I@AK AK _.GDA<K" ;@9HL=J >JGE LIAEAMEEK G> #=F=J9D @=BRKB@LEN

/@AK :GGC AK DA;=FK=< MESEAR= GEEGFER F; K9 @LLH ;J=9LAN=;GEEGFK GJ? DA;=FK=K :Q F; K9

DA;=FK= .== L@= DA;=FK=>GJ EGJ=<=L9ADK :ML L@9L :9KA;9DDQ E=9FK QGM ;9F K@9J= L@AK :GG
WJ=<AL L@=9ML@GJ :ML K==:=DGO <GF L E9C=EGF=Q >JGE AL 9F< <G E9C= AL 9N9AD9:D= LG =N=JQGI
K9E= L=JEK

J@AK :GFL=FL 09K 9;:=KKA:D= 9K G> =;=E:=] 9F< AL O9K <GOFDG9<E<Q@EFEALR
@LLH D9J<:M;C=L GQR9F =>>GJL LG HJ=K=JN= L@= 9N9AD9I:ADALQ G> L@AK :GGC

*GJE9DDQ L@=9ML@GJ 9F< HM:DAK@=J OGMDx< :=;J=<AL=< @=J= $GO=N=J L@= HM:DAK@=J @9K 9KC
J=9LAN= GEEGFK 9LLJA:MLAGF LG L@= GJA?AF9D HM:DAK@=J OML@GJK LALD= 9F<:GGC 0-% LG := J=I
H=J L@= HM:DAK@=J K J=IM=KL L@=AJ FO9E= @9K :==F J=EGN=< AF KGE= H9KK9?=K )GJ= AF>GJE9LAGF ,
HJIGB=;19KLJA:MLAGF H8?+ H :GGCK D9J<:M;C=L GJ? 9LLJA:MLAGF @LED MLE8KGMJ;= @=9<=J

"GJ EGJ= AF>GJEI9LAGF GF L@= KGMJ;= G> L@AK :GGC GJ O@Q AL AK 9NSAD@BHIGB=]1=K BBEIKEI—
@LLH :GGCK D9J<:M;C=L GJ2GM ;9F :JGOK= GJ <GOFDG9< 9<<ALAGF9D :GGCK L@=J=
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Chapter 12
Solids

%F L@QAK ;@9HL=J O=LMJIF GMJ 9LL=FLAGF LG L@= KLIM;LMJ=K 9F< HIGH=JL
KGDA< KL9L= AK <AKLAF?MAK@=< >JGE L@= ?9K 9F< DAIMA< KL9L=K :Q 9 JA?/
O@A;@ L@=;GEHGF=FL 9LGEK AGFK GJ EGD=;MD=K 9J= MKM9DDQ DG;C=< A
E9FQ KGDA<K L@= ;GEHGF=FLK 9J= 9JJ9F?=< AF =PL=F<=< L@J== <AE=FKAGF
HIG<M;AF? 9 OA<= J9F?= G> HIGH=JLA=K L@9L ;9F G>L=F := L9ADGJ=< LG KH=
>MF;LAGFK /@MK <A9EGF< 9F 9DDGLJGH= G> =D=E=FL9D ;9J:GF AK GF=G> L
E9L=JA9DK CFGOF Q=L ?J9H@AL= 9FGL@=J 9DDGLJIGH= G> ;9J:GF AK 9 KG>L
E9L=JA9D MK=< AF H=F;AD D=9< 9F< 9K 9 DM:JA;9FL )=L9DDA; KG<AME AK KG>
;ML OAL@ 9 <MDD CFA>= :ML ;JQKL9DDAF= KG<AME ;@DGJA<= LMJFK AFLG 9
KLIM;C OAL@ 9 @9EE=J

Regular, repeating units in a patter(56@ 1?.D6;4 /[F" @052? @5<D@ AD< =<@ @6/92 05<602@ 3<? . ?:
B;6A &2=2.A6;4 B;6A@ .?2 AF=60.9 <3 0?F@A.996;2 @<961@
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.GDA<K

'<B?02 " @052?0@ M'F::2A?F ?.D6;4 NJ (52" @052? <:=.;F <99.;1 99 ?645A@ ?2@27C21
5AA= DDD :02@052? 0<:

.GDA<K 9DKG ;9BR289@J= KG AEHGJILIFL AF LG<9QaK L=;@FGDG?Q L@9L L@
KM:<AK;AHDAF=K G> KGDA< KLI9L=;@=EAKLJQ 9F< E9L=JA9DK K;A=F;=9J= 9EC
9;LAN= 9F< =P;ALAF? 9J=9K G> EG<=JF ;@=EA;9D J=K=9J;@ >L=J HJ=K=FLAF? ¢
KMIN=Q G> L@= KLIM;LMJ=K G> KGDA<K O= OADD =P9EAF= @GO L@= HJGH=
<=L=JEAF=<:Q L@=AJ ;GEHGKALAGF 9F< KLJM;LMJ= 2= OADD 9DKG =PHDGJ=
MF<=JDQAF? L@= =D=;LJA;9D HIGH=JLA=K G> E=L9DK AFKMDI9LGJK K=EA;GF
9J=9L L@= @=9JL G> L@= EG<=JF =D=;LIGFA;K AF<MKLJQ 9F< KMH=J;GF<M;L
=F<G>L@=;@9HL=J QGM OADD CFGO O@Q KGE= E=L9DK _J=E=E:=J L@=AJ
:=AF? :=FL 9F< O@Q ;=J9EA;K 9J= MK=< AF B=L =F?AF=K 4GM OADD 9DKG MF<-
;9J:GF GJ :GJGF >A:=J E9L=JA9DK 9J= MK=< AF @A?@ H=J>GJE9F;= ?GD> ;DM:k
J9;C=LK O@Q FQDGF AK MK=< LG E9C= H9J9;@ML=K 9F< @GO KGDA< =D=;LJ(
L@=H=J>GJE9F;= G> @A?@ ;9H9;ALQ :9LL=JA=K
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12.1 Crystalline and Amorphous Solids

J=?MD9J J=H=9LAF? L@J==
<AE=FKAGF9D KLJM;LMJ=

KGDA< OAL@ 9 J=?MD9J J=
L@J== <AE=FKAGF9D KLJM;l

KGDA< OAL@ FG H9JLA;MD
KLIM;LMJOD GJ<=J

LEARNING OBJECTIVE

/G CFGO L@= ;@9J9;L=JAKLA; HIGH=JLA=K G> ;JQKL9DDAF= 9F< 9EGJHC(
KGDA<K

2AL@ >=0 =P;=HLAGFK L@=H9JLA;D=K L@9L ;GEHGK=9 KGDA< E9L=JA9D O
EGD=;MD9J ;GN9D=FL GJE=L9DDA; 9J= @=D< AF HD9;=:Q KLJGF? 9LLJ9;LAN=
:=LO==F L@=E 2@=F O= <AK;MKK KGDA<K L@=J=>GJ= O=@KE:D@@=
9LGEK EGD=;MD=K GJ AGFK O@A;@ 9J= =KK=FLA9DDQ >AP=< AF KH9;= J9L@
EGLAGFK O@A;@ 9J= EGJ= AEHGJL9FL AF DAIMA<K 9F< ?9K=K /@=;GFKLALN
;9F := 9JJ9F?=< AF LOG ?=F=J9D O9QK L@=Q ;9F >GJE 9 J=?MD9J J=H=9LAF? L(
<AE=FKAGF9D KLJM;LMJ= @iddaidditice L@MK HIG<M;ARZEalline solid
GJL@=Q ;9F 9??J=?9L= OAL@ FG H9JLA;MD9J GJ<=J AF O@A;@ ;9K=L@=Q >G
amorphous solid >JGE L@= #J74&?=5<@=9FAF? _K@9H=D=KK"

JOKLI9DDAF= KGDIf @B BE@N= <AKLAF;LAN= AFL=JF9D KLIM;LMJ=K L@9L AF L
<AKLAF;LAN=>D9L KMJ3®2@d5J>9;=K AFL=JK=;L 9L 9F?D=K L@9L 9J=;@9J9;L=
G> L@= KM:KL9F;= 2@=F =PHGK=< LG P J9QK =9;@ KLJM;LMJ= 9DKG HIG<M;=|
HILL=JF L@IL ;9F := MK=< LG A<=FLA>Q L@= EQLABPOD KEIM:LMJ=K G>
AEHD= AF9JQ GEHGMF#®=;@9J9;L=JAKLA; 9F?D=K <G FGL <=H=F< GF L@=K
L@=;JQKLI9D L@=Q J=>D=;L L@=J=?MD9J J=H=9LAF? 9JJ9F?=E=FL G> L@= ;G
9LGEK EGD=;MD=K GJ AGFK AF KH9;= 2@=F 9F AGFA; ;JQKABIAIAK ;D=9N=<
D=9NAF? 9 JOKLID G> 9F %GFA; GEHGMF< 9DGF? 9 ,D9E3 GBPhBBK

J=HMDKAN= AFL=J9;LAGFK ;9MK= AL LG :J=9C 9DGF? >AP=< HD9F=K LG HIG<M
AFL=JK=;L 9L L@= K9E= 9F?D=K 9K L@GK= AF L@= GJA?AF9D ;JQKL9D %F 9 ;Gl
9K 9 ;ML <A9EGF< L@=9F?D=K 9L O@A;@ L@= >9;=K E==L 9J= 9DKG FGL 9J:AL.
<=L=JEAF=<:Q L@=9JJ9F?=E=FL G> L@=;9J:GF 9LGEK AF L@=;JQKL9D

H=0LAF?
MJ=

0J
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Crystalline faces(52 3.02@ <3 0?F@A.9@ 0.; 6;A2?@20A .A ?645A .;492@ .@ 6; 4.92;. %P Al<ASBA2 2'
5492@ .@ 6; >B.?AG

Cleavage surfaces of an

amorphous solid$/@616.; .

C<90.;60 49.@@ D6A5 A52 @.:2
052:60.9 0<:=<@6A6<; .@ 47?.;6A2
AF=60.99F %6 A2;1@ A<
5.C20B?C21 6?7?24B9.? @B?3.02@
D52; 092.C21

JQKLI9DDAF= 9F< EGIJH@GMK .GDA<K
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F 9EGIH@GMK LJ9FKDM;=HL

64B?2 92.C6:4 . ?F@A.9<3.; <60 <:=<B;1.9<;4.%9.;.2<3 <@

23<7?:.A6<; <3 A52 6<;60 0?F@A.9 0.B@2@ <;2 =9.;2 <3 .A<:@ A< @9612 .9<;4 .;<A52? (52 ?2@B9A6;4
6;A27.0A6<;@ /2AD22; 6<;@ D6A5 9682 05.742@ 0.B@2 A52 9.F2?@ A< @2=.?.A2

JOKLIDK L=F< LG @9N=J=DI9LAN=DQ K@9JH O=DD <=>AF=< E=DLAF? HGAFLE
;GEHGF=FL 9LGEK EGD=;MD=K GJ AGFK 9J= L@= K9E= <AKL9F;= >JGE L@= K9
9F< LQH= G> F=A?@:GJK L@9L AK L@=J=?MD9JALQ G> L@=;JQKL9DDAF= D9
=FNAJGFE=FLK L@9L 9J= L@= K9E= /@MK L@= AFL=JEGD=;MD9J >GJ;=K @GD:x
LG?=L@=J 93= MFA>GJE 9F< L@= K9E=9EGMFL G> L@=JE9D =F=J?Q AK F==<=
=N=JQ AFL=J9;LAGF KAEMDLO9F=GMKDQ

EGIJH@GMK KGDA<K @9N= LOG ;@9J9;L=JAKLA; HIGH=JLA=K 2@=F ;D=9N=<(
HJIG<M;=>J9?E=FLK OAL@ AJJ=?MD9J G>L=F ;MIN=<KMJ>9;=K 9F<L@=Q @9l
<=>AF=< HILL=JFK O@=F =PHGK=< LG P J9QK :=;9MK= L@=AJ ;GEHGF=FLK 9J=
9JJ9F?=< AF 9 J=?MD9J 9JJ9Q F 9EGIJH@GMK LJ9FKDM;=FL KfEi38< AK ;9DD=<
DEGKL 9FQ KM:KL9F;=;9F KGDA<A>Q AF 9EGIJH@GMK >GJE A> L@= DAIMA< H;
JI9HA<DQ =FGM?@ .GE= KGDA<K @GO=N=J 9J= AFLJAFKA;9DDQ 9EGIH@GMF
L@=AJ ;GEHGF=FLK ;9FFGL >AL LG?=L@=J O=DD =FGM?@ LG >GJE 9 KL9:D=;J(
DILLA;= GJ L@=Q ;GFL9AF AEHMJALA=K L@9L <AKIJMHL L@= D9LLA;= "GJ =P9E
;@=EA;9D ;GEHGKALAGF 9F< L@= :9KA; KLIM;LMJ9D MFALK G> 9 IM9JLR ;JQKLS
?DI9KK 9J= L@= KOE=":GL@ 93FAEGL@ ;GFKAKL G> DAFC=KI2@=<J9"L@=
9JJ9F?=E=FLK G> L@= 9LGEK AF KH9;=9J= FGL JQKL9DDAF=IM9JLR ;GFL9AFk
GJ<=J=<9JI9F?=E=FL G> KADA;GF 9F< GPQ?=F 9LGEK :ML AF IM9JLR ?D9KK L(
9JJ9F?=< 9DEGKL J9F<GEDQ 2@=F EGDAKEG&D=< J9HA<DQ 'EAF AL >GJEK
IMAJLR ?D9KK O@=J=9K L@= D9J?= H=J>=;L IMOJLR ;JQKLI9DK KGD< AF EAF=J
@9< ;GGDAF? LAE=K G> L@GMKIF<K G> Q=9JK %F ;GFLJ9KL 9DMEAFME ;JQK
EGJ=J9HA<DQ EGIJH@GMK 9DMEAFME >GJEK GFDQ O@=F L@= DAIMA< AK ;C
=PLJ9GJI<AF9JQ J9Le G> 'K O@A;@ HI=N=FLK L@= 9LGEK >JGE 9JJ9F?AF?
L@=EK=DN=K AFLG 9 J=?MD9J 93J9Q

KGDA< 7?D9KK AK 9 KGDA< L@9L @9K

:==F ;GGD=< LGG IMA;CDQ L
>GJE GJ<=J=<;JQKLI9DK

JQKLI9DDAF= 9F< EGIJH@GMK .GDA<K
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%F 9F 9EGIJH@GMK KGDA< L@= DG;9D =FNAJGFE=FL AF;DM<AF?
GL@ L@=<AKL9F;=K LG F=A?@:GJAF? MFALK 9F< L@=

FME:=JK G> F=A?@:GJK N9JA=K L@JGM?@GML L@= E9L=JA9D
A>>=J=FL Q9EGMFLK G> L@=JE9D =F=J?Q 9J=F==<=< LG

GN=J;GE= L@=K= <A>>=J=FL AFL=J9;,LAGFK GFK=IM=FLDQ
9EGIH@GMK KGDA<K L=F< LG KG>L=F KDGODQ GN=J 9 OA<=
L=EH=J9LMJ= J9F?=J9L@=J L@9F @INAF? 9 O=DD <=>AF=<
E=DLAF? HGAFL DAC=9 ;JQKL9DDAF= KGDA< %> 9F 9EGJH@GMK
KGDA< AK EQAFL9AF=<9L 9 L=EH=J9LMJ= BMKL :=DGO ALK
E=DLAF? HGAFL >GJ DGF? H=JAG<K G> LAE= L@:'I'hggmcglgf:clfl_stalline
EGD=MD=K 9LGEK GJ AGFK ;9F 2J9<M9DDQ J=0JJ9F3 Al L& e @ 3<2:
EGJ= @A?@DQ GJ<=J=< ;JQKLIDDAF= >GJE 224B9.? .22.;42:2:A 6; .

@A?BOAB?2 A5.A 0<;@6@A@ <3 96;€
A2A?.5217.

Note the Pattern

JOKLIDK @9N=K@9JH O=DD <=>AF=< E=DLAF? HGAFLK 9EGJH@GMK KGD,

Summary

.GDA<K 9J=;@9J9;L=JAR=< :Q 9F =PL=F<=< L@J== <AE=FKAGF9D 9JJ9F?=E=F
9LGEK AGFK GJEGD=;MD=K AF O@A;@ L@= ;GEHGF=FLK 9J= ?=F=J9DDQ D(
L@=AJ HGKALAGFK /@= ;GEHGF=FLK ;9F := 9JJ9F?=< AF 9 J=?MD9J J=H=9LAF
<AE=FKAGF9D 9JJ6Q@sfnl lattice O@A;@ J=KMDLdfysEafine solid GJ

EGJ= GJ D=KK J9F<GEDQ LG HJG@wxMrplsus solid JQKLIDDAF= KGDA<K @9N=
O=DD <=>AF=< =<?=K 9F< >9;=K <A>>J9;L P J9QK 9F< L=F<LG @9N= K@9JH E
HGAFLK %F ;GFLJ9KL 9EGIJH@GMK KGDA<K @9N= AJJ=?MD9J GJ ;MIN=< KM
?AN= O=DD J=KGDN=< P J9Q <A>>J9;LAGF HILL=JFK 9F< E=DL GN=J 9 OA<=
L=EH=J9LMJ=K

JQKLI9DDAF= 9F< EGIJH@GMK .GDA<K
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KEY TAKEAWAY

Y JQKLIODDAF= KGDA<K @9N=J=?MD9J GJ<=J=< 9JJ9QK G> ;GEHGF=FLK ¢
LG?=L@=J :Q MFA>GJE AFL=JEGD=;MD9J >GJ;=K O@=J=9K L@= ;GEHGF
9EGIJH@GMK KGDA<K 9J= FGL 9JJ9F?=< AF J=?MD9J 9JJ9QK

JQKLI9DDAF= 9F< EGJH@GMK .GDA<K
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CONCEPTUAL PROBLEMS

GEH9J= L@= KGDA< 9F< DAIMA< KL9L=K AF L=JEK G>

9 JA?A<ALQ G> KLJIM;LMJ=
DGF? J9F?= GJ<=J
; K@GJL J9F?= GJI<=J

$GO <G IEGIH@GMK KGDA<K <A>>=J >JGE ;JQKLI9DDAF= KGDA<K AF =9;@
20A;@ G> L@=LOG LQH=K G> KGDA< AK EGKL KAEAD9J LG 9 DAIMA<

9 JA?A<ALQ G> KLJIM;LMJ=
DGF? J9F?= GJ<=J
; K@GJL J9F?= GJI<=J

2@Q AK L@= 9JI9F?=E=FL G> L@= ;GFKLALM=FL 9LGEK GJ EGD=;MD=K EG
AF <=L=JEAFAF? L@= HIGH=JLA=K G> 9 KGDA< L@9F 9 DAIMA< GJ 9 ?9K

2@Q 9J= L@= KLIM;LMJ=K G> KGDA<K MKM9DDQ <=K;JA:=< AF L=JEK G> L(
L@= ;GFKLALM=FL 9LGEK J9L@=J L@9F L@=AJ EGLAGF

2@9L H@QKA;9D ;@9J9;L=JAKLA;K <AKLAF?MAK@ 9 ;JQKLI9DDAF= KGDA< >
9EGIJH@GMK KGDA< =K;JA:=9L D=9KL LOG O9QK LG <=L=JEAF= =PH=JAE:
O@=L@=J 9 E9L=JA9D AK ;JQKLIDDAF= GJ 9EGIJH@GMK

IPHDOAF O@Q =9;@ ;@9J9;L=JAKLA; OGMD< GJ OGMD< FGL >9NGJ L@= >G
9EGIJH@GMK KGDA<

9 KDGO ;GGDAF? G> HMJ= EGDL=F E9L=JA9D
AEHMJALA=K AF L@= DAIMA< >JGE O@A;@ L@= KGDA< AK >GJE=<
; O=9C AFL=JEGD=;MD9J 9LLJ9;LAN= >GJ;=K

KLM<=FL G:L9AF=< 9 KGDA< HIG<M;L AF 9 D9:GJILGJIQ KQFL@=KAK /G N-
A<=FLALQ G> L@= KGDA< K@= E=9KMJ=< ALK E=DLAF? HGAFL 9F< >GMF<
E9L=JA9D E=DL=<GN=J9 X J9F?= >L=J AL @9<;GGD=< K@= E=9KMJ=< L
E=DLAF? HGAFL G> L@= K9E= K9EHD= 9?9AF 9F< >GMF< L@9L L@AK LAE=
9 K@9JH E=DLAF? HGAFL 9L L@= L=EH=J9LMJ= L@9L AK ;@9J9;L=JAKLA; G
HIG<M;L 2@Q O=J=L@= LOG E=DLAF? HGAFLK <A>>=J=FL 2@9L O9K J=KI
L@=;@9F?= AF L@= E=DLAF? HGAFL

JQKLI9DDAF= 9F< EGIJH@GMK .GDA<K
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ANSWERS

/@=9JJI9F?=E=FL G> L@= 9LGEK GJ EGD=;MD=K AK EGJ= AEHGJL9FL AF <=
L@= HIGH=JLA=K G> 9 KGDA< :=;9MK= G> L@= ?J=9L=J H=JKAKL=FL DGF?.
KGDA<K #9K=K 9F< DAIMA<K ;9FFGL J=9<ADQ := <=K;JA:=< :Q L@= KHILAOI
9JJ9F?=E=FL G> L@=AJ ;GEHGF=FLK :=;9MK= J9HA< EGD=;MD9J EGLAGF 9F
J=9JJ9F?=E=FL <=>AF=K E9FQ G> L@= HIGH=JLA=K G> DAIMA<K 9F< ?9K=k

/@= AFALA9D KGDA< ;GFL9AF=< L@= <=KAJ=< ;GEHGMF< AF 9F 9EGJH@GI
AF<A;9L=<:Q L@= OA<= L=EH=J9LMJ= J9F?= GN=J O@A;@ E=DLAF? G;;MJJ
;GGDAF? G> L@= DAIMA< ;9MK=< AL LG ;JQKL9DDAR= 9K =NA<=F;=<:Q L@
E=DLAF? HGAFL G:K=JN=< 9L L@= =PH=;L=< L=EH=J9LMJ=

JQKLI9DDAF= 9F< EGIJH@GMK .GDA<K
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12.2 The Arrangement of Atoms in Crystalline Solids

LEARNING OBJECTIVES

/G J=;G?FAR= L@= MFAL ;=DD G> 9 ;JQKL9DDAF= KGDA<
/G ;9D;MDI9L= L@= <=FKALQ G> 9 KGDA< ?AN=F ALK MFAL ;=DD

=,9MK= 9 ;JQKLI9DDAF= KGDA< ;GFKAKLK G> J=H=9LAF? HILL=JFK G> ALK ;GEF
<AE=FKAGFKrgstal lattice O=;9F J=HJ=K=FL L@= =FLAJ=;JQKL9D :Q <J90AF? L
KLIM;LMJ= G> L@= KE9DD=KL A<=FLA;9D MFALK L@9L O@=F KL9;C=<LG?=L@
JOQKLID /@AK :9KA; J=H=9LAF? MFALUAK ¢@DD=-&9 =PO9EHD= L@= MFAL ;=DD G:
K@==L G> A<=FLA;9D HGKL9?= KL9EHK AK 9 KAF?D= KL9EH 9F< L@= MFAL ;=D
:JA;CK AK 9 KAF?D=":JA;C %F L@AK K=;LAGF O=<=K;JA:=L@= 9JJ9F?=E=FLK G
N9JAGMK MFAL ;=DDK

OFAL ;=DDK 9J= =9KA=KL LG NAKM9DAR= AF LOG <AE=FKAGFK %F E9FQ ;9K=K
MFAL ;=DD ;9F := MK=< LG J=HJ=K=FL 9 ?AN=F KLIM;LMJ= 9K K@GOF >GJ L@="
<J9OAF? AF L@=;@9HL=J GH=F=J 9F< >GJ 9 LOG <AE=FKAGF9D"AQMI18D DILL/

OFAL =DDK AF /OG_AE=FKAGHVI9DDQ L@= KE9DD=KL MFAL ;=DD L@9L ;GE
<=K;JA:=K L@= GJ<=J AK ;@GK=F /@= GFDQ J=IMAJ=E=FL >GJ 9 N9DA< MFAL ;=
J=H=9LAF? AL AF KH9;= EMKL HIJG<M;= L@=J=?MD9J DILLA;= /@MK L@= MFAL
AFA?MJ= _ OFAL =DDK AF /OG_AE=FKAGHGL 9 N9DA< ;@GA;=:=,9MK=
J=H=9LAF? AL AF KH9;= <G=K FGL HIG<M;= L@= <=KAJ=< DILLA;= L@=J= 9J= L.
@GD=K /@=;GF;=HL G> MFAL ;=DDK AK =PL=F<=< LG 9 L@J== <AE=FKAGF9D [
K;@=E9LA; <J9OAF?”ARMJ=___ OFAL =DDK AF /@J==_ AE=FKAGFK

64B?2  )6A 299@ 6;
(D< 6:2,@6<;,@

/@= KE9DD=KL J=H=9LAF? MFAL G>

9 ;JOKLOD DILLA;=



@9HL=J .GDA<K

64B?2  );6A 299@ 6; (5222 6:2;@6<;@

.LO (5722 AD< 16:2;@6<;.9
9.AAG602@ 699B@A?.A2 A52 =<@ @6/
05<602@ <3 A52 B;6A 0299 (52 B;6A
0299@ 163327 6; A526? ?29.A6C2
9<0.A6<;@ <? <?62;A.A6<;@ D6A5G;
A52 9.AA602 /BA A52F .?2 .99 C.961
05<602@ /20.B@2 ?2=2.A6;4 A52:

6; .;F 16?20A6<; 3699@ A52 <C2?.99
=.AA2?; <3 1<A@ 1 (52 A?6.;492
6@ ;<A .C.961 B;6A 0299 /20.B@2
?2=2.A6;4 6A 6; @=.02 3699@ <;9F
5.93 <3 A52 @=.02 6; A52 =.AA27?;

(52@2 6:.42@ @5<D . . A5?22 16:2;@6<;.9 B;6A 0299 .;1 /| A52 ?2@B9A6;4 ?24B9.? A5?22 16:2;@6<;.9 "

The Unit Cell

[@=J=9J= K=N=F >MF<9E=FL9DDQ <A>>=J=FL CAF<K G> MFAL ;=DDK O@A;@ <
J=DILAN= D=F?L@K G> L@= =<?=K 9F< L@= 9F?D=KA2MI==F U@=E=F=J9D
"=9LMJI=K G> L@=.=N=F 9KA; OFAL'SSODMFAL ;=DD @9K KAP KA<=K 9F< =9;@ K.

9 H9J9DD=DG?J9E 2=>G;MK HJAE9JADQ GF L@=;M:A; MFAL ;=DDK AF O@A;@
L@= K9E=D=F?L@ 9F< 9DD 9F?D=K 9J= X :ML L@=;GF;=HLK L@9L O= AFLJG<
9HHDQ LG KM:KL9F;=K O@GK= MFAL ;=DDK 9J= FGL ;M:A;

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K



@9HL=J .GDA<K

:M:A; MFAL ;=DD L@9L ;GFK
G> =A?@L ;GEHGF=FL 9LGEH
EGD=;MD=K GJ AGFK DG;9L1
L@=;GIF=JK G>9 ;M:=

64B72

(52 92;4A5@ <3 A52 2142@ <3 A52 B;6A 0299@ .22 8,160, AAB2F;492@ .72 1236;21 .@ 3<99<D@ A52
4492 [2AD22; ;1 0 A52 ;492 /2AD22;;1 0 .;1 AS52 ;492 [2AD22;.;1 /

%> L@=;M:A; MFAL ;=DD ;GFKAKLK G> =A?@L ;GEHGF=FL 9LGEK EGD=;MD=K
ILL@=;GIF=JK G> L@=;M:= L@=F Aimledinbie< HOJL 9 AFA?MJ=
/@=/@J=="AF<K G> M:A; OFAL #BBL@= MFAL ;=DD 9DKG ;GFL9AFK 9F A<=FLA
;GEHGF=FL AF L@= ;=FL=J G> L@= ;M:= b@ulyFcahtat€¢d cubic (bcc) HIJL :
AFA?MJ= [@=/@J=="AF<K G> M:A; OFAL #pPPL@=J=9J=;GEHGF=FLK AF L@
i=FL=J G> =9;@ >9;= AF 9<<ALAGF LG L@GK=9L L@=;GJF=JK G> L@= ;M:= L@=
AHKace-centered cubic (fcc) H9JL ; AFA?MJ=  /@=/@J=="AF<K G> M:A; OFAL
AKEOD

=< 9L

;M:A; MFAL ;=DD OAL@ =A?@L

;GEHGF=FL 9LGEK EGD=;M[
GJAGFK DG;9L=<9L L@= ;G

G> 9 ;M:= HDMK 9F A<=FLA;9D

=K
F=JK

.GEHGF=FL AF L@= ;=FL=J Gp L@=

M=

iM:A; MFAL ;=DD OAL@ =A?@L

;GEHGF=FL 9LGEK EGD=;MO
GJAGFK DG;9L=< 9L L@=;GJ

G> 9 ;M:= HDMK 9F A<=FLA;9D
;GEHGF=FL AF L@= ;=FL=J Gp

=9,@ >9;=G>L@= ;M:=

=K
F=JK

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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64B?2 (52 (5?22 6;1@ <3 B/60 );6A 299

<? A52 A5722 86;1@ <3 0B/60 B;6A 0299@ @6:=92 0B/60 . /<1F 02;A2?21 0B/60 / .;13.02 02;A2?21 Ot
.22 A5?22 ?2=72@2;A.A6<;@ 3<? 2.05 ./.99 .;1 @A608 :<129 . @=.02 36996;4 OBA.D.F :<129 A5.A @5<D
2.05 .A<: A5.A 962@ D6A56; A52 B;6A 0299 .;1.;.44?24.A2 <3 @2C27?.9 B;6A 0299@

KAF<A9L=<APMJI=  /@=/@J=="AF<K G> M:A; OFAL $BIBZDA< ;GFKAKLK G> ¢
D9J?= FME:=J G> MFAL ;=DDK 9JJ9Q=< AF L@J== <AE=FKAGFK FQ AFL=FKAN=
L@=:MDC E9L=JA9D KM;@ 9K ALK <=FKALQ EMKL L@=J=>GJ= 9DKG := J=D9L=
=,9MK=density AK L@= E9KK G> KM:KL9F;= H=J MFAL NGDME= O= ;9F ;9D;MD9L:-
<=FKALQ G> L@=:MDC E9L=JA9D >JGE L@= <=FKALQ G> 9 KAF?D= MFAL ;=DD
F==<LG CFGO L@= KAR=G>L@= MFAL ;=DD LG G:L9AF ALK NGDME= L@=EG
;GEHGF=FLK 9F< L@= FME:=J G> ;GEHGF=FLK H=J MFAL ;=DD 2@=F O=;GMFL
AGFK AF 9 MFAL ;=DD @GO=N=J L@GK=DQAF? GF 9 >9;= 9F =<?= GJ 9 ;GJF=J
EGJ=L@9F GF= MFAL ;=DD 9K KAPMIE AF/@=/@J=="AF<K G> M:A; OFAL

=DD "GJ =P9EHD= 9F 9LGE L@9L DA=K GF 9 >9;= G> 9 MFAL ;=DD AK K@9J=< :C
9<B9;=FL MFAL ;=DDK 9F< AK L@=J=>GJ=@I8H H=DPKFAL ;=DD .AEAD9JDQ 9F
9LGE L@9L DA=K GF L@= =<?= G> 9 MFAL ;=DD AK K@9J=< :Q >GMJ 9<B9;=FL M
;GFLIAIML=IOLGE LG =9;@ F 9LGE 9L 9 ;GJF=J G> 9 MFAL ;=DD AK K@9J=<:Q 9I
9<B9;=FL MFAL ;=DDK 9F< L@=J=>GJ= ;6BLEENMGHO/@= KLIL=E=FL L@9L

9LGEK DQAF? GF 9F =<?=GJ 9 ;GJF=J G> 9 MFAL ;=[BD-GMGE BikJ MFAL ;=DD

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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J=KH=;LAN=DQ AK LIM=>GJ SDIEMERQ~=DB#I?GFID GF= AF O@QA;,@ L@J==
;=DDK K@9J= =9;@ N=JLA;9D =<?= 9F< KAP K@9J:A2M @ .GIKaF #=F=J9D
"=9LMJ=K G> L@= .=N=F 9KA; OFALD=DEXF? LG NODM=9&> 9LGE H=J MFAL
;=DD J=KH=;LAN=DQ >GJ 9LGEK AF L@=KE {8FKAQWNGBKGEK L@9L DA= =FLAJ=
OAL@AF 9 MFAL ;=DD KM;@ 9K L@=9LGE AF L@= ;=FL=J G> 9 :G<Q ;=FL=J=< ;M
:=DGF? LG GFDQ L@9L GF= MFAL ;=DD

Note the Pattern
"GJ 9DD MFAL :=DDK =P;=HL @=P9?GF9D 9LGEK GF L@=-®.8€:BELJAML=

=9;@ MFAL ;=DD 9LGEK GF L@= =<?=K :RIGE:ML=9;@ MFAL ;=DD 9F<
9LGEK GF L@= ;GJF=JK ;GFL3AME LG =9;@ MFAL ;=DD

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K



@9HL=J

.GDA<K

EXAMPLE 1

)=L9DDA,; ?GD< @9K 9 >9;= ;=FL=J=< ;M:A; MFAL ;=DDAPMJIE ; A=
[@J=="AF<K G> M:A; OFAL =BBO E9FQ M 9LGEK 9J= AF =9;@ MFAL ;=DD

Given: MFAL ;=DD

Asked for: FME:=J G> 9LGEK H=J MFAL ;=DD

Strategy:

OKAF?A?MI=  /@=/@J=="AF<K G> M:A; OFAL ABEFLA>Q L@= HGKALAGFK
G>L@= M ILGEK AF 9 >9;=;=FL=J=<;M:A; MFAL ;=DD 9F< L@=F <=L=JEAF=

EM;@ =9;@ M 9LGE ;GFLJA:ML=K LG L@= MFAL ;=DD <<L@=;GFLJA:MLAGF
L@= MILGEK LG G:L9AF L@= LGL9D FME:=J G> M 9LGEK AF 9 MFAL ;=DD

Solution:

KK@QGOF A2?MJ=  /@=/@J=="AF<K G> M:A; OFAL $DB;=

;=FL=J=<;M:A; MFAL ;=DD @9K =A?@L 9LGEK 9L L@=;GIF=JK G> L@= ;M:= 9F
9LGEK GF L@=>9;=K =;9MK=9LGEK GF 9 >9;= 9J= K@9J=< :Q LOG MFAL ;=DiI
=9;@ ;GMFLK-9KWLGE H=J MFAL ;=DD ?ANRAF? M 9LGEK H=J MFAL

;=DD LGEK GF 9 ;GJF=J 9J= K@9J=<:Q =A?@L MFAL ;=DDK 9F< @=F;=;GFLJ
GFD@ 9LGE H=J MFAL ;=DD ?ANRF? M 9LGE H=J MFAL ;=DD /@=

LGL9D FME:=J G> M 9LGEK AF =9;@ MFAL ;=DD AK L@MK

IP=J;AK=

)=L9DDA; AJGF @9K 9 :G<Q ;=FL=J=<;M:A; MFAL ;=DDAPMIIE : AkD=
[@J=="AF<K G> M:A; OFAL =B0 E9FQ "= 9LGEK 9J= AF =9;@ MFAL ;=DD

Answer: LOG

*GO L@IL O= CFGO @GO LG ;GMFL 9LGEK AF MFAL ;=DDK O= ;9F MK= MFAL ;=
;9D;MDIL= L@= <=FKALA=K G> KAEHD= ;GEHGMF<K *GL= @GO=N=J L@9L O=
KGDA< ;GFKAKLK G> 9 H=J>=;L J=?MD9J 9JJ9Q G> MFAL ;=DDK O@=J=9K J=9D |
;GFLOAF AEHMJALA=K 9F< <=>=;LK L@Q9L 9>>=;L E9FQ G> L@=AJ :MDC HIGH=JL
<=FKALQ GFK=IM=FLDQ L@= J=KMDLK G> GMJ ;9D;MD9LAGFK OADD := ;DGK=
=,=KK9JADQ A<=FLA;9D LG L@= =PH=JAE=FL9DDQ G:L9AF=< N9DM=K

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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EXAMPLE 2

9D;MD9L= L@= <=FKALQ G> E=L9DDA; AJGF O@A;@ @9K 9 :G<Q ;=FL=J=<;\
,=DD HOJL : AM?MJ=  /@=/@J=="AF<K G> M:A; OFAL €BD@ 9F
=<?=D=F?L@ G> HE

Given: MFAL ;=DD 9F< =<?=D=F?L@

Asked for: <=FKALQ

Strategy:

A =L=JEAF=L@= FME:=J G> AJGF 9LGEK H=J MFAL ;=DD

B 9D;MD9L= L@= E9KK G> AJGF 9LGEK AF L@= MFAL ;=DD >JGE L@= EGD9J
NG?9<JGaK FME:=J /@=F <ANA<=L@= E9KK :Q L@= NGDME= G> L@= ;=DD

Solution:

A2=CFGO >JGE !P9EHD= L@O9L =9;@ MFAL ;=DD G> E=L9DDA; AJGF ;GFL9AI
"=9LGEK

B/@= EGD9J E9KK G> AJGF AK ? EGD =;9MK= <=FKALQ AK E9KK H=J MFZA
NGDME= O=F==< LG ;9D;MD9L= L@= E9KK G> L@= AJGF 9LGEK AF L@= MF#
L@=EGD9J E9KK 9F< NG?9<JGaK FME:=J 9F< L@=F <ANA<=L@= E9KK :Q L(
NGDME= G> L@=;=DD E9CAF? KMJ= LG MK= KMAL9:D= MFALK LG ?=L <=FKA
E

NP M H
m  _BRNT ( NPN

N B TPIGF /BFUNTF(

1
X DN
VP MV NF 2
r AN TNy ()] "
EFOT}uz mll H H DN
m DN

/@AK J=KMDL ;GEH9J=K O=DD OAL@ L@= L9:MD9L=< =PH=JAE=FL9D N9DM=
E

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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IP=J;AK=

9D;MDIL= L@= <=FKALQ G> ?GD< O@A;@ @9K 9 >9;= ;=FL=J=< ;M:A; MFAL ;
| AFTAPMI=  /@=/@J=="AF<K G> M:A; OFAL EBD@ 9F =<?= D=F?L@
G> HE

Answer: ?:E

Packing of Spheres

+MJ <AK;MKKAGF G> L@= L@J== <AE=FKAGF9D KLJIM;LMJ=K G> KGDA<K @9K ;
KM:KL9F;=K AF O@A;@ 9DD L@= ;GEHGF=FLK 9J= A<=FLA;9D K O= K@9DD K==
KM:KL9F;=K ;9F := NA=0O=< 9K ;GFKAKLAF? G> A<=FLA;9D KH@=J=K H9;C=< LG?:
KH9;= L@=09Q L@=;GEHGF=FLK 9J= H9;C=< LG?=L@=J HIG<M;=K L@= <A>>=
;=DDK )GKL G> L@= KM:KL9F;=K OAL@ KLJIM;LMJ=K G> L@AK LQH= 9J= E=L9DK

Simple Cubic Structure

1@=9JJ9F?=E=FL G> L@= 9LGEK AF 9 KGDA< L@9L @9K 9 KAEHD=;M:A; MFAL ;:
AFHOJL 9 AF?MJ= /@=/@J=="AF<K G> M:A:; OFAL ¥D® 9LGE AF L@=
DILLA;= @9K GFDQ KAP F=9J=KL F=A?@:GJK AF 9F G;L9@=<J9D 9JJ9F?=E=FL
L@= KAEHD=;M:A; DOLLA;= AK 9F AF=>>A;A=FL 09Q LG H9;C 9LGEK LG?=L@=J /

G>L@=LGL9D KH9;= AK >ADD=<:Q L@=9LGEK /@= GFDQ =D=E=FL L@9L ;JC
KAEHD= ;M:A; MFAL ;=DD AK HGDGFAME .AEHD= ;M:A; MFAL ;=DDK 9J= @GO=N
9EGF? :AF9JQ AGFA; ;GEHGMF<K O@=J==9;@ ;9LAGF AK KMJJGMF<=<:Q KAP
NA;= N=JK9

The arrangement of atoms in a
simple cubic unit cell..05
A<: 6; A52 9.AA602 5.@ @6E

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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Body-Centered Cubic Structure
12.22@A ;2645/<?@ 6; .;

[/@=:G<Q ;=FL=J=<;M:A; MFAL ;=DD AK 9 EGJ= =>>A0A3P1?03Q;42:2;A
LG H9;C KH@=J=K LG?=L@=J 9F< AK EM;@ EGJ=;GEEGF
9EGF? HMJ==D=E=FLK !9;@ 9LGE @9K =A?@L F=9J=KL
F=A?@:GJK AF L@= MFAL ;=DD 9F< G>L@=NGDME= AK
G;;MHA=<:Q L@=9LGEK K K@GOF AF HARAMJ-AF

[@=/@J=="AF<K G> M:A; OFAL =D@=:G<Q ;=FL=J=<;M:A; KLIM;LMJ=
;GFKAKLK G> 9 KAF?D= D9Q=J G> KH@=J=K AF ;GFL9;L OAL@ =9;@ GL@=J 9F<
L@=AJ ;=FL=JK 9J=9L L@=;GJF=JK G> 9 KIM9J= 9 K=;GF< D9Q=J G> KH@=J=K (
KIM9J= K@9H=<_@GD=K" 9:GN=L@= KH@=J=K AF L@=>AJKL D9Q=J /@=L@A
KH@=J=K G;;MHA=K L@= KIM9J= @GD=K >GJE=<:Q L@=K=;GF< D9Q=J KG L@
<AJ=,LDQ 9:GN=9 KH@=J= AF L@=>AJKL D9Q=J 9F<KG >GJL@ DD L@=9DC9
J9<AME 9F< K=N=J9D G> L@= LJ9FKALAGF E=L9DK @9N=:G<Q ;=FL=J=< ;M:A; k

Hexagonal Close-Packed and Cubic Close-Packed Structures

/@= EGKL =>>A;A=FL 09Q LG H9;C KH@=J=K AK L@= ;DGK= H9;C=< 9JJ9F?=E=F
LOG N9JA9FLK KAF?D= D9Q=J G> ;DGK= H9;C=< KH@=J=K AK K&ZBIE AF HIJL

DGK=,9;:C=< (9Q=JK G> .H@=J¥K@ KH@=J= AK KMJIJGMF<=<:Q KAP GL@=JI
L@= K9E= HD9F= LG HIG<M;=9 @=P9?GF9D 9JJ9F?=E=FL :GN=9FQ K=L G> K=
KH@=J=K 9J= KAP <=HJ=KKAGFK 9JJ9F?=< AF 9 @=P9?GF %F HJAF;AHD= 9DD
K9E= 9F< 9FQ GF= G> L@=E ;GMD< := G;;MHA=<:Q 9F 9LGE AF L@= F=PL D9Q-=.
@GO=N=J L@=K= KAP KAL=K ;9F := <ANA<=< AFLG LOG K=LK D9:=D=< 9F< Al
"A?MJ= DGK=,9;:C=< (9Q=JK G> . H@=4tKK 9F< <A>>=]:=;9MK= 9K KGGF 9k
O=HD9;=9 KH@=J=9L 9 HGKALAGF O=;9F FG DGF?=J HD9;= 9 KH@=J= AF 9F(
L@J== HGKALAGFK 9<B9;=FL LG 9F< NA;=N=JK9

64B7?2 9<@2 %.0821 |.F2?@ <3 '=5272@

. ;AS6@ @6;492 9.F2? <3 09<@2 =.0821 @=52?72@ 2.05 @=5272 6@ @B??<B;121 /F @6E <A52?@ 6;
| %9.06;4 .; A<:.A. =<@6A6<; =?<56/6A@ =9.06;4 .;FA<3 A52 .17.02;A =<@6A6<;@ .;1 ?2@B9A@ 6; .¢
A<@ 6; A52 @20<;1 9.F2? <00B=F6;4 A52 =<@6A6<;@ 0 %9.06;4 A52 .A<:@ 6; A52 A5671 9.F2? <C2’
=<@6A6<;@ 6; A52 36?@A 9.F2? 46C2@ A52 52E.4<;.9 09<@2 =.0821 @A?BOAB?2 %9.06;4 A52 A56?1
=<@6A6<;@ 46C2@ A52 0B/60 09<@2 =.0821 @A?BOAB?2

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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+F=G> LOG N9JA9FLK G> L@
:DGK=H9;C=<
9JJ9F?=E=FL"L@= EGKL
=>>A;A=FL 09Q LG H9;C KH@

9 DILLA;="AF O@A;@ L@= 9L
HGKALAGFK 9DL=JF9L=>JGE

LG D9Q=JAF9F \

HOLL=JF

+F=G> LOG N9JA9FLK G> L@
;DGK=H9;C=<
9JJ9F?=E=FL"L@= EGKL

=>>A;A=FL 09Q LG H9;C KH@=3=¢
9 DILLA;="AF O@A;@ L@= 9L

HGKALAGFK 9DL=J >JGE D9(
D9Q=JAF9F \HOLL=JF

/@=FME:=J G> F=9J=KL
F=A?@:GJK AF 9 KGDA< KLJN\

%> O=HD9;= L@=K=;GF<D9Q=J G> KH@=J=K 9L L@= HGKABLRBBXK AF H9JL 9

DGK=,9;:C=<(9Q=JK G> . H@=0KG:L9AF L@= LOG D9Q=J=< KLIM;LMJ= K@GOF
HOJL : AFA?MJ= DGK=,9;C=< (9Q=JK G> .H@+#@K)= 9J= FGO LOG
9DL=JFOLAN=K >GJ HD9;AF? L@= >AJKL 9LGE G> L@= L@AJ< D9Q=J O=;9F HD!
GN=J GF=G> L@=9LGEK AF L@=>AJKL D9Q=J 9F HGKALAGF GJ9L GF=G>L
;GJI=KHGF<AF? LG L@= HGKALAGFK; £ @K-O=N<@= 9LGEK AF L@= >AJKL GJ
K=;GF< D9Q=JK H9JL "ARAMJ= DGK=,9;C=< (9Q=JK G> .H@=%KO=
;@GGK= L@=>AJKL 9JJ9F?=E=FL 9F< J=H=9L L@= HI9LL=JF AF KM;;==<AF? D9Q:
HGKALAGFK G> L@= 9LGEK 9DL=JF9L= >JGE D9Q=J LG D9Q=J AF L@= HILL=JF
J=KMDLAF? #dx8gonal close-packed (hcp) structure H9JL 9 AFRA?MJ=

DGK=,9;C=< .LIM;LMJ=K @;H 9F< % O= ;@ GGK= L@= K=;GF< 9JJ9F?=E=FL 9F
J=H=9L L@= HILL=JF AF<=>AFAL=DQ L@=HGKALAGFK G>L@=9LGEK 9DL=JF¢
?ANAFZabic close-packed (ccp) structure  H9JL : AFA?MJ= DGK=,9;C=<
LIM;LMI=K @;H 9F< ;;H;9MK= L@= ;;H KLIM;LMJ= ;GFL9AFK @=P9?GF9DDQ H9
D9Q=JK AL <G=K FGL DGGC H9JLA;MD9JDQ ;M:A; K KQRBONMM HIOIDGKAF
,9;:C=<_ .LIM;LMJ=K @;H 9F< ;;@G0O=N=J KAEHDQ JGLILAF? L@= KLIM;LMJ= J=N
iM:A; FOLMJ= O@A;@ AK A<=FLA;9D LG 9 >;; KLIM;LMJ= /@= @;H 9F< ;;H KLIM;L
GFDQ AF L@= 09Q L@=AJ D9Q=JK 9J=KL9;C=< GL@ KLJIM;LMJ=K @9N= 9F GN:
=>>AA=F,Q G> 9F<AF:.GL@ =9;@ 9LGE @9K F=9J=KL F=A?@:GJK AF L@=
HD9F= HDMK AF =9;@ G> L@= HD9F=K AEE=<A9L=DQ 9:GN= 9F< :=DGO

64B7?2 9<@2 %.0821 '‘A?BOAB?2@ 50=.;1 00=

EB@A” AB<;@ 6; . @5<D .; 2E=9<121 C62D . @612 C62D .;1. A<= C62D <3 A52 50= @A?BOAB?Z
<;.9B;6A 0299 6@ <BA96 21 6; A52 @612 .;1 A<=C62D@ #<A2 A52 @6:69.?6AF A< A52 52E.4<;.9
.@60 );6A200@A?BOAB?2 6; /| 6@ @5<D; 6; .; 2E=9<121
D @612 C62D .;1.7<A.A21 C62D (52 ?<A.A21 C62D 2:=5.@6G2@ A52 300 ;.AB?2 <3 A52 B;6A 029
A5.A 0<;;20A@ A52 .A<:@ 6; A52 36?@A .;1 3<B?A5 9.F2?7?@ <3 A52 00= @A?BOAB?2 6@ A52 /<1F 16.4<

'4>

QD5 JGH=JLA=K G> L@= GEEGF .LIM;LMJ=K G>EEBI-K L@= H9;CAF?
GEA>AA=F;Q 9F< L@= FME:=J G> F=9J=KL F=A?@:GJK >GJ L@= <A>>=J=FL ;MIA; ¢
P=PIC=< KLIM;LMJI=K L@= FME:=J G> F=9J=KL F=A?@:GJKobKladtipn< L@=
number )GKL E=L9DK @9N= @;H ;;H GJ :;; KLIM;LMJ=K 9DL@GM?@ K=N=J9D
=P@AAL :GL@ @;H 9F< ;;H KLIM;LMJ=K <=H=F<AF? GF L=EH=J9LMJ= 9F< HJ=K
V;LMJ=

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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.GDA<K

/9:D= JGH=JLA=K G> L@= GEEGF .LIM;LMJ=K G>)=L9DK
Structure Percentage of Space Coordination
Occupied by Atoms Number
KAEHD= ;M:A;

:G<Q ;=FL=J=<;M:A;

@=P9?GF9D ;DGK= H9;C=<

‘M:A; :DGK= H9;C=< A<=FLA;9D LG|>9;=
=FL=J=< MA;

Summary

/@= KE9DD=KL J=H=9LAF? MFAL G> 9 ;JQKL9DImOtLIA; ABESInipte

cubic MFAL ;=DD ;GFL9AFK GFDQ =A?@L 9LGEK EGD=;MD=K GJ AGFK 9L L@-=
;M:=  body-centered cubic (bcc) MFAL ;=DD ;GFL9AFK GF= 9<<ALAGF9D ;GEHGF
AF L@= ;=FL=J G> L@= ;Mce-centered cubic (fcc) MFAL ;=DD ;GFL9AFK 9
;GEHGF=FL AF L@= ;=FL=J G> =9;@ >9;= AF 9<<ALAGF LG L@GK=9L L@= ;GJF
;M:= .AEHD= ;M:A; 9F< :;; 9JJ9F?=E=FLK >ADD GFDQ 9F< G>L@=9N9AD9:[
KH9;= OAL@ 9LGEK J=KH=;LAN¥>Qgd@st close-packed (hcp) structure

@9K 9F  \J=H=9LAF? 9JJ9F?=E=FL 9F< L@ubic close-packed (ccp)

structure @9K 9F  \ J=H=9LAF? HOLL=JF L@= D9LL=J AK A<=FLA;9D LG 9F >;
DILLA;= /@= @;H 9F< ;;H 9JJ9F?=E=FLK >ADD G> L@=9N9AD9:D= KH9;= 9F<
coordination number G> >GJ=9;@ 9LGE AF L@=D9LLA;= L@=FME:=J G> F=9.
F=A?@:GJK /@= KAEHD= ;M:A; 9F< :;; DOLLA;=K @9N= ;GGJ<AF9LAGF FME:=JK
9F< J=KH=;LAN=DQ

KEY TAKEAWAY

Y ;JQKLI9DDAF= KGDAK< ;9F := J=HJ=K=FL=<:Q ALK MFAL ;=DD O@A;@ AK |
KE9DD=KL A<=FLA;9D MFAL L@9L O@=F KL9;C=< LG?=L@=J HIG<M;=K L(
;@9J9;L=JAKLA; L@J== <AE=FKAGF9D KLJM;LMJ=

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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.GDA<K

CONCEPTUAL PROBLEMS

2@Q AK AL N9DA< LG J=HJ=K=FL L@= KLJM;LMJ= G> 9 ;JQKL9DDAF= KGDA
G> ALK MFAL ;=DD 2@9L 9J= L@= EGKL AEHGJL9FL ;GFKLJ9AFLK AF K=D=;
:=DD

DD MFAL ;=DD KLJIJM;LMJ=K @9N= KAP KA<=K 9F ;JQKL9DK G> 9 KGDA< @'
KA<=K 'PHDY9AF QGMJ 9FKO=J

IPHDO9AF @GO L@= AFL=FKAN= HIGH=JLA=K G> 9 E9L=JA9D 9J= J=>D=;L=<
J=9DD L@= HIGH=JLA=K G> 9 :MDC E9L=JA9D L@= K9E= 9K L@GK= G> AL
IPHDOAF QGMJ 9FKO=J

/|@==PH=JAE=FLO9DDQ E=9KMJ=< <=FKALQ G> 9 :MDC E9L5G/HPERKDA?@
=PH=;L=< :9K=< GF L@= KLIM;LMJ= G> L@= HMJ= E9L=JA9D ,JGHGK=LOG
=PHD9FILAGFK >GJ L@AK G:K=JNILAGF

/@==PH=JAE=FL9DDQ <=L=JEAF=< <=FKALQ G>9%B2P@IZOBRH-;L =<
‘9K=< GF L@=9JJ9F?=E=FL G> L@= 9LGEK AF L@= MFAL ;=DD L@=>GJEMI
L@=KAR=G>L@=9LGEK 2@9L ;GF;DMKAGF K ;9F QGM <J90 9:GML L@=

+FDQ GF= =D=E=FL HGDGFAME ;JQKL9DDAR=K OAL@ 9 KAEHD= ;M:A; MF/
HGDGFAME L@= GFDQ =P9EHD= G> 9F =D=E=FL OAL@ L@AK KLIM;LMJ=

2@9L AK E=9FL :Q L@= 0=8F16;.A6<; ;B:/2RF L@= KLIM;LMJ= G> 9 KGDA< $C
<G=K L@= ;GGI<AFILAGF FME:=J <=H=F< GF L@= KLIM;LMJ= G> L@= E=L9

JIOF?= L@= L@J== LQH=K G> ;M:A; MFAL ;=DDK AF GJ<=J G> AF;J=9KAF? H
=>>A;A=F;,Q 2@9L AK L@= <A>>=J=F;= AF H9;CAF? =>>A;A=F;Q :=LO==F L@:
KLIM;LMJ= 9F< L@= ;;H KLIM;LMJ=

/@= KLIM;LMJ=K G> E9FQ E=L9DK <=H=F< GF HJ=KKMJ= 9F< L=EH=J9LMJ=
KLIM;LMJ=";;; GJ @;H*"OGMDx< := EGJ= DAC=DQ AF 9 ?AN=F E=L9D 9L N=JQ
HJ=KKMJ=K 'PHD9AF QGMJ J=9KGFAF?

E=L9D @9K LOG ;JQKLO9DDAF= H@IK@6AB<; A2:=27 ABP2L=EH=J9LMJ=
9L O@A;@ GF=H@9K= AK ;GFN=JL=< LG L@=GL@=J AK X 9L 9LE9F< )
OLE .C=L;@ 9 H@9K= <A9?J9E >GJ L@AK KM:KL9F;= /@= E=L9D AK CFGOF
=AL@=J 9 ;;H KLIM;LMJ= GJ 9 KAEHD= ;M:A; KLIM;LMJ= (9:=D L@= J=?AGFK
<A9?J9E 9HHJIGHJA9L=DQ 9F< BMKLA>Q QGMJ K=D=;LAGF >GJ L@= KLJM;L
H@9K=

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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NUMERICAL PROBLEMS

)=L9DDA; J@G<AME @9K 9F >;; MFAL ;=DD $GO E9FQ 9LGEK G> J@G<AME
MFAL ;=DD ;GFLY9AF

@JGEAME @9K 9 KLIJM;LMJ= OAL@ LOG 9LGEK H=J MFAL ;=DD %K L@= KL
E=L9D KAEHD= ;M:A; :;; >;; GJ @;H

/@=<=FKALQ G> FA;C=D AK  %EL@= E=L9DDA; J9<AMK G> FA;C=D AK
O@I9L AK L@= KLIM;LMJ= G> E=L9DDA; FA;C=D

/|@= <=FKALQ G> LMF?KL=F AK  %>H @= E=L9DDA; J9<AMK G> LMF?KL=F /
HE O@9L AK L@= KLJM;LMJ= G> E=L9DDA; LMF?KL=F

F =D=E=FL @9K 9 <=FKALQ G> DE< 9 E=LI9DDA; J9<AMK G> HE /@=
E=L9D ;JQKL9DDAR=K AF 9 :;; DOLLA;= %<=FLA>Q L@= =D=E=FL

? K9EHD= G> 9 FGFJ=9;LAN= E=L9D AK HD9;=< AF 9 >D9KC ;GFLY9AFAF?
G>09L=J L@=>AF9D NGDME=AK E( %> L@=D=F?L@ G>L@==<?=G>
AK HE 9F< L@= E=L9DDA; J9<AMK AK HE <=L=JEAF=L@= H9;CAF?
9JJ9F?=E=FL 9F< A<=FLA>Q L@= =D=E=FL

K9EHD= G> 9F 9DC9DA E=L9D L@9L @9K 9 :;; MFAL ;=DD AK >GMF< LG @9
? 9F< 9 NGDME= G> E 2@=F L@= E=L9D J=9;LK OAL@ =P;=KK O9L-=
L@= J=9;LAGF HIG<M;=K E(G> @Q<JG?=F?9K9L  9LE9F< X
%<=FLA>Q L@= E=L9D <=L=JEAF=L@= MFAL ;=DD <AE=FKAGFK 9F< ?AN=
9HHJIGPAEI9L= KAR= G> L@= 9LGE AF HA;GE=L=JK

K9EHD= G> 9F 9DCI9DAF= =9JL@ E=L9D L@9L @9K 9 :;; MFAL ;=DD AK >GM
E9KK  ? 9F<9 NGDME= G> ;E GEHD=L=J=9;LAGF OAL@ ;@DGJAF= 79
J=IMAJ=K E(G>;@DGJAF=?9K9L 9LE9F< X %<=FLA>Q L@=E=L9D
<=L=JEAF=L@= MFAL ;=DD <AE=FKAGFK 9F< ?AN=L@= 9HHJGPAESL= KAF
AF HA;GE=L=JK

(AL@AME ;JQKLO9DDAR=K AF 9 :;; KLIM;LMJ= OAL@ 9F =<?=D=F?L@ G> \
ALK <=FKALQ 2@9L AK L@= 9HHJIGPAESL= E=L9DDA; J9<AMK G> DAL@AMI

19F9<AME AK MK=< AF L@= E9FM>9;LMJ= G> JMKL J=KAKL9FL N9F9<AME K
55 7 JOQKLODK OAL@ 9 <=FKALQ G> 92;EX 2@9L AKL@=D=F?L@ G> L@=
=<?=G>L@= MFAL ;=DD 2@9L AK L@=9HHJGPAEO9L= E=L9DDA,; J9<AMK G:
AF HA;GE=L=JK

KAEHD= ;M:A; ;=DD ;GFL9AFK GF= E=L9D 9LGE OAL@ 9 E=L9DDA; J9<AMK

9 =L=JEAF=L@=NGDME=G>L@=9LGE K :GFL9AF=< AF GF= MFAL ;=DD
NGDME= G> 9 KH@z—J} >

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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2@9L AK L@=D=F?L@ G> GF==<?=G>L@= MFAL ;=DD $AFL L@=J= Al
KH9;=:=LO==F 9LGEK

9D;MD9L= L@= NGDME= G> L@= MFAL ;=DD

=L=JEAF= L@= H9;CAF? =>>A;A=F;Q >GJ L@AK KLIM;LMJ=

OK=L@= KL=HK AF ,JG:D=E LG ;9D;MD9L= L@= H9;CAF? =>>A;A=F;Q >C
MFAL ;=DD OAL@ 9 E=L9DDA; J9<AMK G> V

ANSWERS

>GMJ

I A -

>3
EGDQ:<=FME
KG<AME MFAL ;=DD=4%E ? HE

1 ?;E ? HE

/@= JI9F?=E=FL G> LGEK AF JQKL9DDAF=.GDA<K
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12.3 Structures of S

imple Binary Compounds

LEARNING OBJECTIVES

/G MK= L@= ;9LAGF 9FAGF J9<AMK J9LAG LG HJ=<A;L L@= KLIM;LMJ=K C
:AF9JQ ;GEHGMF<K
/G MF<=JKL9F< @GO P J90QK 9J= <A>>J9;L=<:Q ;JQKL9DDAF= KGDA<K

/@= KLIM;LMJ=K G> EGKL :AF9JQ ;GEHGMF<K ;9F := <=K;JA:=< MKAF? L@= H9;C
K;@=E=K O= @9N= BMKL <AK;MKK=<>GJ E=L9DK /G <G KG O=?=F=J9DDQ >G;
9JJ9F?=E=FL AF KH9;= G> L@= D9J?=KL KH=;A=K HJ=K=FL %F AGFA; KGDA<K L
E=9FK L@=9FAGFK O@A;@ 9J= MKM9DDQ 9JJ9F?=< AF 9 KAEHD=;M:A; :;; >;;
DOLLA;= "GJEGJ= AF>GJE9LAGF 9:GML k@@ K=HD= ,=JAG<A; /9:D= 9F<
=JAG<A; [J=F<K=;LAGF .AR=K G> LGEK 9F< %GFK=F @GO=N=J L@=9FAGF
DILLA;=K 9J= FGL LIMDQ _;DGK=H9;C=<" :=;9MK= L@=;9LAGFK 9J= D9J?= =FG|
L@=E 9H9JL KGE=0@9L L@=9FAGFK 9J= FGL 9;LM9DDQ AF ;GFL9;L OAL@ GF-
AGFA; ;GEHGMF<K L@= ;9LAGFK MKM9DDQ G;;MHQ L@=_@GD=K" :=LO==F L@
9D9F;AF? L@= F=?9LAN= ;@9J7= /@=JI9LAG G> ;9LAGFK LG 9FAGFK OAL@AF ¢
J=IMAJ=< LG 9;@A=N==D=;LJA;9D F=MLJ9DALQ 9F< ;GJJ=KHGF<K LG L@=:MDC
G> L@=;GEHGMF<

Common Structures of Binary Compounds

K K@GOF AF HOJL 8AAMJ=  $GD=K AF M:A; (OLLASKAEHD= ;M:A; DOLLA;= G>
9FAGFK ;GFL9AFK GFDQ GF= CAF< G> @GD= DG;9L=<AF L@=;=FL=J G> L@= N
L@QAK @GD= AK =IMA<AKL9FL >JGE 9DD =A?@L 9LGEK 9L L@=;GJF=JK G> L@=
;9DD=<cbic hole = F 9LGE GJ AGF AF 9 ;M:A; @GD=L@=J=>GJ= @9K 9 ;GGJI<AF
FME:=J G> )9FQ AGFA; ;GEHGMF<K OAL@ J=D9LAN=DQ D9J?=;9LAGFK 9F< 9
;9LAGF 9FAGF J9LAG @9N= L@AK KLIM;LMJ= O@¢esumkciddride< L@=

structure  "A?MJ=__ /@= =KAME @DGJA<= .LIM;t:NIIMK= K D AK 9

| .GEEGF =P9EHDE&DA< KL9L=;@=EAKLK L=F< LG <=K;JA:= L@= KLIM;LMJ=K G> |

/@= @GD=DG;9L=<9L L@=;=F

G> L@= KAEHD= ;M:A; DOLLA
@GD= AK =IMA<AKL9FL >JGE
=A?@L 9LGEK GJ AGFK 9L L¢

:GJF=JK G>L@= MFAL ;=DD |F

9LGE GJ AGF AF 9 ;M:A; @GO
9 ;GGJI<AFILAGF FME:=J G>

/@= MFAL ;=DD >GJ E9FQ AG
;GEHGMF<K OAL@ J=D9LAN;H
D9J?=;9LAGFK 9F< 9
;9LAGF 9FAGF J9LAG

_;3EHGMF<K AF L=JEK G> L@= KLJM;LMJ= G> 9 O=DD CFGOF J=>=J=F;= ;GEHGN
- 96M OADD G>L=F J=9< KLOL=E=FLK KM;@® 9K _ GEHGMF< 3 HGKK=KK=K L@= ;=
D=GJ KG<AME ;@DGJA<= =L; KLIM;LMJ=" LG <=K;JA:= L@= KLIM;LMJ= G> ;GEHG
FiGl A= ARMI=  /@= =KAME @DGJA<= LIMI@9: L@= 9F<L@&
D9F=K 9J= 9DO9QK L@= K9E= /@AK AKG=;9NHDIE@E> GF= MFAL ;=DD :=;GE=K
L@6 HDYF= G> L@= KM;;==<AF? GF= /@= MFAL ;=DD AF K D ;GFLOXGK 9 KAF
' SKo=DDon- $M  $MGF >GJ 9F GN=J9DD KLGA;@AGE=LIQ G> KD /@=
:@DGJIA<= KLIM;LMJ= AK EGKL :GEEGF >GJ AGFA; KM:KLOF;=K OAL@ J=DILAN:
.ILAGFK AF O@A.@ L@= JILAG G> L@= J9<AMK G> L@= ;9LAGF LG L@= J9<AN




@9HL=J .GDA<K

L@=J9F?= K@QGQEBE  -=DILAGFK@AH :=LO==F L@= 9LAGF FAGF -9<AMK -¢
IF<L@= .AL=+;;MHA=<:Q L@= 9LAGFK

64B72 <92@ 6; B/60 . AAGO2@

(52 A5?22 699B@A?.A6<;@ @5<D . A52 0B/60 5<92 A5.A 6@ 6; A52 02;A2? <3 . @6:=92 0B/60 9.AAB0?2 -
9<0.A6<;@ <3 A52 <0A.521?.9 5<92@ 6; . 3.02 02;A2?21 0B/60 9.AA602 <3 .;6<;@ .;1 0 A52 9<0.A6<;@ <
5<92@ 6; . 3.02 02;A2721 0B/60 9.AA602 <3 .;6<;@

64B?2 (52 2@6B: 59<?612 'A?BOAB?2

(52 @6<;<00B=62@ A52 0B/60 5<92 6; A52 02;A2?F:6¥;@3(523?9D6;4@ A A52 ?645A .72 5<?6G<;A.9 07
@20A6<;@ A5?<B45 A52 B;6A 0299 B AS2/SRBB.F /2AD22; A52 /<AA<: .;1 AG= A<=0?<@@
@20A68; 6@ 612;A600 AB05 0?7<@@ @20A6<;@ <3A2; 529=B@ C6@B.96G2 A52 .??.;42:2;A <3 .A<:(
B;6A 0299 :<?2 2.@69F

/9:D= -=DILAGFK@AH :=LO==F L@= 9LAGF FAGF -9<AMK -9LAG 9F< L@= .Al
+,;MHA=<:Q L@= 9LAGFK

Approximate Range of Cation:Anion Hole Occupied by Cation Coordination
Radius Ratio Cation Number
] L=LJ9@=<J9D

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K



@9HL=J .GDA<K

+F= G> LOG CAF<K G> @GD=

>9;=;=FL=J=< ;M:A; 9JJ9Q G>
9LGEK GJ AGFK L@=GL@=J
L=LJ9@=<J9D @GD= +F=

G;L9@=<J9D @GD= AK DG;9l.=
L@=;=FL=J G> L@=>9;= ;=FL
:M:A; MFAL ;=DD 9F< L@=J=
K@9J=< GF= AF L@= EA<<Ds=3
=9:@ =<?= F9LGE GJ AGF A|
G;L9@=<J9D @GD= @9K 9

:GGJI<AF9LAGF FME:=J G>

+F=G> LOG CAF<K G> @GD=

>9;=;=FL=J=< ;M:A; 9JJ9Q G>
9LGEK GJAGFK L@=GL@=]

G;L9@=<J9D @GD= /=LI9@7F<

@GD=K 9J=DG;9L=<:=LO==F 9
9LGE 9L 9 ;GIF=J9F< L@=L@
ILGEK 9L L@= ;=FL=JK G> L@
9<B9;=FL >9;=K G> L@= >9;=
=FL=J=<;M:A; MFAL ;=DD F
9LGE GJ AGF AF 9 L=LJ9@=<
@GD= @9K 9 ;GGJI<AFILAGH
FME:=J G>

/@= KGDA< KLIM;LMJ=L@9L J
O@=F L@=G;L9@=<J9D @GD
9F >:;; DOLLA;= G> 9FAGFK 9J&
>ADD=< OAL@ ;9LAGFK

Cation Coordination
Number

Approximate Range of Cation:Anion
Radius Ratio

Hole Occupied by
Cation

G;L9@=<J9D

‘MA;

Note the Pattern

1=JQ D9J?= ;9LAGFK G;;MHQ ;M:A; @GD=K ;9LAGFK G> AFL=JE=<A9L= KAR= C
G;L9@=<J9D @GD=K 9F< KE9DD ;9LAGFK G;;MHQ L=LJ9@=<J9D @GD=K AF L1
DOLLA;=

%F ;GFLJ9KL 9 >9;=;=FL=J=<;M:A; >;; 9JJ90Q G> 9LGEK GJ 9FAGFK ;GFL9AFK L(
G> @Gloekahedral holes GF=AF L@=;=FL=J G>L@= MFAL ;=DD HDMK 9 K@9J=
L@=EA<<D=G>=9;@ =<?= H9JA?MAE  $GD=K AF M:A; (9LLA;8K<
tetrahedral holes DG;9L=<:=LO==F 9F 9LGE 9L 9 ;GJF=J 9F< L@=L@J== 9LGEK
L@=;=FL=JK G> L@= 9<B9;=FL >9;=K HMA3MJ=AF $GD=K AF M:A; (9LLA;=K
k KiG@GOF D= -=DILAGFK@AH :=LO==F L@= 9LAGF FAGF -9<AMK -9LAG 9
L@=.AL= +;MHA=<:Q L@= 9UABEKIOLAG G> L@= J9<AMK G> L@=;9LAGF LG L(C
AGS L@= 9FAGF AK L@= EGKL AEHGJL9FL <=L=JEAF9FL G> O@=L@=J ;9LAGFK (
@%D K AF 9 ;M:A; 9FAGF DILLA;= GJ L@= G;L9@=<J9D GJ L=LJ9@=<J9D @GD-=|
-§22 9FAGFK 1=JQ D9J?=;9LAGFK G;;MHQ ;M:A; @GD=K AF 9 ;M:A; 9FAGF DILLA;;
AKAFL=JE=<A9L= KAR=L=F< LG G;;MHQ L@= G;L9@=<J9D @GD=K AF 9F >;; 9FAGF
GP=D9LAN=DQ KE9DD ;9LAGFK L=F< LG G;;MHQ L@= L=LJ9@=<J9D @GD=K AF 9F

F9%F 2=F=J9D D9J?=J ;9LAGFK @9N= @A?@=J ;GGI<AFILAGF FME:=JK L@9F KE!

k/@9 EGKL ;GEEGF KLIM;LMJ= :9K=< GF 9 >;; D9LLgadiéN tldoride
structure  "A?MJ= /@=.G<AME @DGJA<=.LIM;LM@A; @ ;GFLIAFK 9F >;;
Q G>P BGFK OAL@ASBFK AF 9DD L@= G;L9@=<J9D @GD=K 2=:;9F MF<=JKL9

G<AME ;@DGJA<= KLIM;LMJ=:Q J=;G?FARAF? L@9L >ADDAF? 9DD L@= G;L9¢C
J=z DILLA;= G2ABFK OAL@AGBFK ?AN=K 9 LGLIBASFKDGF= GF =9; @ >9;= 7AN=K
= m-— HDMK GF=GF =9;@ ;GJF=J ?AN=K  >GJ9LGL9D G> 9F< *9
AGFK GF=GF =9;@ =<?= ?ANak HDMK GF= AF L@= EA<<D= >GJ 9 LGLA9D G
JQR@: J=KMDL AK 9F =D=;LJA;9DDQ F=MLJ9D MFAL ;=DD 9F< 9 KLGA;@AGE=LJQ C
AFA?MJ= /@=.G<AME @DGJA<=.LJIM;UN®@=*9AGFK AF L@= KG<AME
@DGJA< KLIM;LMJ=9DKG >GJE 9F >;; DOLLA;= /@= KG<AME ;@DGJA<= KLJM;
s, K1:KLOF;=K OAL@ LOG 9LGEK GJAGFK AF9 JILAG 9F< AF O@A @ L@=.
L J9<AMK G>L@=;9LAGF LG L@=J9<AMK G> L@= 9FAGF AK :=LO== 9F< (
G:K=JN=< AF E9FQ ;GEHGMF<K AF;DM<AF?)?+ 9F</A

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K



@9HL=J .GDA<K

/@= KGDA< KLIM;LMJ=L@9L
O@=F @9D> G> L@= L=LJ9@
@GD=K AF 9F >;; DOLLA;= G>
9J=>ADD=< OAL@ ;9LAGFK (
;OLAGF 9FAGF J9LAG 9F< 9
;GGI<AFILAGF FME:=J G>

64B72 (52 '<16B: 59<?7612 'A?BOAB?2

[ #.9 AB2#. 6<;@ <00B=F A52 <0A.521?2.9 5<92@ 6; .; 30063 AP EPR@RBIA6;4 6; .; 300 .22 6<<@H@
D299

/@= KLIM;LMJ= K@G@RMI=  /@= 5AF; D=F<= .LIM;LM3¥ ;9DD=< Fi@-=

blende structure  >JGE L@= ;GEEGF F9E= G> L@= EAF=J9D 5F. %L J=KMDLK O
‘9LAGF AF 9 KM:KLOF;= OAL@ 9 ;9LAGF 9FAGF JILAG AK EM:@ KE9DD=J L@9F
L@= ;9LAGF 9FAGF J9<AMK JILAG AK D=KK L@9F 9:GML  "GJ =P9EHD= 5F. ;
> DILLA;= G>AGFK 9F< L@= ;9LAGF 9FAGF J9<AMK JOLAG AK GFDQ 9:GML |
HJ=<A;L L@9L L@= ;9LAGF OGMD< G;:MHQ =AL@=J 9 L=LJ9@=<J9D @GD= GJ 9
@GD= %F >9;L L@= J=DILAN=DRIKESBOGEMHQ L@= L=LI9@=<J9D @GD=K AF
DILLA;= %> 9DD L=LJ9@=<J9D @GD=K AF L@= MFAL ;=DD BEFRKG;;MHA=< Q¢
@GO=N=J L@= MFAL ;=DD OGMD<"®Fk9&F .AGFK ?ANAF? 9 >GJEMD9 G> 5F
9F< 9 F=L ;@9J?=G> H=JMFAL ;=DD GFK=IM=FLD\GEQG;WRCR?F <A52?
L=LJ9@=<J9D @GD= 9K KE&ZMIE AF /@= 5AF; D=F<= .LIM;LMJANAF? 9

LGLID G> 58F< . ° AGFK H=J MFAL ;=DD 9F< 9 >GJEMD9 G> 5F. /@= RAF; :D=F
KLIM;LMJ= J=KMDLK AF 9 ;GGJ<AFILAGF FME:=J G> AGIIx® BELI9@=<J9D
9JJ9F?=E=FL G> L@= >BM3FK 9JGMF< =9: @/&GF

64B72 (52 -6;0 92;12 'A?BOAB?2

J=KMDLK
=<J9D
9FAGFK

DAL@ 9

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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6<;@ <00B=F 2C2?F <A52? A2A?.5217.9 5<92 6; ABBR@ .205-<B<; 6@ @B??<B;121 /F3<B?"
6<;@ 6; . A2A?.5217?.9 .?7.,,42:2;A
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EXAMPLE 3

9 %>9DD L@= L=LI9@=<J9D @GD=K AF 9F >;; DOLLA;= G> 9FAGFK 9J= G;;V
;9LAGFK O@9L AK L@= KLGA;@AGE=LJQ G> L@= J=KMDLAF? ;GEHGMF<
OK=L@= AGFA; J9<AA ?PAPNRIAF %GFA; -9<AA AF ,A.GE=L=JK G>L@=
JGKL GEEGF +PA<9LAGE .L9L=K GEE@<=FLA>Q 9 HDOMKA:D= GPQ?=F
;GFL9AFAF? ;GEHGMF< OAL@ L@AK KLGA;@AGE=LJQ 9F< KLIM;LMJ=

Given: DOLLA;= G;;MHI9F;Q G> L=LJ9@=<J9D @GD=K 9F< AGFA; J9<AA
Asked for: KLGA;@AGE=LJQ 9F< A<=FLALQ

Strategy:

A OK="A?MJ= $GD=K AF M:A; (OLLA;€K<=L=JEAF=L@= FME:=J 9F<

DG;9LAGF G> L@= L=LJ9@=<J9D @GD=K AF 9F >;; MFAL ;=DD G> 9FAGFK 9Fs
;9LAGF AF =9;@

B =L=JEAF=L@=LGLID FME:=J G> ;9LAGFK 9F< 9FAGFK AF L@= MFAL ;=DD
JILAG AK L@= KLGA;@AGE=LJQ G> L@= ;GEHGMF<

C"JGE L@= KLGA;@AGE=LJQ KM??=KL J=9KGF9:D=;@9J?=K >GJ L@=;9LAG
OFAGF OK=L@= <9LAMNR=_ %GFA; -9<AA AF A;GE=L=JK G>L@=)GKL
GEEGF +PA<9LAGEF .L9L=K G3* G@==FLA>Q 9 ;9LAGF]9FAGF ;GE:AF9LAGF
L@IL @9K 9 ;9LAGF 9FAGF J9<AMK JI9LAG OAL@AF 9 J=9KGF9:D= J9F?=

Solution:

9 A"A?MJ=  $GD=K AF M:A; (OLLAGRGOK L@9L L@= L=LI9@=<J9D @GD
AF 9F >;; MFAL ;=DD G> 9FAGFK 9J= DG;9L=< =FLAJ=DQ OAL@AF L@= MF.
LGLOD G>=A?@L GF=F=9J =9;@;6 K= L@= L=LI9@=<J9D @GD=K 9J=
DG;9L=< =FLAJ=DQ OAL@AF L@= MFAL ;=DD L@=J=9J==A?@L ;9LAGFK
2=;9D;MD9L=< HJ=NAGMKDQ L@9L 9F >;; MFAL ;=DD G> 9FAGFK ;GFL9AF
G>>GMJ 9FAGFK H=J MFAL ;=DD /@= KLGA;@AGE=LJQ G> L@=;GEHGM
L@=J=>GJ4) GJ J=<M;=< LG L@= KE9DD=KL O@GD= BME:=JK )

C/@=) 4 KLGA;@AGE=LJQ AK ;GFKAKL=FL OAL@ 9 DOLLA;=;GEHGK=< G
AGFK 9F<LAAGFK %> L@= 9FAlGP\GKA-; J9<AMK HE O=F==<9
EGFG;9LAGF OAL@ 9 J9<AMK FG D9J?=J L@®6F 9:GMLHE LG >AL

AFLG L@= L=LI9@=<J9D @GD=K ! &MBE? L&GFA; -9<AA AF
AGE=L=JK G>L@=)GKL GEEGF +PA<9LAGF .L9L=K3F= G+ @=
EGFG;9LAGFK @9K KM;@ 9 KE9DD J9<AMK L@=J=>GJ= L@= EGKL DAC=

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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KLIM;LMJ= L@9L ;GFKAKLK
53 9JJ9Q G> LOG E=L9D AGFK
OAL@ GF=K=L ) DG;9L=<9ll
GIF=JK G>L@=;M:= 9F< L@
GL@=JK=L ) AFL@=;=FL=]
L@= M:=

HGKKA:ADALQ@RKK E /@MK O= =PH=;L{AG @9N= 9 KLIM;LMJ=L@9L AK
9F >;; 9JJ9Q GPOFAGFK OAL@IAGFK AF 9DD L@= L=LJ9@=<J9D @GD=K

IP=J;AK=

%> GFDQ @9D> L@= G;L9@=<J9D @GD=K AF 9F >;; DILLA;= G> 9FAGFK 9J=:
;9LAGFK O@9L AK L@= KLGA;@AGE=LJQ G> L@= J=KMDLAF? ;GEHGMF<

Answer: )3 9F =P9EHD= G> KM;@ 9 ;GEHGMF< AK ;9<EAME ;@DGJA<= <D
AF O@A;@ L@= =EHLQ ;9LAGF KAL=K >GJE HD9F=K JMFFAF? L@JGM?@ L@

2= =P9EAF= GFDQ GF=GL@=J KLIM;LMJ= G> L@= E9FQ L@9p&dvskRE&OF L@=
structure  %2?<C@RBBAZD= ?=F=JA; F9E=>GJ GPA<=K OAL@ LOG <A>>=J=FL C/
E=L9D 9F< @9N= L@= ?=F=J9D >GJEMBM))@ 9K 9/A#@= KLIM;LMJI= AK 9 :G<Q
;=FL=J=<;M:A; :;; 93J9Q G> LOG E=L9D AGFK OAL@ GF=) 9 AFL@AK ;9K= DG
L@=;GIF=JKG>L@=;M:= OF<L@=GL@=J) AFL@AK ;9K=/A AF L@=;=FL=JK
/@= GPA<=K 9J= AF L@= ;=FL=JK G> L@= KIM9J= >9;ACMIBIL 9 /@=
,=JGNKCAL=_.LIM;LMJ= G> 9@+ KLGA;@AGE=LJQ HJ=<A;L=<>JGE L@= MFAL ;=
K@GOF AF H9JL SARAMJ= [@= ,=JGNKCAL= .LIM;LMJ= G> B/d==K OAL@

L@= ?=F=J9D >GJEMD9 =9;@ MFAL ;=DDNGFLO9AFK /A 9F< m- +

9LGEK /@=/A 9F< 9 9LGEK @9N=;GGJI<AF9LAGF FME:=JK G> 9F< J=KH=;LAl
2= OADD J=LMJF LG L@= H=JGNKCAL= KLIJM;LMJ= O@=F O= <AK;MKK @A?@ L=
KMH=J;GF<M;LGJK:AARGF MH=J;:GF<M;LGJK

64B7?2 (52 %2?<C@86A2 'A?BOAB?2 <3 .(6%

GEbg 2>B6C.92;A C62D@ .?2 @5<D; . . C62D D6A5 A52 (6 .A<: .A A52 02;A2? .;1 / .; .9A27?;.A6C2 C62D D

A<: . A A52 02,A27?
L@=

K G>

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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X-Ray Diffraction

K QGM D=9JF=<@8HL=J /@=.LIM;LMJ=G> LGE®= O9N=D=F?L@K G> P J9QK
9J=9HHJGPAEO9L=DQ L@= K9E= E9?FALM<= 9K L@= <AKL9F;=K :=LO==F 9LGEK
EGD=;MD=K GJ AGFK GFK=IM=FLDQ P J9QK 9J=9 MK=>MD LGGD >GJ G:L9AFA
9:GML L@= KLIM;LMJ=K G> ;JQKLODDAF= KM:KL9F;=K %F Siray@FAIM=;9DD=<
diffraction 9 :=9E G> P J9QK AK 9AE=< 9L 9 K9EHD= G> 9 ;JQKL9DDAF= E9L=JA!
L@= P J9QK 9J=<A>>J9;L=<:Q D9Q=JK G> 9LGEK AF L@=;JQKLI9DDAF= D9LLA;-
"A?MJ= 3-9Q A>>J9;LAGRF2@=F L@=:=9E KLJAC=K H@GLG?J9H@A; >ADE £
HJIG<M;=K 9F P J9Q <A>>J9;LAGF HILL=JF O@A;@ ;GFKAKLK G> <9JC KHGLK G
:9;,C?2IGMF< HAJL : AR?MJ= 3-9Q A>>J9LAGF%F L@=#=JE9F
H@QKA;AKL )9P NGF (OM= ] *G:=D ,JAR= AF @QKA;K HJ=<A;L=<L@9L F
JIQK K@GMD< := <A>>J9;L=<:Q ;JQKLIDK 9F< @AK HJ=<A;LAGF O9K J9HA<DQ
2AL@AF 9 Q=9J LOG JALAK@ H@QKA;AKLK 2ADDA9E $=FJQ J9?? ] O9F<(
2ADDAOSE (90J=F;= J9?? ] @9< OGJIC=<GML L@= E9L@=E9LA;K L@9L 9DD
P J9Q <A>>J9;LAGF LG := MK=< LG E=9KMJ= AFL=J9LGEA; <AKL9F;=K AF ;JQKLO9I
J9?7?K K@9J=< L@=*G:=D ,JAR= AF , @QKAKAF O@=F L@=KGF O9K GFDQ
GD< 1AJLM9DDQ =N=JQL@AF? O= CFGO LG<9Q 9:GML L@= <=L9AD=< KLJM;LNV
EGD=;MD=K AF KGDA<K AK <M= LG L@= P J9Q <A>>J9;LAGF L=;@FAIM=

64B72 + &.F 633?.0A6<;

(52@2 699B@A?.A6<;@ @5<D . . @052:.A60 1?.D6;4 <3 E ?.F 1633?.0A6<; .;1 / A52 E ?.F 1633?.0A6<; :
192;12 0?F@A.996;2 @<961 0.=AB?21 <; =5<A<47?.=560 369:

-=;9DD >JG@9HL=J /@=.LIM;LMJ=G> LGEKOL LOG O9N=K L@9L 9J= AF H@9K:
AFL=J>=J= ;GFKLIJM;LAN=DQ L@MK J=AF>GJ;AF? =9;@ GL@=J 9F< ?=F=J9LAF?

E L= @FAIM= MK=< LG G-LoAF 2J=9L=J 9EHDALM<= %F ;GFLJ9KL LOG O9N=K L@IL 9J= GML G> H@9K= AFL=

AF>GJE9LAGF 9:GML L@=

<=KLJM;LAN=DQ =>>=;LAN=DQ ;9F;=DAF? =9;@ GL@=J 2@=F P J9QK AFL=J9;L ¢

KLIM;LMJ=K G>;JQKLIDDAFEF :GEHGF=FLK G> 9 ;JQKL9DDAF=DILLA;= L@=Q 9J=K;9LL=J=<:Q L@= =D=;LJGF

KM:KL9F;=K :Q MKAF? P J9Q

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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/@= =IMILAGF L@9L <=K;JA3

J=DILAGFK@AH :=LO==F LO

:=9EK <A>>J9;L=< >JGE

<A>>=J=FL HD9F=K G> 9LGE
ETJO G

9KKG;A9L=< OAL@ =9;@ 9LGE K KABOIEAF /@=/@J=="AF<K G> M:A; OFAL
=DD "A?MJ= DGK=,9;C=<.LIM;LMJ=K @;H 9F<9f"A?MJ=  $GD=K AF

M:A; (OLLA;=KL@= 9LGEK AF ;JQKLI9DDAF= KGDA<K 9J= LQHA;9DDQ 9JJ9F?=< A
"A?MJ= [|@=-=>D=;LAGF G> 3 -9QK >JGE /OG <B9;=FL ,D9F=K G> LGEK 9F
-=KMDL AF_GFKLJIM;LAN= %FL=J>=J=F;= G>ABPMNEKOPK=K @GO LOG 9<B9;=FL
HD9F=K G> 9LGEK ;9F K;9LL=J P J9QK AF 9 09Q L@9L J=KMDLK AF ;GFKLJM;LAN
%> LOG P J9QK L@9L 9J= AFALA9DDQ AF H@9K= 9J= <A>>J9;L=<:Q LOG HD9F=
K=H9J9L=<:Q 9 <AKLOR,@= DGO=J :=9E LIIN=DK L@= =PLJ9 <AKL9F;= AF<A;9L=
L@=DAF=RBF< /@=.;492 <3 6;0612;82KA?FIL=<9K AKL@=9F?D=:=LO==F L(
P J9Q :=9E 9F< L@= HD9F=K AF L@=;JQKL9D =;9MKKAF L@==PLJ9
<AKL9F;=L@9L L@=DGO=J"A9MI /@=-=>D=LAGF G> 3 -9QK >JGE /OG
<B9;=FL ,D9F=K G> LGEK 9F -=KMDL AF GFKLJM;LAN= %FL=J>=J=F;= G> L@=
EMKL LI9N=D ;GEH9J=< OAL@ L@= MHHZXKABE ABJ L@=K=LOG P J9QK LG
9JJAN=9L 9 <=L=;LGJ AF H@Q9K= L@==PLJ9 <AKL9F;= LJI9N=D=< EMKL := 9F AFL
EMDLAHO5E> L@= O9N=D=F?L@

>B.A6<;

1KAF ;

IIMOLAGF _ AK L@ragg equation /@= KLIM;LMJI=K G> ;JQKLIDDAF= KM:KL9F;=l
:GL@ KE9DD EGD=;MD=K 9F< AGFK GJ N=JQ D9J?=:AGDG?A;9D EGD=;MD=K O,
E9KK=K AF =P;=KK G> 9EM ;9F FGO := <=L=JEAF=< 9;;MJ9L=DQ 9F< JGMLAF
MKAF? P J9Q <A>>J9;LAGF 9F< L@= J9?7? =IMOLAGF IP9EHD= ADDMKLJ9L=K @
J9?? =IMILAGF LG ;9D;MD9L= L@= <AKL9F;= :=LO==F HD9F=K G> 9LGEK AF ;JQ}

K L@=
G P J9Q

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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64B?2 (52 &23920A6<; <3 + &.F@ 3?<: (D< 17.02;A %9..2@ <3 A<:@ ., &2@B9A 6; <;@A?BOA6C:
:A2?32?2:02 <3 A52 + & F@

. (52 E?.F 1633?.0A21 /F A52 9<D2? 9.F2? <3 .A<:@ :B@A A?.C29 . 16 @A.;02®E. AKED A52A427? |F
16@A.;02 A?.C2921 /F A52 E ?.F 1633?.0A21 /F A52 B==2?7 9.F2? <3 .A<:@ $;3PBRA26® 9@QA.;02
6;A247?.9 ;B:/2? <3 D.C292;4A5@ <3 A52 E?.F@ 6 A @AF %99 A52 E ?.F@ .??6C2 .A A52 12A20A<? 6; :
/ ;. @<961 :,;F 16332?2;A @2A@ <3 =9.;2@ <3 .A<:@ 0.; 1633?.0AE?.F@ .055.@ . 16332?2;A 6;A2?=
.1 A52?23<?72 16337.0A@ A52 E ?.F@ .A . 16332?2;A ;492 D5605 =7<1B02@ . 05.?.0A2?6@A60 =.AA2"
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EXAMPLE 4

3J9QK >JGE 9 ;GHH=J P J9Q LM:= V GJ HE %F P J9Q

<A>>J9;LAGF L@=9F?KLJGE V AK ?=F=J9DDQ MK=< 9K L@= MRAL G> O9N=
<A>>J9;L=<9L 9F 9F?D=G> X >JGE 9 KOEHD= G> ;JQKLO9DDAF= ?GD< KKM
L@9L O@IL AK L@= <AKL9F;=:=LO==F L@= HD9F=K L@9L ?AN=K JAK=LG
J=>D=;LAGF #AN= QGMJ 9FKO=J AF 9F?KLJGEK 9F< HA;GE=L=JK LG >GMJ
KA?FA>A;9FL >A?MJ=K

Given: O9N=D=F?L@ <A>>J9;LAGF 9F?D= 9F< FME:=J G> O9N=D=F?L@K
Asked for: <AKL9F;= :=LO==F HD9F=K
Strategy:

.M:KLALML= L@= ?AN=F N9DM=K AFLG L@= J9?? =IMILAGF 9F< KGDN=LG G
<AKL9F;= :=LO==F HD9F=K

Solution:

2=9J=?AN=F 9F< 9F<9KC=< LG KGDNE KGL@AK AK 9 KLJI9A?@L>GJ09J<
9HHDA9LAGF G> L@= J9?? =IMILAGF "GJ 9F 9FKO=J AF 9F?KLJGEK O=<G
=N=F @9N= LG ;GFN=JL MFALK .GDNAF? L@= J9?2A2MSRGF >GJ

O-
E ——
TJO

9F< KM:KLALMLAF? N9DM=K ?AN=K

= TJO | ) QN

I@AK N9DM=;GJJ=KHGF<K LG L@= =<?=D=F?L@ G> L@= >;; MFAL ;=DD G> =
?GD<

IP=J;AK=

3 J90QK >JGE 9 EGDQ:<=FME P J9Q LM:= V 9J=<A>>J9;L=<9L 9F
9F?D=G> X >JGE 9 K9EHD= G> E=L9DDA; AJGF KKMERKRUQH L@=

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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<AKLI9F;=:=LO==F L@= HD9F=K L@9L ?AN=K JAK= LG L@AK J=>D=;LAGF #AN
9FKO=J AF 9F?KLJGEK 9F< HA;GE=L=JK LG L@J== KA?FA>A;9FL >A?MJ=K

Answer:  VGJ HE ;GJJ=KHGF<AF? LG L@==<?=D=F?L@ G>L@=:;; MFAL
;=DD G> =D=E=FL9D AJGF

Summary

/@= KLIM;LMJ=K G> EGKL :AF9JQ ;GEHGMF<K 9J= <A;L9L=<:Q L@= H9;CAF?
9JJ9F?=E=FL G> L@= D9J?=KL KH=;A=K HJ=K=FL L@=9FAGFK OAL@ L@= KI
KH=;A=K L@=;9LAGFK G;;MHQAF? 9HHJGHJA9L=DQ KAR=< @GD=K AF L@=¢
KAEHD= ;M:A; DILLA;= G> 9FAGFK ;GFLOAHNOHWFABL @= ;=FL=J G> L@=
MFAL ;=DD ,D9;AF? 9 ;:9LAGF AF L@= ;M:A; @GD=ckEsfiMDtMokiEd @=

structure OAL@ 9 ;9LAGF 9FAGF J9LAG 9F< 9 ;GGJ<AF9LAGF FME:=J G> >C
GL@ L@=;9LAGF 9F< L@=9FAGF F >;;9JJ9Q G> 9LGEK GJ AGFK ;GFL9AFK :f
octahedral holes 9F<tetrahedral holes %> L@= G;L9@=<J9D @GD=K AF 9F >;;
DILLA;= G> 9FAGFK 9J= >ADD=< OAL@ ;9LAGROdi@+cHe&mdBL AK 9

structure %L 9DKG @9K 9 ;9LAGF 9FAGF J9LAG 9F< =9;@ AGF @9K 9 ;GGJ<
FME:=J G> +;;MHOLAGF G> @9D> L@=L=LJ9@=<J9D @GD=K :Q ;9LAGFK J=K
zinc blende structure OAL@ 9 ;9LAGF 9FAGF J9LAG 9F< 9 ;GGJ<AF9LAGF FMI
G> >GJL@=;9LAGFK )GJ=;GEHD=P KLIJM;LMJ=K 9J= HGKKA:D= A> L@=J= 9J
L@9F LOG CAF<K G> 9LGEK AF 9 KGDA< +F= =poieWikitd\&ilu@are AF

O@A;@ L@= LOG E=L9D AGFK >GJE 9F 9DL=JF9LAF? :;; 9JJ9Q OAL@ L@= 9FA
;=FL=JK G> L@= KIM9J=>9;=K =;9MK=L@= O9N=D=F?L@ G> P J9Q J9<A9LAG
;GEH9J9:D= LG L@= AFL=J9LGEA; <AKL9F;=K AF £&iyldKiGioAeiK ;9F

.= MK=< LG HIGNA<= AF>GJE9LAGF 9:GML L@= KLJM;LMJ=K G> ;JQKL9DDAF=
<A>>]J9;L=< >JGE <A>>=J=FL HD9F=K G> 9LGEK AF 9 KGDA< J=AF>GJ;= GF= 9F
L@=Q 9J=AF H@9K= O@A;@ G;;MJIK GFDQ A> L@==PLJ9 <AKL9F;= L@=0Q LJ¢
:GJIJ=KHGF<K LG 9F AFL=?J9D FME:=J G> O9N=D=F?L@K /@AK J=D9LAGFK@.
<=K;JA:=<:Q L@ragg equation 1KAF ;

KEY TAKEAWAY

Y /@=JILAG G> ;9LAGFK LG 9FAGFK OAL@AF 9 MFAL ;=DD HJG<M;=K =D=;l
F=MLJ9DALQ 9F< ;GJJ=KHGF<K LG L@=:MDC KLGA;@AGE=LJQ G> 9 ;GE}
L@= KLIM;LMJ= G> O@A; @ ;9F := <=L=JEAF=< MKAF? P J9Q <A>>J9;LAGF

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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KEY EQUATION

Bragg equation

IIMOLAGFE 1KAF ;

.LIM;LMJI=K G> .AEHD= AF9JQ GEHGMF<K
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CONCEPTUAL PROBLEMS

OKAF? ;AJ;D=K GJ KH@=J=K KC=L;@ 9 MFAL ;=DD ;GFL9AFAF? 9F G;L9@=<.
20A;@ G> L@=:9KA; KLIM;LMJ9D LQH=K HGKK=KK G;L9@=<J9D @GD=K %
HD9;=< AF 9F G;L9@=<J9D @GD= O@9L OGMD< ALK ;GGJ<AFILAGF FME:=

OKAF? ;AJ;D=K GJ KH@=J=K KC=L;@ 9 MFAL ;=DD ;GFL9AFAF? 9 L=LJ9@=<
G> L@= :9KA; KLIM;LMJ9D LQH=K HGKK=KK L=LJ9@=<J9D @GD=K %> 9F A
9 L=LJ9@=<J9D @GD= O@9L OGMD< ALK ;GGJ<AF9LAGF FME:=J :=

$GO E9FQ G;L9@=<J9D @GD=K 9J= L@=J= AF =9;@ MFAL ;=DD G> L@= KG<
KLIM;LMJ= ,GL9KKAME >DMGJA<= ;GFL9AFK 9F bAGBIﬂJé@%A‘K A<=FLA;9I
LG L@= 9JJ9F?=E:FL%GBK AF L@= KG<AME ;@DGJA<= KLIM;LMJ= G QG|
" AGFK LG G;;MHQ L@= L=LJ9@=<J9D GJ G;L9@=<J9D @GD=K RF L@=>;; |
AGFK

/@= MFAL ;=DD G> ;=KAME ;@DGJA<= ;GFKAKLK G> 9 ;M:A; 9JJ9Q G> ;@DG.
;=KAME AGF AF L@=;=FL=J 2@Q L@=F AK ;=KAME ;@DGJA<= <=K;JA:=< 9K
KAEHD= ;M:A; KLIM;LMJ=J9L@=J L@9F 9 :;; KLIM;LMJ= /@= MFAL ;=DD G> /
;GFKAKLK G> 9 ;M:A; 93J9Q G> AJGF 9LGEK OAL@ 9F AJGF 9LGE AF L@= ;=
M:= %K L@AK 9 :;; GJ 9 KAEHD= ;M:A; MFAL ;=DD 'PHD9AF QGMJ 9FKO=J

2@Q 9J= P J9QK MK=< LG <=L=JEAF= L@= KLIM;LMJ= G> ;JQKLO9DDAF= E9L
?9EE9 J9QK 9DKG := MK=< LG <=L=JEAF=;JQKLI9DDAF= KLIM;LMJ=K 2@Q C

3J9QK 9J= @A?@=J AF =F=J?Q L@9F EGKL GL@=J >GJEK G> =D=;LIGE9?F
JI9<A9LAGF AF;DM<AF? NAKA:D= DA?@L 2@Q ;9FaL QGM MK= NAKA:D= DA
L@= KLIM;LMJ= G> 9 ;JQKLI9DDAF= E9L=JA9D

2@=F P J9QK AFL=J9;L OAL@ L@=9LGEK AF 9 ;JQKL9D DI9LLA;= O@9L J=D!
:=LO==F L@= <AKL9F;=K :=LO==F HD9F=K G> 9LGEK AF L@= ;JQKL9D KLJM,;
O9N=D=F?L@ G> L@= P J9QK J=KMDLK AF L@= K;9LL=J=< P J9QK :=AF? =P
OAL@ GF=9FGL@=J 2@9L <A>>=J=F;= AF KLIM;LMJ= :=LO==F 9EGIJH@GM
9F<;JQKL9DDAF= E9L=JA9DK E9C=K AL <A>>A;MDL LG <=L=JEAF=L@= KLJ
9EGIJH@GMK E9L=JA9DK :Q P J9Q <A>>J9;LAGF

%L AK HGKKA:D= LG MK= <A>>=J=FL P J9Q KGMJ;=K LG ?=F=J9L= P JOQK O,
O9N=D=F?L@K OK=L@= J9?? =IMILAGF LG HJ=<A;L @GO L@= <A>>J9;LAG
OGMD< :@9F?= A> 9 EGDQ:<=FME P J9Q KGMJ;= P J9Q O9N=B=F?L@

0=J= MK=< AFKL=9< G> 9 ;GHH=J KGMJ;= P J9Q O9NHEF?L@

9K=< GF L@= J9?? =IMILAGF A>;JQKL9D @9K D9J?=J KH9;AF? AF ALK <A
HILL=JF L@9F ;JQKL9D O@9L ;GF;DMKAGF ;9F QGM <J90 9:GML L@= KH9
:=LO==F D9Q=JK G>9LGEK AF ;GEH9J=< OAL@

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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NUMERICAL PROBLEMS

/@9DDAME :JGEA<=;JQKL9DDAR=K AF L@= ;=KAME ;@DGJA<= KLIM;LMJ=
KLIM;LMJ= ;GFLOAFKAGB AF L@= ;=FL=J G> L@= ;M:P@@E@Qﬂ L@=
;GJF=JK .C=L;@ 9F 9DL=JFOLAN= MFAL ;=DD >GJ L@AK ;GEHGMF<

,GLIKKAME >DMGJA<= @9K 9 DILLA;= A<=FLA;9D LG L@9L G> KG<AME ;@L
HGLI9KKAME AGFK G;;MHQ G;L9@=<J9D @GD=K AF 9F >;; DOLLA;= G>>DMG
,JGHGK= 9F 9DL=JF9LAN= MFAL ;=DD L@9L ;9F 9DKG J=HJ=K=FL L@= KLJM

9D;AME >DMGJA<= AK MK=< LG >DMGJA<9L= <JAFCAF? 09L=J LG HIGEGL:
JOKLO9DDAF= 9" ?2:E @9K 9 KLIM;LMJ= AF O@A;@ ;9D;AME AGFK !
DG;9L=< 9L =9:@ ;GJF=J 9F< L@= EA<<D= G> =9:@ =<?= G> L@= MFAL ;=DD
:GFL9AFK =A?@L >DMGJA<= AGFK H=J MFAL ;=DD /@=D=F?L@ G> L@==<
AK V 0K=L@AK AF>GJE9LAGF LG <=L=JEAF= NG?9<JGaK FME:=J]

5AF; 9F< GPQ?=F >GJE 9 ;GEHGMF< L@9L AK MK=< 9K :GL@ 9 K=EA;GF<M;lL
HOAFL HA?E=FL /@AK ;GEHGMF< @9K L@=>GDDGOAF? KLJM;LMJ=

2@9L AK L@==EHAJA;9D >GJEMD9 G> L@AK ;GEHGMF<

$=J=9J= LOG J=HJ=K=FLILAGFK G> L@= H=JGNKCAL= KLJM;LMJ=

J=L@=Q A<=FLA;9D 2@9L AK L@==EHAJA;9D >GJEMD9 ;GJJ=KHGF<AF? L
J=HJ=K=FLOLAGF

/@=K9DL )3@9K 9 ;M:A; ;DGK= H9;C=< ;;H KLIM;LMJ= AF O@A;@ 9DD L@=
L=LI9@=<J9D @GD=K 9J= >ADD=<:Q 9FAGFK 2@9L AK L@= ;GGJI<AFILAGI
G>3

;GEHGMF< @9K 9 KLIM;LMJ= :9K=< GF KAEHD= ;M:A; H9;CAF? G> L@= 9FA
L@=;9LAGFK G;;MHQ @9D> G> L@=;M:A; @GD=K 2@9L AK L@==EHAJA;9L
;GEHGMF< 2@9L AK L@= ;GGJI<AFILAGF FME:=J G> L@=;9LAGF

9JAME 9F< >DMGJA<=>GJE 9 ;GEHGMF< L@9L ;JQKLO9DDAR=K AF L@= >DN\
KLIM;LMJ= AF O@A;@ L@=>DMGJA<= AGFK G;;MHQ 9DD L@= L=LJ9@=<J¢

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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9JJ9Q G> :9JAME AGFK /@AK H9JLA;MD9J ;GEHGMF< AK MK=< AF =E:9DEA|
2@9L AK ALK =EHAJA;9D >GJEMD9

9<EAME ;@DGJA<= AK MK=< AF H9AFLK 9K 9 Q=DDGO HA?E=FL %K L@= >
KLIM;LMJ= ;GFKAKL=FL OAL@ 9F =EHAJA;9D >GJBMPGGOQDL AK L@=
=EHAJA;9D >GJEMD9 G> L@= KLIM;LMJ= K@GOF

OK=L@= AF>GJE9LAGF AF L@=>GDDGOAF? L9:D= LG <=;A<= 0@=L@=J LC
G;;MHQ 9 L=LJ9@=<J9D @GD= 9F G;L9@=<J9D @GD= GJ 9 ;M:A; @GD= AF:

Cation Radius (pm) [ Anion Radius (pm)

9D;MDI9L= L@= 9F?D= G> <A>>J9;LAGF O@=F P J9QK >JGE 9 ;GHH=J LM:=
9J= <A>>J9;L=<:Q HD9F=K G> 9LGEK H9J9DD=D LG L@= >9;=K G> L@= ;M:A
)? HE 5F HE 9F<*A HE /@=D=F?L@ GF GF==<?=G>L@= MFAL
;=DD AK ?AN=F AF H9J=FL@=K=K 9KKME= >AJKL GJ<=J <A>>J9;LAGF

%> P J9QK >JGE 9 ;GHH=J L9J?HE 9J= K;9LL=J=<9L 9F 9F?D=G> X

:Q 9KOEHD=G>)? O@9L AK L@= <AKL9F;= AF HA;GE=L=JK :=LO==F L@=F
J=KHGFKA:D=>GJ L@AK <A>>J9;LAGF $GO <G=K L@AK <AKL9F;=;GEH9J=
K9EHD= G> *A >GJ O@A;&X

ANSWERS

1 ?;E NG?9<JGaK FME:=J € EG[B

GL@ @9N= K9E= KLGA;@AGE=LJQ 9/A+

LGA;@AGE=LJQ AKEGI<AFILAGF FME:=J G> ;9LAGFK AK

*G L@= KLIM;LMJ= K@GOF @9K 9F =EHAJA;9D >GJEMD9 G> <

)? X5F X*A X

.LIM;LMJ=K G> .AEHD= AF9JQ GEHGMF<K
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12.4 Defects in Crystals

1JJGJIK AF 9F A<=9DAR=<,;JQ
DIOLLA;=

<=>=;L AF 9;JQKL9D L@9L 9>
9 KAF?D= HGAFL AF L@= D9LL

<=>=;L AF 9 ;JQKL9D L@9L 9
9 JGO G> HGAFLK AF L@= D¢

<=>=;L AF 9;JQKL9D L@9L 9>

9 HD9F= G> HGAFLK AF L@=

HGAFL <=>=;L L@9L ;GFKAK
KAF?D= 9LGE EAKKAF? >JGE 9
AF 9;JQKL9D

LEARNING OBJECTIVE

/G MF<=JKL9F< L@= GJA?AF 9F< FOLMJ= G> <=>=;LK AF ;JQKL9DK

/@=;JQKLID DILLA;=K O= @9N= <=K;JA:=< J=HJ=K=FL 9F A<=9DAR=< KAEHDA>
J9F ;= MK=< LG MF<=JKL9F< E9FQ G> L@= AEHGJLI9FL HJAF;AHD=K ?GN=JFAF?
G> KGDA<K %F ;GFLJ9KL J=9D ;JQKL9DK ;GFL9AF [heject:MEGHK;8BDQ

EGJ=L@9F H=J EADDA?J9E J9F?AF? >JGE N9JA9:D=9EGMFLK G> AEHMJALA:
EAKKAF? GJ EAKHD9;=< 9LGEK GJ AGFK /@=K= <=>=;LK G;;MJ >GJ L@J== E9AF

%L AK AEHGKKA:D= LG G:L9AF 9FQ KM:KL9F;= AF
AEHMJALA=K 9J=9D0O9QK HJ=K=FL

IN=F A> 9 KM:KL9F;= 0=J= HMJ= >GJEAF? 9 H=J>=;L ;JQKL9D OGM
J=IMAJ= ;GGDAF? L@= DAIMA< H@9K= AF>AFAL=DQ KDGODQ LG 9D
AGFK GJ EGD=;MD=K LG >AF< L@=AJ HIGH=J HGKALAGFK GGDAF
J=9DAKLA; J9L=K MKM9DDQ J=KMDLK AF GF= GJ EGJ= ;GEHGF=FLK
AF L@=_0JGF? HD9;= AF 9 DILLA;= GJ AF 9J=9K O@=J= LOG D9LLA
?J=0 K=H9J9L=DQ AFL=JK=;L

HHDQAF? 9F =PL=JF9D KLJ=KK LG 9 ;JQKL9D KM;@ 9K 9 @9EE=J :D
;9MK= EA;JGK;GHA; J=?AGFK G> L@= DILLA;= LG EGN= OAL@ J=KH=
J=KL L@MK J=KMDLAF? AF AEH=J>=;L 9DA?FE=FL

HMJ=>GJE .GE:

%F L@QAK K=;LAGF O=<AK;MKK @GO <=>=;LK <=L=JEAF= KGE=G> L@= HIGH=
=:=?AF OAL@ KGDA<K L@9L ;GFKAKL G> F=MLJ9D 9LGEK KH=;A>A;9DDQ E=L
LMJF LG AGFA; ;GEHGMF<K

KIPlefects in Metals

=LSDK ;9F @9N=N9JAGMK LQH=K Gpeirraetéct AK 9FQ <=>=L L@9IL
(FNGDN=K GFDQ 9 KAF?D= H9JLA;D= 9 DILLA;= HGAFL GJ KGE=LAE=K 9 N=JQ
>HERFLKline defect AK J=KLJA;L=< LG 9 JGO G> DILLA:= HplAR: et 9
ILXAFNGDN=K 9F =FLAJ= HD9F= G> DILLA;= HGAFM&dsR&y; JGKMIK O@=J= 9F
OLGE AK EAKKAF? >JGE L@= FGJE9D ;JQKLIDDAF=9JJ9Q AL ;GFKLALML=K 9 L.
DEAA<D= G> 9 KCAAMI= GEEGF =>=LK AF JQKL9DK >G;MK HJAE9QJADQ

| SE HGAFL 9F< HD9F= <=>=;LK AF GMJ <AK;MKKAGF :=/9MK= L@=Q 9J= =F;GMFL

SidgIM=FLDQ
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64B72 <::<: 2320A@ 6; ?F@A.9@

; A56@ AD< 16:2;@6<;.9 ?2=?2@2;A.A6<; <3 . 0?F@A.9 9.AA602 0<;A.6;6;4 @B/@ABABAG<;.9 .;1 6;A2?(
C.0,,062@ .;196;2 12320A@ .1.@521 96;2 .;1.??<D@ 6;160.A2 A52 =<@6A6<; <3 A52 96;2 12320A

Impurities

%EHMJIALA=K ;9F := ;DIKKA>A=< 9K AFL=JKLALA9D GJinterstitiadl MLAGFOD F
impurity AK MKM9DDQ 9 KE9DD=J 9LGE LQHA;9DDQ 9:GML KE9DD=J L@9F L
L@I9L ;9F >AL AFLG L@= G;L9@=<J9D GJ L=LI9@=<J9D @GD=KAMMJ®@=E=L9D L

GEEGF =>=;LK AF JQKL9DK.L==DK ;GFKAKL G> AJGF OAL@ ;9J:GF 9LGEK ¢
9K AFL=JKLALA9D AEHMDALA=IGEHGKALAGFK ,JGH=JLA=K 9F< OK=K G> .GE=
[QH=K G> .L==D@= AF;DMKAGF G> GF= GJ EGJ= LJ9FKALAGF E=L9DK GJ K=EAE
AEHJGN= L@= ;GJIGKAGF J=KAKL9F;= G> KL==D

HGAFL <=>=;L L@9L J=KMDLK
O@=F 9F AEHMJALQ 9LGE
G;;MHA=K 9F G;L9@=<J9D @GD=GJ
9 L=LJ9@=<J9D @GD=AF L@=D9LLA;=
:=LO==F 9LGEK

=>=;LK AF JQKL9DK
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/9:D= GEHGKALAGFK ,JGH=JLA=K 9F< 0K=K G>.GE=/QH=K G> .L.==D
DGO ) | _
.9J:GF KG>L 9F< <M;LAD+0AJ=
EAD< ] E9DD=9:D= 9F< ;9:D=K ;@9AFK 9F<
;9J:GF <M;LAD= FOADK
@A?@ ) | CFAN=K ;MLLAF? LGGDK
:9J:GF ] @9J< OF<JALLDI _5npp ALK 9F< KHIAF?K
KLOAFD=KK ]] *,i % )Z \GIIGKAGF J=KAK YD =IQ AFKLIME=FLK
- ' ’ “KARGE S E91Ar= >ALLAF2K
AFN9J *A DGO ;G=>>A;A=FL G=9KMJIAF? L9H=K 9F<
L@=JE9D =PHIOFKMEGH =] KLA;CK
@9J<9F<0=9J) |9JEGJHDIL= K9>=K|9F<
29F=K=x
BOF?9F=Ky 1 )F J=KAKL9FL J9ADK
J=L9AFK @9J<F=KKaA?@ KH==< ;MLLAK?
? =
@A?@ KHF=4 2 @A?@ L=EH=J9LMIGGDK
E9?F=LK AF =D=;LJA;
? < ! ’
KADAGF | ] .A gi{%ﬁgig;'ﬁf EGLGJK 9F<
' o LI9FK>GIE=JK
*In addition to enough iron to bring the total percentage up to 100%, most steels
contain small amounts of carbon (0.5%D1.5%) and manganese (<2%).

%F ;GFLJ9KEku®stitutional impurity  AK 9 <A>>=J=FL 9LGE G> 9:GML L@= K9E= K
L@9L KAEHDQ J=HD9;=K GF=G> L@=9LGEK L@9L ;GEHGKARMI=DGKL DILLA;

GEEGF =>=;LK AF JQKLIDKI:KLALMLAGF9D AEHMJALA=K 9J= MKM9DDQ ;@=E
KAEAD9J LG L@= KM:KL9F;= L@9L ;GFKLALML=K L@=:MDC G> L@= K9EHD= 9F
@9N=9LGEA; J9<AA L@9L 9J= OAL@AF 9:GML G>L@=J9<AMK G> L@= @GKL
KLIGFLAME 9F< ;9D;AME 9J= ;@=EA;9DDQ KAEAD9J 9F< @9N= KAEAD9J J9<AA
KLIGFLAME AK 9 ;GEEGF AEHMJALQ AF ;JQKL9DDAF= ;9D;AME OAL@ L@=.J 9l
G;;MHQAF? KAL=K FGJE9DDQ G;;MHA=<:Q 9

HGAFL <=>=;L L@9L J=KMDILK
O@=F 9F AEHMJALQ 9LGE
G;;MHA=K 9 FGJE9D DILLA;=|KAL=

=>=;LK AF JQKL9DK
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Note the Pattern

%FL=JKLALA9D AEHMJALA=K 9J= KE9DD=J 9LGEK L@9F L@= @GKL 9LGE OC
KM:KLALMLAGF9D AEHMJALA=K 9J= MKM9DDQ ;@=EA;9DDQ KAEAD9J 9F< 9J:
LG L@= @GKL 9LGE

Dislocations, Deformations, and Work Hardening

%FK=JLAF? 9F =PLJ9 HD9F= G> 9LGEK AFLG 9 ;JQKL9D D9%tlge= HIG<M;=K 9F
dislocation >9EADA9J =P9EHD= G> 9F =<?= <AKDG;9LAGF G;:MJK O@=F 9F =9
:GFL9AFK 9F =PLJ9 JGO G> C=JF=DK :=LO==F L@="SPM=] JGGR=
AKDG;9LAGFK =<?= <AKDG;9LAGF AF 9 ;JQKL9D ;9MK=K L@= HD9F=K G> 9LGE¥
DIOLLA;= LG <=>GJE O@=J= L@= =PLJ9 HD9F= G> "AZBEK :=?AER=
AKDG;9LAGFK= =<?= <AKDG;9LAGF >J=IM=FLDQ <=L=JEAF=K O@=L@=J L@= -
OADD <=>GJE 9F< >9AD MF<=J KLJ=KK

64B7?2 142 6@9<0.A6<;@

;JOQKLID <=>=;L L@9L J=KMDLK
>JGE L@= AFK=JLAGF G> 9F|=PLJ9
HD9F= G> 9LGEK AFLG H9JL |G> L@=
;JOKLOD DOLLA;=

=>=;LK AF JQKL9DK
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'5<D; .?2 AD< 2E..=92@ <3 2142 16 @9<0.A6<;@ . .; 2142 16@9<0.A6<;6; .;2.?7<30<?; ;1 | . A5?22 16:.
?2=?2@2;A.A6<; <3 .; 2142 16@9<0.A6<; 6; . @<961 699B@A?.A6;4 5<D .; 2142 16@9<0.A6<; 0.; /2 C62LC
12320A .76@6;4 3?<: A2 6;@2?A6<; <3 .; 2EA?. @2A <3 .A<:@ 6;A< A52 9.AA602 ;/<A50.@2@ A52<?
16@9<0.A6<; 6@ 6;160.A21 /F A52 @F:/<9

Deformation G;;MJK O@=F 9 <AKDG;9LAGF EGN=K L@JGM?@ 9 ;JQKL9D /G AD
HJG;=KK KMHHGK= QGM @9N=9 @=9NQ JM? L@9L AK DQAF? 9 >=0 AF;@=K G:
FGFKCA< H9< /G EGN=L@= JM? LG ALK HIGH=J HD9;= QGM ;GMD< HA;C MH G
HMDD AL =;9MK= G> L@= D9J?=9J=9 G> ;GFL9;L :=LO==F L@=JM? 9F< L@= H9
L@=Q OADD HJG:9:DQ EGN=9K 9 MFAL DL=JFILAN=DQ QGM ;GMD< HA;C MH |
LG K=L AL :9;C <GOF =P9;LDQ O@=J= QGM O9FL AL :ML L@9L J=IMAJ=K 9 ?J=9L
=>>GJL 9F<HJG:9:DQ 9L D=9KL GF==PLJ9 H=JKGF F =9KA=J KGDMLAGF AK L
KE9DD OJAFCD= 9L GF==F< G> L@=JM? 9F =<?= <AKDG;9LAGF 9F< ?J9<M9DL
OJAFCD= 9;JGKK J=KMDLAF? AF 9 F=L EGN=E=FL G> L@= JM? 9K 9&RNIGD= H9

/@=-GD= G> AKDG;9LAGF AF L@=)GLAGF G> +F= ,D9F9J +:B=;L 9;JGKK FG

)GNAF? L@= OJAFCD= J=IMAJ=K GFDQ 9 KESDD 9EGMFL G> =F=J?Q :=;9MK= GF
HIJL G> L@=JM? AK 9;LM9DDQ EGNAF? 9L 9FQ GF= LAE= .AEAD9JDQ AF 9 KGI
:=LO==F D9Q=JK 9J=:JGC=F AF GFDQ GF=HD9;=9L 9 LAE= O@A;@ >9;ADALIL-=-
<=>GJEILAGF HJG;=KK

64B72 (52 &<92 <3 6@9<0.A6<; 6; A52 "<AB<; <3 $;2 %9.;.? $/720A .0?<@@ ;<A52?

<AKLGJLAGF L@9L G;;MIK O@=F 9
<AKDG;9LAGF EGN=K L@JGM?@ 9

:JQKLOD

=>=;LK AF JQKL9DK
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HJG;=KK L@9L AF;J=9K=K L
E=;@9FA;9D KLJ=F?L@ G>9
E9L=JA9D :Q AFLIG<M;AF?
EMDLAHD= <=>=,LK AFLG 9 E
KG L@IL L@=HJ=K=F;=G> G
<=>=;L HJ=N=FLK L@= EGLA
9FGL@=J

/@=HD9;= O@=J= LOG ?J9AK
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%> L@=JIM? O= @9N= BMKL <=K;IB28<@IKFLD= 9L 9 <A>>=J=FL 9F?D= @GO=|
AL AK N=JQ <A>>A;MDL LG EGN=L@=>AJKL GF=0@=J=L@= LOG OJAFCD=K A
"A?MJ= /|@=-GD= G> AKDG:;9LAGF AF L@=)GLAGF G> +F= ,D9F9J +:B=;L 9;J(
FGL@=J L@AK HJG;=KK AKpRiDg< .AEAD9IDQ AFL=JK=;LAF? <AKDG;9LAGFk
KGDA< HJ=N=FL L@=E >JGE EGNAF? L@=J=:Q AF;J=9KAF? L@= E=;@9FA;9D Kl
E9L=JA9D %F >9;L GF=G>L@=E9BGJ ?G9DK G> E9L=JA9DK K;A=F;= AK LG >Al
<AKDG;9LAGFK LG KLI=F?L@=F GJ @9J<=F 9 E9L=JA9D

,AFFAF? ;9F 9DKG = 9;@A=N=<:Q AFLIJG<M;AF? K=D=;L=< AEHMJALA=K AF 9HH
9EGMFLK .M:KLALMLAGF9D AEHMJALA=K L@9L 9J=9 EAKEIL;@ AF KAR= LG L
<AKDG;9LAGFK >JGE EA?J9LAF? KEGGL@DQ 9DGF? 9 HD9F= #=F=J9DDQ L@=
;GF;=FLJ9LAGF G> AEHMJALA=K L@= EGJ==>>=;LAN=DQ L@=Q :DG;C EA?JILA
KLIGF?=J L@= E9L=JA9D "GJ =P9EHD= :JGFR= O@A;@ ;GFL9AFK 9:GML LAF
;GHH=J :Q E9KK HJG<M;=K 9 EM;@ @9J<=J 9F< K@9JH=J O=9HGF L@9F <G=K =
LAF GJ HMJ= ;GHH=J .AEAD9JDQ HMJ=?GD< AK LGG KG>L LG E9C=<MJ9:D=B
?GD< B=0=DJQ ;GFL9AFK ;9J9L GJ ;9J9L ?GD<:Q E9KK OAL@ L@=
J=E9AF<=J ;GFKAKLAF? G> ;GHH=J KADN=J GJ:GL@

%> 9F AFL=JKLALA9D AEHMJALQ >GJEK HGD9J ;GN9D=FL :GF<K LG L@= @GKL
9J= HJ=N=FL=< >JGE KDA<AF? H9KL GF= 9FGL@=J =N=F O@=F GFDQ 9 KE9DD
AEHMJALQ AK HJ=K=FL "GJ =P9EHD= :=,9MK= AJGF >GJEK HGD9J ;GN9D=FL :C
;9J:GF L@= KLJGF?=KL KL==DK F==< LG ;GFL9AF GFDQ 9:GML ;9J:GF :Q E9KK
KM:KL9FLA9DDQ AF;J=9K= L@=A0KI=F?GEHGKALAGFK ,JGH=JLA=K 9F<
0K=K G>.GE=/QH=K G> .L==D

)GKL E9L=JA9DK 9J= HGDQ;JQKLI9DDAF= O@A;@ E=9FK L@=Q ;GFKAKL G> E9F
AF<ANA<MOD ;JQKLIDK?;6[iD@9L 9J= JOF<GEDQ GJA=FL=< OAL@ J=KH=;L LG Gl
IFGL@=J /@=HD9;= O@=J=LOG ?J9AFK AFL=JKgraiAceiDBesry 9 /@=

EGN=E=FL G> 9 <=>GJE9LAGF L@JGM?@ 9 KGDA< L=F<K LG KLGH 9L 9 ?J9AF (
GFK=IM=FLDQ ;GFLIJGDDAF? L@= ?J9AF KAR= AF KGDA<K AK ;JALA;9D >GJ G:L

@_E=;@9FA;9D HIGH=JLA=K >AF=?J9AF=< E9L=JA9DK 9J= MKM9DDQ EM;@ KLJGI

;GOJK= ?J9AF=< GF=K

9L=JA9D

F=

5F G>

K AF
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/@=HJ9;LA;= G> AFLIG<M:AF?

<=FK=F=LOGJC G> <AKDG;9LA

Work hardening AK L@= AFLJG<M;LAGF G> 9 <=FK=

F=LOGJC G> <AKDG;9LAGFK L@IJGM?@GML 9 KGDA< O@A;@

E9C=K AL N=JQ LGM?@ 9F< @9J< %> 9DD L@=<=>=,LK AF 9
KAF?D= ;EKO9EHD= G> 9 OGJC @9J<=F=< E9L=JA9D O=J=
D9A< =F< LG =F< L@=AJ LGL9D D=F?L@CEMO< =
D=?=F<9JQ :D9<=K G> L@= &9HIF=K= 9F< ) GGJAK@

KOGJ<KEAL@K GO=< EM;@ G> L@=AJ KLJ=F?L@ LG J=H=9L=<
OGJC @9J<=FAF? G>L@=KL==D KL@=<=FKALQ G><=>=;LK
AF;J=9K=K @GO=N=J L@= E=L9D :=;GE=K EGJ= :J@laineundaries.@ .

D=KK E9DD=9:D= "GJ =P9EHD= :=F<AF? 9 H9H=J T(@D?gﬂ?!%(‘g@-99jfé;gfg‘;fs .
OF< >GJL@ K=N=J9D LAE=K AF;J=0K=K ALK :JALLDZE 24} 558%5'2'6; n230e
OGJC @9J<=FAF? 9F< ;9MK=K L@= OAJ= LG :J=9C 2AD22: 42.6:@ 0<:@ABABA2 4?.6:

I<B;1.262@ '>B.22@ 72=?2@2;A

B;6A 0299@ D6A56; 4?.6;@
Memory Metal

/|@= ;GEHGMF< *A/A HGHMD9JDQ CFGOF 9K _E=EGJQ

E=L9D" GJ FALABEDRDAGIFAMEINIBI<AFIF;=

19:GJILGIQ 9>L=J L@= KAL= O@=J= AL O9K >AJKL HIJ=H9J=< ADDMKLJI9L=K L
<=>GJEILAGFK %> 9 KLJ9A?@L HA=;= G> *A/A OAJ= AK OGMF< AFLG 9 KHAJ9D
L@= KHAJID K@9H= AF<8:3FBERARQO9JE=<LG X] X 9L O@A;@ HGAFL AL O/
KHGFL9F=GMKDQ KLJ9A?@L=F GML 979AF /@=;@=EAKLJQ :=@AF< L@= L=EH
AF<M;=<;@9F?= AF K@9H= AK EG<=J9L=DQ ;GEHD=P :ML >GJ GMJ HMJHGK=K
LG CFGO L@9L *A/A ;9F =PAKL AF LOG <A>>=J=FL KGDA< H@9K=K

/@= @A?@ L=EH=J9LMJ= H@Q9K= @9K L@= ;M:A; ;=KAME ;@DGJA<= KLIM;LMJ=
9LGE AK =E:=<<=< AF L@= ;=FL=J G> 9 ;M:= G> *A 9LGEK GJ NA;=N=JK9 /@= D(
L=EH=J9LMJ=H@9K= @9K 9 J=D9L=< :ML CAFC=< KLIM;LMJ= AF O@A;@ GF=G
L@= MFAL ;=DD AK FG DGF?=J X =F<AF? 9F G:B=;L E9<=G>L@= DGO L=EH=J
CAFC=< H@9K=;J=9L=K <=>=;LK L@9L ;@9F?= L@= HILL=JF G> CAFCK OAL@/
KLIM;LMJ= %> L@= G:B=;L AK @=9L=< LG 9 L=EH=J9LMJ= ?J=9L=J L@9F 9:GML
E9L=JA9D MF<=J?G=K 9 LJI9FKALAGF LG L@= ;M:A; @A?@ L=EH=J9LMJ= H@9K-=
G:B=;L LG J=LMJF LG ALK GJA?AF9D K@9H= /@= K@9H=G> L@= G:B=;L 9:GN=
;GFLIGDD=<:Q 9 ;GEHD=P K=L G> <=>=;LK 9F< <AKDG;9LAGFK L@9L ;9F := J=D¢
;@9F?=< GFDQ :Q L@= L@=JE9D EGLAGF G> L@= 9LGEK

)=EGJQ E=L9D @9K E9FQ GL@=J HJ9;LA;9D 9HHDA;9LAGFK

KM;@ 9K ALK MK= AF L=EH=J9LMJ= K=FKALAN= KHJAF?K L@9L
GH=F 9F< ;DGK= N9DN=K AF L@= 9MLGEI9LA; LI9FKEAKKAGFK G>
;9JK  =;9MK=*A/A ;9F 9DKG MF<=J?G HIJ=KKMJ= GJ

L=FKAGF AF<M;=< H@9K= LJ9FKALAGFK AL AK MK=< LG E9C=
éérl:K >GJ KLISA?@L=FAF? L==L@ AF GIJL@G<GFLA; :J9;=K 9F<

L@IGM?@GML 9 KGDA< E9CAREAAMI?A;9D KLOHD=K L@9L ;@9F?= K@9H= 9L :G<Q

N=JQ LGM?@ 9F< @9J<

=>=;LK AF JQKL9DK

L=EH=J9LMJ= LG @GD< :JGC=F :GF=K LG?=L@=J
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=>=;LK AF JQKL9DK

FGL@=J >D=PA:D= >9LA?M= J=KAKL9FL 9DDGQ ;GEHGK=< G>
LALOFAME 9F< FA;C=D AK "D=PGF +JA?AFIDDQ <Akl o0E<: 6@ .
E=LODDMJ?AKLK O@G O=J= :J=9LAF? LALOFAME :SK:54B3DR@AQIA. /A .99<F <3 (6 .:1
>GJ MK= AF EAKKAD= @=9L K@A=D<K "D=PGF AK"EETIRLLgk @ - 3?2 3<’-f)/
<MJ9:D= ;GIIGKAGF J=KAKLOFL >J9E= >GJ 2DIKKZK SBGEA. somcanon

GL@=J MK=K
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EXAMPLE 5

=;,9MK= KL==DK OAL@ 9L D=9KL ;@JGEAME 9J= EM;@ EGJ=;GJIGKAGF J=}
L@9F AJGF L@=Q 9J=;GDD=;LAN=DQ KGD< 9K _KL9AFD=KK KL==D " -=>=JJA
;GEHGKALAGF G> KLOAFD=KHKXD&E==DREHGKALAGFK ,JGH=JLA=K 9F<
0K=K G>.GE=/QH=K G> .I9F=DA> F==<=< L@= 9LGEA,; JX?MIAF

9D;:MD9L=< LGEA;-9<AA AF A.GE=L=JK GRE@sL O@A;,@ LQH=G>
AEHMJALQ AK J=HJ=K=FL=<:Q =9;@ =D=E=FL AF KL9AFD=KK KL==D =P;DM<
L@I9L 9J= HJ=K=FL AF 9L D=9KL  :Q E9KK

Given: ;GEHGKALAGF G> KL9AFD=KK KL==D 9F< 9LGEA; J9<AA

Asked for: LQH= G> AEHMJALQ

Strategy:

OKAF? L@= <9L®AK= GEHGKALAGFK ,JGH=JLA=K 9F<0K=K G> .GE=
[IQH=K G> .L=89P< L@= 9LGEA; J9<A¥°KMEB=  9D;MDIL=< LGEA;-9<AA

AF A;GE=L=JK G> L@ =JEAF= 0@=L@=J L@= AEHMJALA=K DAKL=< 9J= K/
AF KAR= LG 9F AJGF 9LGE /@=F <=L=JEAF= O@=L@=J =9;@ AEHMJALQ AK ;
KAEAD9J LG "= %> KAEAD9J AF :GL@ KAR= 9F< ;@=EAKLJQ L@=AEHMJALC
= 9 KM:KLALMLAGF9D AEHMJALQ %> FGL AL AK DAC=DQ LG := 9F AFL=JKL/

Solution:

;GJI<AF? L@:D= GEHGKALAGFK ,JGH=JLA=K 9F< 0K=K G>.GE=/QH=K
G> .L==IKL9AFD=KK KL==D LQHA;9DDQ ;GFL9AFK 9:GML ;9J:GF ]
E9F?9F=K= H@GKH@GJIMK ] KADA;GF ] FA;C=D 9F< ]

;@JGEAME /@= L@J== LIJ9FKALAGF =D=E=FLK )F *A 9F< J DA=F=9J "= AF |
H=JAG<A; L9:D= KG L@=Q K@GMD< := KAEAD9J LG "= AF ;@=EA;9D HIGH=JlL
9LGEA; KAR= 9LGEA; J9<ANK $=F;= L@=Q 9DEGKL ;=JL9AFDQ OADD
KM:KLALML=>GJ AJGF AF L@= "= D9LLA;= 9J:GF AK 9 K=;GF< H=JAG< =D=E-
AK FGFE=L9DDA,; 9F< EM;@ KE9DD=J 9LGEAHD<&Mak AJGF 9J.GF

OADD L@=J=>GJ= L=F< LG G;;MHQ AFL=JKLALA9D KAL=K AF L@= AJGF D9LL
9F< KADA;GF 9J= ;@=EA;9DDQ IMAL= <A>>=J=FL >JGE AJGF H@QGKH@GJIMK
FGFE=L9D 9F< KADA;GF AK 9 K=EAE=L9D =N=F L@GM?@ L@=Q 9J= KAEAD
9LGEA; J9<AA G> 9F< HE J=KH=;LAN=DQ /@MK L@=Q 9J= MFDAC=DQ L
KM:KLALMLAGF9D AEHMJALA=K AF L@= AJGF DILLA;= GJ >AL AFLG AFL=JKL
L@=Q ;GMD< 9??J=?9L= AFLG D9Q=JK L@9L OGMD< ;GFKLALML= HD9F= <=>

IP=J;AK=
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GFKA<=J FALJG?=F N9F9<AME RAJ;GFAME 9F< MJ9FAME AEHMJALA=K AF
K9EHD= G> LAL9FAME E=L9D 2@A;@ AK EGKL DAC=DQ LG >GJE 9F AFL=JKL
AEHMJALQ 9 KM:KLALMLAGF9D AEHMJALQ

Answer: FALIG?=F N9F9<AME

Defects in lonic and Molecular Crystals

DD L@= <=>=;LK 9F< AEHMJALA=K <=K;JA:=< >GJ E=L9DK 9J= K==F AF AGFA; 9F
;GEHGMF<K 9K O=DD =;9MK= AGFA; ;GEHGMF<K ;GFL9AF :GL@ ;9LAGFK 9F< 9
JOL@=J L@9F GFDQ F=MLJ9D 9LGEK @GO=N=J L@=Q =P@A:AL 9<<ALAGF9D L
L@9L 9J= FGL HGKKA:D= AF E=L9DK

/@= EGKL KLI9A?@L>GJ09J< N9JAIFL AK 9 KM:KLALMLAGF9D AEHMJALQ AF O
9F 9FAGF AK J=HD9;=<:Q 9FGL@=J G> KAEAD9J ;@9J?= 9F< KAR%91GJ =POEHD:
KM:KLALML= %QG]_AFQ 9EGMFLK@3= MKMODDQ HJI=K=FL AF 9 ;@DGJA<= K9D|
9K 9D GJ 9D %> L@= KM:KLALMLAGF9D AEHMJALQ 9F463327@@¥K1?EON=
@GO=N=J L@= KALMILAGF :=;GE=K EGJ=;GEHDA;9L=< .MHHGK= >GJ =P9EHL
AGFA; J9<AMKHE KM:KLALML=K >GAGFA; J9<AMKHE AF'D =9MK=L@=
AGFK 9J= 9HHJGPAE9SL=DQ L@= KOEK@&ARDI>AL FA;=DQ AFLG L@= >9;= ;=FL-=
iMIA; >;; DOLLA;=G>'D /@=<A>>=J=F;= AF ;@9J?= @GO=N=J EMKL KGE=@G(
;GEH=FK9L=<>GJ KG L@9L =D=;LJA;9D F=MLJ9DALQ AK HJ=K=JN=< /@= KAEHI
K=;GF<' AGF LG := DGKL =DK=0@=J= AF L@=;JQKL9D HJG<M;AF? 9 N9;9F;Q /(
KM:KLALMLAGFQG>J AF'D J=KMDLK AF L@= AFLIGADKAGE;G% 9 KAL= AF
O@A;@ 9F .AGF G;;MHA=K BIGKALAGF 9F< 9 N9;9FL ;9LAGF KAL= .M:KLALMLAG
AEHMJALA=K O@GK=;@9J?=K <G FGL E9L;@ L@= @GKLaK 9J= G>L=F AFLJG<N
AFL=FLAGF9DDQ LG HJG<M;= ;GEHGMF<K OAL@ KH=;A>A;ILNGH=JLA=K K==
MH=J;:GF<M:LGJK

1AJLMODDQ 9DD L@= ;GDGJ=< ?=EK MK=< AF B=0=DJQ 9J= <M= LG KM:KLALML
KAEHD= GPA<= KLIM;LMJ=K "GJ =P9BH@=@I< O@AL= KGDA8<9IB[18<

L@9L AK MK=< 9K 9F 9:J9KAN= AF >AF= K9F<HO9H=J AK L@= HIAENTBEGEHGF=}
G> 9 OA<= N9JA=LQ G> ?=EK =;9MK= E9FQ LJAN9D=FL LJ9FKALAGF E=L9D AGF
J9<AA GFDQ 9 DALLD= D9J?=J L@9F L @-ABRAMRGMNRHE L@=Q ;9F

J=HD9:= DAF L@= G;L9@=<J9D @GD=K G> L@= GPA<= DILLA:= .M:KLALMLAF?
G> J AGFK AGFA: J9<AME >GJ D ?AN=K L@= <==H J=< ;GDGJ G> JM:Q 9F<9
EAPLMJ= G> AEHMJALA2K "9F</A ?AN=K L@= <==H :DM= G> KOHH@AJ= /IM=
9E=L@QKL ;GFLIAFK KE9DD 9EGMRAKIE>A= IMOJLR E9LJAP /@= K9E= E=L9D
AGF KM:KLALML=< AFLG <A>>=J=FL EAF=J9D DILLA;=K :9F HJG<M:= N=JQ <A>>
=P9EHD= "=AGFK 9J= J=KHGFKA:D=>GJ L@= Q=DDGO ;:GDGJ G> LGHIR 9F< L(
G> 9E=L@QKL /@= <AKLAF:L =FNAJGFE=FLK ;9MK= ¥ &3:Al18B;=R-ARA=K
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=F9:DAF? L@="AGFK LG 9:KGJ: DA?@L G> <A>>=J=FL >J=IM=F;A=K 9 LGHA; O="
EGJ=<=L9AD@BHL=J /@=

.M:KLALMLAGF9D AEHMJALA=K 9J= 9DKGW2MBIN=< AF
;JOKLODK A> L@= KLIM;LMJ= G> L@= AEHMJALQ AK KAEAD9J LG L@=
@GKL 9F<L@=Q ;9F @9N=E9BGJ =>>=;LK GF L@= HIGH=JLA=K
G> L@=;JQKLID ,MJI=9FL@J9;=F= >GJ =P9EHD= AK 9F
=D=;LJA;9D ;GF<M;LGJ ML L@= LJ9FK>=J G> =D=;LJGFK
L@IJGM?@ L@= EGD=;MD= AK EM;@ KDGO=J A> L@=9FL@J9;=F=
;JOKLID ;GFL9AFK =N=F N=JQ KEODD 9EGMFLK G> L=LJ9;=F=
<=KHAL=L@=AJ KLIGF? KLIJM;LMJ9D KAEAD9JALA=K
The same cation in different
environments.; 2
@B/@ABABAG<;.9 6:=B?6AF =?<1B02(

@B/@A.;02@ D6A5 @A?686;49F
1633272;A 0<9<?@

%> 9 ;9LAGF GJ 9F 9FAGF AK KAEHDQ EAKKAF? D=9NAF? 9 N9;9FL KAL= AF 9F ,
L@=F >GJ L@= ;JQKLID LG := =D=;LJA;9DDQ F=MLJID L@=J= EMKL := 9 ;GJJI=K¢

N9;9F;Q G> L@= AGF OAL@ L@= GHHGKAL= ;@9J?= KGE=0@=J= AF L@= ;JQKL

;GEHGMF<K KM;@ 9K ' D L@=;@9J?=K 9J= =IM9ID :ML GHHGKAL= KG GF= 9FAG

I\;gg"FH;E:;AHGE’FﬁJ;g&GF or< e KM>>AA=FL LG ;GEH=FKIL= >GJ =9;@ ;9LAGF N9;9F;Q %F ;GEHGMF<K KM;@ 9|
OFAGFAL@9L E9AFLIAFK L@= @GO=NAD<DP 9FAGF KAL=K EMKL := N9;9FL LG ;GEH=FK9L= >GJ =9;@ EAKKAF?

=D=LJA;9D F=MLJ9DALQ G> BFQIGABF /@=K=H9AJK GJ K=LK G> N9;9F;A=R&sttgDisfects 9F< 9J=
KGDA<

=>=;LK AF JQKL9DK
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<=>=;L AF 9F AGFA; DOLLA;5
G;;MIK O@=F GF=G> L@= Al
AF L@= OJGF? HGKALAGF

KGDA< E9L=JA9D OAL@ 9 N
@A?@ =D=;LJA;9D ;GF<M;LA

H9JLA;MD9JDQ ;GEEGF AF KAEHD= 9DC9DA E=L9D @9DA<=K KMA®@MB= D HOJL

[@=/0G )GKL GEEGF =>=;LK AF %GFA; .GDASIKQ EA;JGO9N= <AG<=K
O@A;@ 9J=<=NA;=K L@9L 9DDGO 9 ;MJJ=FL LG >DGO AF 9 KAF?D= <AJ=;LAGF
E9L=JA9DK OAL@ .;@GLLCQ <=>=;LK

64B72 (52 (D<"<@A <:<; 2320A@ 6; <;60'<961@

'05<AAS8F 12320A 6; 9 @5<D@ A52 :6@@6;4 0.A6<; ..6<;=.6? | ?2:82912320A6; 4 @5<D@ . :6@
0.A6<;

+;;9KAGFIDDQ GF= G> L@= AGFK AF 9F AGFA; DILLA;= AK KAEHDQ AF L@= OJ(
=P9EHD= G> L@QAK H@=FGE=FGFri@ikeraedect AK 9 ;9LAGF L@9L G;;MHA=K 9
L=LJ9@=<J9D @GD= J9L@=J L@9F 9F G;L9@=<J9D @GD= AF L@= 9FAGF D9LL/
"A?MJ= |@=/0G )GKL GEEGF =>=;LK AF %GFA; .GDAFKC=D <=>=;LK 9J=

=>=;LK AF JQKL9DK

EGKL ;GEEGF AF KODLK L@9L @9N= 9 D9J?= 9FAGF 9F< 9 J=DI9LAN=DQ KE9DD ;
HJ=K=JN= =D=;LJA;9D F=MLJ9DALQ GF=G>L@=FGJE9D ;9LAGF KAL=K MKMO9L
EMKL := N9;9FL

"J=FC=D <=>=;LK 9J= H9JLA:MD9JDQ ;GEEGF AF L@= KADN=J @9DA<=K ?D ?.
O@A;@ ;GE:AF= 9 JOL@=J KE9DD ;9LAGFARJ9<AMKHE OAL@ D9J?=

HGD9JAR9:D= 9FAGFK =JL9AF EGJ= ;GEHD=P K9DLK OAL@ 9 K=:GF< ;9LAGF A
2 9F< J°GI¥@IN= KG E9FQ AGFK AF L=LJ9@=<J9D @GD=K L@9L L@=Q 9J= 7

@@E;LJA;QD :GF<M;LGJK AF L@= KGDA< KL9L= @=F;=sblfd=leetiolya&D=<
SFKKARGM D=9JF=<@BHL=J -=9;LAGFK AF IM=GMK .GDMGEXGRGFA;

;GEHGMF<K <G FGL ;GF<M;L =D=;LJA;ALQ AF L@= KGDA< KL9L= 9DL@GM?@ L

JaD=;LJA;ALQ O@=F EGDL=F GJ <AKKGDN=< AF 9 KGDN=FL L@9L K=H9J9L=K L@
NAL@=E LG EA?J9L= AF J=KHGFK= LG 9F 9HHDA=< =D=;LJA; >A=D< %F J=KHGFK:-
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NGDL9?= L@= ;9LAGFK AF KGDA< =D=;LJGDQL=K ;9F <A>>MK= J9HA<DQ L@JG
G;L9@=<J9D @GD=K ;J=9LAF? "J=FC=D <=>=;LK 9K L@=;9LAGFK EA?J9L= .G<A
9LL=JA=K MK= 9 KGPA=DB;LJGDQL= OAL@ KE9DD 9EGMFLKG=;BKBRAK &=

=D=;LJGDQL=;9FFGL D=9C AL ;9FFGL ;9MK=;GJIGKAGF O@A;@ ?AN=K 9 :9LL-=
KGDA< =D=;LJGDQL= 9 KA?FA>A;9FL 9<N9FL9?= GN=J GF= OAL@ 9 DAIMA< =D=
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EXAMPLE 6

%F 9 K9EHD= G>*9 D GF=G>=N=JQ KAL=K FGJE9DDQ G;MHA=<:Q *9
G;;MHA=< AFKL=9<:Q &KMEAF? L@9L 9DD GQW@=KEDJ: >MDDQ G;;MHA=<
O@9L AK L@= KLGA;@AGE=LJQ G> L@= K9EHD=

Given: AGFA; KGDA< 9F< FME:=J 9F< LQH= G> <=>=;L
Asked for: KLGA;@AGE=LJQ
Strategy:

A %<=FLA>Q L@= MFAL ;=DD G> L@= @GKL ;GEHGMF< GEHML=L@= KLGA;
G>L@=*9 KAL=K 9J=G;;MHA=<:Q¥® L@= GN=J9DD ;@9J?= AK ?J=9L=J
L@9F L@=FL@=KLGA;@AGE=LJQ EMKL :=AF;GJJ=;L

B %> AF;GJJ=;L 9<BMKL L@= KLGA;@AGE=AGF GS LGEHSFKIL=>GJ L@=
9<<ALAGF9D ;@9J?=

Solution:

A ,MI=*9D @9K 9 JILAG GO D AGFK 9JJ9F?=< AF OF >;; DOLLA;= L@=
KG<AME ;@DGJA<= KLIM;LMJ= %> 9DD L@= 9FAGF KALQKL@= G;;MHA=<:Q
F=?9LAN=;@9J?=AKb H=J>GJEMDY9 MFAL %> KALU=®939

G;;MHA=<:Q 9AGFK L@=;9LAGF KLGA;@AGE=L9Q AK@AK J=KMDLK

AF 9 HGKALAN=;@9J?= G> H=J >GJEMDY9 MFAL >GJ9

F=L ;@9J?= AF L@=;JQKL9D Gb H=J >GJEMDY9 MFAL =;9MK=

L@= GN=J9DD ;@9J?= AK ?2J=9L=J L@9F L@AK KLGA;@AGE=LJQ EMKL := Al

B/@= EGKL HDOMKA:D= 09Q >GJ L@= KGDA< LG 9<BMKL ALK ;GEHGKALAGF
=D=;LJA;9DDQ F=MLJ9D AK >GJ KGBAE=K@G O N9;9FL %> GEAL®HAK

N9;9FL >GJ =9;@ KAL= L@9L @IKAGH L@=F L@=;9LAGF KLGA;@AGE=LJQ A
*9 9 /@AK J=KMDLK AF 9 HGKALAN=;@9J?= G>

H=J >GJEMD9 MFAL O@A;@ =P9;LDQ F=MLJ9DAR=K L@= F=?9LAN=;@9J?=
KLGA;@AGE=LJQ G> L@= KGDA< AK L@MK *9

IP=J;AK=
%F 9 KO9EHD= G> )?+ L@9IL @9IK L@= KG<AME ;@DGJA<= KLIJM;LMJ= G>L

AGFK 9J= J=HD9;=< :(QAGFK KKMEAF? L@9L 9DD G> L@=;9LAGF KAL=K 9J=">
G;;MHA=< O@9L AK L@= KLGA;@AGE=LJQ G> L@= K9EHD=
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Answer: %> L@= >GJEMD9 G> L@= ;GEHGMfXx AKHFe L@=EEMKL
=IM9D LG HJ=K=JN= =D=;LJA;9D F=MLJ9DALQ /@=>GJEMD9 AK L@MK
)2 9+

Nonstoichiometric Compounds

/@= D90 G> EMDLAHD= HIGHGJ@9h K=%FLIG<M;LAGF LG @=BAKILIXKX
L@9L ;@=EA;9D ;GEHGMF<K ;GFL9AF >AP=< AFL=?J9D J9LAGK G> 9LGEK %F >
nonstoichiometric compounds ;GFL9AF D9J?= FME:=JK G> <=>=;LK MKM9DDQ
N9;9F;A=K O@A;@ ?AN=JAK= LG KLGA;@AGE=LJA=K L@9L ;9F <=H9JL KA?FA>,
KAEHD= AFL=?J9D DBIASSRA .3320A6;4 A52 3B;1.:2;A.9 @A?BOAB?2 <3 A52 0?F@/
*GFKLGA;@AGE=LJA; ;GEHGMF<K >J=IM=FLDQ ;GFKAKL G> LJ9FKALAGF E=L9D
9F< 9;LAFA<=K OAL@ HGD9JAR9:D=9FAGFK Kl\lﬂ;@:&m@m .GE=

;GEEGF =P9EHD=K 9J= DAKIEBAF .GE=*GFKLGA;@AGE=LJA; GEHGMF<K
9DGF? OAL@ L@=AJ :9KA; KLIM;LMJ= LQH= /@=K=;GEHGMF<K 9J= FGFKLGA;(
=,9MK=L@=AJ ;GFKLALM=FL E=L9DK ;9F =PAKL AF EMDLAHD= GPA<9LAGF KL¢
O@A;@ AF ;GE:AF9LAGF HJ=K=JN= =D=;LJA;9D F=MLJ9DALQ

/9:D= .GE=*GFKLGA;@AGE=LJA; GEHGMF<K
Compound Observed Range ofx
Oxides
- ]
*Ae+ ]
IA+g ]
1+g 1
gy ]
Sulfides
Mg ]
- ]
5J.E ]
*All the oxides listed have the sodium chloride structure.

KGDA< L@9L @9K AFLJAFK
N9JA9:D= KLGA;@AGE=LJA=
OAL@GML 9>>=LAF? L@=

>MF<9E=FL9D KLIM;LMJ= G>

:JQKLID

=>=;LK AF JQKL9DK

A;SDDQ
K

+F==P9EHD= AK AJGF %% GPA<= >=JJGMK GPA<= O@A;@ HIJG<M;=K L@=:D
L,%'QQK 9F< AK MK=< 9K 9F 9:J9KAN= %LK KLGAAGAGESAMIK=-ML 9DO9QK
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;GFLO9AFK D=KK L@9F "= PH.I}HA;QDDQ ]  [@AK AK HGKKA:D=:=9MK= "=
;9F =PAKL AF .GL@ L@= 9F< GPA<9LAGF KL9L=K /@MK L@= <A>>=J=F;= AF ;
1J=9L=<:Q 9 N9;9FL "=KAL=;9F := :9D9F;=<:Q LOG KAL=K L@9L @IMGEK

AFKL=9<6 N9;9F,Q b b 7 /@=;JQKLID DILLA;= AK 9:D=LG 9;;GEEG<9L= I
J=DI9LAN=DQ @A?@ >J9;LAGF G> KM:KLALMLAGFK 9F< N9;9F;A=K OAL@ FG KA
KLIM;LMJ=

Note the Pattern

=;,9MK= 9 ;JQKL9D EMKL :==D=;LJA;9DDQ F=MLJ9D 9FQ <=>=;L L@9L 9>>=;LK
FME:=J GJ ;@9J?= G> L@=;9BA@AK 0<:=2;@.AQ19 ;GJI=KHGF<AF? <=>=;L
AF L@=FME:=J GJ ;@9J?= G> L@= 9FAGFK

Summary

-=9D ;JQKL9DK ;GFL9AF D9J?= FMiefaitsG=>=;LK E9Q 9>>=;L GFDQ 9 KAF?D=
HGAFL AF L@= D9lpotdefect 9 JGO G> DILLA;= HGAkd KHeflect GJ 9

HD9F= G> 9LGHEKafe defect HGAFL <=>=;L ;9F := 9F 9LGE EAKKAF? >JGE 9
KAL= AF L@=;JQKiaeBnby GJ 9F AEHMJALQ 9LGE L@9L G;;MHA=K =AL@=J 9
FGJEOD DIOLLA;= Kéubst@utional impurity GJ9 @GD= AF L@=D9LLA;=:=LO==F
9LGEK 9knterstitial impurity %F 9Edge dislocation 9F =PLJ9 HD9F= G>

9LGEK AK AFK=JL=< AFLG H9JL G> L@=;JQKL9D DILLA;= )MDLAHD= <=>=;LK
AFLIG<M;=< AFLG E9L=JA9DK KG L@9L L@= HJ=K=F;= G> GF= <=>=;L HJ=N=F|
EGLAGF G> 9FGL@=J AF 9 HIG;aWinj8DD=9MK= <=>=;L EGLAGF L=F<K LG
KLGH 9kain boundaries ;GFLIGDDAF? L@= KAR=G> L@= ?J9AFK AF 9 E9L=JA9
;GFLIGDK ALK E=;@9FA;9D HIGH=JLA=K %F 9<<ALAGRVOrkJG;=KK ;9DD=<
hardening AFLIG<M;=K <=>=;LK LG LGM?@-$chett@pHefects 9J= 9

;GMHD=< H9AJ G> N9;9F;A=K"GF= ;9LAGF 9F< GF= 9FAGF'L@9L E9AFL9AFK =|
F=MLJ9DALRYenkel defect AK 9F AGF L@9L G;;MHA=K 9F AF;GJJ=;L KAL=AF L@
DOLLA;= 9LAGFK AF KM;@ ;GEHGMF<K 9J= G>L=F 9:D= LG EGN= J9HA<DQ >J
AF L@=;JQKL9D LG 9FGL@=J J=KMDLAF? AF @A?@ =D=;LJA;9D ;GF<M;LANAI
E9L=JA9D .M;@ ;GEHGMF<K 9J=s@ilstectrolytes Nonstoichiometric

compounds @9N= N9JA9:D= KLGA;@AGE=LJA=K GN=J 9 ?AN=F J9F?= OAL@ FC
;@9F?= AF ;JQKL9D KLIM;LMJ= /@AK :=@9NAGJ AK <M= LG 9 D9J?= FME:=J G
GJ KM:KLALMLAGFK G> GF= AGF :Q 9FGL@=J AGF OAL@ 9 <A>>=J=FL ;@9J7?=
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KEY TAKEAWAY

Y =>=LK <=L=JEAF=L@= :=@9NAGJ G> KGDA<K :ML :=;9MK= AGFA; ;GEHC
;GFL9AF :GL@ ;9LAGFK 9F< 9FAGFK L@=Q =P@A:AL 9<<ALAGF9D LQH=K
L@I9L 9J= FGL >GMF< AF E=L9DK

=>=;LK AF JQKL9DK
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CONCEPTUAL PROBLEMS

$GO 9J= <=>=;LK 9F< AEHMJALA=K AF 9 KGDA< J=D9L=< 9F 9 HMJ= ;JQKLS9
:GEHGMF< := >J== G> <=>=;LK $GO ;9F 9 KM:KLALMLAGF9D AEHMJALQ HJC
N9;9F;Q

2@Q <G=K 9HHDQAF? 9 E=;@9FA;9D KLJ=KK LG 9 ;GN9D=FL KGDA< ;9MK= £
OK=9F 9LGEA,; D=N=D <=K;JAHLAGF LG =PHD9AF O@Q 9 E=L9D AK <M;LAD-
;GF<ALAGFK L@9L ;9MK= 9 ;GN9D=FL KGDA< LG >J9;LMJ=

$GO <G=K OGJIC @9J<=FAF? AF;J=9K=L@= KLJ=F?L@ G> 9 E=L9D $GO <G:-
@9J<=FAF? 9>>=;L L@= H@QKA;9D HIGH=JLA=K G> 9 E=L9D

2GJC @9J<=F=< E=L9DK 9F< :GN9D=FL KGDA<K KM:@ 9K <A9EGF<K 9J= :Gl
KMK:=HLA:D= LG :J9:CAF? O@=F KLJ=KK=< IPHD9AF @GO KM:@ <A>>=J=F
‘OF :GL@ =P@A:AL L@AK HIGH=JLQ

.MHHGK= QGM O9FL LG HIG<M;=9 <M;LAD= E9L=JA9D OAL@ AEHJGN=< HJ
2GMD< AEHMJALQ 9LGEK G> KAEAD9J GJ <AKKAEAD9J 9LGEA; KAR= ==L
E9AFL9AFAF? L@= <M;LADALQ G>9 E=L9D 2@Q $GO OGMD< AFLJG<M;AF
L@9L >GJEK HGD9J ;GNI9D=FL :GF<K OAL@ L@= E=L9D 9LGEK 9>>=;L L@="
E=L9D IPHD9AF QGMJ J=9KGFAF?

.M:KLALMLAGF9D AEHMJALA=K 9J= G>L=F MK=< LG LMF=L@= HIGH=JLA=k
2@Q 9J= KM:KLALMLAGF9D AEHMJALA=K ?=F=J9DDQ EGJ==>>=;LAN=9L @
;GF;=FLIJ9LAGFK O@=J=9K AFL=JKLALA9D AEHMJALA=K 9J= MKM9DDQ =>>
;GF;=FLJ9LAGFK

%> 9F AGE AGFA: JO<AMHE AK KM:KLALML=< >CGIAGE AGFA:
J9<AMK HE AF 9F AGFA; :JOKL9D O@9L KLIM:LMJ9D :@9F?=K AF L@= AG
OADD J=KMDL

$GO OADD L@= AFLIG<M;LAGF G> 9 E=L9D AGF OAL@ 9 <A>>=J=FL ;@9J7?=
AF<M;=L@=>GJEILAGF G> GPQ?=F N9;9F;A=K AF 9F AGFA; E=L9D GPA<=;

)9FQ FGFKLGA;@AGE=LJA; ;GEHGMF<K 9J= LJI9FKALAGF E=L9D ;GEHGMF<
KM;@ ;GEHGMF<K =PAKL ?AN=F L@9L L@=AJ FGFAFL=?J9D ;9LAGF 9FAGF
9HH9J=FLDQ ;GFLJ9<A,L GF= G> L@= :9KA; L=F=LK G> 9DLGFaK 9LGEA; L@
EOLL=J

%> QGM O9FL=< LG AF<M;= L@=>GJEILAGF G> GPQ?=F N9;9F;A=K AF 9F A
O@A;@ OGMD< QGM AFLJG<M;= 9K KM:KLALMLAGF9D AEHMJALA=K";9LAC
HGKALAN=;@9J?= GJ 9 DGO=J HGKALAN= ;@9J?= L@9F L@= ;9LAGFK AF L
KLIM;LMJ= 'PHD9AF QGMJ J=9KGFAF?
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ANSWERS

%EHMJALQ 9LGEK G> KAEAD9J KAR= 9F< OAL@ KAEAD9J ;@=EA;9D HIGH-
EGKL DAC=DQ LG E9AFL9AF L@= <M;LADALQ G> L@= E=L9D :=;9MK= L@=C(
@9N=9 D9J?= =>>=;L GF L@==9K= OAL@ O@A;@ GF=D9Q=J G> 9LGEK ;9F
IFGL@=J MF<=J E=;@9FA;9D KLJ=KK (9J?=J AEHMJALQ 9LGEK 9J= DAC=D(
_:MEHK" GJ CAFCK L@9L OADD E9C= AL @9J<=J >GJ D9Q=JK G>9LGEK LG
GF=9FGL@=J %FL=JKLALA9D 9LGEK L@9L >GJE HGD9J ;GN9D=FL :GF<K C
9LGEK L=F< LG G;;MHQ KH9;=K :=LO==F L@= D9Q=JK L@=Q 9;L 9K 9 _?DM=
D9Q=JK G> E=L9D 9LGEK LG?=L@=J O@A;@ ?J=9LDQ <=;J=9K=K L@= <M;L

AF:= +P 9F< "P93= :GL@ N=JQ KAEAD9J AF KAR= KM:KLALMLAGF AK HGKK.
<AKIMHLAGF G> L@= AGFA; H9:CAF? /@= <A>>=J)=F:= AF :@9J?= @GO=N-=
L@= >GJEILAGF G> 9 N9:9F:Q GF JHGAI@+T E9AFLIAF :@9J?= F=MLJI9DALC

)GKL LIOFKALAGF E=L9DK >GJE 9L D=9KL LOG ;9LAGFK L@9L <A>>=J :Q GF
=D=;LJGF GFK=IM=FLDQ FGFKLGA;@AGE=LJA; ;GEHGMF<K ;GFL9AFAF? L
E=L9DK ;9F EQAFLOAF =D=;LJA;9D F=MLJ9DALQ :Q ?9AFAF? =D=;LIGFK LG ;!
>GJ L@= 9:K=F;= G> 9FAGFK GJ L@= HJ=K=F;= G> 9<<ALAGF9D E=L9D AGFt
KM;@ ;GEHGMF<K ;9F DGK= =D=;LJGFK LG ;GEH=FK9L= >GJ L@= HJ=K=F;=
9<<ALAGF9D 9FAGFK GJ L@= 9:K=F;= G> E=L9D AGFK %F :GL@ ;9K=K L@=
;@9J?= GF L@= LJI9FKALAGF E=L9D AK 9<BMKL=< LG E9AFL9AF =D=;LJA;9D
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NUMERICAL PROBLEMS

|@= AGFA:; J9<AMK &% ' HE O@=J=9K L@9L G&K9 HE G QGM =PH=:L
' LG := 9 :GEEGF KM:KLALMLAGF9D AEHMJALQ AF :GEHGMF<K 2@RD9AFAF
GJ 0@Q FGL

#AN=F K HE /D HE 9F< HE OAL@ L@=AJ FGL=<9LGEA; J9<AA
O@A;@ 9LGE AK EGKL DAC=DQ LG 9;L 9K 9F AFL=JKLALA9D AEHMJALQ AF
9LGEA; J9<AMKHE 2@Q

>L=J 9DMEAFME AJGF AK L@= K=;GF< EGKL 9:MF<9FL E=L9D AF 19JL@aK ;
KADN=JQ O@AL= <M;LAD=E=L9D @9K 9 :G<Q ;=FL=J=<;M:A; :;; MFAL ;=DD
=<?=D=F?L@ G> HE

9 OK=L@AK AF>GJE9LAGF LG ;9D;MD9L= L@= <=FKALQ G> AJGF
2@9L OGMD< L@=<=FKALQ G>AJGF :=A> G>L@= AJGF KAL=K O=J-
7 $GO <G=KL@=E9KK G> @& AJGF OAL@GML <=>=;LK ;GEH9J= OAL@ |
E9KK G> ;E G>AJGF OAL@ N9;9F;A=K

=JL9AF ;=J9EA; E9L=JA9DK 9J= ?GG< =D=;LJA;9D ;GF<M;LGJIK <M= LG @A?(
G> GPA<= AGFK J=KMDLAF? >JGE L@= HJ=K=F;= G> GPQ?=F N9;9F;A=K 5A
J9F := <GH=< OAL@ QLLJAME :Q 9<«ARZ4 ?G>4 ;9F =

AF;GJHGJI9L=< AFLG ? G>B®AD= E9AFL9AFAF? L@= RAJ;GFA9 KLIM;LM.
AK L@= H=J;=FL9?= G> GPQ?=F N9;9F;A=K AF L@= KLIM;LMJ=

2@A;@ G>L@=>GDDGOAF? AGFK AK EGKL =>>=;LAI\P:I‘®9.;9H:;Q\/N¥F? oF +
;JOKLOD G> 9+ /@= AGFA, J9<Ah 93HE 9 HE .J HE "
HE (9 HE 9F<' HE !'PHDY9AF QGMJ J=9KGFAF?
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ANSWERS

*G /@= HGL9KKAME AK EM;@ D9J?=J L@9F L@= KG<AME AGF

9 ?:E
: ?:E
: 2AL@GML <=>=;LK L@= E9KK AK ?J=9L=J

/@=DGO=J ;@9J?= EOC=K AL L@= :=KL ;9F<A<9L=>GJ AF<M;AF? 9F GPA<=
N9;9F;Q =N=F L@GM?@ ALK AGFA; J9<AMK AK KM:KL9FLA9DDQ D9J?=J L@
.M:KLALMLAF? LOSSFK >GJ LOG AGFK OADD <=;J=9K= L@= LGL9D HGKALAI
;@9J?7=:Q LOG 9F< 9F GPA<= N9;9F;Q OADD E9AFL9AF =D=;LJA;9D F=MLJIL
=P9EHD= A> G>L@= AGFK 9J=J=HD9;=<:@= ;9F J=HJ=K=FL L@=
J@IF?=9K ?GAF? >JGE+9 LG' 9 + O@A;@ @9K9F=L;@9J?=G> (GK
G> GF= GPA<= AGF OGMD< ?AN= 9 ;GEHGKALAGFO@PA; @ AK =D=;LJA;9DDQ
F=MLJ9D
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12.5 Correlation between Bonding and the Properties of Solids

KGDA< L@9L ;GFKAKLK G>
HGKALAN=DQ 9F< F=?9LAN=
;@9J?=< AGFK @=D< LG?=L(
=D=;LIGKLILA; >GJ;=K

KGDA< L@9L ;GFKAKLK G>
EGD=,MD=K @=D< LG?=L@=
J=DI9LAN=DQ O=9C >GJ;=K K
<AHGD= <AHGD= AFL=J9;LA(
@Q<IG?=F :GF<K 9F< (GF<G
<AKH=JKAGF >GJ;=K

D

SF

U

LEARNING OBJECTIVE

/G MF<=JKLIF< L@= ;GJJ=DILAGF :=LO==F :GF<AF? 9F< L@= HIGH=JLA=|
KGDA<K

9K=< GF L@=FILMJ=G> L@= >GJ;=K L@IL @GD< L@=;GEHGF=FL 9LGEK EGL
AGFK LG?=L@=J KGDA<K E9Q := >GJE9DDQ<BAKR2GBS-DIK.92;A2AD<?8
GJ2A.9960@= N9JAILAGF AF L@= J=DI9LAN= KLI=F?L@K G> L@=K=>GMJ LQH=
;GJJ=DIL=K FA;=DQ OAL@ L@=AJ OA<= N9JAILAGF AF HIGH=JLA=K

lonic Solids

4GM D=9JF=<@PBHL=J %GFA; N=JKMK GN9D=FL G&€AF®nic solid

;GFKAKLK G> HGKALAN=DQ 9F< F=?9LAN=DQ ;@9J?=< AGFK @=D< LG?=L@=J:
>GJ;=K "GJ EGJ= AF>GJEI9LAGF 9:GML AGFA, @CBE=K RB6GFA; N=JKMK
GNID=FL GF<AF2;LAGF _%GFA; GF<AFR@= KLJ=F?L@ G> L@=9LLJ9;LAN=
>GJ;=K <=H=F<K GF L@= ;@9J?= 9F< KAR= G> L@= AGFK L@9L ;GEHGK=L@=D
<=L=JEAF=K E9FQ G> L@= H@QKA;9D HIGH=JLA=K G> L@= ;JQKL9D

/@=lattice energy L@==F=J?Q J=IMAJ=< LG K=H9J9L= EGD G> 9 ;JQKLIDDAF=/
AFLG ALK :GEHGF=FL AGFK AF L@= ?9K H@9K= AK <AJ=;LDQ HJGHGJLAGF9D |
L@= AGFA; :@9J?=K 9F< AFN=JK=DQ HIJGHGJLAGFID LG L@= KME G> L@= J9<
=P9EHD= *9" 9F< 9+ :GL@ :JQKLIDDAR= AF L@= >9;= ;=FL=J=< :M:A; >:; KG<AN
-@DGJA<= KLIM:LMJ= 9F< L@= KAR=K G> L@=AJ :GEHGF=FL AGFK 9J= 9:GML L
HE N=JKMK 9 HE 9F<" P HE N=JKMK+® HE =9MK=G>L@=
@A?@=J ;@9J7= GF L@= AGFK AF 9+ @GO=N=J L@= DILLA;= =F=J?Q G> 9+ A
LAE=K ?2J=9L=] L@9F L@9L G>*9" C&EGD N=JKMK C&EGD /@=>GJ:=K L
9 9F< + LG?=L@=J AF 9+ 9J= EM:@ KLJGF?=J L@9F L@GK=L@9L @GD< *9 9F<
AF *9" KG L@= @=9L G> >MKAGF G> 9+ AK 9DEGKL LOA:= L@9L G>*9" C& EG
C&EGD 9F< L@= E=DLAF? HGAFL G> 9+ AK X N=JKMK X >GJ*9" %F :GL
39_ =K @GO=N=J L@= N9DM=K 9J= D9J?= L@9L AK KAEHD= AGFA; :GEHGMF<I

" E=DLAF? HGAFLK 9F< 9J= J=D9LAN=DQ @9J< 9F<:JALLD= KGDA<K

5 :lolecular Solids

M;@ 9K

K
rFMolecular solids ;GFKAKL G>9LGEK GJ EGD=;MD=K @=D< LG =9;@ GL@=J :Q
<AHGD=]<AHGD= AFL=J9;LAGFK (GF<GF <AKH=JKAGF >GJ;=K GJ @Q<JG?=F :C



@9HL=J

.GDA<K

;GE:AFILAGF G> L@=K= O@A;@ 0=J= <ARMIF< ARIMA<K@=
9JJ9F?=E=FL G> L@= EGD=;MD=K AF KGDA< :=FR=F= AK 9K >GDDGOK

The structure of solid benzene.@<961 /2;G2;2 A52 :<920B92@ .?2 ;<A .??.;421 D6A5 A526? =9.;2@ =.?.99:
., <A52? /BA A 1.492@

=;9MK= L@= AFL=JEGD=;MD9J AFL=J9;LAGFK AF 9 EGD=;MD9J KGDA< 9J= J=D9
:GEH9J=< OAL@ AGFA; 9F< ;:GN9D=FL :GF<K EGD=;MD9J KGDA<K L=F< LG := KC
E=DLAF? 9F< =9KADQ N9HGIAMBF< NoPJ=DGO "GJKAEAD9J KM:KL9F;=K L(
KLI=F?L@ G> L@= (GF<GF <AKH=JKAGF >GJ;=K AF;J=9K=K KEGGL@DQ OAL@
EGD=;MD9J E9KK "GJ =P9EHD= L@= E=DLAF? HGAFLK$G>FEIFH&GE@9D=F=
$ 9F<9FL@JI9=F= $ OAL@ GF= LOG 9F<L@J==>MK=< 9JGE9LA; JAF?
X X 9F< X J=KH=,LAN=DQ /@==FL@9DHA=K G>>MKAGF 9DKG AF;J=9K
KEGGL@DQ OAL@AF L@=K=JA=K :=FR=F= FOIG& E@PD=F= C&
EGD 9FL@J9;=F= C& EGD %> L@=EGD=,MD=K @9N= K@9H=K L@9L ;9FFG
LG?=L@=J =>>A;A=FLDQ AF L@=;JOKL9D @GO=N=J L@=F L@=E=DLAF? HGAI
=FL@9DHA=K G> >MKAGF L=F< LG := MF=PH=;L=<DQ DGO :=;9MK= L@= EGD=;V
LG 9JJ9F?= L@=EK=DN=K LG GHLAEAR= AFL=JEGD=;MD9J AFL=J9;LAGFK /@MI
$ $ O9F<: PQD=F=6 $ $ 7 @9N=E=DLAF? HGAFLKG>b X 9F<b X

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K



@9HL=J .GDA<K

J=KH=;LAN=DQ O@A;@ 9J= KA?FA>A;9FLDQ DGO=J L@9F L@= E=DLAF? HGAFL
EGJ= KQEE=LJA;9D 9F9DG? =FR=F=

.=D> @=9DAF? JM::=J AK 9F =P9EHD= G> 9 EGD=;MD9J KGDA< OAL@ L@= HGL=
KA?FA>A;9FL ;GEE=J;A9D 9HHDA;9LAGFK /@= E9L=JA9D ;9F KLJ=L;@ :ML O@=|
AFLG HA=;=K AL ;9F :GF<:9;C LG?=L@=J 9?9AF L@JGM?@ J==KL9:DAK@E=FL G
@Q<JIG?=F :GF<AF? F=LOGJC OAL@GML K@GOAF? 9FQ KA?F G> O=9CF=KK E
9HHDA;9LAGFK AL AK :=AF? KLM<A=<>GJ ALK MK= AF 9<@=KAN=K 9F< :A;Q;D=
K=D> @=9D

Covalent Solids

Covalent solids 9J=>GJE=<:Q F=LOGJCK GJ ;@9AFK G>

9LGEK GJ EGD=,MD=K @=D< LG?=L@=J :Q ;GN9D=FL :GF<K

H=J>=;L KAF?D=;JQKL9D G> 9 ;GN9D=FL KGDA< AK L@=J=>GJ=9

KAF?D= ?A9FL EGD=;MD= "GJ =P9EHD= L@= KLIJM;LMJ= G>

<A9EGF< K@GOF AF HOJLLAPMF= [@= Toluene andn-xylene.(52
LIMLMI=K G> AQEGF< 9F< #JOH@AKAKLKIE>  :0A5F9 47<B=@ .AA.0521 A< A52
@Q:JA<AR=<;9J:GF 9LGEK =9;@ :GF<=< LG >GMJ SRE»=2%;4 6; A<9B2;2 .;1
:9J:GF 9LGEK AF 9 L=LJ9@=<J9D 9JJ9Q LG ;J=9L= FHAYFE?2C2A A52 764@ 37<:

F=LOGJC /@= ;93:GF 9LGEK >GJE KAP E=E:=)=< JAESR, =~ 027 @ 6; @<961

64B7?2 (52"'A?BOAB?2@ <3 6.:<;1 .;1 ?.=56A2

. 6.:510<;@6@A@BF/?616G21 0.2/<; A<:@ 2.05/<;121 A< 3<B? <A52? 0.7/<; .A<:@ (52 A2A?.5217.¢
2?2.F3<?:@ . 46.;A ;2AD<?8 6; D5605 0.?/<; .A<:@ 3<?: @6E :2:/2?21 ?6;4@ / (52@2 @612 923A .;1 A<
C62D@ <3 A52 4?.=56A2 @A?BOAB?2 @5<D A52 9.F2?@ <3 3B@21 @6E :2:/2721 ?6;4@ .;1 A52 .??.;42:
9A2?;.A2 9.F2?@ <3 4?7.=56A2 (52 ?6;4@ 6; .9A2?;.A2 9.F2?@ .72 @A.442?21 @BO05 A5.A 2C27F <A52?
9.F2? 962@ 16720A9F B;12? .;1./<C2 A52 02;A2? <3 . @6E :2:/2?21 ?6;4 6; .; .17.02;A 9.F2?

KGDA< L@9L :GFKAKLK G> d@g MFAL ;=DD G> <A9EGF< ;9F := <=K;JA:=< 9K 9F >;; 9JJ9Q G> ;9J:GF 9LGEK O#
L@J== <AE=FKAGF9D F=LOGJOKSALAGFID ;9J.GF 9LGEK AFK=JL=< AFLG >GMJ G> L@= L=LJ9@=<J9D @GD=K

9LGEK @=D<LG?=L@=J:Q | RAF; :D=F<=KLIM;LMJ= <=K;JA=IAGBF  .LIM;LMJ=K G> .AEHD= AF9JQ
;GNID=FL :GF<K

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K



@9HL=J

.GDA<K

GEHGMF<K=P:=HL L@9L AF RAF; :D=F<= L@= 9LGEK L@9L ;GEHGK= L@= >:; 9J
KMD>MJ 9F< L@= 9LGEK AF L@= L=LJ9@=<J9D @GD=K 9J= RAF; ID=E=FL9D KA
K9E= KLIM:LMJ= 9K <G=K KADA:GF :9J:A<= A O@A:@ @9K 9DL=JFILAF? 9F<
/@= KLIM;LMJ= G> ;JQKLIDDAF= IMKE@FEOFARLAGFE  JOKLI9DDAF= 9F<
EGIJH@GMK .GDASK := NA=O=< 9K :=AF? <=JAN=< >JGE L@= KLIM;LMJ= G> KAL
AFK=JLAF? 9F GPQ?=F 9LGE :=LO==F =9:@ H9AJ G> KADA;GF 9LGEK

DD ;GEHGMF<K OAL@ L@= <A9EGF< 9F< J=D9L=< KLIM;LMJ=K 9J= @9J< @A"(
HGAFL KGDA<K L@9L 9J= FGL =9KADQ <=>GJE=< %FKL=9< L@=Q L=F< LG K@
KM:B=;L=< LG D9J?= KLJ=KK=K 9F< L@=Q MKM9DDQ <G FGL ;GF<M;L =D=;LJA;A
>9;L <A9EGF< E=DLAF? HGAKIOL 9LE AK GF=G>L@= @9J<=KL KM:KL9F;=K
CFGOF 9F< KADA;GF ;9J:A<= E=DLAF? XGARLMK=< ;GEE=J;A9DDQ 9K 9F

9:J9KAN= AF K9F<H9H=J 9F< ?JAF<AF? O@==DK %L AK <A>>A;MDL LG <=>GJE !
9F< J=D9L=< ;GEHGMF<K :=;9MK= KLIJGF? ;GN9D=FL ] GJ.A].A GJHGD9J ;GNOI
A] GJ .Al+ :GF<K EMKL :=:JGC=F O@A;@ J=IMAJ=K 9 D9J?= AFHML G> =F=J?C

+L@=J ;GNID=FL KGDA<K @9N= N=JQ <A>>=J=FL KLIM;LMJ=K "GJ =P9EHD= ?.
GL@=J ;GEEGF 9DDGLJGH= G> ;9J.GF @9 L@= KLIM;LMJ= K@@ HOJIL :
[@=.LIM;LMJ=K G> A9EGF< 9F< #J9H@AL=GFL9AFK HD9F9J F=LOGJCK G> |
E=E:=J=< JAF?K @=@Q:JA<AR=< ;9J:GF 9LGEK AF O@A;@ =9;@ ;9J:GF AK :GF<:-
L@J== GL@=JK /@AK D=9N=K 9 KAF?D= =D=;LIJGF AF SEGIFARIDIAQOR=9F =
MK=< LG >GJE <GM:D=:GF<K J=KMDLAF? AF 9 JAF? OAL@ 9DL=JFILAF? <GN
KAF?D=:GF<K =;9MK= G> ALK J=KGF9F;= KLIM;LMJ=K L@=:GF<AF? AF ?J9H@
NA=0=< 9K ;GFKAKLAF? G> 9 F=LOGJC G> | KAF?D=:GF<K OAL@ GF=L@AJ< C
@GD<AF? L@=;9J.GFK LG?=L@=J KAEAD9J LG L@=:GF<AF? AF :=FR=F=

/G ;GEHD=L=DQ <=K;JA:= L@= :GF<AF? AF ?2J9H@AL= O= F==<9 EGD=;MD9J GJ
9HHJIGY9;@ KAEADY9J LG L@= GF= MK=< >G@9HR=F= YGD=:MD9J #=GE=LJQ

9F< GNID=FL GF<AF?)G<#BK>9;L L@= ] <AKL9F;= AF ?2J9H@AL= HE AK
KDA?@LDQ DGF?=J L@9F L@= <AKL9F;= AF :=FR=F= HE ;GFKAKL=FL OALC
;9J:GF[;9J:GF :GF< GJ<=J G>  %F ?J9H@AL= L@=LOG <AE=FKAGF9D HD9F=K
;9J:GF 9LGEK 9J=KL9;C=< LG >GJE 9 L@J== <AE=FKAGF9D KGDA< GFDQ (GF<C
<AKH=JKAGF >GJ;=K @GD< L@=D9Q=JK LG?=L@=J K9 J=KMDL ?J9H@AL= =
LQHA;9D G> :GL@ ;GNI9D=FL 9F< EGD=;MD9J KGDA<K M= LG KLJGF? ;GN9D=FL
OAL@AF L@= D9Q=JK ?J9H@AL= @9K 9 N=JQ @A?@ E=DLAF? HGAFL 9K =PH=
KGDA< AL 9;LM9DDQ KM:DAE=K 9L 9:GML X %L AK 9DKG N=JQ KG>L L@=D
KDA<= HI9KL GF= 9FGL@=J :=;9MK= G> L@= 0=9C AFL=JD9Q=J AFL=J9;LAGFK (
?2J9H@AL= AK MK=< 9K 9 DM:JA;9FL 9F< 9K L@= _D=9<" AF H=F;ADK L@= >JA,LA
?2J9H@AL= 9F< 9 HA=;= G> H9H=J AK KM>>A;A=FL LG D=9N=9 L@AF D9Q=J G> ;¢
HI9H=J #J9H@AL= AK MFMKM9D 9EGF? ;GN9D=FL KGDA<K AF L@9L ALK =D=;LJ.
AK N=JQ @A?@ H9J9DD=D LG L@= HD9F=K G> ;9J:GF 9LGEK :=;9MK= G> <=DG;¢
:GF<AF? "AF9DDQ ?J9H@AL= AK :D9;C :=;9MK= AL ;GFL9AFK 9F AEE=FK= FME:=

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K



@9HL=J .GDA<K

/@=9:ADALQ LG J=>D=;L DA
)=L9DK >GJ AFKL9F;= @9N=
K@AFQ KMJ>9;= L@9L J=>D=
E=L9DK 9J= DMKLJGMK 0@
FGFE=L9DK <G FGL

KGDA< L@9L ;GFKAKLK G>
ILGEK @=D< LG?=L@=J :Q
E=L9DDA,; :GF<K

9DL=JFILAF? <GM:D=:GF<K O@A;@ J=KMDLK AF 9 N=JQ KE9DD =F=J7Q <A>>=
L@= AF<ANA<M9D EGD=;MD9J GJ:AL9DK /@MK DA?@L G> NAJLM9DDQ 9DD O9
9:KGJ:=< A9EGF< GF L@=GL@=J @9F< AK ;GDGJD=KK O@=F HMJ=:=;9MK= A
<=DG;9DAR=< =D=;LIGFK

/9:D= GEH9JAKGF G> %FL=JEGD=MD@EH9J=K L@= KLIJ=F?L@K G> L@=
AFL=JEGD=;MD9J 9F< AFLJ9EGD=;MD9J AFL=J9;LAGFK >GJ L@J== ;GN9D=FL KC
L@=;GEH9J9LAN= O=9CF=KK G> L@= AFL=JD9Q=J AFL=J9;LAGFK

/9:D= GEH9JAKGF G> %FL=JEGD=;MBBIF< %FLIOEGD=;MD9J %FL=J9;LAG

Substance Hsub (kJ/mol) | Average Bond Energy (kJ/mol)

H@GKH@GJINIK K

KMD>MJ K

AG<AF= K

Metallic Solids

)=L9DK 9J=;@9J9;L=JAR=<:Q L@=AJ 9:ADALQ LG J=>0OadtdDA?[@D=-ADE# X @
=D=;LJA;9D 9F< L@=JE9D ;GF<M;LANALQ L@=AJ @A?@ @=9L ;9H9;ALQ 9F< L@
9F< <M;LADALQ !N=JQ DILLA;= HGAFL AF 9 HMJ= E=L9DDA; =D=E=FL AK G;;MH/
G> L@=K9E=E=L9D /@=H9;CAF? =>>A;A=F;Q AF E=L9DDA; ;JQKL9DK L=F<K LC
L@= J=KMDinkEdllic solids 9J=<=FK= OAL@ =9;@ 9LGE @9NAF? 9K E9FQ 9K
F=9J=KL F=A?@:GJK

GF<AF? AF E=L9DDA; KGDA<K AK IMAL= <A>>=J=FL >JGE L@=:GF<AF? AF L@=
KGDA<K O= @9N= <AK;MKK=< =;9MK=9DD L@=9LGEK 9J=L@=K9E= L@=J= ;¢
‘GF<AF? Q=L E=L9DK 9DO9QK ;GFLY9AF LGG >=0 =D=;LIJGFK GJ N9D=F;= GJ:AL9
;GNIOD=FL :GF<K OAL@ =9;@ G> L@=AJ F=A?@:GJK %FKL=9< L@= N9D=F;==D:
<=DG;9DAR=< L@IJGM?@GML L@=;JQKLI9D HIGNA<AF? 9 KLIGF? ;G@=KAN=>
E=L9D 9LGEK LG?=L@=J

@L
'« Notg the Pattern
=J=9K
19D=F:= =D=LJGFK AF 9 E=L9DDA; KGDA< 9J= <=DG;9DAR=< HJGNA<AF? 9 K

E=LIB@=KAN=>GJ;= L@9L @GD<K L@=9LGEK LG?=L@=J

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K



@9HL=J .GDA<K

19D=F;= =D=;LJGFK L@9L 9J

/@= KLI=F?L@ G> E=L9DDA; :GF<K N9JA=K <J9E9LA;9DDQ "GJ =P9EHD= ;=KAM

X 9F< E=J;MJQ AK 9 DAIMA< 9L JGGE L=EH=J9LMJ= O@=J=9K LMF?KL=F E=LC

X )=L9DDA,; :GF<K L=F< LG := 0=9C=KL >GJ =D=E=FLK L@9L @9N= F=9JDQ =E
AF K GJF=9JDQ >MDD $? N9D=F;= KM:K@=DDK 9F< KLIJGF?=KL >GJ =D=E=FL
9HHJIGPAEI9L=DQ @9D> >ADD=< N9D=F;= K@=DDK 9K AF2 K9J=KMDL L@=E
L@= E=L9DK AF;J=9K= LG 9 E9PAEME 9JGMF< ?2JGMH 9F< L@=F <=;J=9K= 979A
D=>L LG JA?@L 9;JGKRG@=+L@=J HIGH=JLA=K J=D9L=< LG L@= KLJ=F?L@ G>
:GF<K KM;@ 9K =FL@9DHA=K G> >MKAGF :GADAF? HGAFLK 9F< @9J<F=KK @
H=JAG<A, LI=F<K

KGE=0@9L GN=JKAEHDA>A=< 09Q LG <=K;JA:= L@= :GF<AF? AF 9 E=L9DDA; ;.
<=HA;L L@=;JQKLID 9K ;GFKAKLAF? G> HGKALAN=DQ ;@®6dfer &4 D=A AF 9F
"A?MJ= /@=1D=;LIGF .=9 )G<=D G> GF<AF? AF )=19PK @AK EG<=D L@=
N9D=F;==D=;LIJGFK 9J= FGL LA?@LDQ :GMF< LG 9FQ GF= 9LGE :ML 9J= <AKLJA
MFA>GJEDQ L@JGM?@GML L@= KLIM;LMJ= 1=JQ DALLD= =F=J?Q AK F==<=<1
=D=;LIGFK >JGE 9 KGDA< E=L9D :=;9MK=L@=Q 9J= FGL :GMF< LG 9 KAF?D=FM
9F =D=;LJA;9D HGL=FLA9D AK 9HHDA=< L@==D=;LJGFK ;9F EA?J9L= L@JGM?@
LGO9J< L@= HGKALAN= =D=;LJG<= L@MK HIG<M;AF? @A?@ =D=;LJA;9D ;GF<I
OAL@ O@A;@ E=L9DK ;9F := <=>GJE=< MF<=J HJ=KKMJ= AK 9LLJA:ML=< LG L@:
E=L9D AGFK LG ;@9F?= HGKALAGFK OAL@AF L@= =D=;LIJGF K=9 OAL@GML :J=
:GF<K /@=LI9FK>=J G> =F=J?Q L@JGM?@ L@= KGDA< :Q KM;;=KKAN= ;GDDAK
E=L9D AGFK 9DKG =PHD9AFK L@= @A?@ L@=JE9D ;GF<M;LANALQ G> E=L9DK
FGL @GO=N=J =PHD9AF E9FQ G> L@= GL@=J HIGH=JLA=K G> E=L9DK KM;@
DMKL=J 9F< L@= G:K=IN=< LIJ=F<K AF :GF< KLJ=F?L@ 9K J=>D=;L=< AF E=DLAF
=FL@9DHA=K G> >MKAGF EGJ=;GEHD=L= <=K;JAHLAGF G> E=L9DDA; :GF<AF
AE=LAGF GFE<AFE? AF )=L9DK 9F< .=EA;GF<M;LGJK

<=DG;9DAR=< L@JGM?@GML 9

E=L9DDA; KGDA<

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K



@9HL=J .GDA<K

KGDA< KGDMLAGF G> LOG
E=L9DK O@GK= HIGH=JLA=}

>JGE L@GK= G> L@= ;GFKLALM

=D=E=FLK

F 9DDGQ >GJE=<:Q L@=
KM:KLALMLAGF G> GF= E=Ld
>GJ 9FGL@=J G> KAEADIJ K
L@= DILLA;=

F 9DDGQ >GJE=<:Q AFK=JL
KE9DD=J 9LGEK AFLG @GD=
E=L9D DOLLA;=

F 9DDGQ L@9L ;GFKAKLK G
E=L9DK L@9L ;GE:AF= AF GH

64B72 (52 920A7?<;'2."<129 <3 <;16;4 6; "2A.9@

6E21 =<@6A6C29F 05.7421 :2A.9 ;B0926 3?<: 4?7<B= . <?47?<B= [ .?2 @B??<B;121/F . M@2.N <3 :<
2920A?<;@ 20.B@2.47<B= :2A.95.@ AD602 A52 ;B:/2? <3 C.92;02 2920A?<;@ .@ . 4?7<B= :2A.9 6A
564527 :29A6;4 =<6;A

Substitutional Alloys

F alloy AK9EAPLMJ=G>E=L9DK OAL@ E=L9DDA; HIGH=JLA=K L@9L <A>>=]
CAERIGFKLALM=FL =D=E=FLK J9KK MO9F<5FAF9 JILAG 9F<:JGFR= M 9F<

<A>

:1]_>€_LJAG 9J= =P9EHD=%uUBstitutional alloys O@A;@ 9J= E=L9DDA; KGDA<K OAL(

D9J?= FME:=JK G> KM:KLALMLAGF9D AEHMJALA=K %F ;:GFLJ9KL KE9DD FME:=
AEHMJALA=K KM;@ 9K ;9J:GF AF L@= AJGF DILLA;=iGtetstitialal@4N= 9F

5 sfl_;8I¥IK= K;A=FLAKLK ;9F ;GE:AF=LOG GJ EGJ= E=L9DK AF N9JQAF? HIGHGJLAC

ap@g HIGH=JLA=K G> 9 E9L=JA9D >GJ H9JLA;MD9J 9HHDA;9LAGFK EGKL G> L@
KM:KL9F;=K O= =F;GMFL=J 9J= 9;LM9DDQ 9DDGQK !P9EHD=K AF;DM<=L@= DG

5\H,;|GAFL 9DDGOQK MK=< AF KGD<=J ,:9F<.FAF9 J9LAG 9F< AF >MK=K 9F< >AJ

K A Li@F 9F< <AF9 JILAG

> HASAGEHGKALAGFK G> EGKL 9DDGQK ;9F N9JQ GN=J OA<=J9F?=K %F ;GFLJ9I
D%termetallic compounds ;GFKAKL G> ;=JL9AF E=L9DK L@9L ;GE:AF= AF GFDQ K

KH=;A>A; HIGHGJLAGFK 9F< O

HJIGH=JLA=K 9J= >J=IM=FLD(
<A>>=J=FL >JGE L@GK= G>
:GFKLALM=FL =D=E=FLK

) IEHGILAGFK /@=AJ ;GEHGKALAGFK 9J= D9J?=DQ <=L=JEAF=< :Q L@= J=D9L
@-@rAJ ;GEHGF=FL 9LGEK 9F< L@= JILAG G> L@= LGLID FME:=J G> N9D=F;= =
FME:=J G> 9LGEK HJ=K=FIC19@062 2920A?<; 12; @BAKLIM;LMJI=K 9F< H@QKA;9D

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K



@9HL=J

.GDA<K

HIGH=JLA=K G> AFL=JE=L9DDA; ;GEHGMF<K 9J= >J=IM=FLDQ IMAL= <A>>=J=Fl
L@=AJ ;GFKLALM=FL =D=E=FLK :ML L@=Q E9Q := KAEAD9J LG =D=E=FLK OALCG
NI9D=F;= =D=;LJGF <=FKALQ "GJ =POEHBPEOR AFL=JE=L9DDA; ;GEHGMF< MK=< L
;GIL JO9RGJ :D9<=K 9<N=JLAK=< 9K _HDILAFME ;G9L=<" AL AK N=JQ @9J< 9F< <
D=F?L@=FK L@= MK=>MD DA>= G> L@= J9RGJ :D9<= 2AL@ KAEAD9J N9D=F;=:
M 9F< ,<5F @9N=:==F >GMF< LG := NAJLM9DDQ A<=FLA;9D AF L@=AJ ;9L9DQLA

.GE=?=F=J9D HIGH=JLA=K G> L@=>GMJ E9BGJ ;DI9KK=K G> KGDA#KBES= KMEE
JGH=JLA=K G> L@=)9BGJ DIKK=K G> .GDA<K

/9:D= WJGH=JLA=K G> L@=)9BGJ D9KK=K G> .GDA<K

HGGJ ;GF<M;LGIKHGGJ ;GF<M;LGIKHGGJ ;GF<M;LGJH
G> @=9L 9F< G> @=9L 9F< @=9L 9F<
=D=;LJAALQ =D=;LJAALQ =D=;LIAALQ

%G< ;GF<M;LGJK G> @=PL
9F< =D=;LJAALQ

b E=DLAF? HGAFLK <=H=F4
'%O E=DLAF? HGAPA?@ E=DLAF? HEGAFEF?DQ GF =D=;LJGF
;GF>A?MJI9LAGF

J=DILAN=DQ @A
E=DLAF? HGAFL

@9J< :ML :JALLD;
K@9LL=J MF<=J | KG>L
KLI=KK

N=JQ @9J< 9F< [=9KADQ <=>GJE=< MF<=]
:JALLD= KLJ=KK <M;LAD= 9F< E9DD=9:D=

J=DILAN=DQ <=AK3GO <=FKALQ |DGO <=FKALQ | MKM9DDQ @A?@ <=FKAIQ

<MDD KMJ>9;= | <MDD KMJ>9;= [ <MDD KMJ>9;= DMKLIGMK

*Many exceptions exist. For example, graphite has a relatively high electrical
conductivity within the carbon planes, and diamond has the highest thermal
conductivity of any known substance.

Note the Pattern

|@= ?=F=J9D GJ<=J G> AF;J=9KAF? KLJ=F?L@ G> AFL=J9;LAGFK AF 9 KGDA< /
KGDA<KGFA; KGDA<K [ E=L9DDA; B KGDA<K

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K
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EXAMPLE 7

DI9KKA>Q #= -:%$ 9F< 5F 9K AGFA; EGD=;MD9J ;GN9D=FL GJE=L9DDA;
KGDA<K 9F< 9JJ9F?= L@=E AF GJ<=J G> AF;J=9KAF? E=DLAF? HGAFLK

Given: ;GEHGMF<K
Asked for: :DI9KKA>A:9LAGF 9F< GJ<=J G> E=DLAF? HGAFLK
Strategy:

A (G;9L= L@= ;GEHGF=FL =D=E=FL K AF L@= H=JAG<A; L9:D= 9K=< GF L@=/
HGKALAGFK HJ=<A,L O@=L@=J =9;@ KGDA< AK AGFA; EGD=;MD9J ;GN9D=
E=L9DDA,

B JI9F?= L@= KGDA<K AF GJ<=J G> AF;J=9KAF? E=DLAF? HGAFLK :9K=< GF |
;DOKKA>A;9LAGF :=?AFFAF? OAL@ EGD=;MD9J KGDA<K

Solution:

A #=JE9FAME DA=K AE I0@>C BMKL MF<=J .A 9DGF? L@= <A9?GF9D DAF= G>
K=EAE=L9DDA; =D=E=FLK O@A;@ KM??=KLK L@9L =D=E=FL9D #= AK DAC=L
L@= K9E= KLIM;LMJ= 9K .A L@= <A9EGF< KLIJM;LMJ= /@MK #= AK HIG:9:DC
;GNID=FL KGDA< -:% ;GFL9AFK 9 E=L9D >JGE ?JGMH 9F< 9 FGFE=L9D >JGE
?JGMH KG AL AK 9F AGFA; KGDA< ;GFQ.BA!%QE?FK /|@= ;GEHGMF<

$ AK9@Q<JIG;9J.GF @=P9E=L@QD:=FR=F= O@A;@ ;GFKAKLK G> AK
EGD=;MD=K L@9L KL9;C LG >GJE 9 EGD=;MD9J KGDA< OAL@ FG ;GN9D=FL :(
:=LO==F L@=E 5F AKBG;C =D=E=FL KG AL AK 9 E=L9DDA; KGDA<

B JI9F?AF? L@=K= KM:KL9F;=K AF GJ<=J G> AF;J=9KAF? E=DLAF? HGAFLK A
KLJ9A?@L>GJ09J< OAL@ GF==P;=HLAGF 25 =PHEI@9N=L@= DGO=KL
E=DLAF? HGAFL 9F< #= LG @9N=L@= @A?@=KL E=DLAF? HGAFL OAL@ -:%
AF :=LO==F /@= E=DLAF? HGAFLK G> E=L9DK @GO=N=J 9J=<A>>A;MDL LG
9K=< GF L@= EG<=DK HJ=K=FL=< L@MK >9J =;9MK=5F @9K 9 >ADD=< N9D
K@=DD AL K@GMD< FGL @9N=9 H9JLA;MD9JDQ @A?@ E=DLAF? HGAFL KC
?M=KK AK$ 5F U -:% #= /@=9;,LM9D E=DLAF? HGAFLK 9J=
X 5F X =% X 9F<#= X /@AK 9?)J==K OAL@ GMJ HJ=<A;LAGF

IP=J;AK=

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K
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D9KKA>Q 9J #9K 9F< ?5F 9K AGFA; ;GNI9D=FL EGD=;MD9J GJ E=L9DDA
KGDA<K 9F< L@=F 9JJ9F?= L@=E AF GJ<=J G> AF;J=9KAF? E=DLAF? HGAFLK

Answer: EGD=;MD9J?5F E=L9DDA; U 9 JAGFA; #9 K ;GN9D=FL
/@= 9;LM9D E=DLAF? HGAFLK®GML X 7?5F 9:GML X 91
X 9F<#9K X

Summary

/@=E9BGJ LQH=K G> KGDA<K 9J= AGFA; EGD=;MD9J ;GN9Dait 9F< E=L9DD
solids ;GFKAKL G> HGKALAN=DQ 9F< F=?9LAN=DQ ;@9J?=< AGFK @=D< LG?=|
=D=;LIGKLIOLA; >GJ;=K L@=KLI=F?L@ G> L@=:GF<AF? AK J=>D=;L=< AF L@=
=F=J?Q %GFA; KGDA<K L=F< LG @9N= @A?@ E=DLAF? HGAFLK 9F< 9J=J9L(
Molecular solids 9J= @=D< LG?=L@=J :Q J=DI9LAN=DQ 0O=9C >GJ;=K KM;@ 9K
<AHGD=]<AHGD= AFL=J9;LAGFK @Q<JG?=F :GF<K 9F< (GF<GF <AKH=JKAGF
J=KMDL L@=Q L=F< LG :=J9L@=J KG>L 9F< @9N= DGO E=DLAF? HGAFLK O
GF L@=AJ EGD=;MD9J KLI\\akht solids ;GFKAKL G>LOG GJL@J==
<AE=FKAGF9D F=LOGJCK G> 9LGEK @=D< LG?=L@=J :Q ;GN9D=FL :GF<K L@
= N=JQ @9J< 9F< @9N= @A?@ E=DLAR&&IEeAoliis @9IN= MFMKM9D
HIGH=JLA=K AF 9<<ALAGF LG @9NAF? @A?@ L@=JE9D 9F< =D=;LJA;9D ;GF<
:=AF? E9DD=9:D= 9F< <M;LAD= L@=Q =P@A:AL DMKL=J 9 K@AFQ KMJ>9;=L(
DA?@L affoy AK 9 EAPLMJ= G> E=L9DK L@9L @9K :MDC E=L9DDA; HIGH=JLA=
>JGE L@GK= G> ALK ;GFKLALM=FL =D=E=FLK DDGQK ;9F := >GJE=< :Q KM:KI
GF=E=L9D 9LGE >GJ 9FGL@=J G> KAEAD9J KARsUkistit@iom0 lldys

:Q AFK=JLAF? KE9DD=J 9LGEK AFLG @GD=K AF L @teEstiLiaDalD&yd A;=

GJ: Q9 ;GE.-AF9LAGF G>.GL@ DL@GM?@ L@==D=E=FL9D ;GEHGKALAGF G:
;9F N9JQ GN=J OA<= J9F?=K ;=JL9AF E=L9DK ;GE:AF= AF GFDQ >AP=< HIGHG
>GJHEntermetallic compounds OAL@ MFAIM= HIJGH=JLA=K

KEY TAKEAWAY

Y .GDA<K ;9F := ;D9KKA>A=< 9K AGFA; EGD=;MD9J ;GN9D=FL F=LOGJC G
E=L9DDA; O@=J=L@= ?=F=J9D GJ<=J G> AF;J=9KAF? KLIJ=F?L@ G> AFL:-
AK EGD=;MDAGFA,; [ E=L9DDGNID=FL

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K
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CONCEPTUAL PROBLEMS

"GMJ NA9DK D9:=D=< ] ;GFL9AF KM;JGK= RAF; IM9JLR 9F< KG<AME ;@DC
IDL@GM?@ FGL F=;=KK9JADQ AF L@9L GJ<=J /@=>GDDGOAF? L9:D= KME
J=KMDLK G> L@= K=JA=K G> 9F9DQK=K QGM @9N= H=J>GJE=< GF L@= ;G

A B (@ D

)=DLAF? ,GAFL @A?@ | @A?@A?@GO

/@=JE9D GF<M;LANALQ HGGJ HGGJ?GGsHGG)

D=LIAOD GF<MLANALQ AR (GOS0 tHGG) @A2@1GG)

L9L=
ID=;LJA;9D GF<M;LANALQ AR (Al <

?
e BME | Hec)err@ica)
$9I<F=KK @9J< @934 KG>l{ KG>L
(MKL=J FGF= |FGF§ @A?@FGF3

)IL;@ =9;@ NAID OAL@ ALK ;GFL=FLK

G AGFA; KGDA<K ?=F=J9DDQ @9N= @A?@=J GJ DGO=J E=DLAF? HGAFLK
KGDA<K 2@Q G AGFA; KGDA<K ?=F=J9DDQ @9N= @A?@=J GJ DGO=J E=IL
L@9F ;GNID=FL KGDA<K IPHD9AF QGMJ J=9KGFAF?

|@= KLI=F?L@ G> (GF<GF <AKH=JKAGF >GJ;=K AF EGD=;MD9J KGDA<K L=F
OAL@ EGD=;MD9J E9KK ;9MKAF? 9 KEGGL@ AF;J=9K= AF E=DLAF? HGAFLI
EGD=;MD9J KGDA<K @GO=N=J @9N= KA?FA>A;9FLDQ DGO=J E=DLAF? H(
HJ=<A;L=<:Q L@=AJ EGD=;MD9J E9KK=K 2@Q

.MHHGK= QGM O9FL LG KQFL@=KAR= 9 KGDA< L@9L AK :GL@ @=9L J=KAk
=D=;LJA;9D ;GF<M;LGJ 2@9L KH=;A>A; LQH=K G> :GF<AF? 9F< EGD=;MD9J
AFL=J9;LAGFK OGMD< QGM O9FL AF QGMJ KL9JLAF? E9L=JA9DK

IPHD9AF L@= <A>>=J=F;=K :=LO==F 9F AFL=JKLALA9D 9DDGQ 9F< 9 KM:KLA
#AN=F 9F 9DDGQ AF O@A;@ L@= A<=FLALQ G> GF= E=L9DDA; =D=E=FL AK
;GMD< QGM <=L=JEAF= 0@=L@=J AL AK 9 KM:KLALMLAGF9D 9DDGQ GJ 9F

$GO 9J= AFL=JE=L9DDA; ;GEHGMF<K <A>>=J=FL >JGE AFL=JKLALA9D 9DDC(
KM:KLALMLAGF9D 9DDGQK

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K
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ANSWERS

9 *9D AGFA; KGDA<

: IMOJLR ;GN9D=FL KGDA<

i RAF; E=L9D

< KM;JGK= EGD=;MD9J KGDA<

%F 9 KM:KLALMLAGF9D 9DDGQ L@= AEHMJALQ 9LGEK 9J= KAEAD9J AF KA
HIJGH=JLA=K LG L@=9LGEK G> L@= @GKL DILLA;= ;GFK=IM=FLDQ L@=Q
KGE= G> L@= E=L9D 9LGEK AF L@= FGJE9D D9LLA;= 9F< <G FGL ?J=9LDQ |
KLIM;LMJ= 9F< H@QKA;9D HIGH=JLA=K %F 9F AFL=JKLALA9D 9DDGQ L@:
9J= ?=F=J9DDQ EM;@ KE9DD=J @9N= N=JQ <A>>=J=FL ;@=EA;9D HIGH=JL
G;;MHQ @GD=K :=LO==F L@= D9J?=J E=L9D 9LGEK =;9MK= AFL=JKLALA9D
>GJE ;GNID=FL :GF<K LG L@= E=L9D 9LGEK AF L@= @GKL DIOLLA;= L@=Q
D9J?==>>=,L GF L@= E=;@9FA;9D HIGH=JLA=K G> L@= E=L9D E9CAF? AL |
<M;LAD= 9F< EGJ=:JALLD= GEH9JAF? L@= E=;@9FA;9D HIGH=JLA=K G> €
OAL@ L@GK= G> L@= H9J=FL E=L9D ;GMD< := MK=< LG <=;A<= 0@=L@=J L
9 KM:KLALMLAGF9D GJ AFL=JKLALA9D 9DDGQ

NUMERICAL PROBLEMS

2ADD L@= E=DLAF? HGAFL G> D9FL@9FME %%% GPA<=:= @A?@=J GJ D(
>=JIJGMK :JGEA<= /@= J=D=N9FL AGFA; J9<AA 9J= 9K >(EIEDGd?( 9
HE "= HE 9F< J HE IPHDY9AF QGMJ J=9KGFAF?

J90 9 ?2JI9H@ K@GOAF? L@= J=DILAGFK@AH :=LO==F L@= =D=;LJA;9D ;GF
E=L9DDA; KADN=J 9F< L=EH=J9LMJ=

20A;@ @I9K L@= @A?@=J E=DLAF? HGAFL IPHD9AF QGMJ J=9KGFAF? AF

9 +KGJ$>
F+ GJS8J+
; D+ GJ.A+

J90 9 ?2JI9H@ K@GOAF? L@= J=DILAGFK@AH :=LO==F L@= =D=;LJA;9D ;GF
LQHA;9D K=EA;GF<M;LGJ 9F< L=EH=J9LMJ=

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K
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ANSWER

9 +KEAME @9K 9 @A?@=J E=DLAF? HGAFL <M= LG EGJ= N9D=F;==D=;LJ
E=L9DDA; :GF<AF?

5AJ;GFAME GPA<= @9K 9 @A?@=J E=DLAF? HGAFL :=;9MK= AL @9K ?J:
:@9J9;L.=J

DMEAFME GPA<= @9K 9 @A?@=J E=DLAF? HGAFL 9?79AF :=;9MK=AL @
AGFA; ;@9J9;L=J

GJJI=DILAGF :=LO==F GF<AF? 9F< L@= ,JGH=JLA=K G> .GDA<K
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12.6 Bonding in Metals and Semiconductors

LEARNING OBJECTIVE

/G <=K:JA:= L@= =D=;LJA;9D HIGH=JLA=K G> 9 KGDA< MKAF? :9F< L@=G.

/G =PHD9AF L@= G:K=JN=< HIGH=JLA=K G> E=L9DK 9 EGJ= KGH@AKLA;9L=<9
F==<=< L@9F L@= =D=;LJGF K=9 EG<=D <=K;IAGE AF GJJ=D9LAGF :=LO==F
GF<AF? 9F< L@= ,JGH=JLA=K G>/@BALKD=;MD9J GJ:AL9D L@=GJQ O= MK=< AF
@9HL=J )GD=:MD9J #=GE=LJQ 9F< GN9D=FL GF<AF? JG=<RPBRIAF L@=
<=DG;9DAR=< Z :GF<AF? AF HGDQ9LGEA; AGFK 9F< EGD:;RABﬂGKM;@QK *t
‘ML9<A=F= ;9F := 9<9HL=< LG 9;;GEEG<9L=L@=EM;@ @A?@=J FME:=J G> 9L(
GJ:ALIDK L@9L AFL=J9;L OAL@ GF=9FGL@=J KAEMDL9F=GMKDQ AF E=L9DK

Band Theory

%F9 EGD K9EHD=G>9 E=L9D L@=J=;9F := EGJ-AJ@@PD AFL=J9;LAGFK LG
;GFKA<=J %F GMJ EGD=;MD9J GJ:AL9D <=K;JAHLAGF G> E=L9DK @GO=N=J O:
;GFKA<=JAF? 9 KAEHD= GF= <AE=FKAGF9D =P9EHD= 9 DAF=9]) 8X19H?=E=FL G:
9LGEK =9;@ ;GFL9AFAF? 9 KAF?D= =D=@BGRARIOR= MK= L@AK =P9EHD= LG
<=K;JA:= 9F 9HHJG9;@ LG E=L9DDA; :.GF<ARn@®IDBery O@A;@ 9KKME=K L@9L
L@= N9D=F;= GJ:AL9DK G> L@= 9LGEK AF 9 KGDA< AFL=J9;L ?=F=J9LAF? 9 K=L
GJ:ALODK L@IL =PL=F< L@JGM?@GML L@= KGDA<

One-Dimensional Systems

%> L@= <AKL9F;=:=LO==F L@= E=L9D 9LGEK AK K@GJL =FGM?@ >GJ L@= GJ:/
L@=Q HIG<M;=:GF<AF? 9FLA:GF<AF? 9F< FGF:GF<AF? EGD=;MD9J GJ:AL9DK
HGJILAGF'&2MJ= /@=)GD=;MD9J +J:AL9D !F=J?Q (=N=D A9?J9E >GJ 9 (AF=9J
JIOF?=E=FL G> O@A;@ AK L@= K9E= 9K L@= EGD=;MD9J GJ:AIAPMIEI?J9E AF

GF<AF? AF +RGFK@GOK L@= HILL=JF G> EGD=;MD9J GJ:AL9DK L@9L J=KMDI
AFL=J9;LAGE@3J:ALODK IF;J=9K=K >JGE LG

L@=GJQ MK=< LG <=K;JA:= L@=

:GF<AF? AF E=L9DK 9F<
K=EA;GF<M;LGJK



@9HL=J .GDA<K

/@=;GFLAFMGMK K=L G> 9D
=F=J?Q D=N=DK ?=F=J9L=< A
‘9F< L@=GJQ O@=F L@= N9
GJ:ALODK G> L@= 9LGEK AF
AFL=J9;L OAL@ GF= 9FGL@-
-J=9LAF? 9 K=L G> EGD=;MD
GJ:ALIDK L@9L =PL=F<
L@JGM?@GML L@= KGDA<

|@= <A>>=J=F;= AF =F=J?Q
=LO==F L@= @A?@=KL 9F<
=F=J?Q D=N=DK AF 9F =F=J?
OF<

64B?2 (52 "<920B9.? $?/6A.9 ;2?4F 12C29 6.4?.: 3<?.16;2.? ??.;42:2;A<3@ .05 <3 *5605
<:A.6;@ . '6;49F $00B=@R?7/6A.9

(56@ 6@ A52 @.:2 16.4B4BA2 <;16:4 6; $G<;2 D6A5 A52 .116A6<; <3 A52 3.? ?645A 5.;1 =<?A6<;

0<??2@=<;16;4 A<.;1 ; K @ /20<:2@ C2?F 9.742 A52 2;2?4F @2=.?.A6<; /2AD22; .17.02;A 92C29@ /-
@< @:.99 A5.A . @6;492 0<;A6;B<B@ /.;1 <3 .99<D21 2;2?74F 92C29@ ?2@B9A@ (52 9<D2@A 2;2?4F :<
0<??2@=<;1@ A< =<@6A6C2 <C2?79.= [2AD22; .99 A52 .A<:60 <?/6A.9@ A< 46C2 . A<A.99F /<;16;4 0<:/6;
56452@A 2;2?4F :<920B9.? <?/6A.9 0<;A.6;@ . ;<12 /2AD22; 2.05 =.6? <3 .A<:@ .;1 6@ A5B@ A<A.99F ;A

K O= K90 AR9HL=J )GD=;MD9J #=GE=LJQ 9F< GNID=FL GF<AF)@<=DK
DGO=KL =F=J?Q GJ:AL9D AK L@= ;GEHD=L=DQ :GF<AF? EGD=;MD9J GJ:AL9D O
@A?@=KL =F=J?Q GJ:AL9D AK L@= ;GEHD=L=DQ 9FLA:GF<AF? EGD=;MD9J GJ:/
GJ:ALODK G> AFL=JE=<A9L= =F=J?Q @9N= >=0=] FG<=K L@9F L@= LGL9DDQ 9
EGD=;MD9J GJ:ALID /@= =F=J?Q K=H9JILAGF :=LO==F 9<B9;=FL GJ:AL9DK <=;J
FME:=J G> AFL=J9;LAF? GJ:AL9DK AF;J=9K=K @&J= 9J= KLADD <AK;J=L= O=DD
J=KGDN=< =F=J?Q D=N=DKAMI=8K=K >JGE LG 9 FME:=J ;DGK=LG NG?9<JGal
FME:=J L@= KH9;AF? :=LO==F 9<B9;=FL =F=J?Q D=N=DK :=;GE=K 9DEGKL AF>A|
KE9DD /@= J=KMDL AK =KK=FLA9DDQ 9 ;GFLAFMME G> =F=J?Q D=N=DK 9K K
AFA?MJ=  /@=)GD=:MD9J +J:AL9D !F=J?Q (=N=D A9?J9E >GJ 9 (AF=9J
JI9F?=E=FL G> =9;@ G> O@A;@ ;GJI=KHGF<K LG 9 H9JLA:MD9J EGD=;MD9J G.
=PL=F<AF? L@JGM?@GML L@= DAF=9J 9JJ9Q G> E=L9D 9LGEK /@= D=N=DK L
=F=J?Q ;GJI=KHGF< LG EGKLDQ :GF<AF? ;GE:AFILAGFK G> 9LGEA; GJ:AL9DK |

DE@A? @=KL AF =F=J?Q ;GJJ=KHGF< LG EGKLDQ 9FLA:GF<AF? :GE:AF9LAGFK 9F

)F EA«D: :GJI=KHGF< LG =KK=FLA9DDQ FGF:GF<AF? ;GE:AF9LAGFK

9 K&;DA<

j/@_M;*(SFLAFMGMK K=L G>9DDGO=< =F=J?Q D=N=DK K@ CAPMIE L@7@4?@L AF
)GD=;MD9J +J:AL9D IF=J?Q (=N=D A9?J9E >GJ 9 (AF=9J JJIF?AR=BDB>< 9F
energy band /@=<A>>=J=F;= AF =F=J?Q :=LO==F L@= @A?@=KL 9F< DGO=KL -
D=N=DK Aa@width 9F< AK HIGHGJLAGFID LG L@= KLJ=F?L@ G> L@= AFL=.

H&T-RE=F GJ:ALODK GF 9<B9;=FL 9LGEK L@= KLIGF?=J L@= AFL=J9;,LAGF L@=I

0 :9F<OA<L@ =;9MK=L@= :9F< ;GFLIAFK 9K E9FQ =F=J?Q D=N=DK 9K EGD=;MDS

9F< L@= FME:=J G> EGD=;MD9J GJ:AL9DK AK L@= K9E= 9K L@= FME:=J G> AFL:

GF<AF? AF )=L9DK 9F< .

=EA;GF<M;LGJK



@9HL=J .GDA<K

1@= <A>>=)=F;= AF =F=J?Q
=LO==F L@= @A?@=KL D=N
GF==F=J?Q :9F< 9F< L@=
DGO=KL D=N=D G> L@= :9F<
AL O@A;@ J=HJ=K=FLK 9 K=
>GJ:A<<=F =F=J?A=K L@9L <
:GJJ=KHGF< LG 9FQ 9DDGO=
'GE:AFOLAGFK G> 9LGEA,;
GJ:AL9DK

9LGEA; GJ:AL9DK L@= :9R2MJ= /@=)GD=;MD9J +J:AL9D !'F=J?Q (=N=D
A9?J9E >GJ 9 (AF=9J JJ9F?=E=FL ;GFL9AFK=F=J?Q D=N=DK ;GJI=KHGF<AF? LG
L@= ;GE:AFAF?2@3:ALIDK >J@&=L9D 9LGEK !19;@ G> L@= GEBIAIDK ;GMD<
;GFL9AF 9 EQPAEME G> LOG =D=;LJGFK KG L@=:9F<;9F 9;;GEEG<9t.= 9 LGL9D
=D=;LJGFK -=,9DD @GO=N=J L@9L =9;@ G> L@= E=L9D 9LGEK O= KL9JL=< OA
GFDQ 9 KAF?D= =D=;LIGF@R #4980 KG L@=J= 93=<BENIQJGFK LG HD9;= AF L@=
‘9F< &MKL 9K OAL@ 9LGEA; GJ:AL9DK GJ EGD=;MD9J GJ:AL9DK L@= =D=;LIGF
DGO=KL =F=3?Q D=N=DK 9N9AD9:D= GFK=IM=FLDQ GFDQ L@= DGO=J @9D>
>ADD=< /@AK ;GJJ=KHGF<K LG >ADBAFZ,4BC =M@ GJ:ALODK AF L@= DAF=
9JJ9Q G> E=L9D 9LGEK 9F< J=KMDLK AF L@= KLIGF?=KL HGKKA:D= :GF<AF?

Multidimensional Systems

/@=HJ=NAGMK =P9EHD= 09K 9 GF= <AE=FKAGF9D 9JJ9Q G> 9LGEK L@9IL @9<
GJ:AL9DK /G =PLJ9HGDIOL= LG LOG GJL@J== <AE=FKAGF9D KQKL=EK 9F< 9LC
=D=;LIGFK#9F<1 GJ:AL9DK AK KLI9A?@L>GJO09J< AF HJAF;AHD= =N=F L@GM?
L@=E9L@=E9LAK :=;GE=K EGJ= ;GEHD=P 9F< L@= J=KMDLAF? EGD=;MD9J GJ
EGJ= <A>>A;MDL LG NAKM9DAR= /@= J=KMDLAF? =F=J?Q D=N=D <A9?J9EK 9J-
K9E= 9K L@= <A9?J9E G> L@= GF= <AE=FKAGFIDAZREEHD= /&=

)GD=:MD9J +J:AL9D IF=J?Q (=N=D A9?J9E >GJ 9 (AF=9J JJIF?<ENFD G®=
>GDDGOAF? =P;=HLAGF L@=Q ;GFL9AF 9K E9FQ :9F<K 9K L@=J= 9J= <A>>=J=F
AFL=J9;LAF? GJ:AL9DK =;9MK= <A>>=J=FL 9LGEA,; GJ:AL9DK AFL=J9;L <A>>=J=
:9F< OADD @9N= 9 <A>>=J=FL :9F<OA<L@ 9F< OADD :=;=FL=J=< 9L 9 <A>>=J=FlI
;GJI=KHGF<AF? LG L@= =F=J7Q G> L@= H9J=FL 9LGEA; GJ:AL9D G> 9F AKGD9L

Band Gap

=,9MK= L@® @9F< =GJ:AL9DK G> 9 H=JAG< 9LGE 9J=>ADD=<;GJ= D=N=DK |
FGL AFL=J9;L KLIGF?DQ OAL@ L@= ;GJI=KHGF<AF? GJ:AL9DK GF 9<B9;=FL 9L(
L@=Q >GJE JL@=J F9JJIGO :9F<K L@9L 9J= O=DD K=H9JA2MIF =F#@PrO)

9F< .LIM;LMJ=K G> L@= ,=JAG< )=L9DK *9 )? 9F@EK=:9F<K 9J=;GEHD=L=DQ

>ADD=< :GL@ L@= :GF<AF? 9F< 9FLA:GF<AF? D=N=DK 9J= ;GEHD=L=DQ HGHM
<G FGL E9C=9 F=L ;GFLJA:MLAGF LG :GF<AF? AF L@= KGDA< /@= =F=J?7Q <A>:
=LO==F L@= @A?@=KL D=N=D G> GF=:9F< 9F< L@= DGO=KL D=Naldd>> L@=F
gap %L J=HJ=K=FLK 9 K=L G> >GJ:A<<=F =F=J?A=K L@9L <G FGL ;GJI=KHGF<

9DDGO=< ;GE:AF9LAGFK G> 9LGEA; GJ:AL9DK

=D G>

9
L
G
<

:GN=
G>
FGL

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK



@9HL=J .GDA<K

)GD=;MD9J GJ:AL9DK <=JAN
>JGE LOG GJ EGJ=<A>>=]=
CAF<K G> N9D=F;==D=;LJG
@9N= KAEAD9J =F=J?A=K

GF<AF? AF )=L9DK 9F< .=

=9MK= L@=Q =PL=F< >9JL@=J >JGE L@= FM;D=MK L@=
NOD=F;= GJ:ALIDK G> 9<BY;=FL@BEKAFA?MI=  gnon (o)

[@= 9F< .LIM;LMJ=K G> L@= ,=JAG< )=L9DK *9 '1280AB?72@ <3 A52 %2761
)2 9F< D AFL=J9;L EM;@ EGJ= KLIGF?DQ OAL@ GF&9@# "4 .1 9
IFGL@=J L@9F <G L@= >ADD=< ;GJ= D=N=DK 9K 9 J=KMDL L@=
N9D=F;= :9F<K @9N= 9 D9J?=J :9F<OA<L@ %F >9;L L@=
19F<K <=JAN=< >JGE L@E< =9LGEA; GJ:ALIDK 9J=
OA<=J) L@9F L@= =F=J?Q ?9H :=LO==F L@=E KG L@= J=KMDL
Akoverlapping bands /@=K= @9N= EGD=;MD9J GJ:AL9DK
<=JAN=<>JGE LOG GJ EGJ= N9D=F;= GJ:AL9DK OAL@ KAEAD9J
=F=J?A=K K L@= N9D=F;= :9F< AK >ADD=< OAL@ GF= LOG GJ
L@J===D=;LIGFK H=J 9LGE >GJ *9 )? 9F< D
J=KH=;LAN=DQ L@=;GE:AF=<:9F< L@9L 9JAK=K >JGE L@=
GN=JD9H G> I@F= =:9F<K AK 9DKG >ADDAF? MH AL @9K 9
LGLID ;9H9;ALQ G> =A?@L =D=;LJGFK H=J 9LGE LOG =D=;LJGFK
>GJ =9;@a5J:ALID 9F< KAP =D=;LJGFK >GJ =%;@ K=L G>
GJALIDK 2AL@ *9 L@=J=>GJ= O@A;@ @9IK GF= N9D=F;=
=D=;LIJGF L@=;GE:AF=< N9D=F;= :9F< AK GF==A?@L@1 =-c.92:02/.1@
>ADD=< OAL@ )? LOG N9D=F;= =D=;LJGFK AL AK<GE9.>GRIIR@A<3<?:.
>ADD=< 9F< OAL@ D AL AK L@J===A?@L@K >ABDABIRONPLAG|2224F 92C29@
ARAPMI= _ [@= 9F< LIMILMIZK G> L@= 2JAGS hope sontas 005,
)=L9DK *9 )? 9F< D /@=H9JLA9DDQ >ADD=< N9D=F;= :9F<
AK 9:KGDML=DQ ;JM;A9D >GJ =PHDIAFAF? E=LIDDA; :=@INAGJ
1=9MK= AL ?M9J9FL==K L@IL L@=J= 9J= MFG;;MHA=< =F=J?Q
D=N=DK 9L 9F AF>AFAL=KAE9DDQ KE9DD =F=J?Q 9:GN= L@=
@A?@=KL G;;MHA=< D=N=D

9F< L@=GJQ ;9F =PHD9AF NAJLM9DDQ 9DD L@= HIGH=JLA=K G> E=L9DK )=L9
=D=;LJIAJALQ >GJ =P9EHD= :=,9MK= GFDQ 9 N=JQ KE9DD 9EGMFL G> =F=J?Q A
=P;AL= 9F =D=;LJGF >JGE 9 >ADD=< D=N=D LG 9F =EHLQ GF= O@=J= AL AK >J=
JO9HA<DQ L@JGM?@GML L@= ;JQKLID AF J=KHGFK= LG 9F 9HHDA=< =D=;LJA; >
E=L9DK @9N= @A?@ @=9L ;9H9;ALA=K 9K QGM FG <GM:L J=E=E:=J >JGE L@=|
<G;LGJ GJ 9 FMJK= HD9;=< 9 KL=L@GK;GH= GF QGMJ KCAF :=,9MK= L@= =D=;L
NID=F;=:9F< ;9F 9:KGJ: L@=JE9D =F=J?Q :Q :=AF? =P;AL=< LG L@= DGO DQAF?
=F=J?Q D=N=DK "AF9DDQ E=L9DK 9J= DMKLJGMK :=;9MK= DA?@L G> N9JAGMI
= 9:KGJ:=< ;9MKAF? L@= N9D=F;= =D=;LJGFK LG := =P;AL=< AFLG 9FQ G> L@=:
=F=J?Q D=N=DK 9:GN=L@= @A?@=KL G;;MHA=<D=N=D 2@=F L@= =D=;LJGFK
DGO DQAF? =EHLQ D=N=DK L@=Q =EAL DA?@L G> <A>>=J=FL O9N=D=F?L@K
;9F ;= =P;AL=< >JGE E9FQ <A>>=J=FL >ADD=< D=N=DK AF 9 E=L9DDA; KGDA< 9F
<=;9Q :9;C LG 9FQ G> E9FQ =EHLQ D=N=DK DA?@L G> N9JQAF? O9N=D=F?L@K
9F< J==EALL=< O@A;@ J=KMDLK AF L@=;@9J9;L=JAKLA; K@AFQ 9HH=9J9F;= L

E9KKG;A9L= OAL@ E=L9DK
KL@9L

EA;GF<M;LGJK



@9HL=J .GDA<K

E9L=JA9D L@9L ;GF<M;LK
=D=;LJA;ALQ HGGJDQ :=;9MK=
N9D=F;=:9F<K 9J=>MDD

GF<AF? AF )=L9DK 9F< .=

Requirements for Metallic Behavior

"GJ 9 KGDA< LG =P@A:AL E=L9DDA,; :=@9NAGJ AL EMKL @9N= 9 K=L G> <=DG;¢
>GJEAF? 9 :9F< G> 9DDGO=< =F=J?Q D=N=DK 9F< L@= J=KMDLAF? :9F< EMKL :
H9JLA9DDQ >ADD=< ] OAL@ =D=;LJGFK 2AL@GML 9 K=L G> <=DG;9DAR=< |

AK FG HIL@O09Q :Q O@A;@ =D=;LIJGFK ;9F EGN=L@JGM?@ L@= KGDA<

Note the Pattern

)=L9DDA,; :=@9NAGJ J=IMAJ=K 9 K=L G> <=DG;9DAR=< GJ:AL9DK 9F< 9 |9F< G>
=F=J?Q D=N=DK L@9L AK H9JLA9DDQ G;;MHA=<

IF< L@=GJIQ =PHD9AFK L@=;GJJ=DILAGF :=LO==F L@= N9D=F;= =D=;LJGF ;GF
9 E=L9D 9F< L@= KLJ=F?L@ G> E=L9DDA,; :GF<AF? /@= N9D=F;= =D=;LJGFK G>
E=L9DK G;;MHQ =AL@=J L@=ABN9D=F=9F<;= GJ:AL9DK OAL@ 9 LGL9D ;9H9;Al
G> =D=;LJGFK H=JE=L9D 9LGE G@R@&=Ab 1GJ:AL9DK 9 LGL9ID ;9H9;ALQ G>

=D=;LJGFK H=J E=L9D 9LGE /@=K=9LGEA,; GJ:AL9DK 9J= ;DGK==FGM?@ AF :
L@= <=JAN=<:9F<K GN=JD9H KG L@= N9D=F;= =D=;LJGFK 9J= FGL ;GF>AF=< L
GJ:AL9D )=L9DK OAL@ LG N9D=F;==D=;LJGFK O@A;@ ;GJJ=KHGF< LG ?JGM
L@GK=EGKL DAC=DQ LG >ADD L@= N9D=F;=:9F<K 9HHJGPAE9L=DQ @9D>0O9(
L@=3=>GJ= G;;MHQ L@= @A?@=KL HGKKA:D= FME:=J G> :GF<AF? D=N=DK O@
G> 9FLA:GF<AF? D=N=DK G;;MHA=< AK EAFAE9D *GL ;GAF;A<=FL9DDQ L@==
?JGMHK =P@A:AL H@QKA;9D HIGH=JLA=K ;GFKAKL=FL OAL@ L@= HJ=K=F;=G
E=LI9DDA,; :GF<AF? KM;@ 9K N=JQ @A?@ E=DLAF? HGAFLK

Insulators

%F ;GFLJ9KL LG E=¢lebikcal insulators 9J= E9L=JA9DK L@9L ;GF<M;L =D=;LJAA
HGGJDQ :=;9MK= L@=AJ N9D=F;= :9F<K 9J=>MDD /@==F=J?Q ?9H :=LO==F L@
>ADD=< D=N=DK 9F< L@= DGO=KL =EHLQ D=N=DK AK KG D9J?=L@9L L@= =EH
AF9;,;=KKA:D= L@=JE9D =F=J?Q ;9FFGL =P;AL= 9F =D=;LJGF >JGE 9 >ADD=< D=
=EHLQ GF= /@= N9D=F;=:9F< KLIM;LMJ= G> <A9EGF< >GJ =P9EHD= AK K@GC
9 AF'A?MJ= IF=J?Q 9F< A9?J9EK >GJ A9EGF< .ADA:GF 9F< #=JE9FAME
=;9MK= <A9EGF< @9K GFDQ :GF<=<F=A?@:GJKJOL@=JL@9F L@= LG LQH
E=L9DK L@=;9J:@PF< =GJ:AL9DK ;GE:AF=LG >GJE LOG :9F<K AF L@= KGDA<
L@= GF=9L DGO=J =F=J7Q J=HJ=K=FLAF? :GF<AF? EGD=;MD9J GJ:AL9DK 9F< L
@A?@=J =F=J?Q J=HJ=K=FLAF? 9FLA:GF<AF? EGD=;MD9J GJ:AL9DK !9;:@ :9F<;
9:;:GEEG<9L=>GMJ =D=;LJGFK H=J 9LGE KG GFDQ L@=DGO0=J :9F< AK G;;MHA:
ﬁ‘@: =F=J?Q ?9H :=LO==F L@= >ADD=< :9F< 9F< L@= =EHLQ :9F< AK N=JQ D9J?-

EA;GF<M;LGJK



@9HL=J

.GDA<K

EGD 9L FGJESD L=EH=J9LMJ=K L@=JE9D =F=J?7Q ;9FFGL =P;AL= =D=;LIGFK >J
>ADD=< D=N=D AFLG L@==EHLQ :9F< /@MK L@=J= AK FG HIL@09Q :Q O@A;C
EGN=L@JGM?@ L@= KGDA< KG <A9EGF< @9K GF= G> L@= DGO=KL =D=;LJA;
CFGOF

64B72 224F ;1 6.47.:@ 3<? 6.:<;1 '6960<; .;1 27:.;6B:

(52/;14.=42A@ @:.992? 37<: A< 2

Semiconductors

2@9L A> L@= <A>>=J=F;= AF =F=J?Q :=LO==F L@= @A?@=KL G;;MHA=< D=N=D'
=EHLQ D=N=D AK AFL=JE=<A9L=:=LO==F L@GK= G> =D=;LJA;9D ;GF<M;LGJK 9F
I@AK AK L@= ;9K=>GJ KADA;GF 9F< ?=JE9FAME O@A;@ @9N= L@= K9E= KLJMN
<A9EGF< =;9MK= A].A 9F< #=]#=:GF<K 9J= KM:KL9FLA9DDQ O=9C=J L@9F ] :G
L@==F=J?Q ?9H :=LO==F L@= >ADD=< 9F< =EHLQ :9F<K :=;GE=K EM;@ KE9DD-=
<GOF ?JGMH H9JL : 9F<H9JL ;"&2MJ= IF=J?0Q 9F< A9?J9EK >GJ

A9EGF< .ADA:GF 9F<#=JE9FAMEJ EGJ= AF>GJE9LAGF GF :GF< KLJ=F?L@K K
@9HL=J %GFA;: N=JKMK GNID=FL GEEAGF ,JGH=JLA=K G> GN9D=FL
GF<K GFK=IM=FLDQ L@=JE9D =F=J?Q AK 9:D= LG =P;AL=9 KE9DD FME:=J G>
>JGE L@=>ADD=< N9D=F;= :9F< G> A 9F< #= AFLG L@==EHLQ :9F<9:GN=AL C
:9DD=< L@pnduction band

IP;ALAF? =D=;LJGFK >JGE L@= >ADD=< N9D=F;= :9F< LG L@= =EHLQ ;GF<M;LAC
;IMK=K 9F AF;J=9K= AF =D=;LJA;9D ;GF<M;LANALQ >GJ LOG J=9KGFK

/|@==D=;LIGFK AF L@= HJ=NAGMKDQ N9;9FL ;GF<M;LAGF :9F< 9J= >

/@= :9F< G>=EHLQ EGD=;MD9J EA?J9L= L@JGM?@ L@= ;JQKLID AF J=KHGFK= LG 9F 9HHDA=< =D=
GJ:AL9DK AF 9 K=EA;GF<M;LGJ

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK



@9HL=J .GDA<K

IP;ALOLAGF G> 9F =D=;LJGF >JGE L@= N9D=F;=:9F< HIG<M;=K 9 _@!
L@= N9D=F;=:9F< L@9L AK =IMANSBEHAGERI?= /@= @GD=AF L@=
N9D=F;=:9F<;9F EA?J9L= L@JGM?@ L@= ;JQKLID AF L@= <AJ=;LAG
L@9L G> L@==D=;LIGF AF L@= ;GF<M;LAGF :9F<:Q E=9FK G>9 _:M;
:JA?9<=" E=;@9FAKE AF O@A;@ 9F 9<B9;=FL =D=;LJGF >ADDK L@=
?=F=J9LAF? 9 @GD= O@=J= L@= K=;GF< =D=;LJGF @9< :==F 9F<KG

GFK=IM=FLDQ .A AK9 EM;@ :=LL=J =D=;LJA;9D ;GF<M;LGJ L@9F <A9EGF< 9F<
=LL=J 9DL@GM?@ :GL@ 9J= KLADD EM;@ HGGJ=J ;GF<M;LGJK L@IMI+ QHA;C

(G?9JAL@EA,; .;9D= %DDMKLJILAF? L@=FGJEGMK -9F?= G> ID=;LJA;9D
GE<M;LANALA=K G> .GRIAIOF;=K KM;@ 9K .A 9F< #= L@9L @9N=;GF<M;LANAL/
:=LO==F L@GK= G> E=L9DK 9F< AFKMD9L Gskfriden@idders )9FQ :AF9JQ
;GEHGMF<K G> L@= E9AF ?2JGMH =D=E=FLK =P@A:AL K=EA;GF<M;LAF? :=@9N/
L@IL G> .A 9F< #= "GJ =P9EHD= ?9DDAME 9JK=FA<= #9 K AK AKG=D=;LJGFA;
@9K L@= K9E= ;JQKLIDDAF= KLIM;LMJ= OAL@ 9DL=JFOLAF? #9 9F< K 9LGEK
KMJHJAKAF?DQ AL AK 9DKG 9 K=EA;GF<M;LGJ /@= =D=;LIGFA; KLIM;LMJ= G>
AK ;GEH9J=< OAL@ L@= KLJM;LMJ=K G> E=L9DK 9FARAMKIMDILGIK AF
GEH9JAKGF G> L@="=Q "=9LMJ=K G> L@= 9F<.LIJM;LMJ=K G> )=L9DK .=EA;GF
9F< %FKMDIOLGJIK

KM:KL9F;= KM;@ 9K .A 9F< #=
L@9L @9K 9 ;GF<M;LANALQ
:=LO==F L@9L G> E=L9DK 9F
AFKMDILGJK

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK



@9HL=J .GDA<K

64B?2 <=.?26@<; <3 Ab2 2F 2.AB?2@ <3 A52 .;1'A?BOAB?2@ <3

2A.9@ '2:60<;1BOA<?@ .1 ;:@B9.A<?@ 64872 1<4.96A5:60
'0.92 99B@A?.A6;4 A52
<?:<B@ &.:42 <3
920A?60.9 <;1BOA6C6AG2@ <3
'<961@

"2A.9960 /25.C6<? 0.; .?6@2 26A527? 3?<: A52 =?2@2;02 <3 . @6;492 =.?A6.99F 369921 /.;1 <? 3?<: AD< <
<;2 3B99 .;1 <;2 2:=AF

Temperature and Conductivity

=,9MK= L@=JE9D =F=J?Q ;9F =P;AL= =D=;LJGFK 9;JGKK L@= :9F< ?9H AF 9

K=EA;GF<M;LGJ AF;J=9KAF? L@= L=EH=J9LMJ= AF;J=9K=K L@= FME:=J G> =D=
@9N= KM>>A;A=FL CAF=LA; =F=J?Q LG := HIGEGL=< AFLG L@= ;GF<M;LAGF :9F
=D=;LJA;9D ;GF<M;LANALQ G> 9 K=EA;GF<M;LGJ L@=J=>GJ= AF;J=9K=K J9HA<D

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK



@9HL=J

.GDA<K

AF;J=9KAF? L=EH=J9LMJ= AF ;GFLJOKL LG L@=:=@9NAGJ G> 9 HMJ=DQ E=L9D
E=L9D 9K 9F =D=;LJGF LIIN=DK L@JGM?@ L@= ;JQKLID AF J=KHGFK= LG 9F 9
HGL=FLA9D AL ;9FFGL LJ9N=D N=JQ >9J :=>GJ= AL =F;GMFL=JK 9F< ;GDDA<=K"
FM;D=MK /@=EGJ= G>L=F KM;@ =F;GMFL=JK G;;MJ L@ARGGAEE GREQ@=
=D=;LIGF L@IGM?@ L@= ;JQKLIZIIR@ASF<M;LANALQ K L@=L=EH=J9LMJ=
L@= KGDA< AF;J=9K=K L@= E=L9D 9LGEK AF L@= DI9LLA;= 9;IMAJ= EGJ= 9F< E(
=F=J?Q =;9MK=L@=AJ HGKALAGFK 9J=>AP=<AF L@=D9LLA;= @GO=N=J L@
CAF=LA; =F=J?Q AF;J=9K=K GFDQ L@= =PL=FL LG O@A;@ L@=Q NA:J9L= 9:GML
HGKALAGFK L @A?@=J L=EH=J9LMJ=K L@=J=>GJ= L@= E=L9D FM;D=A ;GDD.
EG:AD= =D=;LJGFK EGJ= >J=IM=FLDQ 9F< OAL@ ?J=9L =128, &= MK
;GF<M;LANALQ /@AK =>>=;L AK @GO=N=J KM:KL9FLA9DDQ KE9DD=J L@9F L(
;GF<M;LANALQ OAL@ L=EH=J9LMJ= =P@A:AL=<:Q K=EA;GF<M;LGJK "GJ =P9EF}
;GF<M;LANALQ G> 9 LMF?KL=F OAJ= <=;J=9K=K :Q 9>9;LGJ G> GFDQ 9:GML LOC
L=EH=J9LMJ=J9F?= ] ' O@=J=9K L@= ;GF<M;LANALQ G> KADA;GF AF;J=9K=
9HHJIGPAEOL=DQ >GD< GN=JL@= K9E=L=EH=J9LMJ=J9F?= /@=K= LJ=F<K 9.
ADDMKLJIOLALNS= [/@=/[=EH=J9LMJ= =H=F<=F;= G> L@=!D=;LJA;9D
GF<M;LANALQ G>9)=L9D N=JKMK 9 .=EA;GF<M;LGJ
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/@=HJG;=KK G> <=DA:=J9L=
AFLIG<M;AF? KE9DD 9EGMF
AEHMJALA=K AFLG ;GEE=JA
K=EA;GF<M;LGJK LG LMF=L
=D=;LJA;9D HIGH=JLA=K >G]
KH=;A>A; 9HHDA;9LAGFK

K=EA;GF<M;LGJ L@9L @9K |

<GH=< OAL@ 9F AEHMJALQ

@9K EGJ= N9D=F;= =D=;LIGKF

LQIF L@=9LGEKG>L@= @
DILLA;=

Note the Pattern

/@= =D=;LJA;9D ;GF<M;LANALQ G> 9 K=EB;GF<@ABU@ AF;J=9KAF?
L=EH=J9LMJ= O@=J=9K L@= =D=;LJA;9D ;GF<M;LANR0Q2AE-®9D
AF;J=9KAF? L=EH=J9LMJ=

n- and p-Type Semiconductors

Doping AK 9 HJG;=KK MK=< LG LMF= L@= =D=;LJA;9D HIGH=JLA=K G> ;GEE=J;/
K=EA;GF<M;LGJK :Q <=DA:=J9L=DQ AFLJG<M;AF? KE9DD 9EGMFLK G> AEHMJAI
AEHMJALQ ;GFLSARBRWID=F;= =D=;LIJGFK L@9F L@=9LGEK G> L@= @GKL D9LL/
O@=F KE9DD 9EGMFLK G>9 ?JGMH 9LGE 9J= AFLIJG<M;=< AFLG 9 ;JOQKL9D G>
=D=E=FL L@=F L@=<GH=< KGDA< @9K EGJ==D=;LJGFK 9N9AD9:D= LG ;GF<M
L@=HMJ= @GKL @9K K K@GOF AFAPMI=9 AELJM;LMJ=K 9F< 9F<

A9?J9EK G>9<<AF? 9F AEHMJALQ KM;@ 9K H@GKH@GJIMK LG 9 KADA;GF ;JQK
G;;9KAGF9D =D=;LJGF JA;@ KAL=K AF L@= D9LLA;= /@==D=;LIGFA; =F=J?Q G>
=LO==F L@GK= G> L@=>ADD=< N9D=F;= :9F< 9F< L@= =EHLQ ;GF<M;LAGF :9F
LG L@= ;GF<M;LAGF :9F< =9MK=L@=9LGEK L@9L O=J= AFLIG<M;=< 9J= KMJ.
@GKL 9LGEK 9F< L@= =D=;LIGFK 9KKG;A9L=< OAL@ L@= AEHMJALQ 9J= ;DGK
L@= ;GF<M;LAGF :9F< L@GK==PLJ9 =D=;LJGFK 9J= J=D9LAN=DQ =9KADQ =P;A
=EHLQ ;GF<M;LAGF :9F< G> L@= @GKL .M;@ 9 KM:KL9F»#Ke9DD=< 9F
semiconductor OAL@ L@M<A;9LAF? L@9L L@= 9<<=<;@9J7=;9JJA=JK 9J= F=7?
L@=Q 9J==D=;LJGFK

64B72 'A?BOAB?2@ .;1 .;1 6.4?..@ <B=2 .;1 =(F=2'2:60<;1BOA<?@
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K=EA;GF<M;LGJ L@9L @9K
<GH=< OAL@ 9F AEHMJALQ
@9K >=0=J N9D=F;= =D=;LJG
LQIF L@=9LGEKG>L@= @
DILLA;=

GF<AF? AF )=L9DK 9F< .

%> L@= AEHMJALQ 9LGERZBRRRAEF;= =D=;LJGFK L@9F L@=9LGEK G> L@= @
=? O@=F KE9DD 9EGMFLK G>9 ?JGMH 9LGE 9J= AFLJG<M;=< AFLG 9 ;JQKLS¢
?JGMH =D=E=FL L@=F L@=<GH=<KGDA< @9K >=0=J =D=;LJGFK L@9F L@=
,=J@9HK MF=PH=;L=<DQ L@AK IDKGIRK@RERAFLANALQ :=;9MK=L@=
AEHMJALQ 9LGEK ?=F=J9L= @GD=K AF L@= N9D=F;=:9F< K K@QQ@QOMAF HIJL :
LIM;LMJI=K 9F< 9F< A9?J9EK G>9<<AF? 9F AEHMJALQ KM;@ 9K ?9DDAME L
KADA;GF ;JQKL9D ;J=9L.=K AKGD9L=< =D=;LJGF <=>A;A=FL KAL=K AF L@= @GKI
=D=;LIGFA; =F=J?0Q G> L@=K==EHLQ KAL=K 9DKG DA=K :=LO==F L@GK=G> L(
OF< 9F< L@==EHLQ ;GF<M;LAGF :9F< G> L@= @GKL :ML EM;@ ;DGK=J LG L@=
NOD=F;= :9F< %L AK L@=J=>GJ=J=D9LAN=DQ =9KQ LG =P;AL==D=;LIJGFK >JGE
9F< G> L@= @GKL LG L@= AKGD9L=< AEHMJALQ 9LGEK L@MK >GJEAF? @GD
9F< /@AK CAF< G> KM:KL9F;= AKpaiphe=setniconductor OAL@ L@=
KL9F<AF? >GJ HGKALAN= ;@9J?=;9JJA=J A= 9 @GD= $GD=K AF O@9L 09K 9
BMKL 9K =>>=;L AN= 9K =D=;LIJGFK AF 9F =EHLQ :9F< 9L ;GF<M;LAF? =D=;LJA;AL(

Note the Pattern

; IQH= K=EA;GF<M;LGJK &P8LAN=;@9J?=;9JJA=JK L@= AEHM3ALQ @9K
N9D=F;= =D=;LIGFK L@9F L@KXBESKEEA;GF<M;LGIK-GKALAN= ;@9J7?=
;9JJA=JK L@= AEHMIAZDZRBO=F;= =D=;LIGFK L@9F L@= @GKL

/@= =D=;LJA;9D ;GF<M;LANALQ G> 9 K=EA;GF<M;LGJ AK IGM?@DQ HIGHGJLAC
FME:=J G>;@9J?=;9JJA=JK KG <GHAF? AK 9 HJ=;AK=09Q LG 9<BMKL L@= ;GF:
K=EA;GF<M;LGJ GN=J 9 OA<= J9F?= /@= =FLAJ= K=EA;GF<M;LGJ AF<MKLJQ AK
E=L@G<K >GJ HJ=H9JAF? KOEHD=K G> .A #= GJ #9 K <GH=< OAL@ HJ=;AK= 9E
<=KAJ=< AEHMJALA=K 9F< 9KK=E:DAF? KADA,;GF ;@AHK 9F< GL@=J ;GEHD=P <
BMF;LAGFK :=LO=#8F<=LQH= K=EA;GF<M;LGJK AF N9JQAF? FME:=JK 9F<
9JJ9F?=E=FLK

=,9MK= KADA;GF <G=K FGL KL9F< MH O=DD LG L=EH=J9LMJ=K 9:GN= 9HHJGPA
K;A=FLAKLK @9N= :==F AFL=J=KL=< AF <=N=DGHAF? K=EA;GF<M;LGJK E9<=>J
9 EGJ=L@=JE9DDQ KL9:D= E9L=JA9D F=0 E=L@G< @9K :==F <=N=DGH=< :9K:
NI9HGJ <=HGKALAGF AF O@A;@ 9 ?9K=GMK EAPLMJ= AK @=9L=<LG 9 @A?@ L
HJIG<M;=;9J:GF L@9L L@=F ;GF<=FK=K GF 9 <A9EGF< C=JF=D /@AK AK L@= K¢
FGO MK=< LG ;J=9L= ;MDLMJ=< <A9EGF<K O@A;@ 9J= AF<AKLAF?MAK@9:D= >

_SA9EGF<K /@=<A9EGF<K 9J= @=9L=<LG EGJ=L@9F X MF<=J @A?@ HJ=KK

@@9J<=F L@=E =N=F >MIL@=J GHAF? L@= <A9EGF<K OAL@ :GISEQ@SK HIG<N
FIK=EA;GF<M;LGIK O@=J=9K <GHAF? L@=E OAL@ :GJGF 9F< <=M +IMUE 9;@A=

GKL

=EA;GF<M;LGJK



@9HL=J .GDA<K

=@INAGJ =9MK=G>L@=AJ L@=JE9D KL9:ADALQ <A9EGF< K=EA;GF<M;LGJK
HGL=FLA9D MK=K 9K EA;JGHJG;=KKGJK AF @A?@ NGDL9?= 9HHDA,;9LAGFK

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK
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EXAMPLE 8

- JQKLODDAF= KGDA< @9K L@=>GDDGOAF? :9F< KLIJM;LMJ= OAL@ L@= HI
J=HJ=K=FLAF? J=?AGFK G;;MHA=<:Q =D=;LJGFK /@= DGO=J :9F< AK ;GEHD-
G;;MHA=<:Q =D=;LJGFK 9F< L@= MHH=J D=N=D AK 9:GML GF= L@AJ< >ADD:-
=D=;LIGFK

9 ,J=<A;L L@==D=;LJA;9D HIGH=JLA=K G> L@AK KGDA<

. 2@9L OGMD< @9HH=F LG L@= =D=;LJA;9D HIGH=JLA=K A> 9DD G> L@=+
0=J=J=EGN=<>JGE L@= MHH=J :9F< 2GMD< QGM MK= 9 ;@=EA;9D GPA:«
GJ J=<M;L9FL LG =>>=;L L@AK ;@9F?=

; 2@9L OGMD< @9HH=F LG L@= =D=;LJA;9D HIGH=JLA=K A> =FGM?@ =D-=
9<<=< LG ;GEHD=L=DQ >ADD L@= MHH=J :9F< 2GMD< QGM MK=9 ;@=EA
GPA<9FL GJ J=<M;L9FL LG =>>=;L L@QAK ;@9F?=

Given: :9F< KLIM;LMJ=

Asked for: N9JA9LAGFK AF =D=;LJA;9D HIGH=JLA=K OAL@ ;GF<ALAGFK
Strategy:

A 9K=<GF L@= G;;MH9F;Q G> L@= DGO0=J 9F< MHH=J :9F<K HJ=<A;L O@=LC(C
L@= KM:KL9F;= OADD := 9F =D=;LJA;9D ;GF<M;LGJ /@=F HJ=<A;L @GO ALK
;GF<M;LANALQ OADD ;@9F?= OAL@ L=EH=J9LMJ=

B >L=J 9DD L@= =D=;LJGFK 9J= J=EGN=< >JGE L@= MHH=J :9F< HJ=<A;L @C
:9F< ?9H OGMD< 9>>=;L L@= =D=;LJA;9D HIGH=JLA=K G> L@= E9L=JA9D =L:

O@=L@=J QGM OGMD< MK=9 ;@=EA;9D GPA<9FL GJ J=<M;L9FL LG J=EGN=
>JGE L@= MHH=J :9F<

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK
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C,J=<A.L L@= =>>=L G> 9 >ADD=< MHH=J :9F< GF L@= =D=;LJA;9D HIGH=JL/
KGDA< /@=F <=:A<= 0@=L@=J QGM OGMD< MK= 9F GPA<9FL GJ 9 J=<M;L9F
L@= MHH=J :9F<

Solution:

9 A/@=E9L=JA9D @9K 9 H9JLA9DDQ >ADD=<:9F< O@A;@ AK ;JALA;9D >G.
=@INAGJ /@= KGDA< OADD L@=J=>GJ=:=@9N= DAC=9 E=L9D OAL@ «
=D=;LJA;9D ;GF<M;LANALQ L@9L <=;J=9K=K KDA?@LDQ OAL@ AF;J=9KAF
L=EH=J9LMJ=
B -=EGNAF? 9DD G> L@= =D=;LJGFK >JGE L@= H9JLA9DDQ >ADD=< MHH:
OGMD< ;J=9L= 9 KGDA< OAL@ 9 >ADD=< DGO=J :9F< 9F< 9F =EHLQ MHH=
K=H9J9L=<:Q 9F =F=J?Q ?9H %> L@= :9F< ?9H AK D9J?= L@= E9L=JA9D
9F =D=;LJA;9D AFKMDI9LGJ %> L@= ?9H AK J=DI9LAN=DQ KE9DD L@= KM
9 K=EA;GF<M;LGJ O@GK= =D=;LJA;9D ;GF<M;LANALQ AF;J=9K=K J9HA<D(
AF;J=9KAF? L=EH=J9LMJ= -=EGNAF? L@= =D=;LIJGFK OGMD< J=IMAJ= 9F
GPA<9FL :=;9MK= GPA<9FLK 9;;=HL =D=;LJGFK

;  C <<AF? =FGM?@ =D=;LJGFK LG ;GEHD=L=DQ >ADD L@= MHH=J :9F< OG
HJG<M;= 9F =D=;LJA;9D AFKMD9LGJ 2AL@GML 9FGL@=J =EHLQ :9F< J=C
;DGK= AF =F=J?Q 9:GN= L@= >ADD=< :9F< K=EA;GF<M;LGJ :=@9NAGJ OC
AEHGKKA:D= <<AF? =D=;LJGFK LG L@= KGDA< OGMD< J=IMAJ= 9 J=<M;l
=, 9MK= J=<M;L9FLK 9J= =D=;LIJGF <GFGJK

IP=J;AK=

KM:KL9F;= @9K L@= >GDDGOAF? :9F< KLIM;LMJ= AF O@A;@ L@=DGO=J ¢
@9D> >ADD=< OAL@ =D=;LJGFK HMJHD=9J=9 9F< L@= MHH=J :9F< AK =EH

9 ,J=<A;L L@==D=;LJA;9D HIGH=JLA=K G> L@= KGDA<

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK
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2@9L OGMD< @9HH=F LG L@= =D=;LJA;9D HIGH=JLA=K A>9DD G> L@-=+
0=J=J=EGN=<>JGE L@= DGO=J :9F< 2GMD< QGM MK= 9 ;@=EA;9D GPA:-
GJ J=<M;L9FL LG =>>=;L L@AK ;@9F?=

; 2@9L OGMD< @9HH=F LG L@= =D=;LJA;9D HIGH=JLA=K A> =FGM?@ =D=
9<<=< LG ;GEHD=L=DQ >ADD L@= DGO=J :9F< 2GMD< QGM MK= 9 ;@=EA
GPA<9FL GJ J=<M;L9FL LG =>>=,L L@AK ;@9F?=

Answer:

9 /@=KGDA< @9K 9 H9JLA9DDQ >ADD=< :9F< KG AL @9K L@= =D=;LJA;9D
9 :GF<M;LGJ
-=EGNAF? 9DD G> L@= =D=;LIGFK >JGE L@= DGO=J :9F< OGMD< HIG<M;
=D=;LJA;9D AFKMDI9LGJ OAL@ LOG =EHLQ :9F<K F GPA<9FL AK J=IMAJ=

i <<AF? =FGM?@ =D=;LJGFK LG ;GEHD=L=DQ >ADD L@= DGO=J D=N=D O(
AF 9F =D=;LJA;9D AFKMDI9LGJ A> L@= =F=J?Q ?9H :=LO==F L@= MHH=J 9
:9F<K AK J=D9LAN=DQ D9J?= GJ 9 K=EA;GF<M;LGJ A> L@= :9F< ?9H AK J-
KEODD J=<M;L9FL AK J=IMAJ=<

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK
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Summary

Band theory 9KKME=K L@9L L@= N9D=F;= GJ:AL9DK G> L@= 9LGEK AF 9 KGDA
LG ?=F=J9L= 9 K=L G> EGD=;MD9J GJ:AL9DK L@9L =PL=F< L@JGM?@GML L@
;GFLAFMGMK K=L G> 9DDGO=< =F=J?DegyDEMK/@= <A>>=J=F;= AF
=F=J?Q :=LO==F L@= @A?@=KL 9F< DGO=KL 9DDGO=< D=N=DK OAL@AF 9 ?A
bandwidth 9F< L@= <A>>=J=F;= AF =F=J?Q :=LO==F L@= @A?@=KL D=N=D G>
9F< L@= DGO=KL D=N=D G> L@= :9F< 9:GArdAJap Q@ = OA<L@ G>
9<B9;=FL :9F<K AK D9J?=J L@9F L@= =F=J?Q ?9H :=|dVeHanp@gE

bands J=KMDL AF O@A;@ EGD=;MD9J GJ:AL9DK <=JAN=<>JGE LOG GJ EGJ=
N9D=F;= GJ:AL9DK @9N= KAEAD9J =F=J?A=K )=L9DDA; HIGH=JLA=K <=H=F< (
G;;MHA=< :9F< ;GJJ=KHGF<AF? LG 9 K=L G> EGD=;MD9J GJ:AL9DK L@9L =PL=|
L@IGM?@GML L@= KGDA< LG >GJE 9 :9F< G> =F=J?Q D=N=DK %> 9 KGDA< (
N9D=F;=:9F< OAL@ 9 J=D9LAN=DQ DGO DQAF? =EHLQ coRd&:teix= AL 9

band L@=F =D=;LJGFK ;9F := =P;AL=<:Q L@=JE9D =F=J?Q >JGE L@= >ADD=<
AFLG L@= N9;9FL :9F< O@=J=L@=Q ;9F L@=F EA?J9L=L@JGM?@ L@= ;JQKL
J=KMDLAF? AF =D=;LJA;9D ;GF&l&ttAibbAlqEulators 9J= HGGJ ;GF<M;LGJK

= 9MK= L@=AJ N9D=F;= :9F<K 9%emdbDiductors @9N= =D=;LJA;9D
:GF<M;LANALA=K AFL=JE=<A9L=:=LO==F L@GK= G> AFKMD9LGJK 9F< E=L9D
=D=;LJA;9D ;GF<M;LANALQ G> K=EA;GF<M;LGJK AF;J=9K=K J9HA<DQ OAL@ A
L=EH=J9LMJ= O@=J=9K L@==D=;LJA;9D ;GF<M;LANALQ G> E=L9DK <=;J=9K=
OAL@ AF;J=9KAF? L=EH=J9LMJ= /@= HIGH=JLA=K G> K=EA;GF<M;LGJK ;9F :=
EG<A>A=<dQping GJ AFLJG<M;AF? AEHMJALA=K <<AF? 9F =D=E=FL OAL@ E
N9D=F;==D=;LJGFK L@9F L@=9LGEK G> L@= @GKL HGHMD9L=K L@= ;GF<M
J=KMDLAF? AFt9pe semiconductor OAL@ AF;J=9K=< =D=;LJA;9D ;GF<M;LANALC
<<AF? 9F =D=E=FL OAL@ >=0=J N9D=F;= =D=;LJGFK L@9F L@=9LGEK G> L@
?=F=J9L=K @GD=K AF L@= N9D=F;=:9F< J=Kipé¢AEmi&Britluctor L@9L

9DKG =P@A:ALK AF;J=9K=< =D=;LJA;9D ;GF<M;LANALQ

KEY TAKEAWAY

Y GF<AF? AF E=L9DK 9F< K=EA;GF<M;LGJK ;9F := <=K;JA:=< MKAF? :9F<
L@=GJQ AF O@A;@ 9 K=L G> EGD=;MD9J GJ:AL9DK AK ?=F=J9L=< L@9L
L@JIGM?@GML L@= KGDA<

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK
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CONCEPTUAL PROBLEMS

9F 9F< L@=GJQ := 9HHDA=< LG E=L9DK OAL@ LOG =D=;LIGFK@F L@=AJ I
GJ:AL9DK OAL@ FG =D=;LIGFK AF L@EEAIMNIDKF2@Q GJ O@Q FGL

#AN=F 9 K9EHD= G> 9 E=L9D OAIL@EK @GO <G=K L@= OA<L@ G> L@= :9F:
9JAKAF? >JEEJ:ALID AFL=J9;LAGFK ;GEH9J= OAL@ L@= OA<L@ G> L@= :9l
>JGHABJ:ALID AFL=J9;LAGFKL &JGH 9D AFL=J9;LAGFK

A9EGF< @9K GF= G> L@= DGO=KL =D=;LJA;9D ;GF<M;LANALA=K CFGOF ¢
>9:L <G QGM =PH=;L <A9EGF< LG :=;GDGJ=< 2@Q $GO <G QGM 9;;GMFL >
>9;L L@9L KGE= <A9EGF<K 9J=;GDGJ=< KM;@ 9K HAFC" <A9EGF< GJ ?J-
<A9EGF<

2@Q <G KADN=J @9DA<=K MK=< AF L@= H@GLG?J9H@A; AF<MKLJQ @9N
LQHA;9D G> K=EA;GF<M;LAF? E9L=JA9DK O@=J=9K 9DC9DA E=L9D @9DA<
D9J7?=:19F< ?9HK

K L@= AGFA; ;@9J9;L=J G> 9 ;GEHGMF< AF;J=9K=K <G=K ALK :9F< ?9H AF:.
<=;J=9K= 2@Q

2@Q AK KADA;GF JIL@=J L@9F ;9J:GF GJ ?=JE9FAME MK=< AF L@= K=EA
AF<MKLJIQ

9J:GF AK 9F AFKMDIOLGJ 9F< KADA;GF 9F< ?=JE9FAME 9J= K=EA;GF<M;LG.
L@=J=DILAGFK@AH :=LO==F L@= N9D=F;= =D=;LJGF ;GF>A?MJILAGF G> -
9F< L@=AJ :9F< KLIM;LMJ=K 2@A;@ OADD @9N=L@= @A?@=J =D=;LJA;9C
JGGE L=EH=J9LMJ="KADA;GF GJ ?=JE9FAME

$GO <G=K <GHAF? 9>>=;L L@= =D=;LJA;9D ;GF<M;LANALQ G> 9 K=EA;GF<M
L@= =>>=,L G> <GHAF? GF L@= =F=J?Q D=N=DK G> L@= N9D=F;= :9F< 9F< |
;GF<M;LAGF :9F< >GJ :GL@aLg9H= 9F<8LQH= K=EA;GF<M;LGJ

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK
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ANSWERS

/@= DGO =D=;LJA;9D ;GF<M;LANALQ G> <A9EGF< AEHDA=K 9 N=JQ D9J?= ¢
;GJI=KHGF<AF? LG L@= =F=J?Q G> 9 H@QGLGF G> MDLJONAGD=L DA?@L J'
DA?@L GFK=IM=FLDQ <A9EGF< K@GMD< :=;GDGJD=KK ,AFC GJ ?J==F </
;GFL9AF KE9DD 9EGMFLK G> @A?@DQ ;GDGJ=< AEHMJALA=K L@9L 9J=J=
L@=AJ ;GDGJ

KL@=AGFA; ;@9J9;L=J G> 9 ;GEHGMF< AF;J=9K=K L@=:9F< ?9H OADD 9D
<M= LG 9 <=;J=9K= AF GJ:AL9D GN=JD9H -=E=E:=J L@9L GN=JD9H AK ?J=9L
GJ:AL9DK G> L@= K9E= =F=J?Q 9F< L@9L L@= <A>>=J=F;= AF =F=J?Q :=LO
GF 9<B9;=FL 9LGEK AF;J=9K=K 9K L@= <A>>=J=F;= AF =D=;LJGF=?9LANALQ
ILGEK AF;J=9K=K /@MK D9J?= <A>>=J=F;=K AF =D=;LIGF=?9LANALQ AF;J=
;@9J9;L=J <=;J=9K=L@= GJ:AL9D GN=JD9H 9F< AF;J=9K= L@= :9F< ?9H

NUMERICAL PROBLEMS

+> 9 * 9F<#= O@A;@ OADD ;GFN=JL HMJ= KABA;QRAREGA,GF<M;LGJ
O@=F <GHAF? PHD9AF QGMJ J=9KGFAF?

+>#9 A J 9F<, O@A;@ OADD ;GFN=JL HMJ= ?=JE9FAMEOAELG 9F
K=EA;GF<M;LGJ O@=F <GHAF? IPHD9AF QGMJ J=9KGFAF?

GF<AF? AF )=L9DK 9F< .=EA;GF<M;LGJK
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12.7 Superconductors

LEARNING OBJECTIVE

/G :=;,GE=>9EADA9J OAL@ L@= HIGH=JLA=K G> KMH=J;GF<M;LGJK

/@= H@=FGE=FGF G> KMH=J;GF<M;LANALQ O9K <AK;GN=J=<:Q L@= 9FAK@ H
'9E=JDAF?@ +FF=K ] *G:=D ,JAR=AF @QKA;K O0@G >GMF<9 09Q LG
DAIM=>Q @=DAME O@A;@ :GADKI9L '9F< 9LE HJ=KKMJ= /G =PHDGAL L@=
L=EH=J9LMJ=K E9<= HGKKA:D=:Q L@AK F=0 ;JQG?=FA; > DMA< @=:=?9F 9 KQl
KLM<Q G> L@= HIGH=JLA=K G> E=L9DK =KH=;A9DDQ L@=AJ =D=;LJA;9D HIGH
=D=;LJA;9D J=KAKL9F;= G> 9 K9EHD= AK L=;@FA;9DDQ =9KA=J LG E=9KMJ= L@"
;GF<M;LANALQ +FF=K E=9KMP2Q6@ABEEMK KOEHD=K /@= J=KAKLANALQ 9F
;GF<M;LANALQ G> 9 E9L=JA9D 9J= AFN=JK=DQ HIGHGJLAGF9D

>B.A6G<;

DPOEVDUW
JUu<Z

%F  +FF=K <AK:GN=J=<L@9L 9L 9:GML ' L@= J=KAKLANALQ G> E=L9DDA,; E:
E=DLAF? HGAFL <=;J=9K=< KM<<=FDQ LG =KK=FLA9DDQ R=JG JIL@=J L@9F
:GFLAFMAF? LG <=;J=9K= GFDQ KDGODQ OAL@ <=;J=9KAF? L=EH=J9LMJ= 9K =|
"A?MJ= _ /@=/=EH=J9LMJ= =H=F<=F;= G> L@=!D=;LJA;9D -=KAKLANALQ G> ¢
*GJE9D )=L9D 9F< 9 .MH=J;:GF<M;L$J;9DD=< L@AK H@=FGE=FGF
|@= H@-FGE=FGF AF O@AG superconductivity  :=9MK= 9 J=KAKLANALQ G> R=JG E=9FK L@9L 9F =D=LJA;9C
KGDA< 9L DGO L=EH=J9LMJ4 K,9F >DGO >GJ=N= J +FF=K KGGF <AK;GN=J=< L@9L E9FQ GL@=J E=L9DDA; =D=
=P@A:ALK R=JG J=KAKLOF:=|L&Mdt=J;GF<M;LANALQ 9L N=JQ DGO L=EH=J9LMJ=KsupemrGrdu@orE= @9K 9
>DGO G> =D=;LJA;9D ;MJJ=FL :@9J9;L=JAKduperconducting transition temperature ( T¢) 9L O@A;@ ALK
KGDA< L@9L 9L DGO J=KAKLANALQ <JGHK LG R=JG L L=EH=J9LMJ=K O=-KKH@ER@:LGIK 9DKG
L=EH=JOLMJ=K =P@A:ALK RTIGGEHD=L=DQ =PH=D 9 E9?F=LA; >A=D< >JGE L@=AJ AFL*AAGIE HOJI @ AF
S o 18" PCO G = AKKF=) 1>>=:/@AK H@=FGE=FGF AK 9Dsissr@reffect 9>L=] GF= G> ALK
R <AK;GN=J=JK L@= #=JE9F H@QKA;AKL 29DL@=J )=AKKF=J 0@G <=K;JA:=<L@
/@=L=EH=J9LMJ= 9L O@A@ L@@=FGE=FGF AF M= LG L@= )=AKKF=J =>>=;L 9 KMH=J;GF<M;LGJ OADD 9;l

=D=;LJA;9D J=KAKL9F;=G> 9 N _ _ . — —\— _ _.
EOL=JASD <JGHK LG R=1G _>DGI9L" GN=J 9 E9?F=L 9K K@GOF AF FNMJI=AF /@=)=AKKF=J I>>=;L

¥)

/@=H@=FGE=FGF AF O@A;®@ 9
KMH=J;GF<M;LGJ ;GEHD=L=DQ
=PH=DK 9 E9?F=LA; >A=D< >JGE ALK
AFL=JAGJ
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64B?2 (52 (2:=2?.AB?2 2=2;12;02 <3 A52 920A?60.9 &2@6@A6C6AF <3 . #<?:.9"2A.9 .;1.
'B=270<;1B0A<?

(52 @B=270<;1B0A6;4 A?.;@6A6<; A2(72B8@BXE2 A2:=2?.AB?2 .A D5605 A52 ?2@6@A6C6AF <3 . @B=27
1?7<=@ A< G27?<

.MH=J;GF<M;LGJK
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L@=GJQ MK=< LG =PHD9AH
H@=FGE=FGF G>
KMH=J;GF<M;LANALQ

,9AJK G> =D=;LJGFK L@9L E/
L@JGM?@ 9 KMH=J;GF<M;LA
E9L=JA9D 9K 9 MFAL

L

\?

F

.MH=J;GF<M;LGJK

64B72 (52"26@@;2? 3320A

. 29<D 6A@. @B=270<;1B0A<? 0<:=92A29F 2E=29@ :.4;2A60 96;2@ <3 3<?02 3?<: 6A@ 6;A2?76<? [ ;
92C6A.A6<; . @:.99 :.4;2A M39<.A@N <C2? . 16@8 <3 . 5645 A2:=27.AB?2 @B=2?0BLBA6;4 :.A2?76.9 , .
0<<921 6; 96>B61 ;6A?<42;

BCS Theory

"GJE9FQ Q=9JK L@=H@=FGE=FGF G> KMH=J;GF<M;LANALQ ;GMD< FGL := K9l
=PHD9AF=<:Q L@= D90K G> ;GFN=FLAGF9D H@QKA;K %F L@==9JDQ K @C
E=JA;9F H@QKA;AKLK &G@F 9J<==F (=GF GGH=J 9F< &G@F .;@JA=>>=] >GJI
L@=GJQ >GJ KMH=J;GF<M;LANALQ L@9L =9JF=< L@=E L@= *G:=D ,JAR= AF ,@(
1iGI<AF? LG L@ES theory F9E=<>GJL@= AFALA9DK G> L@=AJ DOKL FO9E=K -

AFL=J9;LAGFK AFNGDNAF? LOG =D=;LIJGFK L@9L 9J= 9L KGE= <AKL9F;= >JGE =
GF= =D=;LJGF EGN=K L@JGM?@ L@= DILLA;= L@= KMJIGMF<AF? FM;D=A 9J=
RB= EGLAGF G> L@= FM;D=A :9F ;J=9L= 9 LJ9FKA=FL K@GJL DAN=< @GD= L@"
K=;GF< =D=;LJGF AF L@= K9E= <AJ=,LAGF 9K L@= >AJKL /@= FM;D=A L@=F J=l
GJA?AFID HGKALAGFK LG 9NGA< ;GDDA<AF? OAL@ L@= K=;GF< =D=;LJGF 9K/

SAIK G> =D=;LIGFK Cabperpairs EA?JIL= L@IGM?@ L@= :JQKLID 9K 9 MFAL
=D=;LIGFK AF GGH=J HOAJK ;@9F?= H9JLF=JK >J=IM=FLDQ DAC= <9F;=JK AF 9
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E9L=JA9D L@IL :=;GE=K 9
KMH=J;GF<M;LGJ 9L
L=EH=J9LMJ=K ?J=9L=J L@9

.MH=J;GF<M;LGJK

»GIKAF? LG L@= .L@=GJQ 9K L@=L=EH=J9LMJ= G> L@= KGDA< AF;J=9K=K
NA:JOLAGFK G> L@=9LGEK AF L@= DILLA;= AF;J=9K= ;GFLAFMGMKDQ MFLAD
=D=;LIGFK ;9FFGL 9NGA< ;GDDA<AF? OAL@ L@=E /@= ;GDDAKAGFK J=KMDL A
KMH=J;GF<M;LANALQ 9L @A?@=J L=EH=J9LMJ=K

/@= H@=FGE=FGF G> KMH=J;GF<M;LANALQ KM??=KL=< E9FQ =P;ALAF? L=;@F(
9HHDA;9LAGFK "GJ =P9EHD= MKAF? KMH=J;GF<M;LAF? OAJ=K AF HGO=J ;9:D=
J=KMDL AF R=JG HGO=J DGKK=K =N=F GN=J <AKL9F;=K G> @MF<J=<K G> EAD
=, 9MK= KMH=J;GF<M;LGJK =PH=D E9?F=LA; >A=D<K 9 ;GE:AF9LAGF G> E9?7F=L
KMH=J;GF<M;LAF? O@==DK GJ NA;= N=JK9 ;GMD< := MK42L6HIBZIAAGL<;

G> >GJ =P9EHD= 9 LJ9AF GN=J L@= LJ9;C J=KMDLAF? AF >JA;LAGF >J== LJ9FI

OF>GJLMFIL=DQ >GJ E9FQ Q=9JK L@= GFDQ KMH=J;GF<M;LGJK CFGOF @9< K
DAEALILAGFK =KH=;A9DDQ L@= F==<>GJ N=JQ DGO L=EH=J9LMJ=K O@A;@ .
G> =PH=FKAN= ;JQG?=FA; >DMA<K KM;@ 9K DAIMA< $= %F 9<<ALAGF L@= KM
HIJGH=JLA=K G> E9FQ KM:KL9F;=K 9J= <=KLJGQ=<:Q D9J?==D=;LJA;9D ;MJJ=FL
EG<=J9L=DQ D9J?= E9?F=LA; >A=D<K E9CAF? L@=E MK=D=KK >GJ 9HHDA;9LA(
;9:D=K GJ @A?@ >A=D< E9?F=LK /@= 9:ADALQ G> E9L=JA9DK KM;@ F&/A *..F
*1 #= LG LGD=J9L=J9L@=J @A?@ E9?F=LA; >A=D<K @GO=N=J @Q9K D=<LG 9
;GEE=J;A9D 9HHDA;9LAGFK G> KMH=J;GF<M;LGJK AF;DM<AF? @A?@ >A=D< E
FM;D=9J E9?F=LA,; J=KGF9F;= *)- KH=;LJGE=L=JK 9F< E9?F=LA; J=KGF9F;= AE9~
)-% AFKLIME=FLK AF E=<A;AF= O@A;@ MFDAC=P J9QK ;9F <=L=;L KESDD ;@
KG>L LAKKM=K AF L@=:G<Q

High-Temperature Superconductors

=;9MK= G> L@=K= DAEALI9LAGFK K;A=FLAKLK ;GFLAFM=< LG K=9J;@ >GJ E9L=
=P@A:AL=< KMH=J;GF<M;LANALQ 9L L=EH=J9LMJ=K ?J=9L.=)J L@9F ' L@= L=El
DAIMA< FALJG?=F L@= D=9KL =PH=FKAN=;JQG?=FA; >DMA< %F &G@IFF=
9F<'9JD )WDD=J OGJCAF? >GJ % ) AF 5MJA;@ K@GO=<L@9L ;=JL9AF EAP=<
GPA<=K ;GFL9AFAF? (9 9 9F< M =P@A:AL=< KMH=J;GF<M;LANALQ 9:GN= "'/
;GEHGMF<K @9< :==F HJ=H9J=<:Q "J=F;@ OGJC=JK 9K HGL=FLA9D KGDA< ;9L9
Q=9JK =9JDA=J :ML L@=AJ =D=;LJA;9D HIGH=JLA=K @9< F=N=J :==F =P9EAF=<
L=EH=J9LMJ=K DL@GM?@ AFALA9DDQ L@= K;A=FLA>A; ;GEEMFALQ O9K =PL.
L@= ;GEHGMF<K O=J= KG =9KQ LG HJ=H9J= L@9L L@= J=KMDLK O=J= ;GF>AJE
>=0 O==CK /@%+igh-temperature superconductors =9JF=< =<FGJR 9F<

)WDD=J L@=*G:=D ,JAR= AF ,@QKA;K AF  .M:K=IM=FL J=K=9J;@ @9K HIG<M;;
;GEHGMF<K OAL@ J=D9L=< KLIM;LMJ=K L@9L 9J= KMH=J;GF<M;LAF? 9L L=EH=
@A?@ 9K ' /@=:=KL CFGOF G> L@=K= 09K <AK;GN=J=<:Q ,9MD @M 9F< )90
2M &J 9F< AK ;9DD=<L@=_ @M]2M H@9K="GJL@=  KMH=J;GF<M;LGJ
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.MH=J;GF<M;LGJK

/@=>GJEMD9 >GJL@=  KMH=J;GF<M;LCMAKp£E D@=JEAK 9:GML >GJ
KOEHD=K L@9L KMH=J;GF<M;L 9L 9:GHEL '?%NAF? 9 >GJEMDY9 G>M 9

L@= E9L=JA9D AK 9F =D=;LJA;9D AFKMDILGJ /@= KMH=J;GF<M;LAF? H@9K= Al
FGFKLGA;@AGE=LJA; ;GEHGMF< OAL@ 9 >AP=<JI9LAG G> E=L9D 9LGEK :ML 9
GPQ?=F ;GFL=FL /@= GN=J9DD =IMI9LAGF >GJ L@= KQFL@=KAK G> L@AK E9L-

>B.A6<;
O T #B® T $VO T—0 H{ :#B$SVO T $C

%> O= 9KKME= L@9L L@= KMH=J;GF<M;LAF? H@9K= AK J=9DDQNKHGA; @ AGE=L
L@=F L@=9N=J9?= GPA<ILAGF KL9L=K G>+ 4 9 9F< M 9J=b- 9F<
J=KH=;LAN=DQ /@= KAEHD=KL 09Q LG NA=O L@= 9N=J9?= GPA<9LAGF KL9L=
9KKME=L@9L LOG M 9LGEK H=J >GJEMD9 MFAL 9J= HHEK&H=9K MJ=K=FL 9K
L@=J9L@=J MFMKMZBFM 9 M + L@=AFKMDILAF? >GJE L@= GPA<9LAGF KL!

MAK — KGL@=J=9J=LOGIW GF= MH=J >GJEMD9 MFAL

K KQGOF A?MJ= [@=-=DILAGFK@AH G> L@= .LIM;LMJ= G> 9 .MH=J;GF<M
GFKAKLAF? G>4 9 M+ LG 9 .AEHD= ,=JGNKCAL= .L@IWRIAL ;=DD G> L@=

KMH=J;GF<M;LGJ AK J=D9L=< LG L@= MFAL ;=DD G> L@= KAEHD= H=JGNKCAL-
: AF"A?MJ= [@=,=JGNKCAL= .LIM;LMJ= G> 9@+ GFDQ <A>>=J=F;=
:=LO==F L@= KMH=J;GF<M;LAF? 9F< AFKMD9LAF? >GJEK G> L@= ;GEHGMF< Ak
9LGE @9K :==F J=EGN=<>JGE :=LO==F LAGFM O@A;@ <=KLJGQK L@=;@9AFK
M 9LGEK 9F< D=9N=K L@= M AF L@= ;=FL=J G> L@= M+ ;@3BPK G+ M
9LGEK 9J=;JM;A9D LG L@=>GJEILAGF G> L@= KMH=J;GF<M;LAF? KL9L=
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.MH=J;GF<M;LGJK

64B72

. 'A.086;4 A5?22 B;6A 0299@ <3 A52 . 02;A2222<([EB386A2 @A?BOAB?264B22/ 6; (52 %2?<C@86A2

'A?BOAB?2 <3 .(68<42A527? D6AS5 / ?2=9.02:2;A <3 .99 (6 .A<:@ /F B ?2=9.02:2;,A <3 . 6; A52 A<= ;1 /<A
0B2@ /F . .;1?2=9.02:2;A <3 . 6; A52 02;A?.9 0B/2 /F , 46C2BD$ , @A<6056<:2A?F 0 (52 ?2:<C.9<3

AD< <EF42; .A<:@ =27 B;6A 0299 46C2@ A5B<$6{@A<6056<:2A?F <3 A52 @B=2?0<;1B0A6;4 :.A2?6.9

[9:D=  /@= GEHGKALAGF G> 19JAGMK .MH=J;GFRMKIBIK@= A<=9D

;GEHGKALAGFK G> KGE= G> L@= CFGOF @A?@ L=EH=J9LMJ= KMH=J;GF<M;LC
:==F <AK;GN=J=< AF J=;=FL Q=9JK !F?AF==JK @9N= D=9JF=< @GO LG HJG;=KK
HGDQ;JOKL9DDAF=  9F<J=D9L=<;GEHGMF<K AFLG OAJ=K L9H=K 9F< >ADE
;9JJQ =FGJEGMK =D=;LJA;9D ;MJJ=FLK GEE=J;A9D 9HHDA;9LAGFK AF;DM<= L(
AF>J9J=< K=FKGJK 9F< AF 9F9DG? KA?F9D HJG,;=KKAF? 9F< EA;JGO9N= <=NA;=

/9:D= /|@= GEHGKALAGF G> 19JAGMK .MH=J;GF<M;LGJK

9, pbeEAE+

(9 beJE M+

49 M +pE

A .J pbe9E M+

*Nominal compositions only. Oxygen deficiencies or excesses are common in these
compounds.
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A9 J M+

D9 9 M+

$7?9 9 M+

*Nominal compositions only. Oxygen deficiencies or excesses are common in these
compounds.

.MH=J;GF<M;LGJK
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.MH=J;GF<M;LGJK

EXAMPLE 9

9D;MDI9L= L@= 9N=J9?= GPA<9LAGF KL9L= G> M AF 9 K9EHBEAL4 9

E $GO <G QGM =PH=;L ALK KLIM;LMJ= LG <A>>=] >JGE LABUIK@GOF A
[@=-=DILAGFK@AH G> L@= .LIM;LMJ= G> 9 .MH=J;GF<M;LGJ GFKAKLAF

4 9 M+LG9 .AEHD= ,=JGNKCAL=.LIMA®D49 M + 9F<49 M +

Given: KLGA;@AGE=LJQ
Asked for: 9N=J9?= GPA<9LAGF KL9L= 9F< KLIM;LMJ=
Strategy:

A 9K=< GF L@= GPA<9LAGF KL9L=K G> L@= GL@=J ;GEHGF=FL 9LGEK ;9D;\
9N=J9?= GPA<9LAGF KL9L= G> M L@9L OGMD< E9C= 9F =D=;LJA;9DDQ F=ML
;GEHGMF<

B GEH9J=L@= KLGA;@AGE=LJQ G> L@= KLIM;LNMA2ZMI<@Q GOBAF
-=DILAGFK@AH G> L@=.LIM;LMJ= G> 9 .MH=J;GF<M;LGJ GFKAKLAF? G> 4 ¢
LG 9 .AEHD= ,=JGNKCAL=.LINDAM@*L @= KLGA,@AGE=LJQ G> L@= ?AN=F
;GEHGMF< LG HJ=<A;L @GO L@= KLIM;LMJ=K <A>>=]

Solution:

A/@= F=L F=?9LAN=;@9J?= >JGE GPQ?bF AK b 9F<L@=KME
G>L@=;@9J?=K GF L@=4 9F< 9 9LBEK/AK&Gc 7 /@AK D=9N=K 9

F=L ;@9J?=G>b H=J MFAL ;=DD O@A;@ EMKL := ;GEH=FK9L=<>GJ :Q L@=1
M 9LGEK >GJ 9 F=L ;@9J?=6> H=J M

B/@= EGKL DAC=DQ KLJM;LMJ= OGMD< := GF= AF O@A;@ =N=JQ GL@=J + 9
=LO==F L@= M 9LGEK AF L@= M ;@9AFKI G> @9K :==F J=EGN=<

IP=J;AK=

9D;MD9L= L@= 9N=J9?= GPA<9LAGF KL9L= G> M AF 9 KBEMD= G> $? 9
KKME= L@9L $? AK HJ=K=FL 9K $?

Answer:
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Summary

Superconductors 9J= KGDA<K L@9L 9L DGO L=EH=J9LMJ=K =P@A:AL R=JG J=K
L@=>DGO G> =D=;LJA;9D ;MJJ=FL 9 H@=FGE=-RGpctieBlicinty /@=
L=EH=J9LMJ=9L O@A;@ L@= =D=;LJA;9D J=KAKLIF;= G> 9 KM:KL9F;= <JGHK |
superconducting transition temperature ( (¢) .MH=J;GF<M;LGJK 9DKG =PH=D 9
E9?F=LA; >A=D< >JGE L@=AJ AFL=JAGJ 9 H@=FGE=FGH&$5peF 9K L@=
effect .MH=J;GF<M;LANALQ ;9F := =PHD9AFBCEH th@bry O@A;@ KOQK L@9L

;GMHD= LG >GJE H9AJK G> =D=;LJGFK GBidhXétApdiature
superconductors @INE NODM=K ?J=9L=J L@Q9F '

KEY TAKEAWAY

Y .MH=J;GF<M;LANALQ ;9F := <=K;JA:=< MKAF? L@= .L@=GJQ AF O@A;@
GGH=J H9AJK G> =D=;LJGFK EA?J9L= L@JGM?@ L@=;JQKL9D 9K 9 MFAI

CONCEPTUAL PROBLEMS

2@0Q <G=KL@= .L@=GJQ HI=<A;L L@9L KMH=J;GF<M;LANALQ AK FGL HG
L=EH=J9LMJ=K 9:GN= 9HHJGPAEO9L=DQ '

$GO <G=K L@=>GJIEILAGF G> GGH=J H9AJK D=9< LG KMH=J;GF<M;LANAL

ANSWER

GI<AF? LG .L@=GJQ L@= AFL=J9;LAGFK L@9L D=9< LG >GJE9LAGF G>
HI9AJK G> =D=;LIJGFK 9J= KG O=9C L@9L L@=Q K@GMD< := <AKIMHL=<:Q L
NA:JOLAGFK G> DILLA;=9LGEK 9:GN=9:GML '

.MH=J;GF<M;LGJK
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12.8 Polymeric Solids

LEARNING OBJECTIVE

/G MF<=JKL9F< L@= <A>>=J=F;=K :=LO==F KQFL@=LA; 9F< :AGDG?A;9D
HGDQE=JK

)GKL G> L@= KGDA<K <AK;MKK=< KG >9J @9N=:==F EGD=;MD=K GJ AGFK OAL(
E9KK=K J9F?AF? >JGE L=FK LG @MF<J=<K G> 9LGEA; E9KK MFALK )9FQ G> L(
E9L=JA9DK AF ;GFKME=J ?GG<K LG<9Q @GO=N=J @9N=N=JQ @A?@ EGD=;M
JIF?AF? >JGE L@GMK9F<K LG EADDAGFK G> 9LGEA; E9KK MFALK 9F< 9J=>GJ
;9J=>MDDQ ;GFLJGDD=< K=JA=K G> J=9;LAGFK L@9L HIG<M;= ?A9FL EGD=;MD:-
polymers >JGE L@=#J=QPRF<:2?<@E=9FAF? E9FQ H9JLK" ,GDQE=JK 9J=
MK=< AF ;GJJ=;LAN= =Q= D=FK=K HD9KLA; ;GFL9AF=JK ;DGL@AF? 9F< L=PLAD
AEHDY9FL <=NA;=K 9EGF? E9FQ GL@=J MK=K /@=Q ;GFKAKL G> :9KA; KLIM;LM.
;9DD=monomers O@A;@ 9J=J=H=9L=< E9FQ LAE=K AF =9;@ EGD=;MD= K K@!
K;@=E9LA;9DDBAWI= ,GDQE=J "GJE9LAGpolymerization AK L@=HJG;=KK
:Q O@A;@ EGFGE=JK 9J= ;GFF=;L=< AFLG ;@9AFK GJ F=LOGJCK :Q ;GN9D=FL
,GDQE=JK ;9F >GJE N@&12;@.A6<; ?2.0ABE,0@A;@ LOG EGFGE=J EGD=;MD=K 9
BGAF=<:Q 9 F=0 ;GN9D=FL :GF< 9F< 9 KE9DD EGD=;MD= KM;@ 9K O9L=J AK =D,
:Q 9F.116A6<; ?2.0AGN9JAIFL G> 9 ;GF<=FKILAGF J=9;LAGF AF O@A;@ L@=
:GEHGF=FLK G> 9 KH=;A=K 9J=9<<=< LG 9<B9;=FL 9LGEK G> 9 EMDLAHD=:GF
EGJ= AF>GJE9LAGF 9:GML ;GF<=FK9LAGF 9F< 9<<ALAGF @9HIAQJFK K==

@=EA;9D -=9;LAGFK:LAGF DI9KKA>QAF? @=EA;9D -=9;DA6BKI=GHD=
;GF>MK= L@= L=EE®ABBG@-<9F:2?@Rlastic AKL@=HJGH=JLQ G>9 E9L=JA9D L
9DDGOK AL LG := EGD<=< AFLG 9DEGKL 9FQ K@9H= DL@GM?@ E9FQ HD9KLA
E9FQ HGDQE=JK 9J= FGL HD9KLA;K %F L@AK K=,LAGF O= AFLJG<M;=L@= J=C¢
HJG<M;= FOLMJ9DDQ G;;MJJAF? 9F< KQFL@=LA; HGDQE=JK

?A9FL EGD=;MD= L@9L ;GFKAKLK
G> E9FQ :9KA; KLIM;LMJ9D MFALK

EGFGE=JK ;GFF=,L=<AF 9

;@9AF GJ F=LOGJC :Q ;GN9D=FL
:GF<K

/@= :9KA; KLIM:LMJ9D MFAL [G> 9
HGDQE=J

HJG;=KK :Q O@A;@ EGFGE+JK
9J=;GFF=;L=< AFLG ;@9AFK GJ
F=LOGJCK :Q ;GNID=FL :GF<gK

/@=HJGH=JLQ G> 9 E9L=JA9D L@9L
9DDGOK AL LG := EGD<=< ARLG
9DEGKL 9FQ K@9H=
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64B72

B?6;4 . =<9F:2?6G.A6<; ?2.0A6<; . 9.742 ;B:/2? <3 :<;<:2?7@ /20<:2 0<;;20A21 /F 0<C.92;A /<;1@ A< 3<7?:.
@6;492 9<;4 :<920B92 . =<9F:2?

Note the Pattern

,GDQE=JK 9J= >GJE=< NA9 ;GF<=FKILAGF GJ 9<<ALAGF J=9;LAGFK

Naturally Occurring Polymers: Peptides and Proteins

,GDQE=JK L@9L G;;MJ FOLMJ9DDQ 9J= ;JM;A9D ;GEHGF=FLK G> 9DD GJ?9FAKE
>9:JA; G> GMJ DAN=K $9AJ KADC KCAF >=9L@=JK EMK;D= 9F< ;GFF=;LAN= L,
HJAEQJADQ ;GEHGK=< G> HIJGL=AFK L@= EGKL >9EADA9J CAF< G> F9LMJ9DD
:AGDG?A;9D HGDQE=J /@= EGFGE=JK G> E9FQ :AGDG?A;9D HGDQE=JK 9J= L
9;A<K AFLIG<M;=@9HL=J F=J?Q @9F?=K AF @=EA;9D -=9;LAGRKF
[@=JEG;@=EAKLJQ 9F< *MLJAEAGF;9DD=<.9F< .061 ?2@61B@= J=KA<M=K

,GDQE=JA; .GDA<K
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AGDG?A;9D HGDQE=JK OAL
L@9F 9:GML 9EAFG 9;A<
J=KA<M=K

AGDG?A;9D HGDQE=JK OAL

9J= DAFC=< LG?=L@=J :Q 9EA<=:GF<K 9DKG ;9DD=< H=HLA<=:GF<K NA9 9 ;GF
J=9;LAGF O@=J= 8K =DAEAF9L=<

%F L@= 9:GN==IMILAGF - J=HJ=K=FLK 9F 9DCQD GJ 9JQD ?JGMH GJ @Q<JG?
GF L@= 9EAFG 9;A< 2= OJAL= L@= KLIM;LMJ9D >GJEMD9 G> L@= HIG<M;L OAI
9EAFG ?JGMH GF L@= D#A2R@B@F< L@= >J==;9J.GPQD9L= ?2JGMH GF L@=J
L@=A2?:6;B@"GJ =P9EHD= L@= KLIM;LMJ9D >GJEMD?9 >GJ L@= HIG<M;L >GJE
L@= 9EAFG 9;A<K ?DQ;AF= 9F< N9DAF= ?DQ;QD N9DAF= AK 9K >GDDGOK

/@= EGKL AEHGJLI9FL <A>>=J=F;= :=LO==F KQFL@=LA; 9F< FOLMJ9DDQ G;;MJJA
AK L@IL L@=>GJE=J MKM9DDQ ;GFL9AF N=JQ >=0 <A>>=J=FL EGFGE=JK O@
HGDQE=JK ;9F @9N= 9K E9FQ 9K <A>>=J=FL CAF<K G> 9EAFG 9;A< J=KA<M=K
E9FQ <A>>=J=FL GJ<=JK @9AFK OAL@ D=KK L@9F 9:GML 9EAFG 9;A< J=KA<
peptides O@=J=9K L@GK=OAL@ EGJ=L@9F 9:GML 9EAFG 9;A< J=KA<M=K 9
proteins  )9FQ HIGL=AFK 8dzymes O@A;@ 9J=;9L9DQKLK L@9L AF;J=9K=L@
G> 9 :AGDG?A;9D J=9;LAGF

@ D=KK
Note the Pattern

@ EQFL@=LA; HGDQE=JK MKM9DDQ ;GFL9AF GFDQ 9 >=0 <A>>=J=FL EGFGE=JK

L@9F 9EAFG 9A<I=KAM=K | -AGDG?A;9D HGDQE=JK :9F @9IN= E9FQ CAF<K G> EGFGE=JK KM:@ 9K 9EAF(

DAFC=<LG?=L@=J :Q 9EA<=
:GF<K

9LIDQKLK L@9L G;;MJ FOLM

9JJ9F?=< AF <A>>=J=FL GJ<=JK

J9DDQ

AF DANAF? GJ?9FAKEK 9F< L@9L

;9LO9DQR=:AGDG?A;9D J=9;L

,GDQE=JA; .GDA<K

AGFK
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H9JLA;D= G> 9 KQFL@=LA;

)9FQ KE9DD H=HLA<=K @9N= HGL=FL H@QKAGDG?ABDREBHNGGN-K /@=
=P9EHD= 9J= HGO=J>MD F9LMJ9DDQ G;;MJJAF? HOAFCADD=JK >GMF< AF L@
AEHGJLI9FL H=HLA<=K 9J= L@= @GJEGF=K N9KGHJ=KKAF 9F< GPQLG;AF DLQ@
KLIM;LMJ=K 9F< 9EAFG 9;A< K=IM=F;=K 9J= KAEAD9J N9KGHJ=KKAF AK 9 :DGG
J=?MDILGJ O@=J=9K GPQLG;AF AF<M;=K D9:GJ AF HJ=?F9FL OGE=F 9F< EADC
AF FMJKAF? EGL@=JK +PQLG;AF O9K L@= >AJKL :AGDG?A;9DDQ 9;LAN= H=HL.
HJ=H9J=< AF L@=D9:GJILGJQ :Q 1AF;=FL <M 1A?F=9M< ] O@G 09K 909J<
L@=*G:=D ,JAR= AF @=EAKLJQ AF

Synthetic Polymers

)9FQ G> L@= KQFL@=LA; HGDQE=JK O= MK= KM;@ 9K HD9KLA;K 9F< JM::=JK (
;GEE=J;A9D 9<N9FL9?=K GN=J FOLMJ9DDQ G;;MJIJAF? HGDQE=JK :=;9MK= L@=C
HJG<M;=< AF=PH=FKAN=DQ )GJ=GN=J E9FQ KQFL@=LA; HGDQE=JK 9J= 9;LM9
<=KAJ9:D=L@9F L@=AJ FOLMJAD ;GMFL=JH9JLK :=;9MK= K;A=FLAKLK ;9F K=D=;
MFALK LG L9ADGJ L@= H@QKA;9D HIGH=JLA=K G> L@= J=KMDLAF? HGDQE=J
HMJIHGK=K "GJ =P9EHD= AF E9FQ 9HHDA;9LAGFK OGG< @9K :==F J=HD9;=< (
L@9L 9J= EGJ=<MJ9:D= DA?@L=J 9F< =9KA=J LG K@9H= 9F< E9QAFL9AF ,GDQI
AF;J=9KAF?DQ MK=< AF =F?AF==JAF? 9HHDA;9LAGFK O@=J= O=A?@L J=<M;LA
;GJIGKAGF J=KAKL9F;=9J= J=IMAJ=< .L==D JG<K MK=< LG KMHHGJL ;GF;J=L=|
>GJ =P9EHD= 9J= G>L=F ;G9L=< OAL@ 9 HGDQE=JA,; E9L=JA9D O@=F L@= KLJI
F=9J G;=9F =FNAJGFE=FLK O@=J= KL==D AK NMDF=J9:D= LG ;GJIJGKAGF "GJE
AF>GJEOLAGF GF ;GJIGKA@BH= 'D=;LJG;@=EAKL3QQAGF

GJIGKAGF%F >9;L L@= MK= G> HGDQE=JK AF =F?AF==JAF? 9HHDA;9LAGFK A
9;LAN=9J=9 G> J=K=9J;@

JG:9:DQ L@= :=KL CFGOF =P9EHD= G> 9 KQFL@=LAFSHGDAEHIAK /@=
QFL@=KAK G> *QBEK EGFGE=JK 9J= DAFC=<:Q 9EA<=:GF<K O@A;@ 9J=;9DI
H=HLA<=:GF<K AF :AGDG?A;9D HGDQE=JK KG ALK H@QKA;9D HIGH=JLA=K 9.
G> KGE= HIGL=AFK :=,9MK= G> L@=AJ ;GEEGF KLIM;LMJ9D MFAL"L@= 9EA<= "~
AK =9KADQ <J90F AFLfiBADCQ@IL 9J= EGJ= L@9F 9 @MF<J=< LAE=K DGF?=J L|
L@=Q 9J= OA<=9F< ;9F := OGN=F AFLG >9:JA;K *QDGF >A:=JK 9J= KG DA?@L 9F
L@IL <MJAF? 2GJD< 29J %% 9DD 9N9AD9:D= FQDGF O9K ;GEE9F<==J=<>GJ M
H9J9;@ML=K JGH=K 9F< GL@=J EADAL9JQ AL=EK 2AL@ HGDQE=J ;@9AFK L@
=PL=F<=< 9F< JMF H9J9DD=D LG L@=>A:=J 9PAK FQDGF >A:=JK J=KAKL KLJ=L:
FOLMJODDQ G;;MJIJAF? KADC >A:=JK 9IDL@GM?@ L@= KLIM;LMJI=K G> FQDGF
GL@=JOAK= <A>>=J=FL -=HD9;AF? L@= }DHPABRAFFQDGF :Q 9JGEILA; JAF?K
HJIG<M;=K 9 KLA>>=J 9F< KLJGF?=J HGDQE=J KM;@ 9K L@= N=JQ KLJGF? HGD
'=ND9J '=ND9J >A:=JK 9J= KG KLIGF? 9F< JA?A< L@I9L L@=Q 9J= MK=< AF DA?@
@=DE=LK :MDD=LHJGG> N=KLK 9F< =N=F K9AD:G9L 9F< ;9FG= @MDDK 9DD G
EMDLAHD= D9Q=JK G> '=ND9J >9:JA;

HGDQE=J L@9L AK EGJ=L@PF
LAE=K DGF?=J L@9F AL AK QA<=

,GDQE=JA; .GDA<K
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64B72 (52 'F;A52@6@ <3 #F9<;

#F9<; 6@ . @F;A52A60 0<;12;@.A6<; =<9F:2? 0?2.A21 /F A52 ?2.0A6<; <3 . 160.?/<EF960 .061 .;1 . 16.:6;2
612 /<;1@ .;1 D.A2?

*GL 9DD KQFL@=LA; HGDQE=JK 9J= DAFC=< :Q 9EAZ=
:GF<K">GJ =P9EHB=9F2@ARR@®AF EGFGE=JK L@9L
9J= DAFC=<:Q =KL=J :GF<K ,GDQ=KL=JK 9J= KGD%}
LJ9<= FOE=K KM;@ 9K 9;JGF 'G<=D 9F<"GJLJ=D O@A%
9J= MK=< AF ;DGL@AF? 9F<)QD9J O@A;@ AK MK=< AF
E9?F=LA; L9H= @=DAME >ADD=< :9DDGGFK 9F< @A?@ L=;(
K9ADK >GJ K9AD:GILK DL@GM?@ L@= >A:=JK 9J= >D=PA:D=
HIGH=JDQ HJ=H9J=<)QD9J >ADEK 9J= 9DEGKL 9Kk IGE2 Y (1eft) and a
KL==D Kevlar vest (right).

,GDQE=JK :9K=< GF KC=D=LGFK OAL@ GFDQ ;9J:GF 9J= 9DD
KQFL@=LA; )GKL G> L@=K= 9J= >GJE=< >JGE =L@QD=F=

$ $ 9LOG :9J:GF :MAD<AF? :DG;C 9F< ALK <=JANILAN=K /@= J=D9LAN= [
L@=:@9AFK 9F< 9FQ :JOF:@=K :GFLJGD L@= HIGH=JLA=K G> HGDQ=L@QD=F-
@A?@=J FME:=JK G> :J9F;@=K HJG<M:= 9 KG>L=J EGJ=>D=PA:D= DGO=J E=D
HGDQE=J ;9DD=< DGO <=FKALQ HGDQ=L@QD=F= (,! 0@=J=9K @A?@ <=FKAI
HGDQ=L@QD=F= $,! :GFL9AFK >=0 :JOF;:@=K .M:KL9F:=K KM:@ 9K ?DIKK L@9
J=DILAN=DQ DGO L=EH=J9LMJ=K ;9F 9DKG := >GJE=< AFLG 3B8/23K0 iI@<M;AF?

=,9MK= EGKL KQFL@=LA; >A:=JK 9J= F=AL@=J KGDM:D= FGJ DGO E=DLAF? EN
HJG,;=KK=K 9J= J=IMAJ=< LG E9FM>9;LMJ= L@=E 9F< >GJE L@=E AFLG G:B=;LK
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>A:=JK 9J= >GJE=<:Q @=9LAF? 9 HJ=;MJKGJ HGDQE=J 9L @A?@ L=EH=J9LMJ=|
<=,GEHGK= AL 9 HJG;=KK @bdysis /@= MKMID HI=;MIKGJ >GJ ?J9H@AL= AK
HGDQ9;JQDGFALJAD= :=LL=J CFGOF :Q ALK LJ9<= FOE="+JDGF KAEAD9J 9HH
MK=< LG HI=H9J=>A:=JK G> KADA;GF ;9J:A<= MKAF? 9F GJ?9FGKADA,;GF HJ=;M
HGDQ<AE=L@QDKAD9F=A8]T$ F=0 LQH= G>>A:=J ;GFKAKLAF? G> ;9J:GF
FOFGLM:=K @GDDGO ;QDAF<=JK G> ;9J.GF BMKL GF=9LGE L@A;C AK DA?@L(
9F< AEH9;L J=KAKL9FL %LK H=J>GJE9F;= @9K :==F ;GEH9J=< LG L@9L G> '=ND
=AF? ;GFKA<=J=<>GJ MK= AF :G<Q 9JEGJ >D=PA:D= KGD9J HO9F=DK 9F< :GE:I
‘AFK 9EGF? GL@=J MK=K

=,9MK= L@=J= 9J= FG ?GG< HGDQE=J HJ=;MJKGJK >GJ =D=E=FL9D :GJGF GJ :C
FALJA<= L@=K=>A:=JK @IN= LG := HJ=H9J=<:Q LAE= ;GFKMEAF? 9F< ;GKLDQ
E=L@G<K IN=F L@GM?@ :GIGF >A:=JK 9J= 9:GML =A?@L LAE=K KLIGF?=J L@¢
9DMEAFME 9F< DA?@L=J L@=Q 9J= KA?FA>A;9FLDQ EGJ= =PH=FKAN= GFK
MFD=KK 9F 9HHDA;9LAGF J=IMAJ=K :GJGFaK ?J=9L=J J=KAKL9F;= LG GPA<9LAC
;9FFGL ;GEH=L= OAL@ D=KK ;GKLDQ ?J9H@AL= >A:=JK

@A?@ L=EH=J9LMJ=
<=,GEHGKALAGF J=9;LAGF L{@9L
;9F ;= MK=< LG >GJE >A:=JK (>
KQFL@=LA; HGDQE=JK

,GDQE=JA; .GDA<K
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EXAMPLE 10

,GDQ=L@QD=F= AK MK=< AF 9 OA<= N9JA=LQ G> HIG<M:LK AF;DM<AF? :=9:
L@= @9J< HD9KLA; :GLLD=K MK=< LG KLGJ= KGDMLAGFK AF 9 ;@=EAKLJQ L
2@A;@ G> L@=K= HIG<M;LK AK >GJE=< >JGE L@= EGJ= @A?@DQ :J9F;@=<
HGDQ=L@QD=F=

Given: LQH= G> HGDQE=J
Asked for: 9HHDA;9LAGF
Strategy:

=L=JEAF=0@=L@=J L@=HGDQE=J AK (,! O@A;@ AK MK=< AF 9HHDA;9LAC
J=IMAJ=>D=PA:ADALQ GJ$,! O@A;@ AK MK=<>GJ ALK KLJ=F?L@ 9F< JA?A

Solution:

@A?@DQ :J9F;@=< HGDQE=J AK D=KK <=FK= 9F< D=KK JA?A< L@9F 9 J=D9
MF:J9F;@=< HGDQE=J /@MK @9J< KLIGF? HGDQ=L@QD=F= G:B=;LK KM:@
9J= E9<= G>$ ,! OAL@ J=DILAN=DQ >=0 :JOF;@=K %F :GFLJ9KL 9 :=9;@ :9DI
EMKL := >D=PA:D= KG AL :9F := AF>D9L=< %L AK L@=J=>GJ= E9<= G> @A?@
()

IP=J;AK=

2@A;@ HIG<M;LK 9J= E9FM>9;LMJ=< >JGE (,! 9F< O@A;@ >JGE $, !
9 D9OF ;@9AJ >J9E=K

JGH=

<AKHGK9:D= KQJAF?=K
< 9MLGEG:AD= HJGL=;LAN=;GN=JK

Answer:
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Summary

Polymers 9J= ?A9FL EGD=;MD=K L@9L ;GFKAKL G> DGF? ;@9AFK G> MFALK ;9
monomers ;GFF=;L=<:Q ;GNID=FL :GPolymerization AK L@=HJG;=KK G>
DAFCAF? EGFGE=JK LG?=L@=J LG >GJERI&KEDAK+.®= HIGH=JLQ G> 9
E9L=JA9D L@9L 9DDGOK AL LG := EGD<=< AGDG?A;9D HGDQE=JK >GJE=< >,
9;A< J=KA<M=K 9J=;peptdes GJproteins <=H=F<AF? GF L@=AJ KAR=
Enzymes9J= HIGL=AFK L@9L ;9L9DQR= 9 :AGDG?A;9D J=9;LAGF H9JLA;D= L
L@9F 9 @MF<J=< LAE=K DGF?=J L@9F Alfibd¢ CR@ANR DPF := >GIE=<:Q9
@A?@ L=EH=J9LMJ= <=;GEHGKALAGF J=9y4&¥sj9DD=<

KEY TAKEAWAY

Y ,GDQE=JK 9J= ?A9FL EGD=;MD=K >GJE=< >JGE 9<<ALAGF GJ ;GF<=FK9L/
J=9;LAGFK 9F< ;9F := ;DIKKA>A=< 9K =AL@=J :AGDG?A;9D GJ KQFL@=LA;
HGDQE=JK

CONCEPTUAL PROBLEMS

$GO 9J= 9EAFG 9;A<K 9F< HIGL=AFK J=D9L=< LG EGFGE=JK 9F< HGDQE=J!
L@= ?=F=J9D KLJM;LMJ= G> 9F 9EA<=:GF< DAFCAF? LOG 9EAFG 9;A< J=KA

DL@GM?@ HIGL=AFK 9F< KQFL@=LA; HGDQE=JK KM;@ 9K FQDGF :GL@
:GF<K <A>>=J=FL L=JEK 9J= MK=< LG <=K;JA:= L@= LOG LQH=K G> HGDQE
9F< ;GFLJ9KL L@= L=JEAFGDG?Q MK=<>GJ L@=

9 KE9DD=KL J=H=9LAF? MFAL
;GNID=FL :GF< ;GFF=;LAF? L@= MFALK

,GDQE=JA; .GDA<K
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12.9 Contemporary Materials

LEARNING OBJECTIVE

/G :=;,GE=>9EADA9J OAL@ L@= HIGH=JLA=K G> KGE= ;GFL=EHGJ9JQ
E9L=JA9DK

%F 9<<ALAGF LG HGDQE=JK GL@=J E9L=JA9DK KM;@ 9K ;=J9EA;K @A?@ KLJ
9F< ;GEHGKAL=K HD9Q 9 E9BGJ JGD= AF 9DEGKL =N=JQ 9KH=;L G> GMJ DAN=}
J=DI9LAN=DQ J=;=FLDQ KL==D 09K MK=<>GJ 9FQ 9HHDA;9LAGF L@9L J=IMAJ=
KLIGF? 9F< <MJ9:D= E9L=JA9D KM;@ 9K :JA<?=K 9MLGEG:AD=K 9AJHDI9F=K ?
L=FFAK J9;C=LK %FL@=D9KL LG Q=9JK @GO=N=J ?J9H@AL= GJ :GIGF >A
9F< L=FFAK J9;C=LK @9N= E9<= OGG< 9F< KL==D G:KGD=L=>GJ L@=K= AL=EK
EG<=JF B=L =F?AF= FGO AK D9J?=DQ ;GEHGK=< G> /A 9F< *A :Q O=A?@L JOL@-
[9:D=__ /@= HHIGPAEI9L= ID=E=FL9D GEHGKALAGF G> 9 )G<=JF &FIQF?AF=
H=J;=FL9?= G> AJGF AF OAF?K 9F< >MK=D9?=K AK KAEAD9JDQ DGO O@A;@ Al
=PL=FL LG O@A;@ GL@=J E9L=JA9DK @9N= KMHHD9FL=< KL==D /@= @=NJGI
AFLIG<M;=< AF 09K ;GFKA<=J=< MFMKM9D :=;9MK= ALK :G<Q O9K ;GFKLJIM;L
>A:=J?DI9KK 9 ;GEHGKAL=E9L=JA9D JOL@=J L@9F KL==D :Q  &9?M9J >9:JA;!
9DMEAFME DAEAL=< =<ALAGF N=@A;D= %F >9;L L@=;MJJ=FL EG<=DK G> E9F
@9N==F?AF=K L@9L 9J= E9<= EGKLDQ G> 9DMEAFME JOL@=J L@9F KL==D %l
O=<=K;JA:= KGE= G> L@= ;@=EAKLJQ :=@AF< L@J== ;D9KK=K G> ;GFL=EHGJ9.
;=J9EAK KMH=J9DDGQK 9F< ;GEHGKAL=K

/9:D= /@= HHIGPAEOL= ID=E=FL9D GEHGKALAGF G> 9)G<=JF &=L IF?AF=

Element | Percentage by Mass

LALOFAME

FA,C=D

;@IJGEAME

:G:9DL

9DMEAFME

FAG:AME

LOFLODME




@9HL=J .GDA<K

FQ FGFE=L9DDA; AFGJ?9FA
KGDA< L@9L AK KLIGF? =F=
= MK=< AF KLIJM;LMJ9D
9HHDA;9LAGFK

HJG;=KK L@9L >MK=K L@=
G> 9 ;=J9EA; AFLG 9 <=FK=
KLIGF? E9L=JA9D .AFL=JAF
MK=< LG HIG<M;= @A?@ KL
;=J9EAK

Ceramics

ceramic AK 9FQ FGFE=L9DDA; AFGJ?9FA; KGDA< L@9L AK KLIGF? =FGM?@
KLIM;LMJOD 9HHDA;9LAGFK /J9<ALAGFID ;=J9EA:K O@A;@ 9J= :9K=< GF E=L9|
9DMEAFGKADA:;9L=K 9J= L@= E9L=JA9DK MK=< LG E9C= HGLL=JQ ;@AF9 :JA:(
‘GF;J=L= )G<=JF ;=J9EAK :GFLIAF 9 EM:@ OA<=J JOF?= G> ;GEHGF=FLK 9F< ;9F
'DIKKA>A=< 9K -DR@AI<E6LTE@A; @ 9J= :9K=< GF E=LID GPA<=K KM;@ 9K 9DM

D + RAJ:GFA9 5J49F< :=JQDDA9 =+ :G¥E612 02?..600@A;@ 9J= :9K=< GF
E=L9D :9J:A<=K KM:@ 9K KADA:GF :9J:A<= :9J:GIMF<ME .A 9F< LMF?KL=F :9J:/
2 GJFALJA<=K DAC= KADA:GF FALBF<=GAGF FALJA<= *

DD EG<=JF ;=J9EA;K 9J= @9J< DA?@LO=A?@L 9F< KL9:D=9L N=JQ @A?@ L=E
OF>GJLMFIL=DQ @GO=N=J L@=Q 9J=9DKG JIL@=J :JALLD= L=F<AF? LG ;J9;C
MF<=J KLJ=KK=K L@9L OGMD< ;9MK= E=L9DK LG :=F< GJ <=FL /@MK 9 E9BGJ ;(
E9L=JA9DK K;A=FLAKLK AK LG L9C= 9<N9FL97?= G> L@= <=KAJ9:D= HIGH=JLA=}
KM;@ 9K L@=AJ L@=JE9D 9F< GPA<9LAN= KL9:ADALQ ;@=EA;9D AF=JLF=KK 9|
O@AD= >AF<AF? O9QK LG <=;J=9K= L@=AJ :JALLD=F=KK LG MK= L@=E AF F=0
"=0 E=L9DK ;9F := MK=< AF B=L =F?AF=K >GJ =P9EHD= :=;9MK= EGKL DGK= E=;
KLI=F?L@ 9F< J=9;L OAL@ GPQ?=F 9L L@= N=JQ @A?@ GH=J9LAF? L=EH=J9LN\
=F?AF=K 9HHJGPAE9L=DQ X %F ;GFLJ9KL ;=J9EA; GPA<=K KOFRELEK D
J=9;L OAL@ GPQ?=F J=?9J<D=KK G> L@= L=EH=J9LMJ= :=;9MK= 9DMEAFME AK
@A?@=KL HGKKA:D= GPA<ILAGENIPESHBPA<= ;=J9EA;K KM;@ 9K KADA;GF 9F
:GJIGF FALJA<=K 9F< KADA;GF ;9J:A<= 9J= =KK=FLA9DDQ MFJ=9;LAN= AF 9AJ Ml

X JG<M;AF? 9 @A?@ KLI=F?L@ ;=J9EA; >GJ K=JNA;= MK= AFNGDN=K 9 HJG,;
sintering O@A;@ >MK=K L@= ?J9AFK AFLG 9 <=FK= 9F< KLZZMJEIL=JA9D
AFL=JAF?

64B72 '6,A276;4

(52@2 =5<A<@ @5<D A52 23320A@ <3 @6;A276;4 :.4;2@6B: <E612 4?.6;@ . A52:60?<@A?BOAB?2 /2
:60?<@A?BOAB?2 <3 A52 02?.:60 .3A2? @6;A2?6;4 3<? AD<5<B?@ .A | .;1 0 A52:60?<@A?B0AB?2
PJBBEK<B?@ .A | B?6;4 A52 @6;A276;4 =7<02@@ A52 4?.6;@ 3B@2 3<?:6;4.12;,@2 .;1 @A?<;4 :.A2’

P AK
I=F?L@

GFL=EHGJ9JQ )9L=JA9DK



@9HL=J

.GDA<K

Note the Pattern

=J9EA;K 9J= @9J< DA?@LO=A?@L 9F<9:D= LG OAL@KL9F< @A?@ L=EH=J9I
L@=Q 9J= 9DKG :JALLD=

+F= G> L@= EGKL OA<=DQ MK=< J90 E9L=JAIDK >GJ E9CAF? ;=JOEA;K AK ;D9Q
EAF=JIDK ;GFKAKL G> @Q<J9L=< 9BMBEREKADA;9 .A+@9L @IN= 9 :JG9<

JOF?= G> AEHMJALA=K AF;DM<AF? :9JAME ;9D;AME KG<AME HGLO9KKAME 9F
DL@GM?@ L@= KLIM;LMJ=K G> ;D9Q EAF=J9DK 9J= ;GEHDA;9L=< L@=Q 9DD ;
E=L9D 9LGEK DAFC=< :Q GPQ?=F 9LGEK 29L=J EGD=;MD=K >AL :=LO==F L@= D
>GJE 9 L@AF >ADE G> 09L.=J 2@=F @Q<J9L=< ;:DIQK :9F := =9KADQ EGD<=< :I
@A?@ L=EH=J9LMJ= @=9L LJ=9L E=B6?@PB=FK= 9F< KLIGF? ;=J9EA; AK
HIG<M;=<

=;9MK=;=J9EA;K 9J= KG @9J< L@=Q 9J==9KADQ ;GFL9EAF9L=<:Q L@= E9L=J/
?2JAF< L@=E %F >9;L L@=;=J9EA; G>L=F ?2JAF<K L@= E=L9D KMJ>9;=G>L@=E
>9KL 9K L@= EADD ?JAF<K L@= ;=96Edel fildeess O9IK <=N=DGH=< LG 9<<J=KK
L@AK HIG:D=E %F L@AK HJG;=KK 9 09L=J KGDM:D= HJ=;MJKGJ KH=;A=K MKN
K=EAE=L9D 9DCGPA<= 6 MF<=J?G=K 9 @Q<JGDQKAK J=9;LAGF LG >GJE 9 ;DG
9IM=GMK <AKH=JKAGF ;@< ¥XGD ;GFL9AFK H9JLA;D=K G> L@= E=L9D GJ K=l
@Q<JGPA<=6) +% O@A;@ 9J=LQHA;9DDQ ] FE AF <A9E=L=J KL@=J=9;LAGF
HJG;==<K EGD=;MD=K G> 09L=J 9J= =DAEAF9L=< >JGE :=LO=-MFAIB-AFS$
:GF<=FKI9LAGF J=9;LAGF 9F< L@= H9JLA;D=K >MK=LG?=L@=J HIG<M;AF? GP/
)+ 'N=FLMI9DDQ L@=H9JLA;D=K :=;GE= DAFC=< AF 9 L@J== <AE=FKAGF9D F:
L@IL ;9MK=K L@= KGDMLAGRBR2IKAEADD] LG 9 ?=DILAF <=KK=JL $=9LAF? L@=

X] X ;9MK=K EGJ= 09L=J LG := =DAEAF9L=< L@MK >GJEAF? KE9DD H9JLA;D
E=L9D GPA<=L@9L ;9F := 9EORAF?DQ MFA>GJE AF KAR= /@AK ;@=EAKLJQ KL
@A?@DQ HMJBORMJIG;==<K NA9 L@=>GDDGOAF? J=9;LAGFK

>B.A6G<;

4J$NT $) $) O) M /) Hi 43 0$B) T /) $I
BW.JEFSBUJPO

>B.A6<;

HJG;=KK MK=< LG E9FM>9;IMJ=

;=J9EAK :Q HIG<M;AF? >AF
HGO<=JK G>;=J9EA; GPA<=

43 0$B) T ) O M z, 410)T $)$)0) BR
OAL@ | ZBPAT JMGFBMN.JEFP M

MFA>GJEDQ KAR=< H9JLA;DFK

GFL=EHGJ9JQ )9L=JA9DK



@9HL=J .GDA<K

@A?@ KLI=F?L@ 9DDGQ :9
;G:9DL FA;C=D 9F<AJGF G3
G> ;GEHD=P ;GEHGKALAGF
MK=< AF 9HHDA;9LAGFK L@
J=IMAJ= E=;@9FA;9D KLJ=F?
@A?@ KMJ>9;= KL9:ADALQ ¢
J=KAKL9F;= LG @A?@
L=EH=J9LMJ=K

>B.A6G<;

)0 410) T QO014J 0) Ti z, 4010143 0)) T
DPOEFOTBUJPO

*9LMJ= MK=K L@= K9E= HJG;=KK LG ;J=9L= GHID ?=EKLGF=K
Superalloys

Superalloys 9J= @A?@ KLI=F?L@ 9DDGQK G>L=F OAL@ 9 ;GEHD=P ;GEHGKAL
MK=< AF KQKL=EK J=IMAJAF? E=;@9FA;9D KLJ=F?L@ @A?@ KMJ>9;= KL9:ADAL
>DICAF? GJ HALLAF? 9F< J=KAKL9F;=LG @A?@ L=EH=J9LMJ=K /@= 9=JGKH9
=P9EHD= J=IMAJ=K E9L=JA9DK L@9L @9IN= @A?@ KLI=F?L@ LG O=A?@L JIOLA
L@=>M=D =>>A;A=F;Q G> 9<NIF;=< HIGHMDKAGF KQKL=EK 9F< L@=K= KQKL-=
K9>=DQ 9L L=EH=J9LMJ=K ?2J=9L=J L@9F X

Note the Pattern

.MH=J9DDGQK 9J= MK=< AF KQKL=EK J=IMAJAF? E=;@9FA;9D KLJ=F?L@ EAF
GJ HALLAF? 9F< @A?@ L=EH=J9LMJ= J=KAKL9F;=

DL@GM?@ EGKL KMH=J9DDGQK 9J=:9K=< GF FA;C=D ;G:9DL GJAJGF GL@=.
MK=< 9K O=DD ,MJ= FA;C=D GJ ;G:9DL AK J=DI9LAN=DQ =9KADQ GPA<AR=< ML
9EGMFLK G>GL@=JE=L9DK D G J )G *: /A 9F<2 J=KMDLK AF 9F 9DDGQ L(
KMH=JAGJ HIGH=JLA=K GFK=IM=FLDQ EGKL G> L@= AFL=JF9D H9JLK G> EG-*
B=L =F?AF=K 9J= FGO E9<= G> KMH=J9DDGQK :9K=< GF =AL@=J FA;C=D MK=<
<AKCK GJ;G:9DL MK=< AF N9F=K ;GE:MKLAGF ;@9E:=J DAF=JK 9F< 9>L=J:MJF
;G:9DL :9K=< KMH=J9DDGQK 9J= FGL 9K KLIJGF? 9K L@= FA;C=D :9K=< GF=K :M
=P;=DD=FL ;GJIGKAGF J=KAKL9F;= 9L @A?@ L=EH=J9LMJ=K

+L@=J 9DDGQK KM;@ 9K 9DMEAFME]DAL@AME 9F< 9DDGQK :9K=< GF LAL9FA
9HHDA;9LAGFK AF L@= 9=JGKH9;= AF<MKLJQ =;9MK=9DMEAFME]DAL@AME 9

KRAEFDL=J KLA>>=] 9F< EGJ= J=KAKL9FL LG >9LA?M=9L @A?@ L=EH=J9LMJ=K

LALK=D> L@=Q 9J= MK=< AF =F?AF= H9JLK 9F< AF L@= E=L9D _KCAFK' L@9L ;G

;‘L@§EN§K IALOFAMEaK @A?@ KLI=F?L@ ;GJIGKAGF J=KAKL9F;= 9F< DA?@LO=/
L @J= =IMODDQ <=KAJ9:D=>GJ 9HHDA;9LAGFK O@=J= EAFAEARAF? O=A?@L AK /
IFOAIJHDIF=K OF>GJLMFIL=DQ @GO=N=J E=L9DDA; LAL9FAME J=9;LK J9HA<DC

L=EH=J9LMJ=K LG >GJE /A* 9F</{@* O=D<AF? G> LAL9FAME GJ 9FQ KAEAD9J

GFL=EHGJ9JQ )9L=JA9DK



@9HL=J .GDA<K

E9L=JA9D L@9L ;GFKAKLK (
D=9KL LOG <AKLAF;L H@9K=
E9LJAP O@A;@ ;GFKLALMLZ
:MDC G> L@= E9L=JA9D 9F<
GJ ?J9FMD=K L@9L 9J= =E:=5
OAL@AF L@= E9LJAP

HJG;=KK=K EMKL L@=J=>GJ=:= ;9JJA=< GML AF 9F 9J?GF GJ AF=JL ?9K 9LEGKF
9<<K KA?FA>A;9FLDQ LG L@= ;GKL %FALA9DDQ LAL9FAME 9F< ALK 9DDGQK C
AF EADAL9JQ 9HHDA;9LAGFK :ML EGJ=J=;=FLDQ L@=Q @9N=:==F MK=< 9K ;C
L@=9AJ>J9E=K G> ;GEE=J;A9D HD9F=K AF K@AH KLIM;LMJ=K 9F< AF :AGDG?.

Composite Materials

Composite materials @9N= 9L D=9KL LOG <AKLAF;L ;GEHGF=FLK L@= E9LJAP (
;GFKLALML=K L@=:MDC G> L@= E9L=JA9D 9F<>A:=JK GJ ?J9FMD=K L@9L 9J=
OAL@AF L@= E9LJAP 9F< DAEAL L@= ?JGOL@ G> ;J9;CK :Q HAFFAF? <=>=;LK A
E9L=JA9A?MJ= .GE= ,GKKA:D= JJ9F?=E=FLK G>"A:=JK AF "A:=J -=AF>GJ;=<
GEHGKAL=)9L=JA9D#&= J=KMDLAF? E9L=JA9D AK KLIGF?=J LGM?@=J KLA>>=
J=KAKL9FL LG ;GJIGKAGF L@9F =AL@=J ;GEHGF=FL 9DGF= GEHGKAL=K 9J=1L
FOFGE=L=J K;9D= =IMAN9D=FL G> J=AF>GJ;=< ;GF;J=L= AF O@A;@ KL==D JG<K
AF;J=9K= L@= E=;@9FA;9D KLI=F?L@ G> L@= ;=E=FL E9LJAP 9F< 9J= =PL=FKAI
L@=9AJ;J9>L AF<MKLJQ 9EGF? GL@=JK "GJ =P9EHD= L@= G=AF? AK ;GE
:Q O=A?@L O@=J=9K L@=F=0DQ <=N=DGH=< G=AF? AK ;GEHGKAL=K:Q (
*GL GFDQ <G=K L@= MK= G> ;GEHGKAL= E9L=JA9DK J=<M;= L@= O=A?@L G> L
L@=3=>GJ= ALK >M=D ;GFKMEHLAGF :ML AL 9DKG 9DDGOK F=0 <=KA?F ;GF;=}
;GEHGKAL=K ;9F := EGD<=< )GJ=GN=J :Q MKAF? ;GEHGKAL=K AF L@= G=AF?
EMDLAHD= >MF;LAGFK ;9F := AFL=?J9L=< AFLG 9 KAF?D= KQKL=E KM;@ 9K 9;G
L@=JE9D J=?MDI9LAGF 9F< L@= =D=;LJA;9D KQKL=E

|@J== <AKLAF;L LQH=K G> ;GEHGKAL= E9L=JA9D 9J= ?=F=J9DDQ J=:G?FAR=< -
‘Q L@= FOLMJ= G> L@= E9LJAP /@=K= 9J= HGDQE=J E9LJAP :GEHGKAL=K E=L
‘GEHGKAL=K 9F< ;=J9EA; E9LJAP :GEHGKAL=K

5> 9L
K L@=
K L@:
>A:=JK
r<=<

GFL=EHGJ9JQ )9L=JA9DK
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64B72 '<2%<@@6/92 ??.;42:2;A@ <3 6/2?7@ 6; 6/2? &26;3<?021 <:=<@6A2".A2?6.9@

Discontinuous and Dlscontlnuous and

randomly oriented aligned
] EEEEENERN
EEEEEERR
w. .w. .“. .ﬂ. 3
““” “"“ Hilth
EEEEEEHNI]
- T AERE .
EEEEEERR
i e B i
Continuous and Fabric
aligned

(52 .7?.;42:2,A@ @5<D; ?.;42 3?7<: 16@0<;A6;B<B@ .;1 ?.;1<:9F <?62;A21 A< 0<;A6;B<B@ .;1.964;21 (52
96:6A A52 4?<DA5 <3 0?.08@ /F =6;;6;4 12320A@ D6A56; A52 :.A?6E

Note the Pattern

GEHGKAL=K 9J= KLIGF?=J LGM?@=J KLA>>=J 9F< EGJ= J=KAKL9FL LG ;GJJ
L@=AJ ;GEHGF=FLK 9DGF=

"A:=J?D9KK AldlIgmer-matrix composite L@9IL ;GFKAKLK G> ?D9KK >A:=JK =E:=<<
AF 9 HGDQE=J >GJEAF? L9H=K L@9L 9J= L@=F 9JJ9F?=< AF D9Q=JK AEHJ=?F9
=HGPQ /@= J=KMDL AK 9 KLIGF? KLA>> DA?@LO=A?@L E9L=JAID L@9IL AK J:
<=2J9<9LAGF %L AK FGL KLIGF? =FGM?@ @GO=N=J LG J=KAKL ;J9:CAF? GJ
AEH9.L .LJGF?=J KLA>>=] HGDQE=J E9LJAP ;GEHGKAL=K ;GFLOAF >A:=JK G> ;
‘GEHGKALA= L@IL ;GFKAK K?ng@AL_ ‘GJGF GJ HGDQYEA<=K KM;@ 9K '=ND9J $A?@ L=:@ L=FFAK J9;C-=

J=AF>GJ;AF? >A:=JK =E:=<<=< A
9 HGDOE=J EOLIAP 'DM:K 9K O=DD 9K L@= KCAFK G> EG<=JF EADAL9JQ 9AJ;J9>L KM;@ 9K L@= K

GFL=EHGJ9JQ )9L=JA9DK



@9HL=J .GDA<K

;GEHGKAL= L@9L ;GFKAKLH
J=AF>GJ;AF? >A:=JK =E:=<<5
9 E=L9D GJ 9 E=L9D 9DDGQ

;GEHGKAL= ;GFKAKLAF? G>
J=AF>GJ;AF? >A:=JK =E:=<<7
9 ;=J9EA; E9LJAP

SA?@L=JK 9F< :GE:=JK 9J= E9<=>JGE :GL@ ;9J.GF >A:=J]=HGPQ 9F< :GJGF
>A:=J]=HGPQ ;GEHGKAL=K GEH9J=< OAL@ E=L9DK L@=K=E9L=JA9DK 9J= ]
DA?@L=J 9F< L@MK J=<M;= GH=J9LAF? ;GKLK .AEAD9JDQ L@=KH9;= K@MLLL
<GGJK 9F< H9F=DK 9J= E9<= G> 9 ;9J.GF >A:=J]=HGPQ ;GEHGKAL= /@= KLJIM;LN
G=AF? @9K :==F <=K;JA:=< 9K =KK=FLA9DDQ GF= ?A9FL E9;JGEGD=;MD= O
=N=JQL@AF? AK >9KL=F=< L@JGM?@ ;JGKK DAFC=<;@=EA;9D :GF<K J=AF>GJ
>A:=]

Metal-matrix composites ;GFKAKL G> E=L9DK GJ E=L9D 9DDGQK J=AF>GJ;=< O/
1@=Q G>>=J KA?FA>A;9FL 9<N9FL9?=K >GJ @A?@ L=EH=J9LMJ= 9HHDA;9LAGFI
E9FM>9;LMJAF? ;@9DD=F?=K "GJ =P9EHD= G:L9AFAF? 9 MFA>GJE <AKLJA:ML/
9DA?FE=FL G> L@= J=AF>GJ;AF? >A:=JK ;9F := <A>>A;MDL 9F< :=;9MK= GJ?9FA;
‘9FFGL KMJINAN=L@= @A?@ L=EH=J9LMJ=K G> EGDL=F E=L9DK GFDQ >A:=JK
:GJIGF ;9J:GF GJ ;=J9EA; KM;@ 9K KADA;GF ;9J:A<= ;9F := MK=< DMEAFME 9DI
J=AF>GJ;=< OAL@ :GJGF >A:=JK 9J= MK=< AF L@= 9=JGKH9;= AF<MKLJQ O@=J
KLI=F?L@ 9F< DA?@LO=A?@L HIGH=JLA=K E9C= MH >GJ L@=AJ J=D9LAN=DQ
KCAFK G> @QH=JKGFA; 9AJ;J9>L 9F< KLJM;LMJ9D MFALK AF L@= KH9;= K@MLI
E=L9D E9LJAP ;GEHGKAL=K

Ceramic-matrix composites ;GFLYAF ;=J9EA; >A:=JK AF 9 ;=J9EA; E9LJAP E9L=JA¢
LQHA;9D =P9EHD= AK 9DMEAF9 J=AF>GJ;=< OAL@ KADA;GF ;9J:A<=>A:=JK G
LOG N=JQ @A?@ E=DLAF? HGAFL E9L=JA9DK J=KMDLK AF 9 ;GEHGKAL=L@9L
L@=JE9D KL9:ADALQ ?J=9L KLIJ=F?L@ 9F< ;GJIJGKAGF J=KAKL9F;= O@AD=LG@
J=<M;=:JALLD=F=KK 9F< ;J9;CAF? GFK=IM=FLDQ L@=K= E9L=JA9DK 9J= MK=<
@A?@ L=EH=J9LMJ= 9HHDA;9LAGFK KM;@ 9K L@= D=9<AF? =<?= G> OAF?K G:
9AJHD9F=K 9F< B=L =F?AF=H9JLK /@=Q 9J= 9DKG MK=< AF L@= HIJGL=;LAN= ;:
L@=KH9;= K@MLLD= O@A;@ ;GFL9AF K@GJL >AEAR=E>OAU@:>A+=IK G> 9F
9DMEAFME]:GJGF]KADA;9L=;=J9EA; /@=K=LAD=K 9J= =P;=DD=FL L@=JE9D AFI
=PLJ=E=DQ DA?@L L@=AJ <=FKALQ AK GFDQ 9BEMIGM?@& L@=AJ KMJ>9;=
J=9;@=K 9 L=EH=J9LMJ=G> 9:GML X <MJAF? J==FLJQ AFLG '19JL@aK 9LEGKH
L=EH=J9LMJ= G> L@= MF<=JDQAF? 9DMEAFME 9DDGQ KCAF KL9QK :=DGO X

G>
< AF
FOLJAP

GFL=EHGJ9JQ )9L=JA9DK
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EXAMPLE 11

GFL=EHGJ9JQ )9L=JA9DK

F =F?AF==J AK LOKC=< OAL@ <=KA?FAF? 9 B=L KCA @MDD 2@9L E9L=JA9D
KMAL=< LG L@AK 9HHDA;9LAGF 2@Q

Given: <=KA?F G:B=;LAN=
Asked for: EGKL KMAL9:D= E9L=JA9D
Strategy:

=L=JEAF= MF<=J O@9L ;GF<ALAGFK L@= <=KA?F OADD := MK=< /@=F <=;A<
LQH= G> E9L=JA9D AK EGKL 9HHIJGHJAOL=

Solution:

B=L KCA @MDD EMKL := DA?@LO=A?@L LG E9PAEAR= KH==< 9F< >M=D =>:
=;9MK= G> ALK MK= AF 9 EQJAF= =FNAJGFE=FL AL EMKL 9DKG := J=KAKL9FI
AEH9;L 9F< ;GJIGKAGF ;=J9EA; E9L=JA9D HIGNA<=K JA?A<ALQ :ML AK :JAL
L@=J=>GJ= L=F<K LG :J=9C GJ ;J9;C MF<=J KLJ=KK KM;@ 9K O@=F AL AEH9
O9N=K 9L @A?@ KH==<K .MH=J9DDGQK HIGNA<= KLJ=F?L@ 9F< KL9:ADALC
KMH=J9DDGQ AK HJG:9:DQ LGG @=9NQ >GJ L@AK 9HHDA;9LAGF =H=F<AF’
K=D=;LAGF G> E=L9DK AL EA?@L FGL := J=KAKL9FL LG ;GJIGKAGF AF 9 E9J
=FNAJGFE=FL =AL@=J GEHGKAL= E9L=JA9DK @GO=N=J HIGNA<= KLJ=F?
KLA>>F=KK 9F< ;GJIGKAGF J=KAKL9F;= L@=Q 9J= 9DKG DA?@LO=A?@L E9
AK FGL 9 @A?@ L=EH=J9LMJ= 9HHDA;9LAGF KG O= <G FGL F==<9 E=L9D E€
;GEHGKAL= GJ 9 ;=J9EA; E9LJAP ;GEHGKAL= /@=:=KL ;@GA;= G> E9L=JA9D.,
HGDQE=J E9LJAP ;GEHGKAL= OAL@ '=ND9J >A:=JK LG AF;J=9K= L@= KLJ=F?
;GEHGKAL= GF AEH9;L

IP=J;AK=

%F <=KA?FAF? 9 F=0 ?=F=J9LAGF G> KH9;= K@MLLD= *9LAGF9D =JGFI9MLA
H9;= <EAFAKLJILAGF *. =F?AF==JK 9J=;GFKA<=JAF? L@=JE9D HJIGL=;LAC
<=NA;=K LG HIGL=,L L@= KCAF G> L@=;J9>L EGF? L@= E9L=JA9DK :=AF?
;GFKA<=J=< 9J= LALO9FAME GJ FA;C=D :9K=< 9DDGQK 9F< KADA;GF ;9J:A<= ;-
J=AF>GJ;=< OAL@ ;9J:GF >A:=JK 2@Q 9J= L@=K= E9L=JA9DK KMAL9:D=>GJ
9HHDA;9LAGF

Answer: /A GJ *A :9K=< 9DDGQK @9N=9 @A?@ KLJ=F?L@ LG O=A?@L JILAG
;GJIGKAGF 9F< 9J= K9>=9L @A?@ L=EH=J9LMJ=K -=AF>GJ;=<;=J9EA; AK
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DA?@LO=A?@L @9%K @A?@ L@=JE9D 9F< GPA<I9LAN= KL9:ADALQ 9F< AK;(
AF=JL LGM?@ 9F< AEH9;L J=KAKL9FL

Summary

Ceramics9J= FGFE=L9DDA; AFGJ?9FA; KGDA<K L@9L 9J= LQHA;9DDQ KLJGF?
@A?@ E=DLAF? HGAFLK :ML 9J=:JALLD= /@=LOG E9BGJ ;D9KK=K G> EG<=J
9J=;=J9EA; GPA<=K 9F< FGFGPA<= ;=J9EA;K O@A;@ 9J= ;GEHGK=< G> FGFE:
:9J:A<=K GJ FALJA<=K /@=HJG<M;LAGF G> ;=J9EA;K ?=F=J9DDQ AFNGDN=K |
HGO<=J G> L@= E9L=JA9D AFLG L@= <=KAJ=< K@9H= 9F< KAFL=JAF? 9L 9 L=
BMKL :=DGO ALK E=DLAF? HGAFL /@= F=;=KK9JQ >AF= HGO<=JK G> ;=J9EA,; (
MFA>GJEDQ KAR=< H9JLA;D=K ;9F := HIG<8t}gel@lo@sss Superalloys

9J= F=0 E=L9D H@9K=K :9K=< GF ;G:9DL FA;C=D GJAJGF L@9L =P@A:AL MF
@A?@ L=EH=J9LMJ= KL9:ADALQ 9F< J=KAKL9F;EbB[BRife<fiAES IS

:GFKAKL G> 9L D=9KL LOG H@9K=K 9 E9LJAP L@9L ;GFKLALML=K L@=:MDC
9F< >A:=JK GJ ?J9FMD=K L@9L 9;L 9K 9 J=ARPdbhrE=Ratrix

composites @9IN= J=AF>GJ;AF? >A:=JK =E:=<<=< AF 9 HGDQ~eid:9LJAP

matrix composites @9N=9 E=L9D E9LJAP 9F< >A:=JK G> :GJGF ?J9H@AL= GJ
;=J9EA; Ceramic-matrix composites MK=J=AF>GJ;AF? >A:=JK MKM9DDQ 9DKG
:=J9EA; LG E9C=L@= E9LJAP H@9K= D=KK :JALLD=

KEY TAKEAWAY

GFL=EHGJ9JQ )9L=JA9DK

Y )9L=JA9DK L@9L @9N=;GFL=EHGJ9JQ 9HHDA;9LAGFK AF;DM<=;=J9EA;K
KLJ=F?L@ 9DDGQK 9F< ;GEHGKAL=K O@GK=HJGH=JLA=K ;9F .= EG<A>
F==<=<
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CONCEPTUAL PROBLEMS

GFL=EHGJ9JQ )9L=JA9DK

9F 9 ;GEHGMF< :9K=< GF LALOFAME GPA<= IMODA>Q 9K 9 ;=J9EA; E9L=JA9IL
IPHD9AF QGMJ 9FKO=J

2@9L >=9LMJ=K E9C=;=J9EA; E9L=JA9DK 9LLJ9;LAN=>GJ MK= MF<=J =PLJ-
;GF<ALAGFK 2@9L 9J= KGE= HGL=FLA9D <J90:9;CK G> ;=J9EA;K

$GO <G ;GEHGKAL= E9L=JA9DK <A>>=] >JGE L@= GL@=J ;D9KK=K G> E9L=
<AK;MKK=< AF L@AK ;@9HL=J 2@9L 9<N9FL9?=K <G ;GEHGKAL=K @9N= N:
E9L=JA9DK

$GO <G=K L@= E9LJAP ;GFLIGD L@= HIGH=JLA=K G> 9 ;GEHGKAL= E9L=J/
L@=JGD= G> 9F 9<<ALAN= AF <=L=JEAFAF? L@= HIGH=JLA=K G> 9 ;GEHGI
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12.10 End-of-Chapter Material
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IF< G> @9HL=J)9L=JA9D

APPLICATION PROBLEMS

%7</92:@ :.7821 D6A5 . 6;C<9C2 :B9A6=92 0<;02=A@

9<EAME K=D=FA<= <.= AK 9 K=EA;GF<M;LGJ MK=< AF H@GLG;GF<M;LGJ
H@GLG=D=;LJA; ;=DDK L@9L ;GF<M;L =D=;LJA;ALQ O@=F ADDMEAF9L=< %
HJG;=KK 9 <.=;JQKL9D ;9F 9:KGJ: =FGM?@ =F=J?Q LG =P;AL= =D=;LJGFK >
NID=F;=:9F< LG L@= ;GF<M;LAGF :9F< 9F< L@= =P;AL=< =D=;LJGFK ;9F J=L
L@= N9D=F;= :9F< :Q =EALLAF? DA?@L /@= J=D9LAN= AFL=FKALQ 9F< H=9
G> L@= =EALL=< DA?@L AF GF==PH=JAE=FL 9J= K@GOF AF L@=>GDDGO

Relative Intensity (%) [ Wavelength (nm) | Temperature (jC)

9 IPHDY9AF O@Q L@==EALL=< DA?@L K@A>LK LG DGF?=J O9N=D=F?L@
L=EH=J9LMJ=K $AFL ;GFKA<=J L@==PHI9FKAGF G> L@=;JQKL9D 9F< |
J=KMDLAF? ;@9F?=K AF GJ:AL9D AFL=J9;LAGFK O@=F @=9L=<
2@Q <G=K L@= J=D9LAN= AFL=FKALQ G> L@= =EALL=< DA?@L <=;J=9K
L=EH=J9LMJ= AF;J=9K=K

D9J?=>J9;LAGF G> =D=;LJA;9D =F=J?Q AK ;MJJ=FLDQ DGKL 9K @=9L <MJ/
LIOFKEAKKAGF <M= LG L@= =D=;LJA;9D J=KAKL9F;= G> LI9FKEAKKAGF OA
KMH=J;GF<M;LAF? L=;@FGDG?Q AEHJGN= L@= LI9FKEAKKAGF G> =D=;LJ/
2@9L 9J= KGE= HGL=FLA9D <J90:9;CK G> L@AK L=;@FGDG?Q

(A?@L =EALLAF? <AG<=K (I K 9J= K=EA;GF<M;LGJ :9K=< <=NA;=K L@9L 9J=
;GFKME=J =D=;LIJGFA;K HIG<M;LK J9F?AF? >JGE <A?AL9D ;DG;CK LG >A:=J
L=D=H@GF= LI9FKEAKKAGF DAF=K /@=;GDGJ G> L@= =EALL=< DA?@L Al
HOJL :Q L@=:9F< ?9H G> L@= K=EA;GF<M;LGJ !D=;LJGFK ;9F := HIGEGL=< |
;GF<M;LAGF :9F< 9F< J=LMJF LG L@= N9D=F;=:9F< :Q =EALLAF? DA?@L GJ
AF;J=9KAF? L@= E9?FALM<= G> 9LGEA; NA:J9LAGFK AF L@=;JQKL9D O@#
ALK L=EH=J9LMJ= %> QGM O9FL=< LG AF;J=9K= L@= =>>A;A=F;Q G> 9F (! <
L@=J=:Q L@= AFL=FKALQ G> L@= =EALL=< DA?@L OGMD< QGM AF;J=9K=
GH=J9LAF? L=EH=J9LMJ=G> L@= (! 'PHD9AF QGMJ 9FKO=J

.LJAHK G> HMJ= M 9F< D 9J= G>L=F MK=< AF ;DGK= HJGPAEALQ LG =9;@
;AJ;MAL :G9J<K K L@=:G9J<K :=;GE= 09JE <MJAF? MK= @GO=N=J L@=E:
;9F <A>>MK= >GJEAF? 9 HMJHD= 9DDGQ CFGOF 9K _L@= HMJHD= HD9?M-=
KLJAHK =;9MK=L@=9DDGQ AK =D=;LJA;9DDQ ;GF<M;LAN= L@=:G9J< K@
KLIM;LMJ9D 9F9DQKAK G> L@= HMJHD= 9DDGQ K@GO=< L@9L ALK KLJM;
>9;=;=FL=J=<;M:A; >;; DOLLA;= G> 9LGEK G> GF==D=E=FL OAL@ 9LGEK G
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IF< G> @9HL=J)9L=JA9D

GL@=J =D=E=FL G;;MHQAF? L=LJ9@=<J9D @GD=K 2@9L LQH= G> 9DDGQ .
=D=E=FL AK EGKL DAC=DQ LG >GJE L@= >;; DILLA;= 2@A;@ =D=E=FL AK E
G;;MHQ L@= L=LI9@=<J9D @GD=K !'PHD9AF QGMJ 9FKO=JK 2@9L AK L@=
>GJEMD9Y G> L@=_HMJHD= HD9?M="

#D9KK=K 9J= EAPLMJ=K G> GPA<=K L@= E9AF ;GEHGF=FL G> O@A;@ AK
ADA;9 AK ;9DD=< L @=<?R2IKKDAD= 9<<ALAN=K 9J= J=>=1J=< <GE362DEKK
/@=;JQKLI9DDAF= DILLA;= G> L@= ?D9KK >GJE=J :J=9CK <GOF <MJAF? @=
HIG<M;AF? L@= J9F<GE 9LGEA,; 9JJ9F?=E=FLK LQHA;9D G> 9 DAIMA< <<A|
EG<A>A=J 9F< ;GGDAF? L@= E=DL J9HA<DQ HJG<M;=K 9 ?D9KK $GO <G=K
<AE=FKAGF9D KLJM;LMJ= G> L@= ?D9KK <A>>=J >JGE L@9L G> L@= ;JQKL
>GJE=J 2GMD< QGM =PH=;L L@= E=DLAF? HGAFL G> 9 ?D9KK LG := @A?@
L@9F L@IL G> HMI{=9<« ?DI9KK 9 H9JLA;MD9J >9NGJAL= G> L@=-GE9FK C
>GJE=<:Q 9<<AF? D=9< GPA<= 9K L@= EG<A>A=J 2GMD< QGM =PH=;L D=9
EGJ= GJ D=KK <=FK= L@9F KG<9 DAE= ?D9KK >GJE=< :Q 9<<AF? KG<AME ¢
HGLI9KKAME K9DLK 9K EG<A>A=JK

)9FQ ?D9KK=K =N=FLM9DDQ ;JQKLI9DDAR= J=F<=JAF? L@=E :JALLD=9F< C
)G<A>QAF? 9?7=FLK KM; @ 9K#>J=IM=FLDQ 9<<=< LG EGDL=F ?D9KK LG J=<
L@=AJ L=F<=F;Q LG ;JQKL9DDAR= 2@Q <G=K L@= 9<<ALAGF G> KE9DD 9E
KL9:ADAR= L@=9EGIJH@GMK KLJIM;LMJ= G> ?DI9KK

1@=;9J:GF];9J:GF :GF< <AKL9F;=K AF HGDQ9;=LQD=F= ;] $C#]=JF9L=
:=LO==F K@GJL 9F< DGF? J=KMDLAF? AF L@=>GDDGOAF? :9F< KLIM;LMJ

A

9 %K HGDQ9;=LQD=F=9 E=L9D 9 K=EA;GF<M;LGJ GJ 9F AFKMD9LGJ

: 9K=< GF ALK :9F< KLIM;LMJ= @GO OGMD< LJ=9LAF? HGDQ9;=LQD=F=
HGL=FL GPA<9FL 9>>=;L ALK =D=;LJA;9D ;GF<M;LANALQ 2@9L OGMD<
G> LJ=9LAF? HGDQ9;=LQD=F= OAL@ KE9DD 9EGMFLK G> 9 HGO=J>MD
IPHDOAF QGMJ 9FKO=JK

IFC=H@9DAFK 9J= H=FL9H=HLA<=K K@GJL :AGHGDQE=JK L@9L 9J= KQFL
@ME9FK LG ;GFLJGD H9AF FC=H@9DAFK :AF< LG ;=JL9AF J=;=HLGJK AF .
O@A;@ 9J= 9DKG CFGOF LG :AF< EGIH@AF= 9F< @=JGAF +F==FC=H@9D
KLIM;LMJ= LQJGKAF=]?DQ;AF=]?DQ;AF=]JH@=FQD9D9FAF=]E=L@AGFAF= .
KLIM;LMJ=
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IF< G> @9HL=J)9L=JA9D

|-|| H r? H
H,N —c| —CO,H H,N —C —CO,H H,N _C{ —CO,H H,N —C — COxH
CH, H CH, CH,

Glycine

Phenylalanine

OH
Tyrosine
HGDQE=JARILAGF J=9;LAGF AK MK=< LG KQFL@=KAR= .9J9F 9 >D=PA:D=
AF H9;C9?AF? >ADE 9F< K=9L ;GN=JK /@= EGFGE=JA; MFAL >GJ .9J9F AK
<A;@DGJG=L@QD=F=D$ 9DKG CFGOF 9K NAFQDA<=F= ;@DGJA<= J9C
J=9KGF9:D= KLIM;LMJ=>GJ L@= HGDQE=J 2@Q <G HA=;=K G> .9J9F _;DAF
IFGL@=J O@=F L@=Q 9J=:JGM?@L AF ;GFL9;L

Methionine

,GDQE=JK 9J= G>L=F 9EGJH@GMK KGDA<K (AC= GL@=J E9L=JA9DK HGD(
MF<=J?G H@9K= ;@9F?=K "GJ =P9EHD= E9FQ HGDQE=JK 9J=>D=PA:D= 9:
;=JLO9AF L=EH=J9LMJ= ;9DD4S @@*-A?.;@6A6<; A2:=22.ABREO L@= ?DIKK

LIOFKALAGF L=EH=J9LMJ= L@=HGDQE=J :=;GE=K @9J< 9F< :JALLD= AGE
<=NA;=K L@9L J=HD9;= GJ OM?E=FL H9JLK G> L@= @ME9F :G<Q G>L=F ;GF
N9JA=LQ G> E9L=JAIDK O@GK= HIGH=JLA=K EMKL :=;9J=>MDDQ ;GFLJGD

9 ,GDQ<AE=L@QDKADGPYFE@BKN O@=J=9K

HGDQ E=L@QDE=L@9:JQDY=GRIKI 2@A;@ G> L@=K= HGDQE=JK AK
DAC=DQ LG := MK=< AF <=FLMJ=K 9F< O@A:@ AK DAC=DQ LG := MK=<:
J=HD9:=E=FL

%> QGM O=J= <=KA?FAF? :AGE=<A:9D <=NA:=K O@A:@ ;:DIKK G> :AGE!
9DDGQK :=J9EA;K GJHGDQE=JK OGMD< QGM ;GFKA<=J >GJ >AF?=] F
J=HD9:=E=FLK =Q=:9DD J=HD9:=E=FLK OAF<HAH= J=HD9:=E=FLK K@C
BGAFL J=HD9;=E=FLK 9F< :JA<?AF? :GF=>J9;LMJ=K IPHD9AF QGMJ 9F}
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