEX 23w 733 ORC s e20 FoC
[ 120 | 4203 12% | 605 k] 200 723 139LT | 387 1813 B5LT
MERCURY 20050 §THALLIUM 20497 | LEAD BISMUTH 208,98 | POLGNIUM 210 | AETATINE 21¢ RACON ez
ne Hg wo|nes Ti s [ma PB ss Bi sfsa Po At es|ue Rn  ee
(o] 47MEaes? | o] 4F¥5a706:20p " {f %0l 47460 62807 [[Xe) 4GP e[ Xe] AFHESPEs20p4 1 Xel 4r¥BaWBREa5 [iXe] 474510857608
280 RHL704G |34 HEX 15% 435 FGE azs RHL 7w |33 5C " 1Fco)
2333 100 | 577 86 | 0% BA4E 120|637 1575] [2021
TERBLUM 168452 | DYSPROSIUM 16250 | HOLMIUA EREILM .o“-.,uo THULIURY 15293 | YTTERBIUM 173.04 | LUTETILM 174907

2o bu 7

La) 41561852
251 - HEX 1586

iRm 517607752 Ra] 5261757

BERKELHAA 247 [CALIFORNIUM  25% | EINSTEINIUM
Bk = Cf o Es

FERMIUN %7
Fra 100

MENDELEVIUM 256 | NOBELIUM 254 | LAWRENC|Usd 57
Md m Mo 102 Lw 103




