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ZnteJ.ost tn the (!leet:rJ.e,al canauetton: proces~s ln o1-snnic 

e$!lpcu~s ha:s stee.d!1Y !nerett$0d tn tho pest t• decat!Ga.. ~rbe tmljor 

l:1nes of ttWe$·t1pt1on haVe fs1r1y el~ oPlef!Uh For e~pto, stud1e$ 

Gf t~ temperature depenttenec ot the- eonduetivtt:r of ~f!tie erA 

po1ymer!c solids have been et!~1teted tn· part by the e:ugge$t1on ot 
~sonWvir&vt1•a ·that 1)0~-ps ·tho motl1$il ot G:lf!aC~$. tn Uvtng 

er·tl't~a m~:y be Bs~cletotJ t11 th a~!eo!lduetton pJ'oeeS$. Sl~Jcu·, tbat 

t!mo, a great m~ny. p.apera have dcatt31• tdtb t .. tle e:ppltc0-tion of solid 

stftte conecptc to Mologio.o.t ~ Mo~hemtenl plle-mMtuh· newwr, sagnt­

avoret 1At• trotJBeste45 that:, 86 til St.mera\ p~pod t!.on; tht. G idea 

eant»t be ·•Aa<t~te1 becen.se the enortu sop c:~oJll:y one<rJ'.fttered in 

~roWne is. t~ too wlde; ther~ to a1t!lpty· not eMtt~h ent&'fS!f ~va11abl~~~ 

g~noMly, tn b!ologtca\ GYstms to ra-ise en. electroD ncmss a grap 

of t~ 4!trtl~ cf rt-.3 ev. f.lowvor, thom eoneept$ .nave been n~mltcd 

emecos~Mly to p:rOc:o('U'!tes ltt~o t)l»to~athosts6•f2S and Vlf'4on2a-,OO toP 

Wbl<:b relet!ve1y eneqettc tl'l~,~nt·n ·~ tndeet1 ~1f',fi1able. MorEJovor, 

~ te a :te11 btochemle~l.y !t.'1l~l't~J.nt ~1eonttuctors h&.~e ·bGml tou~ S::t 

whteh 4o ht\"" t~Ubotantlally lower vatuo~ et energy gap, notably the 

ce.rotC'lee., ebloropbflls end· et 1etl.st some aP..im adds. :tn tact, mst 
e~.gntf!cant eontri\lt.lt!on wbteb tha s:tutt7· o~ oraa:r.tc 8(r.j!COt!&lcWs 

. oay lll'tns to thG 1)ft\gi'e$S ot se1enee ln s~ovet mrr.y wl:l be 1n th'! 

broad f!eld of n Moenerget!c:G' u,. 

Yhe t!ologteal llfttlOl'i~e of vi t~n A ~ ether tong ehetn 

pol~CilOS 1s vell kl'lOtm• ~b~:DG .e~fJ<)U!"dl$ Me thought3~•3S to be 
( 

t.nt01vet1. tn ·~ b!olc-g:leal prOCOtlttt'ts ltlte pltetC$'1ltht.U!l1s, \"l:d.on, 

baete~ial retJf}tratieu ~tl clfeet~ry t"Maduetlon ote. A ld:snltleant 



I 

feature .er tM~e ~cmpo'"~ooe !s thei~ eon$tte~to8 ~er'ltl atl'tletu•f) of 

&1 te~tu"J:tt.r.m a1B$tl$ ron~ t'ioubler bona,,. 'PO·salbly ~.1 s rJ~Y ellet!f tm 

to function t'!G eloetJton m0'tl1a:t~s tn tM biolo;loel l'~Cossco. hob 

con3ut:r~tton tk~ ~= tstUllfeat t tttelt 111 ~1cond\tet1on ~ tn:~!}e~o~ 

ttuet1on ()ft~Jets.. T.he pr{)~t tftt?()~t1gnt1on ir.J ·concerned 1dtb th~ 

ee."tl1eo~uat.tvo. ~ope~U:os ot ~ ltn~ ecn.,usat~ pt)luonc:9-, ~he!'fJ 

hns beCn ~oneitl•$'b1e tcte.ro~t tn the ~~~trlcal cod.u~ttut,- of 
""'" .,. <~ ·"1>t:~ a · •t . .a. . (AA""".Ih""•*'• · .t·~ •.n·..,;; ;,qt ttt * l4tl.6,3s-41 w>!o0A08""'*"~;4.-..J : ~mJO ...... ml~· a~.,._,.,,p.,l~t~w~JJs ;j,l·-* ~,..,..e";! .,ea .. s . . • 

ou~ tnteMe;t !s ·:ot)nteroa ~~t1~1~1' on tvc ~etht?!-' ~"'!lt~h1c 

propert!os:ft (1) ort~tr ef a.d~~tion ~:r gssec c-. •~~rs oo tho 

electrical corth1cti'd.'Y aoo (2) ttl& u~p&ns!!tion bcttlafi.Oll•u39~1 

~~~111 Q 1tn~~· ,q4attoosbtp b~·tt.~n the logmt!;m of the P"-

. ~1JPO'-'UtJlt1t'd fact~ < ~ >[:ttl th~ stMflelXl33"40 olltr:-rosstor.t o-- ( 1):: 
. ~ 

00 e,1-~ (~ E./?..'R~0 for! ~~ific co~uet!Vl~Y] tmtl tbo oeml•~uettoo · 
a~tt va.U.cn 0no:ru (!$) • 

Atie(!Uat0 lntcJ~tJr~te:tton .o:t the -icooouctton data ot the :PclYeno 

e~r..oua1e !'ests on =t~~rn t~if:fs of :soll\1 sta.~ ,pb!f~Ctt ~hfi bnnd 

th&e2.1:f ot svl!dst: the thG<t~" et ~l~ofiductorst turmoli~ .~ hoptd:ftl 

tloo~l ot c~e t:rann~1crt ~- •~ theo.ry ot P01~n camhtetlon tn 
. • ' . 1 

~Uds .-. ~l.l.d<J~ to t.tmloratanit the tdeetf!col. ~mhtet!$il Sft tbe 

eonjurr:at.ed p&ly~n~ e~~$• In the toltowtrm aect!<ms cf tbl• 

<th9pte~, outllnet~ of the •le~t pe;rte ot tbese tf!O(jftos 11l"e. . . 



'l'he band theory c.riglftedlu tle'VQlopo.i ror metals, !.on!c ana 
. ' . . . . 

In orao electron· ap!)Mximntlon9 tlm vave 1\ .. m.~tlon for ~ $.\.nsle 

e!~Set1'i0n c~-,· bs ~;tten00t61 a~ 

'"":"? ~ 
tk.'l' 

__.., ~)L 

I k I - ~ ~ 

1 t! tho poo!. t!on 

vector of tilt' eleetron in the erystal; cpl<. ls o function tVbi.eh bas 

tho trnnsl&tional. periodicity of tho eeystnl letttoe .. 

It <?\<. (::r). is COflOtant t~-8h0ut the O!'YtJtal1i thGn 'fK bCOQmG$ 

· o. tunetion which de~r1bes • froG o1ocbcn51• so tht11l is proctsely 

tho type .of tunot!en td~ieb 1-s 3!>!>licab1o in mstals. !fh¢§ field tn 

wh!dl th0· electrons t~ove ts tbe ·$\~ ot ·th:r.-e& e~ponents ~dl ean ·be. 

e,;prGaood in. te-rm5 of tho op~ators of the UM'tr,oo•Foet"! type51a•M: 

operating O!l <P t ~o 

V = 
I II v 111 v + v + . 

-v ~~~ J {[ ~ ~ c;t 1 t~c;;{)] (-r,,_}h~ 

v "'==-[[[I~ C{) <\>J c;;)J <Pi (;;t) /'h J.vjf1it1i') 
a 



t!~rc, v• lu the fl.,ltl aettns on o'!fJetrcn 1 tba:t ar!.Gel fMm al-1 

-tho ·.nuclei; v~ 1 s tit.o eouleb :potontt~l of tha electronic cha.,ge 
:· 

tUJm~ltmtton end vm; g;1ves r!Ge to Ell t~ t~ as tlle tJcxehd3e'! 

te~~ In t!~se efllla;tton~, atoolc un1ta of en•r~ a:rt; used~ -volt=e 

eleme-nto 1ne1'Wle tbe epln; +i ts B onc!itlelec~n tunct!oD tnelw.l!ng 

th~ ~pin; ~ !tJ th• p'ls1 tton •ector -of el~ctron 11 ft'l. _is t~ 
d!stanee betwan ·eldtrons 1. ~~ ~. V .Is ·elecat sa...,o tor ~.11 

elE~Ctrons. if V le n~ly eont~Jtant as in moet met~l!Slt the energy 

€ (k) of an electron 114 th a gl'\1en <Val\te ot k 1 e gt ven b111 

'1-.. 

Uk) ~ ( ~m) 1(1-

~ 

flue to the· fact that too valucc 6f k aro vew alosoly epaeed., 
~ . - . . -:---:'1 

€ (K) · !s ·o~st a ecntinucsue ttmotl~J'1n ot k. and SGP~ted bends 

of pemt~stble E. (k) val:ue.s arc ~ cbe~voa. If c?k.tr) v"nos 
grGJattr wttbln It! unit .,ell m~ falls to eo:ro bf!twen atljacent co11,) 

thtm t~ motton obb!Md is tbo ~P.l'enit& extr~e ot heo-alcetron 
motion~ tmow au t!la -r¥t!ght•btnd:t:ngn c-o~lt1ou!i,s2:,GS ~s ~~ueht~ 

btntlt~t· !s 3 ·ell&racte~1st:le ct ao1eeu1ur ewstel.s. UndM- tllle e.ppre­

!dmtlt1on tb~ on~el~tlca ery~at wvo ftmct!da y;k.. ar• e()n~twJ6~57 

tram 11tt(1a!' eombtnat1ons of on~e1eetrcD nol(Jeulrtr ~~ve 1\mettons 'X on,: 
1 N . 

~I( c.~) == N2. [_ ~""P C"-1t~ ~-) X<n c ~ ~~) ct.4l 
rn~1 

~ . 

nero 'i' n locates tl~ gemetrietlt centro of mol~l.e n, entt the $'IJm 

ext~s ctre~ the .t:z· m1~les ta the C:Q'stat. 'rho mr.>l~~,ar tx1G\i'e 

function Y.n. is o%'1Gnte6 in tl~ eeysta.l in ti10 camo ~1 as molecule 



n· i.e., %<)\.. ls thte $Me tonctJtln to-r ali n., It 1a esstn?led that 

the tnteerel." f ~! 'X-- en, J. 7 =- 0 if ern. -=1- rn_ . 

· A;!'111ng tbg p.o'ftod!o b~,1nd07 oontl1 tions~ an elementary 

ce1·1 1n k StJaC" c~t1 bo !cftnod whoso volt:Utte is g!:von by the eondl• 

·ttons 

t:rhete 8, 'b, ~~tnft · C> att0 unt t cell 1feetors tn a t'U>noe11n1e latttee 

with two uroleoole~ tn nblt celt r.d:tu.&t~ at (o,o,o) en1· at (e/2, b/a, o) 
.--'!> ' ~ ' ...._, - - ~ ~ 6) 4 ol.. an~1 (:S a:re d·of!nod by o( = 1_ (a: + b ) and ~ = ~ [- Q.. + ; o< ) 

~ r ~~~ e eonnoct the cent•rs of neE~rast ne1ghbottr nolecules. 

!he ~ntl'! t!cn9 11epf'fJSOnted by fJrJU~t!on (1.5) define a zone tn It speett 

vhich !.s not 1t'tentlo&1 with tt~e convent1.ono1 Drillouin zone~l,Sa,siS •. 

t.t:h•• io m one-to-one eorvespomenee b&twoen the ttotnts tn the· 'Drill• 

cn.11n a»no arA tho ·points tn tho o1ementary eol.l deftnsd by equation 

.. { ,. (2.~) • :Since the tlr!ll.OU1n COM is ext!'£i'mtl1'1 Cor!pla¥ tn elin.p(}, t..l$ 

;(" eqUflti.OO (1~5) ts tenertill.y US&~ to "t tha ltmf.ta on ~ • 

v (;f) = I v~ ( rt- i?n_) (l.G) 
'n 

uhore Vrn... 1• tho n~rt.:rve pctentiol of' nn lsolat«:lf!!l ntrutl'.al tlOl&Cllle. 

~he etgen'inlue ot· '+''ll.. ls w!tton59 ns 



( 1 .. tll"-
.. ..... l 

'. . ~ ' ~ . . . 

end .the l·ettiee voeto:rs "5 anti -15 t)r$ ewtttef es on~ tn the $D · 
- ~ 

(eqn. 1.?). the t'l"imc ltlgn m l_ lrtdie!\tes tbnt tM t0- \dtll r-rs-;: o 

te; omittOd from too •~ti.ml• rtho etgen:fn.DcU.otls ob-tdtto~ t~ 

equn:tlon (1.4) ~.re ~P -~ fletlonml ts'l:clird.c l.att1ca. t!ba~ mre mtn~le . ·, . ~ ' . . 

\'olua., functions ot K ln n, 'nl'!llouln ~rw deflnetl by tlle mntlttlenc 

in ~11at1on ( 2..6) m'A can be transformS ·to the p:rcp9r not~UOft fo~ 

the mGft<lellme spaee gi'OU·p ·;;,y cboo$1rrg ,a llrl11QU!n £WOO halt ~- !.>'~ * 

. ........; 

M"!d t.uld.ng two ellen. funet1ono per k , 
+ I 

'l'k- = ( ~) 2. I [( ~"P 'J_k. 'hi)";( "'-I 
'1'\ 

vbe:tl) n1 ·~~ n9 -~ th~ twt1 t10lcw'1os in untt ee1l n. !Nbs etgen iilalu~tt 

!n th.ls notation are 

I 

E:± (~) = <2
0 

+ E, +2. Ice 5 cos.k.~±2rt!:.-l-o(ccs[t<.(~+1~ 
5 5 



'\ ., . 

·YJ_ 
- \ -

t.I'ho !titOmol<tculU ~('}GeJWlCO !rttf.!JgttGl S es, 6et-&!"~1no tl~O otruetutt$ 

or th0 b~..&a. ~tw J!G$0nance tntegllt\!1s fall off ~~fltd1!t •th tnt0t'­

molew1e.r tl1~t:anco arm only a fev, ne~l'est netghbcUr tntora.e·t!one 
.. , 

n'~ fC'Jnd to b~ !~rtfmt. Funet!e.n3l toms tcr ''n Md th~ apt'fro­

- pr1t;lt., 'X en aro r~t~oo to ~1~u!!ts00t6? e 5 • Tb& b(!:i.l'J€1 et:ruetutte 

· · depe&.l~ on tbc- s~ture ot tbe oPJstal lattice.· 1.n eeso ot ethl>acene, 
.. . . ~ 

· tf1e !fitG~;~el. between mo1eet.Jle8 conneet~{l by o( ts tho e&mtlt at ·that 

betwoon l:lO:lOCUlQl! eom~tcd 'by r and. \8 call them botb E<><.. . • 'rho 

otJ~m;o dsnifteant terms ~.J>e E 1o ( .=r; -::. b) .Qft4 E (_ ~ ::: c + ~ -and 
~ . _,., 

. ~ = c ..- ~ ) .. ·~he f;ntegr.:t be~ molecule~ eonneettJtl by c ts 
. .·. . . . . . . . ~ .. 

ncsl1s1ble, ae ttt tbnt bet~~ ~f.JC'lll@$ eonttGetGd by th. Tho oM• 

eleet!'on eneru tor ·oech 'bend• ·t"oon,neg1G'oti·'IOI tt10 cen9tant :: ®el'«Y 

toms to ·entl f:.l t !$ ctven by· 

~ -'!I ~ ~ ~J \J (~ 't) t: ( K) :::: ~~c.< [Cos K· o1.. +- Cos K. ~ + ~ t b ~s "· o( + r 

tf n1. 11 tb~ ooneet1b'at1M et 'the lth sp~les of oba.rge e~mers 

bsvlns cob1Uty )L.j_, end- total.el~e 'l:1: tt=cs the el~~c c'h•te 

( e ) , th0 ~t eo&Auet1111 t:1 of. tl.~ ~d!-m to:- 1 ditto~oJ!It .. epeeles ot 
earrlOtr$ 13 Qiven tw 

0" = L [ ~'- e mi f-it J C1.15) 
( . 

lt ts azGWt~d thtliiJ, tbere 16 negllsS.blo 1n~rt.et1on between d!ttel'ont 

Ca1-!'l•r species. 



• no.-

In .cas$ of sateor.llh.tctoro wher~ the ch8?te e~nl"re Q!'O 

o1ectrons and l1oles, the equation (1.,16) e~nl:e ~tten ns 

11o~· 'Yle t~ tb~ oonc~t~at1on ot ~eotrcns t:n .tho eondttctton bnn(l·, -nh. 

1s th$ :coneent11at!on ot bo1'E.l0' in the Valctnee band, f-e !$the mobl1tty 

of ~leetrone and rh is the mobility ot boleth 

~hd ~ec~tr~ti~n ·,t)f tllltit~!!Uons tn ibo c~uet1en ban~1, 'he, een 

be (')~p~asr.~od b151 t 55 

~op 

'"nc ==- J f (£) f(E.) JE.. (1.17) 

£c 

w~tt 1!!0 MP:f'Gt)~nts t'ho bot~ra. of the contlUeticn band • f. ( f-3) is th•~ 

dtmsf:ty ef mt~o ~'1d FU.I}) 1St th~ ~e~•Dis·t~l!lut!on !t.'tftet!cn. Int.• 

g1'at.lon of CSP.I'ession (1.1?} 'With eo:t~mptlo:n56 ( E.c.-t.F) >/ ~ ~1' ~ i!Wl!J 

* 3/2 . 
"rtc. ::: 2. ( 2.1rrme R"'T J h?-) ex p ( £. f- £c) j k 'T' (1.18) . 

who!'e '"m.: 1St t-~e ettect1;ve m3-~s or tho .,l~ttoo noar tte ana :!?lt' ts 

the :r1Q~t~1~En!b:rgy *' 

!t't.o..o cotu':mtre:tloD f:>t boles • ~h.~ in thl!t '!~'alone e. band· !ag7 be 

mtten .uS:t,SS 
E.u-

'¥lh = J f(t.) [ \- f(E.) J J f:_ 

bc:>-\\:.o"t'n 
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I 

\ 

I I J 

. es 
eonoepond:tncr to tlw top of the "fnlone$ ~. tf tt is e$~ · 

that tho Feml•level ites mo~4 th.t'!sl &bout t..~T ~bb't'o t:~ , then 

i- F(E) ·~ .tLxf(.£.-£.f) j k:T MJd !ntog~ation ot <1•19l d;\fea 

* ' 3/'2-
rn..h.-= ~(~~flY\.~ ':1.~ /h'L J .Q.)(~ ( E.l} ~ E.F J jlt<.,--r (1-~) 
~ . . . 

wJ1eH ')'Y\.h l'6Pif'e~ents the a~ecttve masa· ot e. mle nett.r the t.av ot 

the vQ.enco bani!~ Emplovt.ng . tha feet tbat · -~ ()1. c = rn- h. one can !et 

bctn ( t,.l;f!) en$ ( 1• "J..O) 

EF-=. (E. c.+ E~ )/2.. + ~ ~T Lo(l ( rn{h / rrn.: J 
t;ubsttw.t!;ol). or tbte mua of ~, tn .(1;lB), ,t~1da 

. . 3/2-. * * '3/4 . 
me~ rn-h. -. ~ l :J..'1Tif\T/lt) (me 'Yn-h) eY:~ (.-E./2-~) 

where ~ repPasenttt tho $1'l&l"tW gap between thQ valence end the ~e. 

tietl bandt.h ~bt8 ·1$ ~l)plt,enblo only t-o ~ tntrinsi:c t~ta~n:loor.d\\e~ 1ft 

til1ormal equ!l!bJtltuo. !ltU$!1 hom equation (1.15) th9 eo~\ct1v1ty of 

rm !ntr!ne!e ·semleomuctot- iS gS. von by · 

u ::; ~ Q>e·p (- t.f;;!.. ~~) 

. '3/2. '3/k 

~ -;:: ~ e ( ;)_JC 'r{T I~) c'nl: ttY\_~~). ( ~e, ~ r-l) 

~ho stteet!:ve mass m* of 0n oleetron or ~. hole 1s. a ceooe_vt whte..'l 
? . 

Is mueb us$!· ln. btmd thtJaJ'Y. t.t ia t1efiood51•55 bv ·the oquaticll 

*" '1. ;· d?-e: 
')'¥\. = t.. d:i<:"'L ( 1··2&) 

' . ~( 
wbei"o E. '10 tllO CMPIJV of Ofl elootrOL1 With WQVCJ\\tmb&l"' k k-;:. 'l.Tf /~1 

A. to the de ~slt(f wavoloneth). A large valu-e of tb.e 



ott~ctlve map .coneapMds tG a 101r1 =cb1ll't1t both n1.'e <tnteJ'm!ned 

by too mt!tb of tttc ~. !'he Mbll.ttu ~ tn ~~&1'e11e a ts:~~ f't-1,~ 

etd 1e tbu.m ~soteptc56 • ~hO velcetty ~ (~) ~sooc1aW v!tl1 an 

cl<iCtltcn 1n a 1ttve1 eh .. etort.~$4 b1 tbo wa~mbm:- V$C'to'r. K , 
· · --'> 11 59 

w:leh has the enerr; ~ (_ k) te given""' ' - by 

Tbe mobility ean be expl'eoMtlln terme ot the component• of' tho 

vel~1'ty ~ et • !tuletfon ~deb do~~ on tbe ~eQtto~i'QJ of the 

·electron$ tie tbo:v mo\fe t~;b b 1e:tt1ca. 

Tutm.el10!5 ls a ctUet~tum ~(!Cb®lc~ phenom~n in mtch a ~tel•, 

etlcb 'le en ote-ouon pt1!sses tb~uth a "~nt!at ·en•111 'beitr!er v1 tbout 

m..e(fllrt.ng ~ Met., tG ·;ass ~••r 'tM· top of tbe bamw. 

'lhe 'tmmelf.ng moohani- aeno~ally e:ond.dorea was p~oposett 'bJ'· 
El~%1 .end Hl1l.teGO !,$ lll.Us-e:t~ tn ftg,. 1.1. 1Jwe ttM~ adjmim'\t 

r - . . 

s!mil ... melceulcs at:• shown t (0) in tbe- abs~e ot an af,)~11e4 

\f01ttap eredtent v· (volts em""1) t ~. (b) after APP11oatton ot v 
~~6 &ftt)X" tho f)Xd.tet!on tJf ~ft oJ,tietftm. 1-c the ecntm ~eall.e~ !he 

diagram 1~ sch•.t1o and the 0ner;w lf>Vels 1n e. mQleeul\l :are ~· 

at CJqUnl.l¥ spaced -~eb !tJ mt obsew~l tn h8l ~1~cule:s. After 

o:xcttation of the ri1$Cti'on ~om tl1e ( ~) th 1GVel to the ( ~ + t) th 

1~1 both the elee~n WK1 the bole ccm, ttmv.el as !bow tn Flg. 1.1(~ 
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~'E. = ~Gt-- AG! -. a.eV - ( ~1') 
vtta1re I 0 , .tt0 are· the toni~ation ~error ~nd ~lcctroil etf!nitr-.; of 

th~·orgonie moleculo; 'n' the b~!-!er width; aev, th~ ~ergy e!'lenge 

enuned by the appli.M fiold V ··:tndleatet1 :ln F1th 1.1 (b) · ·ey a 

vort!eal d1e~le.ef1r.:u,~t of e poteEtt:tel w11 relative to itG netghboUl"o · 
2 . . . 

~he teo -E./t:i' e:npres~es tl1o cculmb1c 1ntoraeuon of the CP!'lOsi t~ 

eharge.n eepm'*Qtctl b1 a. di.stQD0o r. Wll0 o£f~t1vo vomtt!V!ty e. 

fot!' tho reg!en ~t\i.~n the charges is g~ra11y high bceeuse ot the 

po1~~nb1li,~J oi'' eflll'l~~-dint x ··olootrens., Since tho ton V~:lr 

v1ll. vo1ertme the sa.lftourul!~ o.edl\.~.. ~. corrset'!on · t~ sboutd be 

a.pplioo to the · foroutn ( l.a?). 

Th$ m-eter ot timos mn electron penotratt!!a tm !n.t~molceu1er 

~!or ;tvos tJ. measure of S.ts dP!ft volocity. · It is proporti.onril. 

to 1;he protiuct of the I'CUnlber or t!mcro 1t strikes tbe bafricll" -~ the 

ptabaMli ty or pene'tr0:tion •. Too el.eet21on in the ( \42. -\- \) . th levo1 

1~ i'~ardott ao ~Vins b~twecn tbo pot~t1al walls with a 11fnlodty 
. . 

were t 1o th~ t!tctenee ne:ross tl~e wn Pnl ~: , tho .~ttootf.ve 

meoa of the elecbon •. Xt . Pt' and Pr :-epreoont·: tl~e probab111t? 

ot tMotratinfl tho baft'J.er ot 'td.dth • at 1n tlw c1root:lon of the ftald 

e-nd tn the r~vers~ tU:reJCt1on respectively, tho drift veloelty ~ J..e 

of ·ttae eloc~n 1n the f!cltl 18 



\5 J,Q. = ( rt) (a-d.}( P!- P,.) 

· = [ ( li_ )+ 1] ( h./4l'l.=:) ( a.+t) ( ~- ~> ... ) 
and tho CURertt dotllltY .le given by 

In tho :fiQUQtS.on ( :t.t~) t·t; ! g aa£P..ltl~ that the not dt splnccmon.t of 

tho. olee=bon upon goir.,g ·thl'Cugh the barrier !a ( .a.. + i) ~ 

!rrus. e·o:ncdering t!l1) muo or .n ae1 ne obtt!inoa trom equntton 
. . . 
(lt:~t the '0l'p.\at1on ftJ>r· '1'f een be gl'\f•n bf 

~ ~ [" ( cz. rr {'ffi~ ~ T) :s;2-/ ~o J [ ~x?·C~ t.j<J.'RTf)] ( ~ -\-9 ~ 

.e't,(a_.-ti) ( ?d- ~rr) / '-\t~: 

. 
1, :::: ~ v e.)(f (-- E (a k1) 

A~ evslufl.t!cn of P f ~nd P~ not~ encblos ~ to bo calculeted., E:ere 

Pf end Pr dmpcnd on t'ho, abape of tile barrier. 

It tw molee~Jle.s t.a'e s~puatea l>Y e po~1'lt1& 'barriEWt 

a ear3rler on one t:an m~ve to th~ otller by rttovlrag OVfll' .tOO bt\tlr!er 
. . 

17!a an activated mtatc -.the t)roeess is ee11oo bopping. 



A ctmpl.e hopping model .bas ba~n cppi!Gd by Pob161 and ~~ Pebl 

eJl6 OprP~ . to tbo motion of ea:rners in M organic at'Jlid ~ ThG eomers · 

~e eone1dent1 to rl'!OVfi by hopptnrg to n.o!gbbm~.ng mo1QCule$ Sn a. 

manner 'Which !s rendGm tlxeept f'~ tha Mtsotropy entu;od bY the 

epp11ed t!old (F)~ If the c~ri.ers Dh elQotrcnGt then 

whore n :to the coneentretton of electrons. 

!t een 1'Jo sli01t'n that 

'Wh~ro t ta ·tbo averese ·anglo or boppJ.ns with regard to the d1roct1on 

ot F; a, the intermolecul-ar d1stanco; ns , the rn.Jmbor o~ MSf!bboUnng 

sitcst ~ ; the fr-ettQOOCY of Vibration !n -tho tt«'J t!1r~ttons ~oftld 

to the di~etion of ca:rJr!er mot!.c.'l acroes tho _ barPlcr; n 
5 

, the 

hetsht or tbe barrier. 'rh~ 1ntetaotion of the earner with vibW!tf.Oft 

1n .tho lm.tt:tee62 ma:f elso give boppin; ot oharge earri~rs without 

he\11!'.g the so to eross a pot~nt1el be~rter f.) Cendtlel'lng snell <~l~bon .. 

1att1eo 1nt~aet1on using tho 1oeeli!tetl repre~entct1ort64 the value 

of t'· boeo::b$8 

~ ~-( ed-ft.) [ :nc t?,~ / ( Rl'kwo)j €.)(~[-"l{.u_( ~S+I~. 
' 

1."~ 2 ~"1>c >H) f} ci~38i 
where ~ 'lt. denote a tho mntr!.x- elet1en~ ccr-Alecting molecular tunct!.one 

on e!:tos ~pet:Qt~ by a. distance u ; w0 is Do'b'J;-o trequoney tor 

accnst1c wvest :; is a dtmond.-onloe~ p~ter and tteeounts tor 



I 

fA-f:i~ '1. 0 denoteo m ·ne.e·Gei ttmettcn. ttor tho hopt4nrt model to 'tlo . ~~ltd 

not oQy "kt.:~0 is to be ~cb ;reate!'_ then ~ t 1:7'-It .thG ~Q~tt..,~ mu.ot 
el~ ~ata on~ iattt~o dt.e ~ch lOflGer tho.nihe period of a 
VS.t>Mt!ont tltet lf!t tb$ l'o13mt1on ttme C 't'IA. ) tn Vdeb tho eivetl'on 

hf)r;cl ~ ·a. st. t~ ' to ·e sf. tQ· j + 'lL WGt be .muoll tU~t'U'lte!' 'tl"ltm .21t I Q c • 

Th~. the eqttto/!tif!>n 11~pfts~tt• ~ ub!.l1ty In caflle of bo:r;p!t)C 

model 1.~.; 

f- = ( eel-) / k-r ( 1 /Tu.) 

f ( < ( e.Q'"jt) ('f. t00 j kTJ ~ \ 
Tht.to ·ono crtter!on vht(!:h ~sos for tbe ~t~ltg ot tho 

hopping nodal 1.tj ~b~t t!-J~ tnebtU.ty Sheuld be lilso t!l~ ebaut 
. . 

:tO't:J2 ~tt•:t sae•1., fb~ oth~tt er!terion Which hse ~ttmeo b~Oft 
. . 

<p.lo·ted is that a I)Os!t1-ve tomp-eMtuttft t1epem.fer.te& of r!lO'htl! tv 
. . 

ind!e'atea ·that a l.l(tpp!!'lS motlel ·app1!tu;. nowwr., Gl~M hat 
' . 

e.h(11t~tfl that; elthou8b tho moMttty !nCrtm~5ee 14th taperetu.ro whe 

thfl 1tat$rf!ctlon betNeen tlw c:an!er av~d the :tstt.teo :te lt:U'go, wen 

.:; i.. \<::> ~ mob1l1t,- eltha:r doee t'ht -cb!mgo ·OJr !t t1eOJ>eaoetJ ""th 
tn.e~-oanitta ilemt?e:rnttt~a. 

i•G {;~~~~Ji! ,1~_!!$!l.!!3Ul01'- ~tt~P.};2 

In somn elretlt"tstaneo~ the 1ntoractiou of .el.eetvo.n:J &M pnonoi'U!~ 

can lend to ~~ .(tl:act!'on~ botnt] tr~ppofi tn $elf•1ntluoed potontta1 



I ' 

/. 

..... 

r ' 

wl1~h tho entt.tv t.'b!Ob tll~· move., 'tbn:tusb the crystfll, t~ not tm 

el"tz.-o~ by ttselt, lmt ·&n el-oetron. MeotipMlatl by e. 1oca11med 

,;tb:ration, Q e~blnntlon 'Vbi,eb ts ·e~lod e. pc.l.&rr:lnG3• 

Gltbre4GI5,GG h:.ls <:on~e~ a w~iteUla.'J' Oflt$te1. w!th ·aM 

e:llCet~a $1tletron.. !he Mlt~,dfltb et the ('tna-ol•tton bar'-' in the 

Utbt M.bdlnS ~ppredmation .ts stvon by 

T" "'t: ( xJ+ul vd 1 ~~ ) 

'Wtl$J't'} \%:/ 1 ~ a Nlecaler tcnte f\..mctf.on centeod at tho 1ett1ee 

po!nt ~ .~ unp:ertu~b.et! by nu~Jlenr motions. Ic:te.o1~iel' iflhJ-~ 

" 
tlhtcb ba¥e a.· low ve1~1v ~" ner:l,eet~, ·rut mo1tJCUlaJ~ v!brat!ona, 

ti!!~~ to be· b~~d.e'ti _.., ~~~ett &s eontr!ttlt!M to tht tormatton 
of poluontJ. Consdt1enng tl!ese e.f!wm,t!()ftS end wrt tin~ the olaetJ'on · 

p!ltlnon t.nt.tH.ction ·as !!new tn tho V1~at1.orml co~of'dbe.tos one 

f!ntts that the bintt·inl e¥10ttm' ot tlle po1s1'lln ts ot tho order 

E I f\ 'i. . .?... 
b ~ 2 L M '1- w v ( A. rx." ) 

't-
~OM~~" 1r~ the i'~oo«J =~s ct the qt.'l esetll.stort ~ tho hof!U.tnC.J'J 

. ~ ''.~ 

A "";(.'V ) tho <!ttteronco bot:w'ecn the oqutl!bJ!~ di-stmm;&• of moloeule 
and !on. 

fbe fo~at1e-n of r~ceh-.typc bMt'ls ffl-~ ·t'lae po'l~l'ons, by treatlrc 

the elcetMn:tc over) .. ap a.s e pol'·turba:tloo1 now becomes poeslblth SUCh 

bnntl s aro ftO~Wr- thM th0 eone~.d1J'le e1@Ctlton btmtl by A v.tbr~ 

Uerttd o~1~ taeto}11. !rhci• 'Widtil ~ vl'1tm the phonon \l'elocity 1a 
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c 
wboro ~ rmt~ <0 · ere 'Vi~attt~na.l. f,t'UtmWtl ·num\'~~s of the ·-.utrat. 
tiOl~l@'d~ the. :loft~ \· '"0(\-)· ·ontj l ~r~ M'O ·tbO Olr~~~.nd!ttg 10ft. 

end mo1ecu1~ "il'bret!on~ ••e .tunet1cnt9 at om~ 3. ,App-roXl!UJttely 

then," 

.J+"' 
~a- c ~0 +'\9) ~ J K ( EbjitJ) l e."p( -Eb I 1\u:> )] 

Tl~..le tbetG ~dlts; 'bel:O"..i the (if.$Jcirort b&ndt • te·:t~f)s Q.t :polaron ~~­

with tddths ,. ·• ..... (j" 

o, mltllbe~ ot lmfO~tftn~ concltte!one eanRe tll"twn. !t ve..Y1! low tmp•­

:rnturei3t tt1e euriel"m ~11 oeeupy tho lweot•l!?i~ pola~ b&m. 
. . 

~hey mil have low ~ob!Uttes wleb at'O l!mt.ted by latttco tl--'mtlOft 
. . ... · .· . . .· . -0/'2. -\ . . . . . . .. · 

oo_tllttcrlng, it\· Whlcb ease r- ~ T . t T .. .~t Mgho~ tmp~$tuJJos9 

tbo h!sbo,. energ:r berld9 m11 be ·pcpulo,tet! • tt.~ tbe etfecttw band 

'Width wtl:t tno•0a• ~Ment!ail1 tdtb te:tpera.tul'e~ :ul' follows· that 

llr-/J.T will gr~idue~lY ehmge sian. A~ -r t\Jif1l'O&cbes ~b {k , the 

te-cbiltty ts gove~ by too di.st!i!but!cm botvoc.m pol(!ron bdms tJnd 
. . . . I . 

the .eloetron bePt1, • 'Uu1t tTansport b~s ~.n .acUvat-m1 bopplfl8 

P'foeo$~h~, A~ 'r ac~~ £\o f k, the dtstrf.~tion over thf.t hems ls 

'-'PiP~:dmatel? lndep~ent ot '£ ~tl QB£111l r oC T ~ /7- to ~-I •. 

· Another t.nteect!D~ eonclu-en t:e~Jetdins the otf.ec,ttt ot . . 

tG!l!)C'Mature Ui~cs tHm tho eondtt!on that 



,..:_· 

Wtf:th te ttsolf' a •n.set;tUonce Gf thO UllCoRdntv prtne!~te •. tt 
=~~ that tor l)Olawcn tora~itt.cn tt• time m electron ~n8 ort 

a 1~tt!ee 5lte dlotl16 be l'Onl ~,get~ \!4th the· pe~ot cf a 'db!rtat!<m:t 

1.., vsc 111:; • 1i!bls !t:t tht l'ea-11 ubv ~atttee pb.a~; tn •i~cu1a~ .,,tdt 

~~ril'ilJ'. ~• not .etpectett to ~dti~t,ete ttn tbe to•atlon ot 
pot~ons-. t1w i•t u• een-de:r -. -!W:l'~tal'o Tt, eqttd to t bf'f?., 
ii~& the pola~ vtU di-Otttrtte th&rat1l!i7; ~ tbe el~" t411 

move 'W!tbot\t e.n a.cecmp0,t1JblJ· mo1~a. 'Q'lb}\atlon. 'h'he the Uldth 

ot a ~lr.!il'on l)am! tt suot1 th~t 1:. w ~ 2-:rr r • the ~1~'1.'tm ~l'l be ada . ~ . ~ . 

to t•tnoei3t9 tdfttlUO~lY; tim electron tJOt Hmdnirtl en tllo .httJ;ee 

sttc :tG1'lge,. thm tlw llltttiod· ot·a ~~atton. tsltibl'fJnd ~plie$ tb!tt 

tlofion w il!ltt "u.e· :ln \illcb thtt e~~ moVee tq aeu-.~ted b~r4q 

mm a t>ol~J)ton band to ·tb(t tttec.Oa bmt4 end bae en . . @tt~eu~e 'bd; 

•dtb :r' ~t T ==T-
1
•· fo!" em ~-t~e lJOptll$ ·~eess, 

.r = e ·cl- I T. ~ T I 

w I?.. 'IT :::: \ /Y // . J '(-t. 

Q'l;zo,, lt to110tlfi tlu~t I ( 'em~.,.,-1 ee~1, If a= a& ~ '\\w ==-~\ 1• 
TM~ c.ono1us1,0JI ap•s V!th th.~.t cf 01Qi\lta64• 

~ "l~J!Oii bm4 et~OWHt equ$UGU (1.41) ,. Ita~ ~ 

aotemud, tren1Jpol't tc dl.llett~ by. assumtr.s tbt}t tho pol~~ns 

lntetect •a~1:r with ltlttteo !t11brattona~ the pol~$ ttme ere 
. .. ~ 

.CB.tterei~D a.,. wt~ch gtvoe ~- to a ftt1azet!on time t:Ck.)•' 



'!hen the bmtl structure end oarr1e!" mo'bt1i tr t.re connected 'by 

wll•lmoY.l fomutne 
~C"k)=- t _, ~ E. c"K) 

. -;:-~:::: ( ~~( ~) ~~ (~) 1 (V:)> 

~~~::: el)~~/'R.'I 

wbet-e \f(it) !~ the Yelcelt;' of G. eamer ln state f~)J €.(~) is the 

ClU'lZ'BY. Of \k) 3""b~a- t fi.~~· eotttponoota QE tbe df..tfu$1v.lty end 

~obllttr tcma10rs. 

~.!hen tbe ~telfia int&tnct strertgly wl tb molecu-1~~ !f'1br3tlontt 

thlt:J tnt&ractson should be included in the zeroth ~4or earner •• 

f\tnc,tt.on.. ~t1ls t.mpltem that tho eMp1ote wave tunot!on for the 

ersrmtnl n~.Gr.&ger settehtes !»:tc elociPon!c s:rld ~brrd4.orud parts~ 
. ' 

~h~. ~l~..otron.-'d.bratt:on inte~IJ!.ction l'or:Ultfl tn a narro~ bent1 'W!dtha. 

~.rho eoupHns criteria 1~-s "been diseul!tned by Mc~ne end S1o'blt~l'ld67• 
these crltme c~n. be genar&lt#S~ to throo dlmenf!lone~ as ts done by· 

sto'brarKJGS. No Ut~J~s the d!m&n0ton1css t'Jat=eter-s 

1s largo, tho ef!rri.et:o are ettoet!vely loctatzQd., This theory 

assumos e simple to~ ~ora tllo 1nt@moleeular CCVJ.fJling ts e1 ther 

BtJJOnG or tleakt 'blt te more eoop1teat~ when cmttplt~?.~ is tntemetl1nte. 



tifh.:m :an fJ1ootron !e Stl!'tl'JUn~ed 'b3r a: oloutl of phODotl$, a ttan­

ottion from .stt~ ~ to site 3' ~cmt:~l~s in ·tbo destncttcm of 

tha cloud at J and the oreat!f)n ot a new elcud nt j • • !heJ~e te 

thus ~large number of phol'lOD .S.ea!.ons end ab~pttons e.caompat1:;1.ng 

the ~1B1t1on, Sl'ld ~ elt~e~n ls ooctte~ mtany times ttuttn, 

a t:J!·nglo jump to a neleh~ftS st te,. the el0ctron on ~ stte t.a 

:'ll tr-ap.ped 1n a t'Otent!Qt well an~ has to pass e. b!U"l'!el' ot a helght 

equal to the binrl1ng onergy ot the pol·eron in t>~(l'i" to move to tht 

neitctb~ng J)ite~ !ids passage68 i$ .1!). ttmrlelf.ng tn molecular 

eolids~ ~~lln~h 1!1tett ts analogous to a wv~~1ke motion, avpl,ies 

when too. v.tbrt\t1on~1 oti!ttt!16 ts"WJlve ~a. f~ quMta mli an w11 

tteperatoo; !lopping applies wh~ u luge numbo~ ct blsb!y e~td. ted 

vtbrati~.l 1ovels ere oro~'t!ed toaethtlr $'ld cons1ettJ of ~om1v 

pertor:n0a jumps~ the t\!'sna1at:ionm1 S}'Mm~try ot the 1att1c0 necessarily 

1mpltee69 ft\fe.;.1tk() mtten. nwever, t!'anclat1orul1 ~{)trY. :may be 

.\.. 
destroyed by themal m.ot!ofh· It tbe ,henan bm:m:l l4dtll eXCeed$ that 

ot too poleron 'bmd; tht» dlff!!ord.on ot ·tho 1att1.e$ f?e('ltt~neies 

tnt~teee tJr.WUgb rerJ.lome$e.l to n:nnib!1at.e the pol~» band s~t:ttwe. 

'lho cr,stal may then, b(thtnte 1ike n liquid \.4th roepeet to c~ter 

trme!)Ot.-t (hoppiftm b«ttng the mochantm) Md tht!t mobilttr lthO!h'l not 
chan«e ooOh upon mel·t!ng eontrary to that .generallY obs-en«t1°,71 

Poluoft turAn&!lng 1.~ thft.etf).re thought tt) bo the mcch®ntcn ot eP~rler 

trrmsport in mo1"ulal1 $Oi1dth 

The p:robab!ltty l,h~ that ·the electron jumps frott e stte b to 

a sittll 3 = b t 1 is cslcule.t•l b)' t!m~ependont· pertutbat1on theory af' 



. '2.. 2.. 'l. 'l. r\d= 4\(h\ l\~ \~';\ S~n (Cx-t/2-) -t:.·1t (1.48} 

where -\:,-t,_ = ~~.-:.E. n and H~ rofcr$ to that p~t ct'f the Bdltonl_. 

of whteh tb~ e1t;e.nft..tnettons ~e-~be the moti-on of tb~ 01~tron 

betW!}~tl tbe m~lec.rat~a. l'n tb@ ~atJ;'!:I' ol.~m:t' .( n \"~I~)· . ' f't. Qrd .. ~ 

?oft;l" to · mo1oet111!t.l" w.ve tunet!e:n~. ·ner-o J'!hj e~ b~ · cl!Cp:re.seed a:t*c 

~xP11~1t1y·as . 
. . ''1 . . . 

\'hk =- ( 'l.1t/i;) f ( 0) f. l ":, 0 0 fl< ~ L- 'I Elo I "0'-LI- c .. cr-) IN i;<.:> ( cr-J] 
. . (J 

1VhE?f'() rJ !G tl~a· · nutibe:r of 1~tt1ee .s!t~$~ ~ , ·the vt'br$tlonel nngulu 

tl"e~l~ev; :t , tho time; ~t ~11 tioos tho pttomn wa~tt m.~b~r~ f[D) ;J 

a. der:ad.ty of stst+:~s at --x. -::: o j 'J" , tbe 1nt~rMl~tlar el;;et!'onte 

cf.m~ltns ootwoon netU'Qst n~l~'bbeur,; 5~~, t't'~ vlllra.t!onel o~le.p 

int~sro1 tO'S! sa...~, ~uos ot ttw '\tlb!*at!ooal qttafltum ntt.~'h.ers ~!It 

·.~ 
A detellm t~eatmoot of ·et!uatitm ( 1.49) ls gtwn by f:Iol~t~in "'• 

~he d! trust v!ty rP is g!von by 

2..·-

J) = Cl . 'Ph~ I t. 
. . .. 

\ihsre n is the la.t,.·e~ -spae1tlfi a.Vid v1d is tbe ·tb~Al avorage ot 
.Pnj obta1ne6 b,- ~h~titntint:r, In oqu,~:tlon Cl.49), too tl~ei~...el i:iv~t:tr~ee . 

~ot '\50'- denoted bJ ~~, 'Whe~e. 

For tempGtteture'-' 1 )) "'wf k, mol41tty ls o~ctad to !neJ>e<!s• 

~~poncnt1~1Y Q.s ~ ·!ttertJasa.s-.. It T)) i\(..0/ 'R , liolstetn ha:n ~hown 

t.lla.t 

~l~!'*a ~a.., ·th.@; aettvat!on ane:rgyt ·1$ ot the f!'lt6~ of l.'mt &'nallo:r 

than •Z::b~ 
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