
Chapter 3

Defects in Solids

l'hcre arc lnany rcasons for studying irnperfections in solids. Irnportan{ properties

ol solirls rlcpcrrrl orr dcfccts in the atornic and electronic structure of cr),stals. I:rrr

er:rnrplt'. it is u'ell estahlishecl that cliffusion in nretallic crystals depends on the

prrrser)cc of'r,acancics in lhe lattice. Plastic delorntation in nretals is kncluvn to hc

associirtctl u'ith the rnotion of dislocations. The electrical conductivity of nran1, ionic

solitls is associale<l rvith the nlovelncnts of r,:rcancies or interstitial ions. l'lre elec

trical behavior ol serrrictrrrclui:ting crystals is related to electronic intperfectitrns.
'Ihcse rrrc brrt a liu,ol thc ptactical reasons lor discussing imperl'ections. Ilouever.
it is lrot necessurv lo look only al practical considerations to ,justify the study ol'

irrrlr, rlcr'liorrr Irrt|t'rJi'r'liutts lttc ittlr'tcslittg per sr'. itt trrsllls. ttt oticttlltl rttt't. itt
postitgc stanlpri.:rrrrl even in people. It has heen said that a perfectlv rigltteous person

is to hc rcspcctcrl anil arlnrirerl . . . hut it is the sinner who rnakes the rlore intrigtring
slrrrlr lrrrrl rrrorc irrtcreslirrgc()nr|rn\

This clraptcr lrcats cryslal irrrpcrf'cctions fl-onr the thennodynantic pt'ittl ol vicrr'.

It hus hccrr rrolcrl that inrper{'cctiorts can he ohserved and analyzecl in tu'o exlretnes

oI concerrtmlion. When vcry tlilute, intpcrfectiorrs are present in such ltlrv conccn-

trations that lhcy nray he regarrled as discrete entities with u'ell-defined indivirltral
nalurcs. -l-his is lruc of point tlefects srrch as vacancies or interstitial atolns. lJach

srrch rle[cr:l cun he assignetl properties. strch as an energv atrrl an enlropY of for-
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ntarior), tlrat are indepentlent olthe presence ol'allother imperfuctions. An indivitlual
riclcct rnity interacl rvtth others to fi)flI sitrtple contbinations sueh iis pairs. Again.

llrcse sirlplc c()nlt)illations niay bc trcatcd iis scparatc errtitics and itssignetl etrctgics

illlrl Ltrlrr)l)lcr rrl tlrclt o$ tt.

At thc oppositc cxtrcn)e ol crxrt:cr.rtrati()n, thc dcnsit)'ol rlclccts is so lrigh that

caclr rlclcet loses its indtvitlLrll l)roperty to tlre nature ol'the groLrp. Sttrluccs, srri h

its graln bountlaries, lall into this category. 'l hcse group structtrrcs rnay Lrc assigttctl

l)ri)llcrrics such us intcrllciirl tcnsirirr, that rrrake their dcscription itt tlterrttotlyrrrrtrrte

ternrs p0ssitlle.
'l'his 

e hirpter duais with thc thernrodynanrics ol'point deltcts. 'Ihc llrertttotlynatrt

ics ol surluccs is lreated in Chapter "1.

3.I S'fRt]C'I'URAI, I'OINT DEIIECTS IN IILEN{EN'I'AI,
CRYS'I'ALS

,,\ rrrissirrg atorrr in the crystaI structurc of an elertiental crystlrl is a i'rtr',lrtt ]' or it

ltttinr leJeLt. II the absence ot an atonl on a Iattice site causes no changes in the rest

of the crystal, we ean apply in a sirnple wa)'the principles learned in Section 2.6 to

the case of vacarrcies in elemcntal crystals.'l'he crystal will consist ol'N atonls iuld

r? \itaiint laLtice sitcs (l'acancics). Assurrte that the cnergy to ercatc suclt a vauallcy

i: given try 1.,. "l'hcre are thus two states of a lattice site ttt be cortsrdclcd:

an occupied statc I : 0

an ur)occupicd state E : E,

'I-hc protrabiliti, of' linding sucll an ttnoccttpicd state is relatc(l to thc cncrgy

rer-lLrircd to producc the vacancy and the tdnipcrature ot'thc crystal (llortt Scettott

2.-5. Eq 2.7) is:

P, _ exp( - E,lk'l'1
(-1.1)

rvlrcr.c Z : I + expi.'t./k7)

il cxp(' [,/t7')

Z

rtN llcxp( E,lk'l') (3.2)

i: '*o

L-qLration J.2 slx.rrvs thut at ternperatures above absolute rcro, elerrontill crystals

at etluilibriurn contrin vacaticies. A typical value, suclt as the one lirr elcrtlerttal

alurrrirrrnn, is I - 0 ?5 cV (72.4 kJ/rttol).
1\utuillly. tlrc at.rscncc ()t an atoni orr a Iatticc sitc charrges tlrc vitrratiort pilttcrns

ot ncighfroring atorlls (Figurc 3.1). We nrust therclirrc take ittto account not only thc

cncrg\ (or cnthalpy) requireil Lo protiuce a vacarlcy, but also thc cntropy cltltttgcs itt

-l-,
k'r
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liigul'e 3.1 Eltte l: ol vilciirle ). ()n

rcarust ttcigltbor:: all irrc irscribe,l
lo tl)c vilciulcy.

'.,i:rrcd suilor.il)(ll,,g that vacancy. At cquilibriunr, the Gibbs ii-ce energy ol rire
-l ' 'L'ri ls ilt ll lllillill)tlll) with [espect lri the nLrrubcr ol !laancies l)rcscrrt licolstlnl
,-i.,])-r.irlirc irrd pressurc. rhc nrtilar ciibbs lrec crrergy ch0nge, l6 betu,cen thc
r::[r;113g1 ((1,) lnd perlect cr.ystrl (6',,) is

l0 : C, (i,, _ rt llt,. Z.-\.5 (j.J)

..;rirc -\H, : er)thalpy ol lblnntion ol a vacancy
Ir - ntttrrlrct t,I rlreirttCics.

1hc cntrol;y ternr, .\S, uar) bc cxprcssetl as Ibllou,s.

.lS : rr .U, + l.t. (J.J)

ihe ttitirl Lrhirrtc i, ,lor.r c.trr)py J.! is cquar to the s.n) or entrop), chirnge
r'r(ilrerl l() c.cirte the 

'ilcii'rcy 
r5',. antl trrc c:orligLrrational entropy 15., l,hich is

J..ri-'(i t() thc unrro|tainty in tlre spatial rocatron of ih" uacau.y.,\ssunring A *i,dorr..:r.l;Lrri.rr .l'r'acrirrcies, tlrrs conriguratioral entropy ternr crn be expreised irs lirr-

i.5'.-(Lr(l:Itir ( )
(3.5)N!rl

i:l.r irJ)plylrr! tlre Stirlirg app.tixinrati.rr, \\'c cil. \\.tc u, crprus:irn lrr-1(i.

jt, - iL (111, - / lJ',) t7'llru t. /r) ln(N I ri) NlnN I ln rrl (J.6)

iii. rrririirrru.r .r l(i as . rrrrcri,, .l thc ,urrbcr .f ir,pcr|cctians is.

, i,l(;,i---i lt1, 1l\ , kttul ,,
, ,tt1 t, \N ,- ;/ - 0 {-1,7r



Irr seneral. for irnperfections.
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,,r'irererl:0exp(A5,./k)ancl 0isafactortoaccoulltforvariationsincrl't;rll"g[aph1'
Note thirt.r, : rl,/N because rt, {1' N.

Bi,takirlg the natural logarithrri of both sides. I]q. ].9 nlal,:tlso he rvriltctt as

follo,,r s:

,A1/,rl'
Irr r, lrt 

^ {T ) t- l r'r'lo}' \ r ' \7'
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Solr ing for the fraction of vacant sites ( t. ):

rr r A,5. t
t' = x r- ,i -- 

exl) (;:) e\P

t

- l4'
k7-

(3.8)

In this [orrn it is apparcnt thirt a graph oI thc ltalttrr] logarithrrl rrl'thc tlcli:ct

concentration (or some quantity or property linearly depencletrt olt it)ott the ortlilralc.

ancl inverse absolute temperature on the abscissa. will be a straight line rvith a slope

equal to the negative of the enthalpy of forlnation of the ir.nperfcction <lividctl hv A'

the Boltznrann constant (Figure 1.2).

Front the foregoing analysis. $'e conclttde that vacancics are an ecltrilibritttn {ea-

ture in elementai crystals at temperaturcs above absolute zero.'T'hese are calletl

iririrt.sit.r'acancies. because they are an inherent part oI the cr1'stal l[-lhc orrly

peSlo
Ary

t

]r'<l-
Figure 3.2 Fraction ol irrrperfections (vacancics) as

a function of inverse absoltrle terrlperature'



3.2 Vacancies: [:xperirnental Verilication 7l

l\
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1il,

I
ln r,

lltrinsic defects

Extrinslc defects

Irnr _*
Irigrrre 3..1 Iimclion of irrJrtrft-ctions (irrtrinsic
anil cxtrirrsic) as a frrnclion of inverse absolrrte
Icrlperit(trIc.

Vircancics Pr.cscnr in il cryslill are i,ltrjnsic v..clrlcies, wc will ohservc thc linearirt,ol'ln .r, v l/7-slr."i'. irr I;igure 3.2. The concerrtratiorr of 
'acancies rrar,. h.*e'cr.

hc irrflucnccd hy f-actors other than lentperature.-I'hc acldition of inlpurities can, by clistortinc thc lattice, create conrlitions ncar rhe
ilrrpLrrity alollls lhlll luvot a vacarrcy conccnlration higher than thc intrinsic concen-tratiott.'lhe vacancics gencrated lry such extraneous factors are callerl r,.rlr.irrr,.
vacancics 'l-hc 

l)tesence of extrinsic vacancies usually manifests itself as a tlcr iati.nlllrn llrc lirrcllity o[. ln r, versus I/7 (llq 3.9) shorvn in Figure 3.2. 1"1,picall,v. thisrronline,rity cle'cl.ps al rower terrperatures (higher varrres of r/7-). a; sh.ri,n i,Fig.n' .1.-j. This chaptcr rriscusses scverar cascs.f cxtri.sic irnpcrf-cc-ti.rrs.

3.2 VA CA Nfil IrS : IIXpriRIl\{IiN.tAL Vlltrr FICAI.tON
l, prirrciplc it shorrld hc possibre to creterrnine the ,arues or-Al/, a,rr As. fl..rrr ak,o*leclge .f the rrurrher.f irnpcrfections as a function of te;;erature. tjnfbrtu_
natelv. it is rlilfit:ult to.rcasure the absolrrte nurnber of imperfecti.ns. It is p.ssihlc.
h.u'rvcr' r. in[c. AH, rr.ti As,. by nreastrrirrg the change in the nurnher,rf i,,,p.r-
lccliorrs rvilh lcrrrpcralrrrc. z\lr cspecially novel:rpproach lo the prolrlcrn u,as tlerrr-
onslrrtcri succcsslullv bv,silnrrons anrr Ilailurfi (nefs. r and 2).i rvh. asserred th,t
r()lllct ltti:llt.tls ltit'c:tlstt ltccrt rrscrl t. cstrrlllis. thc l(rnpcr:rture rlt,perrrlcnee.f vrrtrrrrc'
c.lrccnrlari,rr. Arr cirrlv nrcrrrrxr usetr srrcccssfirily (Rcfs.3 anrr 4) in'.rvgtr,1,,"u.t,;ng,-,;,pi,i
coolirrg) rvilcs ol lhc nlillctiirl bcing slrrtlicrl lrotrr Itiglr trn!peraltires l(1 ir lctr)pcrillurc;rl rlhichlllc Yrrtitttcics ilrc irtltltrrhilc. trst(tlly hgllru, rrxrrrr terirperaturc. l-hc clcctrir.al rr:sislirit1 ol.lhcu'ires u';rs rrst'tl as a rncasrrre ofvacancy aouaentratio,r. This metho<j ailorvs one t() detcrr)1ineAl/. htrt not '\'5-"I'o tlelerntine lr.lh reqrrirt's r nleisrrrelnent of lhe ahsollte nlrnrher.f
r,aerrrcies fll s()nle lelnperattrre.
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rhc i'olrrlltc 0l a crystal irlcreascs \\'ilh inorcasing teltrl)criitLrrc l()r two reasotls: Ihc

rncrcased thclrtral vibration ol'tl)c atottts itnd tllc crcatiotr o('r'iletrllcics:

1y : lfr,,, ,1- AV, (3.1 r)

'[']re lot"rr -\l,1r,, rclers to t[c volurnc cltangc because t-il irtulcasetl tltr:r'tttal vibt;tlion

ol the at()rns.'[']rc tcrnr.ll/, rcfcls to thc volLrrrtc clrartgc becattse ol tl]c presence ol'

vueirncies. It is crpral to lhc nurrrbcl ol vucirrtcics rrrtrltiplictl lty tltc vtiltrrltc cltitttgc

irttloducc,l by thc prcscnce ol ond vacancy, attd is *'r-ittcrt as ll/, - tr,V,..'l o lirrtl
the titte of'chlnge of Al,', with tempcratur.e at constant Prcssul'e, rvc sttbsti{utc litr rr

Irceording to [lqs.3.9 rind 3.11, und ditlclcntirte with lcsl)cct to tcrr)l)cratuIc:

ii,I'll - (,!.1','l N,v..{ cxr, I tl, ltlf\ ;tl. t,. \ ,/ ," ' I kl I kl '

li car rang i n g:

r'l1rlI l*r4.1l f r//l
I L.], [--;=- i "" I ^;'I 

1] 12)

'laking thc nrtulal logar.irhrn o1'both siile s of IJq. -j.12, r've hrtvc

I r' ,,,11' , I i,nl :tr ,t] lHtrrl:-l:l I lnI -' l- ' rJ.lJt"'lt"\art,l'L k I kr

ll',,,rr',1
Frorn Eq 3 13, it is apparenr rhiir a sraph oi l" 

L( (?i), I 
versus l1?'hrs a

sltrpe ol- - -\/1 /f
'l'lrc virlrrc ()l tllt tcrrr ll\/ li)\/,lA'l'lt, rtits tlctcrtttittctl tty obserVirrg thc tlil'lercncc

tretncen rlic change in erternirl dimcnsions ol'a cr'ystal A/// antl lltc chartgc in lltticc
piiranlctcr Air/,r as the tentpcrat.ule r-rl'tlte crystirl is ehiittgetl. Irt Eq. 3.14. thc l'ilst

ternt involving.\/ is associated uitli the total vr-rlurne chartge ol'thc cr-ystrl. Thc tcrtn

involving changes in latuee pariur)eter, !i/a, is related t() tlte changc ol volut't.tc

ls\o(iillc(l orrly rvitlr thc irrclcasctl vibllttiorts ttl ;tlottts.'l'lrc tlil'lercnee ltclwectt llte

trvo is the change in voluure intlorluced by thc lbrrlatiort of vacancics. I]ecattse tlre

volunre is a cubic function of a linear dimension o{'the crystal. the lV,/V teinl is

thr-ee tir-ncs the tiactional linear changes.

lt = r i! \r1 
rJ.rJl

l' \LtI

Fronr thcse crperinrcnts Sinrnrotrs artl llallulli iulcrlcd thc cnthirllries and ctrtlo-
pies ol iorrnation ol'r,acancics irt alutttittLttrt, gold, and silvcr (I'ablc,l.l). lJascd r.rrl
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'table 3.1 Hnthalpies and EntroPies of Formation of Vacancies in Alunlinunl'

Cold, and Silver

^\H. (eV) A[,/t Arr/n (at nrclting Point)

Alurttitturn
(lold

S ilver

075
094
r.09

2.2

r.0
1.5

gxl0.
7.2 )i l0 '

2XIO.

5/)rii1l'. l{tl\. I nl)d f

rhcirvalues,thecalctrlatedfractionofvacantlatticesites(lll/rr)atlhcllleittttul,.,int
of rhese uletals, xlso in -I'able J l, is shown to be allrost one in ri thr)Llsrll'l l-ct us

tlsethcvaltlcsfilt.silvertocalculatethefractiontifvacal-ttsitc:at7(,lUK.I'he
cnthalt)y and entropy valttes tlotn'lable -l l are 'lH' : l ()9 EV and -\5 it - i 5

ttn. rl.\,r r l{,t

,-.^o[*).*o\ rrt
- 1.09n''

-: cxP(t 5) exP
:64x10'

l7 x l0 5)(70(l)

.f'e li.action ot vaca.t latticc sites is thus about 6.1 parts per billion. 'lhc c-t>ncen-

tlation()l.viroiillcicsisthefractionofvacantsitesrnultipliedbythenumbel-oflattice
sites per unit volurne, ru^)1 no' silver' this calculatiln yields about 3'75 x l0r5

,aca,r.,ies per cubic centimeter at 700 K'

].3IN.I.t,ItACTIONSBETwEENVACANCIESANDIMPURI.I'ltis

wc lritve establistred that vacancies exist at equilibriunr ru pure, elemerltltI cr'1'stals

Jbr)vc.t[)S()ltltuzcroor.telnpcrature'TlteconcentrlltionOftheseintrinsicv'acltleics
e irn bc calcrtlatetl using Uq. i't, ilthe energies antl entropies of formationare.known'

Thellresencetltdissolvedirriptrrityattlmsinthecrystalllayirrllttencetheintrin:ie
\acancy cottccnttatioti because the impurity atolns an'l the solvent atoms dilfcr in

'ize, cuusirtg vaeancies to be attritctcd to the irnpurity atorrls. The total concenlrltiolt

, I rri.rrttcius u'tltrld tltus bc nroililieil'
.foaltalyzcthissituationusingstatisticitltltertloclynullties,consider.thltitr'.icaney

r;rr i\i:t in two stable states, eit;er bound to an in)purity atom (extrinsic) or ttnbouttd

,!iiill)i0). The ttrtal coticentriition of vacancies rr' is the surlt of the t\'o:

,, : ,d t rr, ,. (3.15)

.ri,ir; ri. is total vxcilnc),conccDtration (vacancies per unit volurne). rif is intritlti':

. i! f,t]f ) e ollcel)tr.ltion, attii tl, ' ' is bounrl vacallcy collcclltrirtion

fhe encruy state of , u"'nty ilepentls on lvhether it is bound or ttttboundLet
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uS designate the energy of an unbounrl vacancy as En and the cnergY o['a lround

vacancv as E, ,. We nray. for the purprlse of this ailalysis, assign a valrte ol'zcro ttr

thc unbouttcl cnergv: E,, : 0. J'he Value of E, . r','ill be irrherentlv negalive hccrttsc

it is a hintlirrg energy: that is. an encrgy inprrt rvill be lcquirccl to separrlc lltc vacitttcY

lr-0rrr llre irilPuritV t0 creale atl ttttbottttcl vacancy. Basetl otl t]q.2.7. lltc ralio ol'

bt,r.Il,l 1,, 1111lrottl)d r itt lltteies ir

( 1;'),9r ' exf
/lt u

lI 7,,,t

n,lrcre Zr, (the partition I'unction) - 8* + ,g'. exp( \ ,lkT)

/rr , _ _8, ,,glt4__/,T) _
rt* g* f g, . exP( il .lkl')

. fhc 'ulge of the degeneracY, 8r ,, is tlre protluct o['the irnpurity c()llccltlliltir)lr.

tt,. awl Z. the coordination number in the crystal, because the vacatlcy tlllly allach

itsell to an itnpurity at any of the nearest neighhor positions.r'l'he degenerlcy ol-thc

unbould vacancies is tl're number of lattice sites not nearest to inlpulity alonts.

er,:21,: 8*-N t'ti Zn,-N (Zll\rtt

rtr-,. * Zn, ex?(-Et -,1k7-)

rt* N - (Z * 1)rr' * Zn,exP( Et "lk7')

Notc that N >> (Z * l)rr,. and Zttexp(-E, ,lkT'1 '-a Nfor'sttrall rt,:

(3.17)

Suhstituting in Eq. 3.15. we write

-.E, '
KT

(3. l6)

(3.18)"'- I +\zexnr:N

-l o le arn how inrportant the extr-insic concentration can he, le t tls estilllalc :iol)lc

o[ thr: terrns in Eq. 3.18. [.et us take silver at 700 K rrttce again as rtn exiltttplc. Ottl'

:rlculation in Section 3.2 tells us that vacancies in silver are Present at abotrt 64

'flre comrnon notation for the coordinatirln nttnlber is usually the letter Z. which we hrvc

:.tci to signify the parlitiorr function. To avoid confusion. the notati(lll 2,., rvas use<l in lhis

ri,'n [,'r the partitinn ftttlction.

/r . - ,,1 'rf z.*n ( ?;)
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parls pcr billiorr rt lhis tenrperature. It is dilllcult to reduce irnpurities in silver {rr )

to ttris lcvel. A typical irnpurity frrtctiort is l0 r. or 0.17a. At this levcl. assunrins .t

rcasonahlc birrding cnergt'(8, .. - -0.1 eV). and a coordination nunrher of 12. the

latio oI lotul vacancies to intrinsic vacanciesr is:

1 + l0 r(12)

1'r i.06
il|

At rr l7 inrprrritl'level. this ratio rises to 1.63.'Ihis leads us lC) the conclttsion

t[at irrrpulilics can lur',e arr cl'f'ect ot) vacallcy concentration. Based on Eq. -1 18. this

cf lecl hccorrrcs cven nl()rc intptxlattl at lower (elnperattlres.

3.4 IN'I'EITACl'ION RI'TWIi]DN IN'IPI,RFR.CTIONS
AND II\,IPURI'I'II'S

In Scctiotr 3.3 wer arrrlyzetl the eff'cct of rlissolved irnpurity atorlrs olt the equililrriLrm

conccrrtnrlion ol poinl defects in a crystal. basecl on the fornration of inlprrrlty-
vacarcy clLrsters. Il tlrcre is a tendency for impurity atolns and crystal imperfections

[o forrrr cluslers. we should expect structurai irnperfectiotts. suclr as dislocations. to

attract an(l hirrtl irnpuritl,utorus irr a crystal. An interesting exantple of this binding
is tri he louncl in iron'carbon (steel) alloys. An accepted explanation for the "vield

point'' in steel is basecl orr the trinding between dislocations and solutes that occup)'

intcrstitiul posi{ions in the iron lat{ice, suclr as carbon atonrs. Plastic deforntatirrn itt

a cryslallirre solicl occurs rvhcn dislocations ttlove under applied stress. In iton

carburr alloys. tht-- slress requirccl to start the lnoventenl oldislocations is higher than

{he slress rcquircd to keep tltertt ntoving. eiving rtse to a distinct yield point (Rel.

5). I'he biniling bel',veett dislocations ancl carbon atoms causes this phenomenon.

The shetr strcss lecluireri lo hreak the dislocation alvay from the relatively irnrnohile

carborr atorns is greuter than tlre sheilr stress required to keep therl rrloving. Based

on rcrsoning sirnilar to thal used to derive Eq.3.18, there should be feu'er atotns

houncl to the irnperlcctions as the tetnperature is increased. Thus, the yield point

phe nonrc-rron shoulrl becorne less pronounced at higher temperatures. This is. indeed.

whtrt is ohservcrl in the iron-carton syslettt. At tetnperatures above 7(X)'C the )'ield
poilrl csscnli:rllv tlisuppcrrrs.

lir rlcll witlr thc cl'f'ect ol'hinrling ol'irrterstilial irrrpurities lo dislocirlions, lel us

arlopl lhe silrle lvpc ol'nolatiorr rve rtsed irt Section'1.3. We can rvrile:

/rNr 
- 8Nr exP-\:b'lk!) (3.19)

,rt r,* * .g*, exp( ['-N]lkl-)

,r, _ (.-, [,*rJ* r,*,] )

i

h

I

'J'he Bollzlnann c()nsl^nl is ti.(rl7 X IO 5 eV/K.
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\\'hcre //^a : llr.lnibcr oi irttrinsic nltrogcn atotlrs in it-on ller ctlt)ic oclllillleter
(rntrinsic sotubility )

ri*, : rruntlrct ttl' ltitlogctt iitorlls b()l'tn(l to tlisloeatiilns

,q* -. nuntbcr ol lirilicc Pusitions uviriliitrle to tlisstrllcrl tritrogr:tt ltlottis

,q" . rrurrrIrer trl tlisloclrtiori positiotts irvirillble to tlissolvetl tlilti)gcll
iit()lIIs

l.:,'* - ittLcritction cnergy ol' tlissolved nitroge n atltl disloclttiotts

i-cliltivo ttl ilisst,rlved nitlogert irr latlicc irtegltlire tlLtrtrrtitl )

Notc thlt u,e have assigned an encrgy ol lero to the dissolvcd ttttroge tt itl it not-tttal

posirion linterstitial). lf wc can assttllle tltat 8N >> .g",, [it1 .].19 becorrtcs

,.5! .= {!rj1P!.-!:!-1rt) (-r.20)
ri( 8r

'l'ire trrtlil nutnt)er oi'rtitrogcn atortts tlisSoIr,cd rr, is thc stllll ()l /ii illltl /1.! .

r,,:rt(*rt"r:rl{ . .qNr r\l)( C. il 1)r

----l3r/
(J.2 r.1

(3.22)

It is apparcnt lt-onr Eq.3.2 I thar the nreasured solLrbilrty ol ttitrogett itt irort is r
lirrrction ol thc dislocation conccntration il'thc interitctiorl errelgy /:n is tttit zclo.

[-er us estirnate the rnagnitude olthe eliicr. Illteractiolt ettergics li^,, are itbotlt 0 i
eV. ll a sarnple is scverely cold-worked (r'ollcd), dislocation dcnsitits up to 5 X lt)r-
e 1t/cr1r can be reached. ilor iron, thc numbcr ol interstitial ltositiolrs pcl e trbtc cen-

tirletcr is 8.1 X 10r2. T'he nunrber ol rtorns pcr cuntimetcr i:; tlrc ctttrc root o1'

8..1 x I0rr, or -1.3 x l0'. Assuuring, firr sintplicity, thitt we arc deiilirrg witlt cilge

Jt\lr)rillruil). tlrc nurrthcr ul disl,reuliutr pUsiti('rls lltul trttt (,(ulll)) il ttitt,,gett irl,rtll i:
thc prrrduct ol the dislocation density and -1.3 X 107, or 2.l-5 X l0ro. It'wc substtttrtc

llrcsc vi.rlucs in []q. 3.21 at 700 K (-127"C), the crthunccrncnt ol'observccl solLrtrilily

is about .j79lr. I'his ei{ect slrt-ruld bc obsen'able, ancl, in lact, wirs ()l)scrvc(l lry l)irr-ke n

t l{cl. 5 t.

l)iirken crrnducted his expcriments by equilibrating sarnple s ol ilott u'ith;t tttirtttrc
of arnntonia and hydrogen at about "150"C. Ily crrntrolling tltc littio ()t'ilrtlrll()nlir to

lrytlrirlgtrr. lrc lixctl tlru llrulrrrotlyrrirrrric;rr'tivily ril rrilrogcrt. lrt'tlrttsr'llti'ttlrrililrlirrrtt
Ur)nstiillt r\,, is de tcrnrincil by thc tclllpe rrttUrc:

NtI, =' tll, i- N

,Jtt:

,\- -,1" -r,/!l)
I Nil,

ulrcrc untlcrscolctl N indicates dissolvcrl uitlogctt.
'llie rrLrnrber ol disloclttons wls varied by colcl wL)rking the siuttplcs to dillcrutrt

lcr el:. 'f hc grcirtdr the deglee ot'col(l wor k, thc highcr the ilislocirtion cortccrltrittioti.
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I ltrctea:ttLg

a

]

=

AnttealeJ
SPcClmen

01 0.2 0.3 o 4 0.5

"ll+

t ieure J.-l Nitrogen ilissolverl in iron as a functii)n of iictrvit\

'1,,',.,ua', 
artd colil work (inlperlectittns) tn tlott

- -.--,rLrirr:rtirtB tlre iron salrlples with the gas of controlled nitrogerl actl\iry'

. Lrir.i lrtghet "it";;';-"'l'bility 
in sarnples with greater'cold wl)r'k (ie ' tirc

:. ...r lriglter,lislocatitin tlcnsiries) l{is obserVatiorls ilrc siro\^'n in I-'igure 1 1

:, i LI-h,C'fItONIC DEFIiC'TS

' .- .,'..ritrlitls cilli, irt broad teruts' be divideil into three classes rvith respect to their

....r1.()tldllctclectricalchrrges:lnetills'semlcontiucttlts'andinstlliltorsN'letlrls
--.: ., litlii nlobila catricr (electrorl) conccl)triltion' on the ordcr of l0rr per eubic

, jj,rrrrilcr At thu otlter;"tit'i;t scale' insLrlators have Very few mobile ':hrllgc

..rrrictr- ou lhc ordcr of one pcr cubic centirtleter' The behavior of electrtrn5 ill

rirclal: is r-ltscttssutl irl texts on nrctal pltysics (see' e g ' Rels 6 altd 7l 
fhc 

cortduc-

trr tt;' ol ittsttllittrrs is Irot tliscttssctt beca''i'"' by tlte nature ol the devices' this property

!iil)Iit]t[)cvilr.ictlsrgrrilrcantly.serilicolldLlct0lsarepallicularlyintercstingb".iit:l::
tireir'corti.lttc{tvity can be t'aried by charrging the envilonlnent in which thev exlst'

ilrey urc, tltLrs, trsulirl ils st:nsr)rs

lrrtrirrsic sr'lili(.(rll(lur'lols iltc eltlltltett'rlzcd hy illi clldrg\ tlrp ([lilnd !it1r) bctrvectt

clectt-trnsirrthcir.valclrcebanilslintlallorvedstutesitttheircorrcluctionbiitlds(Figure
3.5).,Iobcctlttle.ictive,irrthesense()fcontluction'cIcCtrl'llsniuStjurIll)i-l(rossthe
energy gaP into the conduction band When they,tlo' thev leave behind holes in the

valctrccbarrtl.Btrtlrclcctl()l)sirntlholescanparticiPilleinthecont]uetitlnot.elcctr.ical
chargc.Settricondttcto'""t't-'"tilranBeofcarriercollcelltratiolls'btrtlttlcolliPllr
ison witlr i,sLrlat.r.s ,n.r n,"iul, we can;hink ol t'e.r as llaving otl the ordcr .1 10r'l

tttobilccarrierspct-cutliccctltilncter..I.heyareusefulinelectricaldevices.sucitas
tlttnsistols,or,inthccaserll.ionicsolids,asscllSors,bccattsethenurltbcr.ilfeart,icts
eltaltgeswithtetrtpct.att,,"u,*itt.tlreclrelrlicalnatul.e()ftlreatrtlospher.einequilib-
riulnwiththesolid.lntlrisseclion,weestablishtherelationshipbetu'ecncharge
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F.

Conductlof band

Lg -"1
Range of
forbrdden
energies

Valence band

Figure 3.5 Plot o{ clensitt' of statcs 31 /: )

vetstts L for contluclirllt cleclrotts ittltl

holes in a scnticonclttctor

$her.c ;r- is the Fernri level irl the crystal. E,,, and g(l-.) is thc clcrrsity o{ statcs l)ctweell

energy levels E ancl E l- t/E.
'llre density of states for the electrons ill the conduction barld lnal'be derivetl

psing the satne technique !\,e used to deternrine the clensily ofstates lirr an itleal gas.

th.t is. ll.ont the "tlLrantrrtrr particlr: in ir tlox" ulo(lcl.'l'ilkillg iltto ltccttttttl thc lwrt

ipin stutcs that tnaV exist:rt cach encrgy levcl. lhe Iestllt li)r elcclrotts is

curriers in pure eletttental cr)'stals (electrons alld llglcs) as a lirnction of tcllllleralllrc

and energy gap of the solid. A later seclintt lreats tlle cffecl ol alrrlosphere.

lf the trvo states for electrons, at the tof ol'the valencc bantl atlcl al the b()ttoll)

ol tlte conduction bancl. hacl rro lirrits as to their occupancy, calctrlating lhc proha-

bilitl, ol finding an electron at E, relative to E : 0 (top ol thc Valence band) wotrltl

lte x straightfor\&,ard applicatjon o[ Boltznrann statistics fEq. 2.7) The sittration is

ntorc colltplicaterl, horuever. hecause tllc Pttrli excltrsion prirrciple 
'1lpflics 

Only orrt

electron may Occupy each qLtanlunl slate in the cryslal, takirrg all the qttanttttll nttnt

her-s into accoultt, including the spins. We must therefore usc thcr [;ermi-Dirac sta

tistic-s (section 2.1 l). 'Ihe numher oF electrons irt the condrrctiorr hand N. is, hase<l

on ['.q. 2.2.5 :

I LE t'
N.= | q{E}ll eKt{--[) | 'u 1'r'2'l)J, - " 1 ' ' tr / 

l

O
q(l')

, )r,r* ,t'-
s tlir .tTr (_rt:') ttt E,.)"'

8(E) -- 1-.11: ' l:r)"' (3'24)

rr here C_ : 4n\2ntlli)r'2 ancl /,rf is the effective nrass rif an elcc{l'()lr in tlte cl'yslirl.
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For holes in the valcnce trancl, a sinrilar approach yields:

(1.25)

s(1l): c't(-L)''1

where rrf is thc clfcctive nrass of a "hole" in the valence band.

Rtcurrse lhc Iiclrrri lcvcl lics in the ftrrhitldcn hanrl. and its rlislance frorn tlrc hiurtl

cdgc is lrrrge corrrpurctl lvillr l./ (wlrich is rrquul lo ahout 0.025 cV llt r(x)tll ttrnpcr
ature). wc nray approxirlate tlre Fermi functiott as follorvs:

hecatrse (lt. ' l:t ) --.> ft7'.

Substitutirrg Eqs. 3.26 and 3.24 in 3.23 yields

If lve lct .r - (1r - E,,)/k7', F.q. 3.21 becomes

For the clefinite integral, we write

N. - c.(A7)r,'"^pI H,] f ,,,.e,,1,

,2lrlr'''
e{[) - o" (-,I) ( [)'-

I crn l' ,rn') 
* 

",, lo#'

f,l ,'', 'r/r:Ii"G

&-c"

(i.261

(7.27)

(3.28)

hence:

N'=) 2tr exp
3/1

rrr fk7\
tt)

D 
-C

k]

13y a sinrilrrr pr()cc:is. thc nrrrnher of holes present irr the valerrce band is.

(-1.29 )Nu:2(^'#)"'"-n (- 3)

If rvc are dealing with an inlrinsic senriconcluctur-that is. one in ri,hich there is

dE(E - E)'/1 exp
(E - E,)

KT



tc isn behrnd tbr every electron in the conduction band (no donor or acceptor
rfitr:il-then,a

(3.1{t )

(-1.-l r )

.Substrtuting Eqs -3.28 arrd J.29 in Eq.3.-10

E,: /'- l tn,l-r I -ll lrr-a
2 -t lr.f

Sirrec (7'rs srnilll, and tlrc values ol'lr]: and ar'/; arc not gleatly diller"cnt, tllc licnui
lercl rniry bc considercd to bc in ttrc rnitltllc ot'thc cnclgy girgr lol irrlrinsir
scrrt icorrdtrctors.

ll'rve think ol lhc lbrrnatiort uf cortduction clectlorts rirrtl lrolcs as ir ulrcrrrrcal
rcirction, u,e crtn write.

nLrll -N.*N,, (3.32)

fhc product of N. and N,, is it lirnctitrn ol'tenrpcratule, rnucli ls thc cclLrili[rriuur
consiant i:, and has ii value:

(3.33)

It rs intcrcsting to notc that the ternt for the F'errrri lcvcl, [,., drops oLtt ot lJtl.

-1.3J, anrl thc product olN" and N,, depcnds only on tcu)pcrittUrc urrd tlrc ct)ergy uilp,
l:.,. ln cotttrast to a sinrple, two enr:rSy-lcvcl situation irr wlriuh thc Boltzntirnn dis,
tribtttitrn ll:-t1.2.1 ) rvould apply. the product ol the nurtrbcr ol e lectrons irnil lrolcs is

in tlris easc li tirnction tl' E,,lk7-. but also a lirnction ot'7].

3.6 DI]I,'IJC'I'S IN IONIC CON,IPOUNDS
'l'lre prcceding scctions deult with del'ects in elenrcrrtal crystuls. whelc tlrc ulonrs
uere ttll til tltc sartte sl)ecics. lonic ctintpounils ltave a rriininrutl ol trvo elcntetrts,
iitt t:lcttto;tositive clerttt:rtl, t[:sigrlrlctl lry iVI, irrrtl iul (luctl)ncllirlivrr elelrreot. Llcs

i!.rtatetl bY X. Vacancies nlay oceur orr eithcr lhe clcctlopositrve or the clcctloncg
tttir c l;rlticc. AdiJitionrlll', botlr thc clcctropositivc alrd the clccLror)cgiltivc cle rrre nts

rttav take irrtcrstitial positions in thc luttiee. Elch ty'pc ol'dcticl is tliscusscd in thc
:er'tir)ns tliut lirllurv.

'ltt ttt.ny ptrblieltions. N., the nurttber ol clectrurrs in tlre concltrction btrrrri, rs u,riilcrr sirrrply
ir: n."'tr hu nurntrer ol lroles N,, is rvritten as "p," r'cfcrrirrg t() a posilivclv chlrlgcd cortrlLrutiol
: ire r lC:

,lnlr,' , l-,
N N,, , ( ,, ) rrriirrf; t"r/ ' crp ( 

")



'lable 1.2 SttrttrllarY

Syrnbol

N,l

x
Mn,

Nn,

M.
IM.

Mt

V,l'

J. / l"r'cntle i i)ulccts Ul

tli Kroger=V ilk Nottrtion

Definitiott

Atottt ,rl clee troptlsitivc elenlcnt

Atont ol' clectrollcgative cielrcnt

N,l ittonr oo N'l site (stltrtetitttcs dcrtoted as N'1i'1)

N itttlttt r-rrr iv{ site

VrtctttteY 0ll N4 site

Nl att-,rtr orl interstitial site

PositivclY clrargcil Nl iott on

[)ositiVe ly chalgcd lvl ion on

NegltivclY chalsed X ion on

interstitial
intcrstitial
interstitial

site (singlY ionized)

site (doubl)' ionizctl)

site (singtY iortizerll

['ositivelY chlrgctl vucancy ( relativc to Perfect Iatricc) on X site

velY oharged vacancy (lrelative to Perfect lattice) on N'l site

Negati

Soartr. ltcl. ii'

lr()l lhc l)tlll,u\cs ul uur Llisr.us5lt)ll n'e rvill udopt thc Krogcr-Vink l)utrtioll lRcl'

8) to tcpreserrl tn"'" in'1't'ittiions Oar'te 3 2) An 
"u'y 

*o! (Ref 9) to undcrstauli

tlre rl()tatiorl is i, c.ltsitler U"t t*i., 
'"t"t 

.efect is representei by a three-part s1'nrb'rl'

X(, whcre ii rhe

X rol)rescllts tr'ltr't/ is on lhe site (V ftlr a vacancy and an elell)ental notatlon

sitc i, occupiecl by an elenlcnt) lattice
y repr.csents rhe rr,7re .t ,* *.,,pi.d by X (i for tir interstitial site' or' tor a

sitr:, tlrc:)rrrlrrrl lirt tltc clctrtcni rrsu'rlll occupyitru tlrut' luttir;c sitc)

1- Le'tc:etrt' Iltc rlt'ttqc''t;';,;t't; t; "1""t'l 
i"rri'lelr"rue on tlte silc \' lp'r:itive

ch.rgcs aro rcpreserrteu ilr' u"t' (' or. 
-' arrd n:l,.ltu" chlrgt' by' primes (' or "); a

Iorvctcasc lcttct'x ts "'u"t'n't' 
used to delrote a neutral atornl

rn sirVer chloridc, Ag{.J1, arr intcr-stitiar sirver iun is represented as Ag, A vacancy

u,, Ll," ,ilu"t latricc is r.epresented ers Vlt''

Ilquations rlcscribing'i'*r'i*,*,,ton or annihilation rrrust adhere to the iollorv-

llLt ill:

DefIt). ing prirrciPles:

l. ( ()ll:cl\irtl(rll ()l lllil5:

3 i'll::; iill :,I ;i :::; f ::::'l'.tl:l lll 

""' 

n' conpoun'll bein g s'lud ied

3.7 ITRIINKIiI, DBI,.F]C'I'S

onc type or rlclcct.irr...tonic solid is i'1"*'ll]l]::l,'J:t;l:'::ii:::il.':ll:'.'ll,:'::
li',r,.] i,,tti.. prr:ilirrtlr lie: in ;rrt itrtet:titirtl pu'rtt'r

ptrsitiortcotresp'tttlingt";;;;:;;i i'uo'"nt Thisiscalled aFrenkel rldlatr The>rtiiPl -r

,lu,ti,rtr
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fhrnraticln oI a Frenkel defect by an electroposi(ivc elcrrtent (N'I) rrral' hc cxpressctl

as n chr-rnical etpralion:

N'{X - N''1,, s,X 1- EVN, l- 6Mt (3.34)

In the Krogcr -Virrk rrotatiorr. lvhich lve rvill use, this is rvriltctt as lirllou's:

MNr - I\4; -r Vn, (3.35)

\\'elrlr'eassunrecl thal thcinterstitial N4ator)lisionizcrl "villrlclrargr:ol-Il. 
Jlrt:

yacancy has a cfiarge of 1 relative to the perl'ccl lattice. Il'r.r,e llrirrk ol lhc chltttgt:

expressed in Eq. 3.3-5 as a chemical reaction. we can write an eclLrilibtiurrl co,lstalll

lor it:

.. f/Nr{7\ .,

^, 
_ :,,ur_ (J.36)

1-he activity of the material M (an,^,) is very close to unity becattse only sm;rll

quantities of defects are formed. tJsing the infinitely dilute s()ltrtioll as thc slanrlarrl

state ltrr the imperfections r.nakes their activities equal to tlicir cottct-tttrirliolts':

K, : IMi][VJll (3.37)

'l'o clescribe the concentration o[ these irrrperfectiotts as a lutrctiott ol lctttperltutc.

rve- f6llolv the same proceclure we used for elentetttal crystals. u'ith the cotrplicltiolt
thal \\'e must account for the conligtrrational enlropy (Af.) ol hoth the vacancies attd

the interstitials. There is uncertainty concernirrg the position 0[ the vacaltcies antl

also uncertainty related to the position of the inlerstitials- If rve asstttne that the

Ipcatiols oI the vacancies and the interstitials are rartclotl and itrtlepettrlcnl o['ortc

anottrer. we can write

AS.-kln
(ru l,!l!{1lI

N!ri. ! N!rr,l

uhere rr, : nuntber of vacancies

n, - rtutnber of interstitials

Proceecling as in Section 3.1, rve obtain:

(3.38)

I ", \.1 tr, \ rAS'i

l,t t ,,. I I A, , ,,1 t*n (; 1 
t*n 7 A//, 

1(;t

'Sqrrare hrackets [ | denote the concentration of tlte species in the hracke{s

(3.3e)
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but

,,, u-':i N tt,.1{ N',

l;or onc ntolc ol cryslul:

. il. ll,
IV.,l ..: tNl;l - .,vt

(3.40)

I lrc [,'rclkcl (le lict c()ncclltration. lF] is eqtral to the concentratiott of eithe r thc

interstitials lX,l or the vacarrcies lVl. ii rhe tu,O are equal. or to the squarc rgttl of

llrcir llrotluct:

A'i ,AS,r r lH,r
Iv.,ll\4:l y,.*f [ 

^-'1 

.*p 1 (, ]

lt;l - (tvJ,llMil)"' : f "*n (
r '\1/.,
\ zrzl

.\S.r

;J .-, (1.41)

This ternr. {Fl. is called the intrinsic Ijrenkel defect concetttration and is related

to the elltrol)y antl enthalpy of, forntation ol thc clefect.

The precerlirrg illrrstration was based on Frenkel defect fornration hy the electrtr

positive (N4l elerrrcnts.'l-he srrne can also occur for the electronegative (X) elettrenls.

3.II SCIIOl'1'I(Y-WAGNIiR DI'ITEC'IS

A del-ect in an ionic crlstal ntay be createtl by hai'ing an electrical-charge eqtrivalent

nurnhcr oI vacancics created on the electropositive attd eleclronegative latlices. If
the clectroposilivc and clcctronega(ive eletnents have the same valcnce. there u'ill
hc lhc salrre rrurnhcr of ','acarrcics on each lattice. Il'the valence ol tlte tuo eletttellts

is cli{lerent. thc nrrrnber ol'vlcancies is inversely proporticlnal to their \alellce sta(es.

ln tlre case ol'sirnilar valence this can be expressed as a chenrical equation as [ollows
(1hc tcrn "null" replescnts the clel'ccl-free lattice):

null - V* -l- Vrr (3.421

In lerrns ol'an erluilihriullr constant. this can be rvritten as follo"r's

r. = {v;ltvJli (3.43 )

Nolc llt:tt lltc lernt IN4i,] rrppcrrrs lroth irr trt1s.3.37 and ].43. Iloth Irrcrrktl rrrrd

Schottky Wagrrcr tlcl'ccts rnay hc prcsent in lhc sttne cryslal. Clhcrnicitl ctltrilihrirrrrr

rcrluircs that holh er;uililrria he sltisfiecl in acldiliorr to lhe conrlitiott trf stoiclriotttclt)'.
rvhich in lhis case correspontls to electronetttrality anlong the charged species.

llct rrrtsc ol lltcsc c(rn(lili(rlls. u'e tttav rrrile:

I



8l Ohal-rtcr lllDctcets in Solids

tv;l -tM;l r tv;l
K, K,

lNl:l ..;. : : l\';l - ,. 'IV^,I IVi,]

[v,],]' = Kt 1' K,

lvJ,l :(1{, +K,)'"

(3.44)

(3.4s)

'l'hLrs the colrccrrtriitior) of vacancics or) the clcctropositivc lattice depends on the

prcscr)cc ol botlr Flenkel arrd Schottky Wagner delccts.

].9 INl'IiR,IC'I'IONS ANIONG DEFEC'I'S

In Section -1.7 rve derlonstrated tl)at the concentrations of llrcrrkel and Schottky-
Wagnc'r de lccts are interdependent. 'I'his intcrdcpcndencc of ileltct conccntrilti()ns
also ltolds lbr a widc varie ty ol'otller delects. ln this scctit-rn we dise uss a usclirl rvly
of lcpr-csentinu these relationships in diagranlnlatic lbnll. ln thc litcrature ol thc licld,
the tliiterants are cirlled either Brouwer diagranrs ul Kr-tlger-Vink diagrarrrs 1Rcls. tl
anit l0).

1-ake as an cxample the case ol'an ionic solid, represeutecl as MX, which is

cxy;tlsctl to thc virpor ttf tlrc rrtetul M at variorrs pressures. 1-ct rrs assrrnic thtrt tlre
nretal vapor interacts with the Iv'IX crystal to lbrrn interstitial ions and clcctlolts,
rvlrieh we u,ill label n':

Mts) : M, 't- Ir'

'lhe cqLrilibrrun) ilrnong lhe species in the reaction is r-epreserrted by

c

(3.46)

\\'c nt.rte rhat there are also charged vacancies on tl)e Nl sublirttice, and wc nrust
iluc()r r)lrr( )diltd to the Fr enkcl delcct cilui libriurn:

Ki : [vt;]tvJ,l (3.{7)

In addition, thcre is an cquilibriunt bcrweeu free elcctrons (n') and holes (p'):

(, - ln'llp'l (J.,18)

lilcctroneutlality ol' the crystal irnposes the firllowing conditit.rn.

[n'] + [Vj,l : lp'] r lN4;l (1.49)

.. lrr'llM,l
"r P.

i

a
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lt \\c take the rtatural L-rgarithnrs ol tlte tertns rn Lqs 3 "16' l 17' and l -18' we

.. btlLrtt

ln K,, : hr[v{'] -t- lnln'l ltt P',

In lii - lnlNlll + tntVl,l

ln K, - ln[rr'l I trrIp'l

VM

ln /igPy

I.'igure J.6 Conccntliilion ol chargcd spc

cics in NIX cxposed to NI(g) as a ltllleli()ll

cil rtretal vaP(,r Plcs)urc

(1.50)

(3.5 I )

(1.52 )

-1 
hc cr.rnstruction of a lJrouwer (or Kroger' Vink) diagrarn procceds try rtoting that

-er.tirin irltltrttxitiltrtiitns ntay lle nliltlc in clillcrcrrt ritttges ill'tlletlil VitPot PIc\\tlle
.'..iLres, lilr.cxatttllle, in it ltlrv l)letill l)lcSsl.lIc raIlSc wc Illii),llsStlIlle tilat tlte ctlttccrt

U.rti()ns trl intc|stitiitl cilti()llS alld h0lcs prcdotltirtatc. Ilasetl on tlte cottditirrtt til clcC

Lr!,n.utrillity (trq. 3.'19.t the concentriltions of tlte two ilre equiil:

ip'l : IVi,l (3'51)

Astltcpressut'einthen)etalvaPorittcreascs,weentcraregionofstoichiotnett'y
rrt $hiclr tllc concer)trttrons oi int;rstitial cations ilild negatively charged Vrcilneie:

..r. c(ltlirl t l'r'crtke I Jclee t ):

tvJ,l == tN'1,1 (3's"l)

Finirlly'astlicl]IesstlreinCreases,wccntelaregiottwhcrctlteCollcentriltii)n()f
.iition irltcrstitials is equal to thc concentration ol'lree electrons:

ln'l = tNl'l (l'55)

I
T
I

9
s-

.U
EO

o)

Mi

n'
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tp l = IVMI IVMI = lfiil

N4i

ln 1 = Ilt'l1J

Mi

lt lt'

t vLr

9

:e

-.+

vN4,

VM

p
M;

ln (rPNt +
Ir-igure 3.7 Cottcentration ol variotts species in MX cxposetl lrr

\l(g) as a function of tnetal vapor pressure.

T'reatirrg tlre case represented by lrq. 3.53. we can write trq 3.50 as follows:

ln Pn, '- lnlN4,l + lnfn'l ln K,. (3.50')

Cornbining Eqs.3.5l and 3.52 yields:

,, (f) - rnrM,t rnrn'l

Conrhining the results of Eqs. 3.50' and 3.,56 yields:

ln P,, ' 2lnlM,l 
',,(nf')\ A,

(3.s6)

(3.s7)

'Ilrcsc rclltionships arc shorvn schernatically irr Figure 3.(r. Nolc thal on ttrc right'

lraltJ sith ol-Pigure 3.(r the concentration of-catiort ittterstitials trecotttes eclual to the

Concentratiolt of catioll vacancies. and rve enter the pressure region donrinated by

Ijrelkel ilefects. A further increase in gaseous ntetal vapor presstlre moves us inttr

the rtgi6n dotninated hy Irec electrons and cati()n interstitials. Thc cotrcenlralions

ol'the vurious species inr.'olved i11s 5tlqrvn scherrratically in Figure -1.7.

3.IO IN'I'RINSIC ANI) IiX'TRINSIC DI'[I'CTS IN IONIC
CRYSTAI,S

Vacancies in ionic cr),stills exisl at equilibriurn at temperatures ahove absolttte zero,

as clerngnstrated in the preceding sections. These therrlally induced vacancies itt

n

ll

n'



I

l.l0 [ntrinsic and Extrirrsic Defecfs in Ionic C-r1 stals g7

pttre \1 X c11'stlrls are callcd in/rinsi< r'aclrncies. Vacancics mav also be inrJrrce<l
hf ilrrptlrilv iotrs ivltose valcnce clil-l'ers ll-orn thc valerrcc ol the ions in thc host
cryslrl.'fhese are callerl c_r/rlrr.sir. r,.acancies.

Cortsitlcr lhe :rrlrlition of curlntiunt chlOritle (CdClr) ro a so(lium cltloritle (NICI)
crvslll. I;rotrr Ihc chcrnical ctlualions rlcscril]iltlt lhe contpourrrls. it is app:rrcnl lhtrt
thc Vlllcttcc oJ lltc cirtlrttiLrrn ion in curlnriunr chloricle is + 2. Thc s,rcl;r,n, i,r,, in
srrrlitr* chlrrriclc has ^ r'.lerce of t.1. one cldcl. rnolecule occupies 1rr., aniorr
(ttcgrttivc iorr) sitcs. lntl rtrt,' clrtion site 'I'hus. in e rlilufe solution of cltclntiunr chlo_
rirlc in sotlitrln tltloritlc. thcrc rtrusl hc orrc sorliunr ion vlcancl'on the l\,1 Iattice lirr
cVcrY Clrrlrrritilrr iorr lrrltlctl. bccausc clcctrir;irl rrcrrtr.rrlilv is Ictlrrircrl (l;iqrrrc .l.g). 

.t 
lris

corrtlilion ol cicclronerrll.alily can he cxprcssed as filllorvs:

. IV,l,,l - l(ld",l + lV;,1 (3.58)

'Jlrc c.rrcarrrlari.,.{ r':rcrurcics.rr thc s.cliu, i.n lattice is equal t. thc c()rcc.
tntiott rll vltc:lncics irr thc chlorine Iat(ice ltlus lhe concentratiop of catlnriurp ions

[;roltl Ilc1. ]..5Ii it is clclrr {ltal i{'thc corrcentration of caclnriur.n ions is verv nrrrch
grcutcr llrarr lhe vacancies of chl<xicle ions ([Ccln,] >> [V; ,l), the vacancr, in srrditrnt
ion t'ottcenltlltiotl5 5ilnpl1' cqtnls thc conccntriltion oI carlrrriuln ions. Ilr this c.se.
the cotrcenlrlttion of sotlittrn ion Vacancies is crlrrrrslc, that is. it is not controlled
bv lhc inhercrlt properlies ol the socliunr chloricle. It clepends on another condition
(r'iz-. lhc catltttittnr iott concentration) anrl is not relatecl lo the irrrrur.sic nurrher.f'
t'itcAtlcics lltotlttcctl lhcrtrtitlly. il', lrorvcvcr, thc clrrlrrriunr iorr c6nceplrali.p is r,cr'
sntrtll (lVi ,] >> [('d",1). lhe concelrtration of socliurn ion vacancies is eclr.ral to the
concelltration of'chloride ion vacancies, ancl the concentralions are intrirrsic--tlrat
is. only therrrrally inducerl.

Jltcsc rclltliortshiPs cart hc illrrstrltctl usins the erluilihriunr rclltiolship lqr
Schottky tlcltcl on tlrc. sorlirrrn chloric]c littticc:

l(" : [VN"l[V,r]

('l Na (tl

Nir (l z\
€rr

Cl Na CI

Na Cl Na

('l Nl ('l

Nit (ll Na

.Sotlirrrn ion vacarrcv. Vi.,

(].59)

Nir

CI

Na

(-l

Nir

CI

('l

Na

c-l

Nlr

('l

1\il

CI

Nl

('l

Nlr

CI

Na

C]

Nrr

CI

c]

Na

CI

Na

('l

Nu

('l

N:r

Figrrre3.tl Itlfecl ol'CrlC_'l,adrlition(presenceof Ctl,,)onNaCl crvstal
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Combining Eqs. 3.59 and 3.58 yields:

(.
lv^l I.-{{'rl.}+;:-

or

Ivl.,l' -lcd;.,ilvl,l (,,,= 0

I ltr st,lultt,tt l(' tlli\ crlllali,)lt i\:

IVi.,] : lcd; l I ([CdN,l] F '1,(.)"' (3.60)

.\ sotliLurr cltloriile crystal witll lr given concentration ot cucltttiLttrt cltloridc citrt

tlisplrrl' trotlr irrtrrrrsic irrrtl extrinsic bclravior'tlcpcrrtlrrrg ott its terti1t,,';rtrrt-e.'l-lris clltt

bc untlerstootl b1,ct-rrrsidcr-ing Eq.3.60. At lrigher telr)pclitturcs, lltc value ol tlre

equilihriuni constitnt r(r can be uruuh grcil[er rhan the value o[ lCi,l'"''1t. ll thilt is trtle .

ihen iV(,i : (1" lntl thc thermally gencrated inrpcrlectiorrs \\'ill l)c greutcr tharl thc

cltllriirint ir)n corlcentration. "lhe crl,stal rvill sltorv irttt'iirsic helruvittr. As thc tcrn-

I)e ralure ol'the crystiil drops, thc rlluc oi'A'. drol-rs; tlrat is, the nunibet ol'tlre rrrtally

iirtluccrl viruiutcies dlops. \\/ltert A., is rrtuelt stttallet tlrrin l('dr.,lr. rve will scc

t\'.,1 - [Cd..,l and ertrirtsic behinirrr.'l'lti: ehirnge irr beltavior rvitlt tetrlpcrature

lntrinsrc
reglon

I Extrinsic
reglor)

.a

5

s

t v.,

,_
I

I igrrr. J.l) IiltilI'1,,rilrl \\lilr5l! \,1(illrL\ I(i'i,)ll\.

2
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i: illu:tr.irtetl in Figurc J.9, rvhich plots the naturaI lug ol a sodiultt it'tt r;rcitttcy

;rqaiilsr the ilvelsc af,llllttli,J'J:::::::'Ji,, 
,.,.tiu,ri ions are eclurl ro rtre viiea.crc: itt

.,,,11i,'.lJ';.]lll:li i,ii'Jii,iill'J'l;;;,"; ;;Jii:l::11,"::::':ili 
l,l'i:l.n;';, ' "'

rnrtst still bc otrstrvcd; tU""t't""t't""tit' i'i ehloritlc ions rvitl be lcss tltlttt tlte

.lLrlrttttyciilculatctlft"""'in','-tfrltlridciLrrtcolluclltlati()llasrllustlltc''lirr[]igurc
l9

3.1 1 liXPtiRIl\1EN'I'AL DE'IBIIh-llNA't'ION OF DEI''ECT 
-l'YPE

,l.llct]ill.ercrrttlelccrtypcsitritlnicst-rlidstliscussei'Isot.arshcrtlldrrraniiesttttctltselrcs

in plrysiellly otrsclvable *tt" il' '"'"t' il tlre ionie 
,solrtls 

are to bc uscd ls scrls()rs'

we wrnl t' obsclvc t "t,.'"'1'"'""]"'t 
n'"u"ut'ble tluantitl'as a fuuctitltt ol tclu-

Pcraturc, or ol the "tt'i'";;);;" " 
*'t'ict'the solid cxists 'fhis scction discus:cs iu'tr

\rit\5(,lirtlertirlgLlclcclfyPctnirrttieuly5tirls'UlrubilsuLl\)lltllellliiusl'llulltcl:itri
latticc llirrartrett" ttntt tt"n"liics' antt the uti't' t'u"tt t',n tltc tttcasurctrlettt.l e ltctriual

concluctiv itY.

l\s an exiirtllllc ol ttte use ol tlcnsity rntl lattice..parallleter fileasufenlenis' ctlusider

trre case or thc addition l'ir:ut'irr tcaor to'l':::'lijlll';ilffi 1i,l" ::Ii ::
i,,a.op,".,.,f in tlrc zircorria lattice' and itsstllTllnB

uncharrgcd irr car,, ,_r,:" .;,l;'i;: 

" 

clcetRrncutftrlirv among the three ioutc spcctcs

I)rescnt yicrtls a .un,pnriri,ln'ul7r,,rrCn,,,,e,*,- 
I't,.r. "t 

*o ways ol iirrnring this

crysral. Hit,cr vaca.ct"';;';;;il'u*igln ll'ttit"' or the calciurn and/or zrrco.rurl)

ions entcr interstitial p"'U'"""t is known fron'r X-ray ditfruction stutiics that the

mattjrixl c|ystallizcs i" ;'ii;t;;i'; stilrcturc with a lirttitc puranleter ol 5 lll A t-et

tus crtlcttlatc tr'" t*ptttot'tittlslittt "t 
tlre crystal tbr tlie trvil cases ll'ox)'gcn ron

vacu.cies werc ro ,rr,..,,*'rLi,'..fi ru.lgfr, rvotrltl be'+-52.601N", rvhich is tltc stttrt

ol'

0l!r11qq8
N,,

085 t 1t L)\ .22 452.60

t.it5x-lxl6

.l.ltcvtllttrtletllthelrrlitcellisthecrrbeoftlrelaiticepalil[}eter,orl]5,()tiA..Llr

115.08 >i l0 r'ctrt''
'fhe rlerlsitY u'otrld bc:

452.6t)

C'a:

'/r'.

O:

p= (6.022 x I o")(i 35 08 x l0-rr)
- 5.) / g/(rr
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Il intcrstitial calciunt ancl zirconiunr ions lbrrrred. then the r.r'eight ol the unit ccll

rvorrlrl hr.- .i8().29lN-\ ghiclr is the strttt of :

8 x l(r

N\

4 x 0,15 x (2/1.85) x'10.08

NA

4 x 0.85 x (2/1.85) x. 91.22

():

Car

Zr:

489.29

'I'hc rlensitl' rvoultl be:

489.29P:iffi:6ol E/crrr'

'l'he t$o values 5.-57 and (r.01 g/cmr can be easily distingtrishetl hy clensily rnea-

surctncllts. ln lhis case, oxide iorr vaciutcies are {burrd to be plcscnt irl CaO-ZtO,

solutions equilibrated at 1600"C.6 This is an especially important conclusion. lrecause

"tloped" crvstals of zirconia are useful as oxide ion conductors in high tenrpcrature

fuel cells alcl as oxygett pressure sensors u,hen used in electrochernical cells (Vol.

I. sectiorr (r.8).

Electrical conductivity lneasurernents also can be used to cleterntine the types of'

clef-ecl present in ionic crystals. Consider the case of zinc oxide (ZnO). Il zinc orirlc

is heatecl at low oxygen pressures, it will beconle conductive. By tlall cff'ect rnea-

suren)erlts (Refs. 6 and 7). it can be shown that the conducting species is negatively

charged. and by the magnitucle of the conducti\,ity it is assurnecl that it is elcctrons

(n') tIat are thc charge carriers. I-et trs hypothesize tlrat the dcfec( structtrre is of thc

[.'relkel t_v.'pe,',vith zinc ions occupying the interstitial position.'l-he cltrestiorr is

ruhclheI an interstitial zinc ion in the sarilple is singly or doubly chalged. ll it is

singly charged. then the chetnical reaction is:

ZnC) : i(), -r Zn', -r n' (3.61)

The equilibriunt constant ftrr tlte reaction is:

K = Pilllzn,ltn'l Q.62)

Noling thal the concentnrtion ol'zinc ions nrusl erlual lhc concentrali<tn ol'

c le clrort s.

lZn,l =. In'] (3.63)

nFor santples equilibrated at I 800'C there seents to he some ambiguity in the type oI rlefect

present(Rel. ll).

E



3.12 Non Stoichiornerrv gl

therr lhe concerrtration of erectrons, ancr the concrrrctivity. wiil be proportional {. tht:
negalivc onc-firurlh powcr of the oxygen prcssure. as fbllorvs:

[n'] : [Zn,l - trr/]P;r'l1 (-1.61)

Il the intcrstitial zinc ion is doubry cha,ged, concentration of erecrrons u.iil hepioportional to the negative one sixth porver oI the oxygen pressure.

ZnO : lO, + 7.ui t- 2,,,,

(3.6s)

l7,nil =.|[n'l

In'l - +K1,,).,,6

(3.66)

'l 
he c.ntluctivitl, orzinc oxide crystars is found to be proporti.nar to the negarire

one-lourth pou'cr of'the oxygen pressLrre. hcnce singry ionized interslitiar ,_i,.,.. in,.,.exist irr ZrrO.

3.12 NONS'I0ICHION{ETRY

Slrongly ionic crrrnprlrrrds, sucrr as trrose containing harides. gcnemrrl riispiav a lirerlratio oI constitrrerrts. Sor.liurrr chloride. l.or exarlple. shorvs a one_to_orle ratio ol.cali0rrs ro anions, cadrrtiurn chkrritle a two ro one ratio. N,lanv of the conrpounds
stLrrlictl in clerncntury clrcrrrislry are of this l1,pe. We hirve clernonslr.alccl lh:rl tlrrotrgh
exp()surc lo <lif'l'crt'rrt lltnlosplteres. llresc rarios nray hc chlrrgctl s6nrervlrut. ln lacl.lltctc ltrc cotttpttuttds in ri'lrich the rutios vrrr'-v grcatly Irorn the expcc{crl strrichio-
rnetric rarios. A cr,ssic exanrple is proviciecr by orre of'the iro, oxides. u,ustire.

Tlrc corlrpol;11r1 l.c() t\vuslilc) rloes rrof crist nitlt:t one.lo,olie a,,f i.,,_t.,.,,,,i,,,,
ra{io rntl actuallv lras a range o[ contpositions (Figure -1.10). The iron_rich lirnit ol.lhc corrrpourrrl llrs tr conrposition closer lo Fe,,r.(i. nt 1200.C tlre orlgcp,contcnt
o['the u'ustirc nray be varied by equiribrarirrg s,,nrpres irr arrnosphcres *,ith er-rectir,c
oxygcn pressures betrveen I0 'and r0 r2 atrn. The creparrure fr-onr stoichiornetr'
tttay bc rltre cither to the Iornration of oxygen ion inlerstitials or to cafio, .,r..;;.j;i'llrc tl;rtlr rrr'l:rl,lt. I I irrrlit.lrlc llrrrl llrc trorrs1111..1,1,,,,,"1ry is tlrrc ln r:rlilll r:rt.itrrr.it,.
becrttsc thc tlcnsitv ol'thc oxidc clccrcases as lhc ralio ol'irorr lo ox\1!c. tlccrr.irscs.lirttririttlttinclcctronculrrrlilyof lhccorrrn6rrrrrl, liv..f'l5cpe,,i.rrii,,rri'i.',r,,,,,
fortnctl in(o I:c' ' iolts Iirr eaclt ol'the vacancies fornrerl. In chernical lcrrls. t6is nra_y
he corrsirlercrl to hc a solrrtion of Fe,O, irr FeO. Sinrillr nonstoichiorrclric hehavjor
is ohsenetl in nurrry syslLlns. srrch as Ni O. Co,O. artrl (-u O. Not all ol.tlrr. rrons{oichiorntrtry is accotrrrle(l for by cation vacancies. In the Zr.-0 ancl'I'i c) svste.rs.
anion vacancies fornr. As dernonstrated in Section 3.r0. interstitiar .atio,r...,.,ruu,
lbr nonsfoichir')ntctry in the Zn,O systeln. Thus rve can conclucle that lhe prirrciple
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'l'uble 3.3 [-uttice Paranreter ilnd l)ensity ol FeO
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ltc,,,,o
['-c,,,,,()

lie,,,,,o
l e,,,,,ro

.l 2ri2

.{.285
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5.613
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\'(/!/r., E I{. Jcttc irrtri F. I'oolc, J. ('lttt. l'lLts.. l. l9 (1913), quotcd irr ltcl l2

ol tireti ratios ot atortrs in rnillecules that simplilied ntiiny ol thc etlttsidcratiorr: itr

elcrrrcnl.ir'1'elterttistt-;'dttes not apply to rttarty solid cottlpountls.
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I'ROIil,ltNls

].lWllen(]a()isLlissrrlvcdirrZl.(),,oxi(lei0nVilcanCieSaleCreated(Jntllclile(]I)lii
littticc.Calctrliltcthell-iictiolitll.tlxrdcitltrsiresrhatrvillbevacattt\\,hclI()lIc
ttttrlcltcr.cttltll.uirleirtrn.)\i(lcl\;rrl.lt.Jttr(i,.'...1i'..,lve.lirrttlrt.zit..rrttilt,
Ncglr'r t tlrc itttt trtsie trritlt iutl \ it\ itllLics'

Wtrat is the.xitle ion vacancy concentt-lltio_n stated at vacancles Per i[lt)lL:

ccntirrlctcr'.' 'l'he density ol zirconii't is about 5 5 g/ctl't''

].2Silverllrotlti.le(Agt}L)extllbitsF.renkelimperfcctions'Theforrratiorlcllthiilp),
isabtlLtt().6()cVpcrpair.Assurtterllatthcltlt.triittit'rte]ltlUllyiszcrtr.
(a)Wlratliactiorlol.theAg,ionsat.cininterstitialsitesjustbelori,thelllcltiilg

point ol' silver' brorttidc'l r ,: .,.... ..., ..
(ll).I-lrtAg,ionsllleextl(]lllelylll()bile.Pcllnittll)gtlrccstablislrlrrcitttllcclttt-

li[;r'itiirrcvelliltlclutivclylllwtenlperatures-Asstlnlethataotlccubideen-
trnrctcr sanrplc ol an AlBr crystal is coolecl sl0$,ly enougll to rlliirrllirlrl

e tluilibritrrI At \\'hat tcriperatLrre w'ill thc crystal contaill just ollc F|cnke l

pirir'l

For AgBr':

l)e nsitl - (> -l'l g/crn'

Irlolectrlal weight : 187 8 g/rnol

N'lclting Point - 70U K.

-].-l llrc lirtrttrttiott e rltllilll)y ol a sclrtrtrky tlcleut in Nit(ll is ilbotrt l'E7 c\/'

(a)I,Itltttrclrac:tttltrtlfNa.arrd(-Ivacuneiesasallnctionol.lhclecillrt,ual
tcrllperirttrre lioru the Inelting point' l07J K' to 300 K AssLrrlre thrt thd

lillrttatiotl ulltrolly ol tlrc r lte lrtle id\ is zcro'

(lr)ltcpclrtltirrta.lrrsunril]gthiltl().,ttttllcll.actttlrrtrl.C]aCl,t:ittltlerlttlIltc
prrLc NilCl. Why rre thc Plors irt parts lt and tr diilcrcntl

3,4I)ensitylltcilstllclt)el)tsareoftenuscrjtr.lt]ctct.nrirtcther),peofdel.ect:(]r.lrtcd
*'lrcn intptrlities are clissolved in iorlic crystals ll'one assunes that the rlissu-

lutitlntll.itlrttntnrtlt.toxicle(Al,o,)inpuretrragrresittlroxide(N'IgO)UrcaleS
vacu.cies trrr l5e positive io. lutiice, calculatc tle il'.ctional change i, thc dellsity

ol'ptllc NlgO rvherr ol)c wcight perccnt ol AlrOr is aildetl to it'
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r\ssunte that thc crvslal strtlcture atld thc lltttice prratneter ol MgO rlo nol

clrangr-- * i1h thc adrlition ol' 1hc altttttirtlt.

3.5 'I'he rn,..rgv of fornration lirr rlcancies in gold is ahotrt 0.9 eV. Asstrlttitrg thltl

there is no changc irr r,ibratiorral cntr()pv associatetl r.vith the firtttraliott ol'a
\ 0clltlC\'. calculltc lhc intlinsit vitclln( ,\' cottct'nlration in goltl :rt .5(X) :rnd l(XX)

K

Silver. u,hen dissolved in gold. exlrihits a bincling enetgy of aborrt 0.l0 eV

rvith racancies. Calculate the total v{rcancy concenlralion irt goltl at -5(10 rrnil

l()00 K. Assunre that there is no change in vibrationat cnlr()pv ittvolvctl ill lltc
lirrpt;rtit,rt 11l tlre silrcr'\'itcittlc\r crltltlllex. I'lrc silvt-r'concclltriltiorl is 0.1 rrrol

percent.

The dcnsitl,of gold is aborrt l!.-1 g/crrrr'

3.6 Nlagnesiurr oxicle (l\{gOf is knou.,tr lo ftrrrn Schottky tle Iccts. crealillS vacirncit-s

orr both the cation (N,lg) and anion (O) lattices.'fhe cnergv ol littr-ttlttion of :t

Si.lrottkr clefcct irr N,lg() is eslinratcd to hc about 6 cV. Assuttlc lltat rvc catl

consitier thc errtropl'ol'forrlulion ol tlrc dclccl to hc zcro f thc preexporltrntial

teilil. exp(A,Si2R) - ll
(a) Estirnate the fraction ol 1\!g sites and 0 sites vacattI at ecluilihritrrn al l8(X)

K.

1l.11 WIatistheconcerrtrationofMgvacancies(vacanciesperctrbiccenlitttcter)
rt equilrbriurn at 1800 K'l

(c) If a sarnple of N'lgO rvrth 0. I rnol ft of zircortia (2r0.) is prcprtrcd. 
"vh:il

n,ill be the fractiorr ol lv{g sites unoccupie(l at cqirilihritrrn at 18(X) K'1 Whitt

u.ill be the fl'action o['oxvgen sites urroccrrpied'] Thc suhstilutiorr ol zilco

rriurn ions (7.r' t\ in {he laltii:c restrils irt calion vacllncics

I),\-I'r\

I)cnsitv of Ir4gO -- about 3.-58 g/crn'
,\tonric lveight of N'lB : 24.3 *rn,,,,
,\tomic q,eight of oxygen : l6 g/nrol

A sarnple oI iron oxide (rvtrstite) has a cotttpositiott Fe,, ,,,O. Its latlicc pitrall]c{cr

'is {irrrntl to be ;1.101 A.

(a) Calculatc the clcnsi{1'ol llrc sanrple (g/cnr'). ussutning that thc tronsloiclri

ornetry ol the compouncl is accotrntecl lor by vacancies otr the Fe Iattice.

(h) CirlcUlate the <lensity 0[ the strr]lplc (g/cnr'). asstrrrrins lh{ll lhc nons{0iclti

ornclrV ol'the cotrtpourtrl is itccotrttletl lirr lry oxygcn inlt-rslililrls.

l)r\TA
Atornic weights

Fe = -55.8.5 g/rnol

O : 16 g/rnol

FeO has a "rock salt" crystal strtrcttlre (fcc) u'ith 4 cations and 4 attiotts

per unit cell in a perfect (defect-free) crvstal.

3.7
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3.ll (iivcn lltc inlirlrttaliott hclou,. y()u arc rrsked to estinrrlc tlre nurrher of ncutnrl
(nonclrargcil) vtrcatrcies in purc. nretallic silicon at 1200 K.
(a) Wlrll lr-aclion ol thc silicon sites are lacant at 1200 K (ar c(llrilihnull)l
(b) whrt is thc c.nccnrlarion .f thcst- r'aculrcies (pcr cutric ccntirreter)'l

I);\ l'A

A//, - r ,l cV prr vacarrcy

crp( I J5,/l) - .1.0 lirr llre vacarrcl
Alorrric rvcighl oI silicon - 28 g/crnr
[)ctrsi{t, ol silicorr - 2..12 g/cll'

J.9 '['lrc rtccont1luttyi119 gnrPh shou,s thc sc-ll rlil{irsiorr coef ficient firr Na' in an NaC.l
crys{al rlopcd u,ith CdCl.. NaCl is lrelicr,erl to lbrrn Schottky,tlclecls. Usirrg the
rlata ilr lhc uraph. calcrrlale lhc follort,irrg.

(u) I hc trt'livltliorr cncrgv lirr scll',rlillrrsion ol'Ntr' in NaCl.
(h) 'l-lrc cnlllilll)y ol lgrrrlrtiorr ol sclrollkv tlcl'ccts irr NaCl (in cV).
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