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T h e  m e a n  f re e  p a t h  o f  e le c t r o n s  in  p o la r  c r y s ta ls

By  H . Fr o h l ic h  a n d  N . F . Mo t t , F .R .S .

H . H . W il ls  P h y s ic a l L abora tory, U n iv e r s ity  o f  B r is to l  

(R ece ived  16 M arch  1939 )

1. In t r o d u c t i o n

P o la r c ry s ta ls  o f s to ich io m etric  com position  a t  low  te m p e ra tu re s  a re  

in su la to rs  o f e lec tric ity . If , how ever, e lec trons a re  ra ised  in to  th e  n o rm ally  

e m p ty  con d u ctio n  b a n d  o f energ y  levels, e ith e r th ro u g h  th e  a b so rp tio n  o f 

lig h t o r th e  th e rm a l energy  o f su rro u n d in g  a tom s, th e  c ry s ta l can  conduct. 

T he  p u rpose  o f th is  n o te  is to  ca lcu la te  th e  m ean  free p a th  o f such  e lec trons, 

a n d  hence th e ir  m o b ility  (velocity  o f d r if t  in  u n it  field). T he  re su lts  o b ta in ed  

w ill be com pared  w ith  ex p e rim en ta l m a te ria l o b ta in ed  from  sem i-conducto rs 

a n d  from  su b stan ces w hich  show  p h o to co n d u c tiv ity .

I n  b o th  classes o f sub stan ce , i t  is a  fa irly  safe a ssu m p tio n  th a t  th e  

e lec trons in  th e  co nduction  b a n d  h av e  a  M axw ell d is tr ib u tio n  o f  energies;*

* C f. fo r  p h o t o c o n d u c t o r s ,  M o t t  ( 1 9 3 9 ).
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The mean free path of electrons in polar crystals 4 9 7

th u s  a t  room  te m p e ra tu re s  th e y  h av e  k in e tic  energies o f  th e  o rd e r 0 0 4  eV, 

in  m a rk e d  c o n tra s t to  th e  co n d u c tio n  e lec trons in  m e ta ls , w hich  h av e  

energ ies o f th e  o rd e r o f 5 eV . I n  m e ta ls  th e  m ean  free p a th , l, is o f th e  o rd e r 

100-1000 A  a t  room  te m p e ra tu re . F ro h lich  (1937) h as  g iven  a  th e o re tic a l 

fo rm u la  fo r th e  m ean  free p a th  in  p o la r c ry s ta ls  o f “ s t r a y ” e lec trons h av in g  

energ ies o f severa l e lec tro n  v o lts , a n d  finds i t  to  be  o f th e  sam e o rd e r o f 

m a g n itu d e  as for m eta ls . As, how ever, th e  energy  decreases, th e  m ean  free 

p a th , l, decreases, a n d  acco rd ing  to  F ro h lic h ’s fo rm ula , reaches fo r energies 

o f  th e  o rd e r kOD ( 0 D ~  300° K ) va lu es  com parab le  w ith  th e  la ttic e  co n stan t.

F o r  such  energies th e  a p p ro x im a tio n  used  in  deriv ing  th e  fo rm u la  b reak s  

dow n.

F o r  e lec trons in  th e rm a l eq u ilib riu m  a t  te m p e ra tu re s  below  0 ,  how ever, 

l increases again , a n d  for th e se  energies th e  ap p ro x im a tio n  used  shou ld  

ag a in  be va lid . I t  is w ith  th ese  low  energies th a t  we deal in  th is  p ap er. W e 

do  n o t know  o f an y  m e th o d  o f o b ta in in g  th e  m ean  free p a th  a t  room  te m p e ra 

tu re , ex cep t b y  a  ro u g h  e x tra p o la tio n  o f these  form ulae.

2. Th e  l a t t ic e  v i br a t i o n s

A ccording to  F ro h lich , th e  m ean  free p a th  depends on lo ng itud ina l 

p o la riza tio n  w aves in  th e  c ry sta l. F o r  slow electrons i t  w ill depend  on 

lo n g itu d in a l w aves o f long w ave-leng th . I t  does n o t seem  to  h av e  been 

p o in ted  o u t in  th e  l ite ra tu re  th a t  th e  ch arac te ris tic  frequency  for long itud ina l 

w aves o f long w ave-leng th  is h igher th a n  th a t  o f tran sv erse  w aves (the 

ch arac te ris tic  v ib ra tio n s  w hich are  ex cited  op tically ).*  T he p ro o f is as 

follows:

L e t vt, vtbe th e  ch arac te ris tic  frequencies o f tran sv erse  an d  lo ng itud ina l 

w aves, o f w ave len g th  A long com pared  w ith  th e  in te ra to m ic  d is tance  b u t 

sm all com pared  w ith  th e  dim ensions o f th e  c ry s ta l.f  In  a  tran sv erse  w ave 

th e  p o larization  is o f th e  form , w ith  k 1/A,

P y =  const, sin  2-n(kx — v(t).

H ence div  P  van ishes. Since th e re  are  no free charges in  th e  crysta l, d iv  =  0,

a n d  hence d iv  E  van ishes also. I n  a  free v ib ra tio n  o f th e  c ry sta l we shall also

* [Note added in proof. P r o f e s s o r  B o m  h a s  k in d ly  in f o r m e d  u s  o f  u n p u b l is h e d  

c a lc u la t io n s  b y  D r  K e l le r m a n n , w h ic h  c o n f ir m  o u r  r e s u l t  e x a c t l y .  A ls o  w e  o v e r 

lo o k e d  a  p a p e r  b y  L y d d a n e  & H e r z f e ld  (Phys. Rev. 5 4 ,  8 4 6 ,  1 9 3 8 ) w h o  o b t a in  s im i la r  

b u t  n o t  e x a c t l y  e q u iv a l e n t  r e s u l t s . ]

t  I f  t h is  c o n d it io n  is  n o t  f u l f i l le d ,  t h e  d is t in c t io n  b e t w e e n  t r a n s v e r s e  a n d  lo n g i 

t u d in a l  w a v e s  is  lo s t .

Vol. 171. A. 33
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4 9 8 H .  F r o h l i c h  a n d  N .  F .  M o t t

h av e  E  =  0 in  th e  c ry s ta l; a n  e lec tric  field on ly  ex ists  in  th e  c ry s ta l w hen  an

e lec tro m ag n e tic  w ave com ing from  o u ts id e  is p assin g  th ro u g h  it.

F o r  lo n g itu d in a l w aves, th e  p o la riz a tio n  is o f  th e  fo rm

P x =  const, s in  2 n (k x  — vl t)

a n d  d iv  P  ̂ 0. S ince as before d iv  D  van ishes, i t  follows th a t

d iv  E  =  — 47t d iv  P .

A s reg ard s  th e  period ic  p a r t  o f  E ,  we h av e  th e re fo re

— 4 ( 1 )

Suppose now  th a t  a  p o sitiv e  a n d  n eg a tiv e  ion  a re  d isp laced  resp ec tiv e ly  b y  

d is tan ces u +,u~ , a n d  th a t

u  = 

so th a t  th e  p o la riza tio n  is g iv en  b y

P  =  eu /D ,

w here  Q  is th e  v o lum e o f th e  u n it  cell. T h en  th e  re s to rin g  force on  e ith e r ion  

in  a  tra n sv e rse  w ave is, if  M  =  + M 2) is th e  red u ced  m

ions,

— 4 t t 2M v 2u ,

b u t  in  a  lo n g itu d in a l w ave i t  is

— 4 n 2M v f u  + E e ,

w hich  m ay  be w r it te n  — + 4ne2IQ) u .

Since th is  is eq u a l to  — 4n  we h av e

v f = *! +
e2

t t M Q ’

( 2 )

(3 )

F o r  c ry s ta ls  o f sod ium  chloride ty p e  Q  =  2a3, w here  a  is th e  in te rio n ic  

d is tan ce .

I t  is w o rth  n o tin g  th a t  vt is also th e  freq u en cy  o f v ib ra tio n s  o f p a rtic le s  

h av in g  dim ensions sm all com pared  w ith  th e  w ave len g th , since in  th is  case 

th e re  w ill necessarily  be a  field w ith in  th e  p a rtic le  g iven  b y  (1). I t  w ould  be o f 

in te re s t to  in v es tig a te  th e  sca tte rin g  o f in fra -red  ra y s  b y  sm all p a rtic le s  o f a  

p o la r s a lt d ispersed  in  a  no n -p o la r m ed ium  (e.g. a  fine g ra in  em ulsion  o f 

A gB r). I f  th e  d im ensions o f th e  p artic le s  w ere sm all, b u t  th e  d is tan ces a p a r t  

large, b o th  com pared  w ith  A, th e  s ca tte rin g  shou ld  show  a m ax im u m  a t  a 

freq u en cy  q u ite  d ifferen t from  th e  n o rm a l ch a rac te ris tic  freq u en cy  o f th e
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m ate ria l, as  d e te rm in ed  from  th e  a b so rp tio n  coefficient o f  th in  films, as, fo r 

in s tan ce , in  B a rn es ’ ex p erim en ts  (1932), o r fro m  th e  frequen cy  o f th e  

re s id u a l ra y s .

E q u a tio n  (3 ) m a y  b e  exp ressed  in  a  d ifferen t fo rm . B o m  (cf. B o rn  a n d  

G o p p ert-M ay er 1933) h as  g iven  a  fo rm u la  connecting  th e  ch a rac te ris tic  

frequen cy  vto f  th e  tra n sv e rse  v ib ra tio n s  w ith  th e  d ie lectric  c o n stan t. The  

fo rm u la  is

6~ e° =  27TazMvf i

w here  e is th e  d ie lectric  c o n s ta n t fo r s ta tic  fields, a n d  e0 th e  c o n trib u tio n  to  

th e  d ie lectric  c o n s ta n t fo r th e  p o la rizab ility  o f th e  ions, so th a t  Je0 is th e  

re frac tiv e  in d ex  in  th e  n e a r  in fra-red . F ro m  (3 ) a n d  (4 ) we h av e

=  ( e -e o + l)* ',2. (5 )

F o r  a lk a li ha lides th e  fac to r e — e0 +  1 is o f th e  o rd er 3 .

B o th  fo rm u lae  (3 ) a n d  (4 ) a re  deriv ed  su b jec t to  th e  assu m p tio n  th a t  th e

force on  a n  ion  due  to  an  e lectric  field is E e , a n d  n o t P ^ e .  T his

a ssu m p tio n  ap p ea rs  to  give resu lts  in  ag reem en t w ith  ex p erim en t fo r a lka li 

halides (cf. M o tt a n d  L itt le to n  1938).

I t  shou ld  also be n o ted  th a t  eqn. (5 ) is on ly  co rrect fo r long  lo n g itu d in a l 

w aves (A > a ). T he  force e E  in  eqn. (2) ac tin g  on a n  ion  h as  only  in  th is  case, 

i.e. i f  E is n early  co n sta n t w ith in  a  u n it cell, a  u n ique  value. I t  is possible  

to  show  th a t  fo r sh o rt lo n g itu d in a l w aves A ~.a  th e  te rm  corresponding to  

e E  becom es v e ry  sm all so th a t  th e ir  frequency  is ap p ro x im a te ly  as for 

tran sv erse  w aves.

T h e  mean f r e e  path o f  electrons in polar crystals 4 9 9

3 .  C A L C U L A T IO N  O F  T H E  M E A N  F R E E  P A T H

A calcu la tion  o f th e  m ean  free p a th  l  o r th e  tim e  o f  re lax a tio n  r  =  Ijv  

( v  =  ve locity  o f th e  e lectron) has been  carried  o u t p rev iously  for e lectrons 

w ith  an  energy  W  o f several e lectron-volts (F rohlich  1937). F o r v e ry  slow  

th e rm a l electrons, th e  calcu la tion  follows sim ilar fines. C ertain  m odifica

tio n s have, how ever, to  be m ade, since W  ~  hv. 

t  is defined in  th e  following w ay:

w here is th e  p ro b ab ility  p er u n it tim e th a t  an  e lectron  m akes a collision 

w ith  a  la ttic e  w ave o f w ave n u m b er w, an d  A k  is th e  average change o f th e
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5 0 0 H . F r o h l i c h  a n d  N .  F .  M o t t

^-co m p o n en t o f th e  wave n u m b e r k x o f th e  e lec tro n  on  each  collision. 

A k x is, accord ing  to  th e  co n se rv a tio n  o f m o m en tu m , equa l to  th e  ^ -com 

p o n e n t o f w.We h av e  to  averag e  over all d irec tio n s o f w , a n d  o b ta in  (cf. 

F ro h lich  1936, § 13 , eqn. (38 ), since hew  =  hv)

[ A k \  w 2  m

" I  T / x =  ~ W 2 +  W k 2 =  ( )

w here  h 2k 2/2 m  = 

In  th e  fo rm er calcu la tion , i t  was possib le  to  neg lec t th e  te rm  co n ta in in g  

k 2. F u r th e rm o re , i t  was assum ed  th a t  th e  frequen cy  v o f th e  p o la riz a tio n  

waves was equal to  vt.This was co rrec t since th e  fa s t e lec trons a

m a in ly  b y  sh o rt lo n g itu d in a l waves, w hich  h av e , as we m en tio n ed  above, a  

frequen cy  o f th e  o rd er vt.I n  o u r p re sen t case, how ever, th

sc a tte re d  m a in ly  b y  long lo n g itu d in a l waves, fo r i t  follows im m ed ia te ly  

from  th e  energy  a n d  m o m en tu m  laws th a t  p o la riz a tio n  waves can  on ly  

c o n tr ib u te  to  th e  sca tte rin g  if  th e ir  wave n u m b er lies w ith in  th e  lim its  w v  

w 2, w here

w x, w 2 =  + k  +  *J(k2 + k 2 (8)

k  is th e  wave n u m b er o f th e  e lectron ic  wave o f a n  e lec tro n  w ith  energy  W , 

so th a t

W  =  h 2k 2l2m .

Now  in  th e  case W  ~  hv  b o th  w x a n d  w 2 a re  ap p ro x im a te ly  equa l to  

v is a n  in fra -red  frequency , k v< ^\ja , i.e. 2irjw x a n d  2 tt/w 2 a re  long w ave 

leng ths. W e have, therefo re , to  use now vt as  th e  frequen cy  v.

F u rth e rm o re , if  we assum e th a t  W  < hvh th e  e lec tro n  can  no lo n g er g ive 

u p  energy  h v  to  th e  la ttic e  v ib ra tio n s , b u t  on ly  ab so rb  it. The  dependence  o f 

r  on  te m p e ra tu re  is in  consequence g iven  b y

r  =  TQ(eĥ ,kT — 1) (9 )

in s te ad  of b y  eqn. (15) o f F roh lich  (1937). F o r  r 0, th e  p rev ious ca lcu la tio n  

y ie lded  (F rohlich  1937), eqn. (16)

1 2 % 2 e4h  e4 w \ h 2w \

t 0 8 *J2 rrAMcftvE* 4:Ma?hvv k 2 > 8m

w here  w 0 =  2

This equa tion  was ob ta in ed  b y  an  in te g ra tio n  over w , n am ely
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The mean free path of electrons in polar crystals 5 0 1

A ccord ing  to  o u r rem ark s  above  (cf. eqns. (6) an d  (8)) th is  in teg ra l h as  now  

to  be rep laced  b y

-  mK,

a n d  v is now  g iven  b y  vt .

T h u s  in  o u r case, we h av e

_1 _

r 0 3 '

I f  we m ak e  use o f eqn . (4 ), we o b ta in

3 Itr JCy

T° ’

(W  < hv ),

o r finally  fo r th e  m ean  free p a th , using eqns. (9 ), (7 ) a n d  (5 ),

l  =  r v  =  3(6 ee° ^ 1>a° - 1 ) .  W < hv„ (10)

h 2
w here  a n =  — - ~ 0-54 x 10~8cm.

m e2

is th e  B o h r rad ius.*

I f  we are  dealing  w ith  e lectrons h av ing  a  M axwell d is trib u tio n , we h ave  to  

average  (10) over all energies; we o b ta in

w here (cf. eqn . (5 ))

IcO =  hvt =  hv t(e — e0+  1)1.

( 1 1 )

( 12 )

T h e  fo rm ula  is v a lid  only  fo r T < 0 .

F o r th e  m o b ility  w  we hav e

W =  m f(3 J cT Jm )  =  2 J{tS © }  1) e _0̂  

* I n  d e r iv in g  e q n .  (1 0 )  w e  h a v e  n o t  c o n s id e r e d  a n y  p o s s ib le  e f f e c t  o f  a  s c r e e n in g  o f  

t h e  e le c t r o n ic  c h a r g e .  I t  w a s  s h o w n  in  a  p a p e r  b y  F r o h l ic h  ( 1 9 3 9 ) t h a t  t h e  e f f e c t  o f  

s u c h  a  s c r e e n in g  w o u ld  b e  s m a l l  fo r  f a s t  e le c tr o n s .  F o r  v e r y  s lo w  e le c t r o n s ,  w i t h  

e n e r g ie s  W < hvt, t o o ,  i t  s h o u ld  b e  c o r r e c t  t o  c a lc u la t e  l a s  a b o v e ,  i .e .  w i t h  a  s c r e e n in g  

o c c u r r in g  o n ly  in  t h e  s e c o n d  o r d e r  o f  a p p r o x im a t io n .  T h is  i s  d u e  t o  t h e  f a c t  t h a t  fo r  

s u c h  s lo w  e le c t r o n s ,  t h e  d e  B r o g l ie  w a v e - le n g t h  2Trlk'^2nlkv is  o f  t h e  s a m e  o r d e r  o f  

m a g n it u d e  a s  t h e  w a v e - l e n g t h s  o f  t h e  l a t t i c e  w a v e s  w it h  w h ic h  t h e  e le c t r o n  in t e r a c t s  

(c f .  e q n .  ( 8 )). A  s c r e e n in g  c o u ld ,  h o w e v e r ,  o c c u r  o n ly  a t  d is t a n c e s  fr o m  t h e  e le c t r o n  

w h ic h  a r e  g r e a t  c o m p a r e d  w i t h  2n/k, i .e .  a t  d is t a n c e s  w h ic h  c o n t r ib u t e  o n ly  l i t t l e  t o  

t h e  in t e r a c t io n  w i t h  t h e  l a t t i c e  w a v e s .
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5 0 2 H .  F r o h l i c h  a n d  N .  F .  M o t t

4 . Co mpa r is o n  w it h  e x pe r ime n t  

4 -1. Pho toconduc tion

W hen  a n  a lkali ha lide  c ry s ta l co loured  b y  s to ich io m etric  excess o f a lkali 

m e ta l (i.e. b y  F -cen tre s )  is illu m in a ted  w ith  lig h t o f  w ave-len g th  ly ing  in  th e  

F -b a n d , i t  shows ph o to co n d u c tiv ity . The  cu rre n ts  o b serv ed  a re  in te rp re te d  

in  th e  following w ay : th e  e lec trons re leased  b y  th e  lig h t d r if t  in  th e  d irec tio n  

o f th e  field a  ce rta in  d is tan ce , a n d  a re  th e n  tra p p e d  in  som e way. The  n a tu re  

o f th e  tra p p in g  cen tres  h as  b een  d iscussed  b y  P o h l (1937), b u t  need  n o t 

concern  u s  here.

L e t w  be th e  m o b ility  o f a n  e lec tron , a n d  E  th e  ap p lied  field, so th a t  w E  

is th e  v e locity  o f d rif t. L e t t be th e  tim e  th a t  a n  e lec tro n  re leased  b y  th e  lig h t 

rem ain s free, before i t  is tra p p e d . T h en  each  e lec tro n  re leased  b y  th e  lig h t 

d rif ts  a  d is tan ce

L  — w E t.

I f  each  qu an tum  ab so rb ed  h as  a  chance rf o f re leasing  a n  e lec tro n , th e  

d isp lacem en t o f charge observed  p e r qu an tum  ab so rb ed  is

er/L  =  erjwE t.

This q u a n tity  m ay  be o bserved  ex p erim en ta lly ; som e re su lts  o f P o h l (1937) 

fo r N aC l are  shown in  fig. 1, in  a rb itra ry  un its , p lo tte d  as a  fu n c tio n  o f  th e  

te m p e ra tu re .

The sud d en  d rop  a t  low  te m p e ra tu re s  has  been  d iscussed  b y  M o tt (1938) 

a n d  is c e rta in ly  due  to  a  d ro p  in  rj;at h ig h er te m p

— 100° C, i t  is safe to  assum e th a t  rj =  1 .

The  tim e  w hich  a n  e lec tro n  spends in  th e  free s ta te  sh o u ld  be in d e p en d e n t 

o f th e  v e lo c ity  o f th e  e lec trons if  its  de  B roglie w ave-len g th  is la rg e  co m pared  

w ith  lin ea r d im ensions o f th e  tra p p in g  c e n tre f  (i.e. fo r th e rm a l e lec trons), 

fo r t m u s t be  p ro p o rtio n a l to  th e  tim e  w hich  a n  e lec tro n  spends w ith in  th e  

ran g e  o f a  tra p p in g  cen tre . This tim e  shou ld  be, in  o u r case, in d e p en d e n t o f 

th e  e lec tron ic  ve locity .

W e th u s  find  th a t  in  th e  reg ion  w here ~  1 th e  te m p e ra tu re  dependence  o f 

th e  m ag n itu d e  t jL, w hich  is observab le  ex p erim en ta lly , is d e te rm in ed  b y  

alone, so th a t

1]L =  const. ( — 1). *

* T h i s  le a d s  t o  a  c r o s s - s e c t io n ,  in v e r s e ly  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  ( c f .  t h e  

a n a lo g o u s  la w  fo r  t h e  c a p t u r e  o f  s l o w  n e u t r o n s  b y  a t o m ic  n u c le i ) .  T h e  c o n c l u s io n  i s  

i n d e p e n d e n t  o f  t h e  m e c h a n is m  o f  t r a p p in g ,  i .e .  w h e t h e r  i t  i s  d u e  t o  r a d ia t i o n  lo s s  o r  t o  

lo s s  o f  e n e r g y  a s  h e a t  m o t io n ,  p r o v i d e d  o n ly  t h a t  t h e  p e r t u r b i n g  t e r m  in  t h e  w a v e  

e q u a t io n  m a y  b e  t r e a t e d  a s  s m a l l .

 D
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I n  fig. 1 we h av e  p lo tte d  th is  fu n c tio n  a g a in s t th e  te m p e ra tu re , fittin g  th e  

cu rve  to  th e  ex p e rim en ta l one a t  — 75° C. W e h av e  u sed  tw o  va lu es  o f 

A ccord ing  to  B o rn  a n d  G o p p ert-M ay er (1933) fo r N aC l c /^  =  61*1 x 10~4cm ., 

g iv ing  0 t =  hv jlc  =  232°. A ccord ing  to  th e  sam e a u th o rs  e — e0 + 1  =  3*94 , so 

t h a t  0 l =  460°. W e g e t a  b e t te r  fit fo r 0  =  0 {, g iv ing  som e ev idence fo r o u r 

conclusion  reach ed  in  § 2, t h a t  0t is la rger th a n  0t.

The mean free path of electrons in polar crystals 5 0 3

T  d e g r e e s  C

Fig . 1. C u r r e n t  p e r  a b s o r b e d  q u a n t u m  in  c o lo u r e d  r o c k  s a l t .  ----- o b s e r v e d  ( P o h l) .

. . . . . . . t h e o r e t i c a l .  & — =4 6 0 ° .  -- t h e o r e t ic a l .  = 2 3 2 ° .  T h e  e x p e r im e n t a l

a n d  t h e o r e t i c a l  c u r v e s  a r e  f i t t e d  a t  — 7 5 °  C .

4 *2 . Sem i-conduc to rs

E n g e lh a rd  (1933) has  m easu red  th e  H a ll co n stan t R  a n d  specific con

d u c tiv ity  cr o f cuprous oxide. Since th e  co n d u c tiv ity  is given by

cr — N ew

a n d  JR b y  R  =  Sn c /SN e ,

w here N  is th e  n u m b er o f electrons in  th e  conduction  ban d , we can deduce 

th e  m ob ility  w  from  R  a n d  cr

w  — S aR /S n c .

E n g e lh a rd  th e n  deduces th e  m ean  free p a th  l from  th e  equations w  e l/m v,

\m v 2 =  \ k T . H e finds th a t  l d rops from  a  v a lue  25 x 10-7 cm. a t  80° K  to  a  

rough ly  co n stan t va lue  o f 6 x 10-7 cm. a t  200° K  a n d  higher tem p era tu res .

U n fo rtu n a te ly  we have  no d irec t m easurem ents o f 0 .  A value  o f 0  equal 

to  280° gives rough ly  th e  rig h t tem p e ra tu re  dependence o f l, b u t  gives 

abso lu te  values a b o u t e igh t tim es too  sm all.
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5 0 4 H . F r o h l i c h  a n d  N .  F .  M o t t

H ow ever, in  th is  connex ion  i t  shou ld  be n o ticed  th a t  in  Cu20  th e  e lec tro n s 

a re  carried  b y  p o sitiv e  holes in  a  fu ll b an d . The  w id th s  o f th e  b an d s  fo r oxides 

h av e  been  shown from  th e  X -ra y  em ission b a n d s  o b ta in e d  b y  Sk inner to  be 

a b o u t 12 eV. There  is som e ev idence (cf. M o tt 1939) t h a t  in  cuprous ox ide th e  

energy  in te rv a l sep a ra tin g  th e  fu ll b a n d  from  th e  firs t e m p ty  b a n d  is ra th e r  

n a rrow  (2 eV). I f  th is  is th e  case we ex p ec t th e  “ effective m ass ” o f a  po sitiv e  

hole  in  a  s ta te  n e a r th e  to p  o f th e  d  b a n d  to  be r a th e r  sm all, sm alle r th a n  th a t  

o f a  free e lec tro n  (cf. M o tt a n d  Jo n es  1936, p . 84 ).

T he  th e o re tic a l fo rm u la  fo r w  co n ta in s  m  to  th e  pow er T h u s  i f  we 

assum e th a t  th e  effective m ass o f a  p o sitiv e  hole  is a b o u t o n e -q u a rte r  o f  th a t  

o f  a  free e lec tron , we o b ta in  re su lts  in  ag reem en t w ith  ex p e rim en t.

[N o te  added  in  'proof. D r S k in n er h as  k in d ly  in fo rm ed  us o f p re lim in a ry  

resu lts  on  th e  shape  o f  X -ra y  em ission b a n d s  in  m e ta llic  oxides. T hese 

b an d s  have  a  low  in te n s ity  a t  th e  h igh  en erg y  end , show ing  a n  ab n o rm a lly  

low  d en sity  o f s ta te s . Since th e  d en sity  o f s ta te s  is p ro p o rtio n a l o f *, 

these  resu lts  give ad d itio n a l ev idence fo r a  low  effective m ass.]
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