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M » t t l s  law f o r  the  low temperature hopping c o n d u c t i v i t y  i s  r e-  

considered t o  take  account o f  t h e  f a c t  t h a t  t h e  s i t e  wave f u n c t i o n s  a r e  

more l o c a l i z e d  than t h e  h i d r o g e n i c - l i k e  wave f u n c t i o n s .  Wi th  Gaussian- 
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- 1 i k e  f u n c t i o n s  a T law f o r  t h e  l o g a r i t h m  o f  t h e  c o n d u c t i v i t y  i s  

ob ta ined ,  i n  good agreement w i t h  exper imenta l  da ta .  The low temperature 

d i f u s i o n  c o e f f i c i e n t ,  o f  n-CdS, which can be measured through t h e  Spin 

F l i p  Raman S c a t t e r i n g  i n  doped s e m i c o n d u c t o r ~ ,  i s  shown t o  have t h e  sa- 

me temperature behavior ,  i n  t h e  temperature range f rom 10K t o  50K. 

A l e i  Mot t  para a condu t i v idade  por  "hopping" em ba ixas  tempe- 

r a t u r a s  é reanal  isada, levando em conta que as funções de onda dos s í -  

t i o s  são mais l o c a l i z a d a s  do que funções de onda h id rogên icas .  Obtém-se 

que o l o g a r í t m o  da condu t i v idade  é p roporc iona l  a T - " ~ ,  com a h i p ó t e s e  

da função de onda ser  Gaussiana. Este comportamento da condutividade es-  

t á  de acordo com os  resu l tados  exper imenta is .  Mostra-se também que o 

c o e f i c i e n t e  de d i fusão ,  que pode ser  medido a t r a v é s  do espalhamento Ra- 

man com "Sp in -F l ip "  em semicondutores dopados, tem o mesmo comportamen- 

t o  com a temperatura, no i n t e r v a l o  de 10 a 50K. 



1. INTRODUCTION 

Since M o t t '  has proposed p h e n o m e n o l o g i c a l  1 y  h i  s  

e x p ~ ( T , / T ) ' / f  law f o r  t h e  low- temperature c o n d u c t i v i t y  o f  the  

dered semiconductors, based upon t h e  hopping formal ism o f  M i l  

f a m o u s  

d i s o r -  

l e r  and 

Abrahams2, t h e r e  have been many exper imenta l  evidence o f  such low tem- 

p e r a t u r e b e h a v i o r o f  t h e c o n d u c t i v i t y o f  t h ~ s e m a t e r i a l s ~ ' ~ .  Severa1 

t h e o r e t i c a l  e f f o r t s  had been made t o  d e r i v e  M o t t ' s  law w i t h i n  semi-clas- 

s  i ca  1 and quantum-mechan i c a l  approaches5. 

The d e r i v a t i o n  o f  M o t t ' s  law i s  based upon t h e  f o l l o w i n g  two 

hypo thes is :  i )  t h e  p r o b a b i l i t y  t h a t  an e l e c t r o n  jumps f rom one s i t e  t o  

another  decreases e x p o n e n t i a l l y  w i t h  t h e  d i s t a n c e  between s i t e s ;  t h i s  

f a c t o r  represen ts  t h e  o v e r l a p  o f  wave f u n c t i o n s  o f  ne ighbor ing  s i t e s .  

i i )  

gY d  

sphe 

The mean a c t i v a t i o n  energy f o r  hopping i s  equal t o  t h e  averageene 

i f f e r e n c e  between two l e v e l s  o f  t h e  l o c a l i z e d  e l e c t r o n s  i n s i d e  

r e  o f  r a d i u s  R. 

Ba 'nya i  and Aldea5 analysed the  hopping b o t h  semi-c1 a s s i c a l  

and quantum mechan ica l l y .  I n  bo th  approaches they c a l c u l a t e d  t h e  e l e c -  

t r i c  c u r r e n t  d e n s i t y .  I n  t h e  semi- c lass ica l  approach t h e  e l e c t r i c  c u r -  

r e n t  d e n s i t y  was assumed t o  be f u n c t i o n  o f  the  occupa t ion  number o f  t h e  

s t a t e s  o f  a  s i t e  and o f  t h e  t r a n s i t i o n  p r o b a b i l i t y  f rom one s i t e t o a n o -  

t h e r  due t o  emiss ioh o r  a b s o r p t i o n  o f  phonons i n  thermal equi  1 ibr ium. I n  

t h e  quantum mechanical approach t h e  c o n d u c t i v i t y  was d e r i v e d  t h r o u g h  

Kubo's formula,  i . e .  w i t h i n  the  framework o f  t h e  l i n e a r  response theory. 

They showed t h a t  i n  b o t h  approaches i d e n t i c a l  r e s u l t s  a r e  ob ta ined .  I n  

t h e i r  t rea tment  t h e  o v e r l a p  o f  wave f u n c t i o n s  o f  ne ighbor ing  s i t e s  was 

n o t  expl  i c i t e l y  considered.  Wi th  t h e  same hypo thes is  used by Mot t l  t o  

d e r i v e  t h e  t r a n s i t i o n  p r o b a b i l i t y  through phonon a b s o r p t i o n o r e m i s s i o n ,  
-114 

they ob ta ined  1 law. The E i n s t e i n ' s  r e l a t i o n s h i p  between d i f f u s i o n  

and c o n d u c t i v i t y  was n o t  used i n  t h e i r  t rea tment .  

a  b e t t e r  f 

t h a t  t h e  s  

- 1 i ke wave 
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~ e d f i e l d '  p o i n t e d  o u t  t h a t  h i s  c o n d u c t i v i t y  data o f  71-GaAs had 

i t  f o r  a  law Rna - than f o r  Rno - T - " ~ .  I f  one assumes 

i t e  wave f u n c t i o n s  a r e  more l o c a l  ized than t h e  h y d r o g e n i c . -  

f u n c t i o n s  t h e r e  would be l e s s  o v e r l a p  between wave f u n c t i o n s  



o f  n e i g h b o ~ r i n g  s i t e s  and the  temperature dependence would change i n  

t h e  r i g h t  c i r e c t i o n .  

Ga~iss ian wave func t ions  have been used i n  c r y s t a l  and amorphous 

semiconductors. Wi th t h i s  t ype  o f  wave f u n c t i o n s  and t h e  t i g h t  b i n d i n g  

approx imat ion ,  t h e  e l e c t r o n i c  d e n s i t y  o f  s t a t e s  and charge d e n s i t y  a r e  

i n  good agreement w i t h  those ob ta ined  by o t h e r  methods6. AI so, t h e  

Gaussian wave f u n c t i o n s  y i e l d ,  through chemical-bond approach, good r e -  

su l  t s  f o r  t.he d i e l e c t r  i c  cons tan t  o f  t h e  e lementa l  semiconductors7. 

Th is  suggests us t o  recons ider  t h e  d e r i v a t i o n  o f  M o t t ' s  law by 

changing hypo thes is  ( i ) ,  assuming t h a t  t h e  hopping p r o b a b i l i t y  decrea- 

ses w i t h  t h e  mean d i s t a n c e  between s i t e s  as a Gaussian. Th is  i s  done i n  

the  s e c t i o n  2. I n  t h e  s e c t i o n  3 we p resen t  t h e  r e s u l t s  and conc lus ions .  

2. MODIFIIED MOTT PROCEDURE 

Accord ing t o  Mot t  procedure' ,  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  f i r s t  

determined and t h e  c o n d u c t i v i t y  i s  nex t  ob ta ined  through E i n s t e i n  r e l a -  

t i o n .  T h i s  rneans t h a t  t h e  temperature dependence o f  t h e  c o n d u ç t i v i t y  i s  

d i c t a t e d  by t h e  temperature behavior  o f  t h e  d i f f u s i o n  c o e f f i c i e n t .  F o l -  

l ow ing  the  d e r i v a t i o n  o f  ~ o t t ' ,  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  p r o p o r t i o -  

na1 t o  P ~ 2 p ( ~ F ) k g ~ ,  where p i s  t h e  hopping probabi  1 i t y ,  o f  t h e  e l e c t r o n  

between two l o c a l i z e d  s t a t e s ,  R i s  t h e  r a d i u s ,  p ( s F )  i s  the  d e n s i t y  o f  

Fermi leve1 and k s  i s  t h e  B O I  t z m a n  cons- s t a t e s  by u n i t  volume a t  t h e  

t a n t  . 

Thc: hopping probabi  l 

a )  The Boltzman f a c t o r ,  exp 

i t y  p con ta ins  the  f o l l o w i n g  f a c t o r s  : 

( - w / ~ ~ T ) ,  where W i s t h e  d i f  fe rence  between 

t h e  energ ies o f  the  two s t a t e s .  T h i s  i s  t h e  mean a c t i v a t i o n  energy 

f o r  hopping. 

b) a f a c t o r  depending on t h e  o v e r l a p  o f  the  wave f u n c t i o n s  o f  t h e  two 

s t a t e s .  

c )  a f a c t o r  V depending on t h e  phonon spectrum. V i s  o f  the o r d e r  
ph P" 

o f  the  rnaximum phonon f requency.  

Now supposing t h a t  t h e  l o c a l i z e d  wave f u n c t i o n s  a r e  Gaussians, 



i ns tead  o f  h y d r o g e n i c- l i k e  wave func t ionsl ,  the  o v e r l a p p i n g  . f a c t o r  i s  

p r o p o r t i o n a l  t o  exp( -  2a2R2), where a i s  t h e  r a t e  a t  which t h e  Gaussian 

f u n c t i o n  f a l l s  o f f  w i t h  t h e  d i s t a n c e .  

L i k e  ~ o t t l  we cons ider  t h e  mean a c t i v a t i o n  energy f o r  hopping 

g iven  by 

Then t h e  hopping p r o b a b i l i t y  p ,  w i t h  t h e  new assumption reads, 

p - vph exp [ - 2 a ' ~ ~ -  (3/4rR3p (E,)~~T)] 

The extrema1 v a l u e  o f  t h e  argument o f  t h e  exponen t ia l  i n  Eq.(2) 

f rom a va lues o f  R such t h a t  

Hence t h e  m o d i f i e d  Mot t  procedure y i e l d s  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  

1.68 [2-]2/5] (4 

where T o  = a2 /kBP(~F)  . 

3. RESULTS AND CONCLUSIONS 

F o l l o w i n g  the  same procedure o f  ~ o t t '  we o b t a i n  f o r  t h e  con- 

duc t  i v i  t y  a  temperature dependence o f  t h e  t ype  Rna - T - ~ / ~  . AI though 
- 1 / 2  

t h i s d o e s n o t a g r e e w i t h t h e T  l a w p r o p o s e d b y R e d f i e l d 4 t o f i t h i s  

exper imenta l  data,  t h e  T-'I2 and T - " ~  behaviors  cannot be d i s t i n g u i s h e d  

w i t h i n  t h e  exper imenta l  e r r o r  i n  t h e  temperature range measured by Red- 

f i e l d ,  as i t  i s  shown i n  f i g u r e  1.  We should ment ion t h a t  t h e  same r e -  

s u l t  was ob ta ined  f o r  t h e  low temperature c o n d u c t i v i t y  o f  h e a v i l y  doped 

semiconductors i n  t h e  presence o f  h i g h  magnet i c  f i e l d s  '. The Redf i e l d
4  

exper iments were performed a t  z e r o  magnetic f i e l d .  



F i g . 1  - Temperature dependence of the conduct iv i ty  i n  the low temperatu- 

r e  range O h0 - T-'IZ and A h0 - T-'". 

The temperature behavior  o f  t h e  s p i n  F l i p  Raman S c a t t e r i n g  

(sFRs) l i n e  w i d t h  i n  n-CdS, t o  which t h e  s p i n  d i f f u s i o n  i s  r e l a t e d
g
,  

was e x p l a i  ned based upon hopping e f f e c t s 1 °  i n  t h e  temperature range f rom 

10K t o  50K. Th is  suggest t o  recons idere  t h e  temperature behavior  o f  t h e  

SFRS l i n e  w i d t h  w i t h i n  t h e  m o d i f i e d  Mot t  procedure. The f i g u r e  2 shows 

t h a t  t h e  exper imenta l  da ta  f o r  t h e  SFRS l i n e  w i d t h  i n  n-CdS, w i t h  n = 

11 
= 5x10'' c ~ n - ~ ,  ob ta ined  by S c o t t  e t  a l .  have t h e  temperature behavior  

g iven  by Eq .  ( 4 ) ,  i n  t h e  temperature range f rom 10K t o  50K. Recent ly ,  

Geschwind (et aZ.12 measured t h e  r e s i s t i v i  t y  and t h e  1 i n e  w i d t h  o f  t h e  

SFRS from 1.6K t o  10K f o r  t h e  n-CdS w i t h  n = 2 . 3 x 1 0 ' ~ c m - ~ .  The r e s i s t i -  

v i t y  changed by more than t h r e e  decades i n  t h a t  temperature range, 

whereas t h e  l i n e  w i d t h  o f  SFRS remained p r a t i c a l l y  cons tan t .  They sug- 

gested t h a t  t h e  s p i n  d i f f u s i o n  mechanics r e s p o n s i b l e  f o r  t h e  l i n e w i d t h  

o f  SFRS should be exchange between bound donors13.  

I n  conc lus ion  we may say t h a t  comparing the  p resen t  r e s u l  t 

w í t h  the  p rev ious  o n e l O ,  we cannot decide, w i t h i n  t h e  exper imenta l  e r -  
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n = 5 x d9 c K 3  

F i g . 2  - Temperature dependence of  the Spin F l i p  Ramn Scat ter ing l i n e  

width for n-CdS. 

r o r ,  which temperature behavior  t h e  SFRS l i n e w i d t h  i n  n-CdS f i t s  b e t -  

t e r  i n  temperatures f rom 10K t o  50K. But i t  seems t h a t ,  i n  t h i s  tempe- 

r a t u r e  range, hopping should be respons ib le  f o r  t h e  s p i n  d i f f u s i o n .  A l -  

though, for  temperature l e s s  than  10K exchange e f f e c t s  should be c o n s i -  

dered12'13 . However, o u r  r e s u l t s  a l l o w  us  t o  conclude t h a t  t h e  e x p e r i -  

mental behavior  o f  the  low temperature conduct i v i  ty4 can be understood 

w i t h i n  M o t t ' s  model, assuming t h e  s i t e  wave f u n c t i o n s  a r e  more l o c a l i -  

zed than t h e  h y d r o g e n i c- l i k e  f u n c t i o n s ,  thus reduc ing  t h e  o v e r l a p  b e t -  

ween t h e  wave f u n c t i o n s  o f  ne ighbor ing  s i t e s .  F i n a l l y ,  we should men- 

t i o n  t h a t  t h e  ~ - l " b e h a v i o r  o f  R n a i n  ~ e d f i e l d ~  exper iments was v e r i -  

f i e d  i n  t h e  temperature range f rom 2K t o  30K. 

The au thor  wishes t o  acknowledge CNPq and F I N E P  f o r  t h e  f i -  

n a n c i a l  suppor ts .  
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