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Using the propagator technique i n  the  grand ensemble method, 

p r o p e r t i e s  o f  an i n t e r a c t i n g  e l e c t r o n  gas a r e i n v e s t i g a t e d  under de Haas 

-van Alphen cond i t i ons .  Considering the e l e c t r o n  d e n s i t y  t o  be a cons- 

t a n t  and t a k i n g  the  f i r s t  order  exchange e f f e c t s  i n t o  account, the  dHvA 

o s c i l l a t i o n s  o f  the  magnetic s u s c e p t i b i l i t y  and sound v e l o c i t y  show o n l y  

one phase w i t h  the D ing le  f a c t o r ,  i n  agreement w i t h  experimental r e s u l t s .  

This  improves r e s u l t s  and i n t e r p r e t a t i o n s  made i n  prev ious works. Appea- 

rance o f  the  D ing le  f a c t o r  due t o  the  e l e c t r o n- e l e c t r o n  c o l l i s i o n  i s  con- 

f i rmed and i n t e r p r e t e d  t o  be a dragging e f f e c t  from z- d i rec t iona l  exchan- 

ge i n t e r a c t i o n  o f  e lec t rons .  New i n t e r p r e t a t i o n s  o f  t h e  r i n g  diagram a r e  

a1 so presented. 

Usando a técnica dos propagadores no grande "ensemble", as pro-  

priedades do gás de e l é t r o n s  in teragentes foram invest igadas nas condi-  

ções de Haas-van AI phen ( d ~ v A ) .  Considerando constante a densidade dos 

e l é t r o n s  e levando-se em conta e f e i t o s  de t roca  de p r i m e i r a  o rdam,  as 

o s c i  lações dlivA da suscept i b i  l idade e da ve loc idade do som eXi bem apenas 

uma fase com o f a t o r  Dingle,  em acordo com os resul tados e x p e r  i m e n t a i  S. 

I s t o  melhora os resul tados e in terpretações o b t i d o s  em t rabalhos a n t e r i o-  

res. O aparecimento do f a t o r  D ing le  devido às c o l i s õ e s  e l é t r o n- e l é t r o n  6 

confirmado e in te rp re tado  como um e f e i t o  de arrastamento ocasionado pe la  

in teração de t roca  z- d i rec iona l  dos e l é t r o n s .  Novas in te ro re tações  dos 

d iagramas em anel são tambêm apresentadas. 



1. INTRODUCTION 

l n  the past  years, many-body theor ies  have been successful i n  

i n v e s t i g a t i n g  e l e c t r o n  gas systems w i thou t  the  a p p l i r a t i o n  o f  an ex te rna l  

magnetic f i e l d ,  o r  w i t h  a small one. I n  specia l  the  ground s t a t e  energy 

was ca lcu la ted  i n  many worksl, and i t  was even developed up t o  the t h i r d  

order  terms2. But t h i s  theory was n o t  developed f o r  the case o f  medium- 

-s i ze  magnetic f i e l d ,  under which the magnetic s u s c e p t i b i l i t y  showed the  

o s c i l l a t o r y  character .  

I n  1930, o s c i l l a t i o n s  o f  the  magnetic s u s c e p t i b i l i t y  i n  Bibere 

f i r s t  observed by de Haas and van Alphen3 ( d ~ v A ) ,  when c o m p a r a t  i v e l  y 

s t rong magnetic f i e l d  was app l ied .  Since then, severa1 t h e o r e t i c a l  works 

were made us ing the f r e e  e l e c t r o n  model t o  e x p l a i n  q u a l i t a t i v e l y  the dHvA 

phenomena, and based on these works the phenomena has been u t i  l ized t o  

determine geometr ical s t r u c t u r e s  o f  Fermi surfaces o f  va r ious  metals. 

~ i n ~ l e ~  in t roduced i n  a serni-empirical way ar) exponent ia l  fac -  

t o r  (Dingle f a c t o r )  i n  the ampli tudes o f  o s c i l l a t i o n s  o f  the  suscep t ib i -  

l i t y  t o  invo lve  the  c o l l i s i o n  broadening e f f e c t s  on the Landau levels,mo- 

d i f y i n g  the  idea l  gas r e s u l t s .  

Ichimura and ~ a n a k a ~ ,  and I s i h a r a  e t  a18 s tud ied  the  suscep t i -  

b i l i t y  o f  an i n t e r a c t i n g  e l e c t r o n  gas i n  the  dHvA cond i t i on ,  us ing  the 

propagator technique i n the grand ensembl e developed by Montro l l  and ward9. 

The former d i d  not.observe the ex is tence o f  the D ing le  f a c t o r  but the l a t -  

t e r  d i d .  However both works encountered the same problem o f  appearance o f  

two phases o f  o s c i l l a t i o n s  d i f f e r i n g  by ~ / 2 ,  when e l e t r o n i c  i n t e r a c t  i o n  

was introduced. 

I n  t h i s  a r t i c l e ,  deeper analyses and i n t e r p r e t a t i o n s  o f t h e  r e -  

s u l t s  s h a l l  be made and we s h a l l  see the agreement w i t h  experiments and 

w i t h  D i n g l e ' s  semi-empir ical r e s u l t .  

We s h a l l  use the same method used by Ichimura and ~ a n a k a ~ ,  and 

I s i h a r a  e t  a l a  (we r e f e r  h e r e a f t e r  t o  the  paper o f  I s i  rara e t  a l a  as ( I ) ) .  

Th is  method permi ts  a u n i f i e d  t reatment  o f  the constant  and o s c i l l a t i n g  

p a r t  o f  the s u s c e p t i b i l i t y  f o r  the i n t e r a c t i n g  s y s t e m  w i  t h  a r b i  t r a r y  

s t r e n g t h  o f  an ex te rna l  magnetic f i e l d ,  w i thou t  separat ion o f  s p i n e f f e c t s .  



We s h a l l  f o l l o w  the same n o t a t i o n s  as ( I )  i n  t h i s  a r t i c l e :  

h 
where -u, = vBH i s  the energy associated w i t h  the magnetic f i e l d ,  i s  2 
the Bohr magneton, a,  i s  the Bohr rad ius ,  T i s  the temperature and k i s  

the Boltzinann constant .  Here EF and pF a r e  the Fermi energy and momentum 

before re i io rma l i za t ion ,  r e s p e c t i v e l y .  

The logari thrnof the grand p a r t i t i o n  f u n c t i o n  (G.P.F.) can be 

separated i n  accordance w i t h  the  o rder  o f  i n t e r a c t i o n s  involved as 

where the f i r s t  term i s  the f r e e  gas c o n t r i b u t i o n ,  the  second i s t h e  f i r s t  

order  exchange, t h e  t h i r d  i s  the  r i n g  diagram, and so on. The magnetic 

s u s c e p t i b i l i t y  i s  c a l c u l a t e d  by the s t a t i s t i c a l  formula 

where z i s  the abso lu te  a c t i v i t y  de f ined  as z = exp(BEF), V i s  the volume 

o f  the system and @ i s  the rec iproca1 temperature. The d e n s i t y  o f t h e  sys- 

tem i s  der i ved  as 

The d e n s i t y  der i ved  above i s  a  f u n c t i o n  o f  C ,  H and E as w e l l  as the  i n -  F 
t e r a c t i o n  parameter. We s h a l l  renormal ize t h i s  E i n  terms o f  the  absolu- 

F 
t e  Fermi eiiergy o r  momentum of the ideal  gas a t  absolute zero. This  i s  

a l s o  g iven by 



By dHvA c o n d i t i o n  we mean 

I n  Chapter 2, we s h a l l  c o n s t r u c t  the grand p a r t i t i o n  f u n c t i o n  

o f  the  system and in t roduce the propagator we s h a l l  use. 

I n  Chapter 3, the s u s c e p t i b i l i t y  i s  c a l c u l a t e d  and some impor- 

t a n t  i n t e r p r e t a t i o n s  o f  the  Dingle f a c t o r  a r e  g iven.  

the  sound ve loc 

the sound ve loc 

Fina 

A .  

Many experiments were conducted t o  observe dHvA phenomena using 

i t y  techn ique lO.  We s h a l l  then ca lcu la te l l  the change o f  

i t y  under the  dHvA c o n d i t i o n  i n  Chapter 4. 

I l y ,  the r í n g  diagram c o n t r i b u t i o n  i s  discussed i n  appendix 

2. GRAND PARTITION FUNCTION 

a) Propagator of the systsm 

I n  t h i s  model meta ls  a r e  t rea ted  as an i n t e r a c t i n g  th ree  d i -  

mensional e l e c t r o n  gas under the i n f l u e n c e  o f  an externa1 magnetic f i e l d  

o f  medium s i z e .  The e f f e c t s  o f  l a t t i c e  s t r u c t u r e  a r e  take i n t o  cnnside- 

r a t i o n  as an e f f e c t i v e  rnass (m*) o f  an e lect ron:  but  the d e n s i t y  o f  s ta -  

tes  a r e  assumed t o  be spher íca l :y  symmetric and quadra t i c  i n  momentum spa- 

ce. 

The f r e e  propagator o f  the  Bloch equat ion i s  g iven  as: 

sp in  8 .rr3l2 sl/' s inh(sb2)  

where 

414 



and 

w i t h  ç being the  Lande's g- f a c t o r .  Here we have used the  u n i t s  h = 1 and 

2m* = 1 ,  sio t h a t ,  f o r  example Bb2 i s  i n  regu la r  u n i  t s  BeHh/h*c. The con- 

vers ion  t o  t h e  regu la r  u n i t s  a r e  g iven  as f o l l o w s ;  

and 

bl Ideal gias contribution 

The idea l  gas c o n t r i b u t i o n  t o  the  magnetic s u s c e p t i b i l i t y  i s  

w e l l  known and may need no explanat ion.  The e x p l i c i t  express ion o f  the  

grand par t  i t i o n  i s  needed f o r  l a t e r  cons idera t ions  o f  the Fermi momenta 

and the  ot.her q u a n t i t i e s  o f  the  system. I t  i s  g iven by 

where a, y, 6 and z were de f ined  I n  the  i n t r o d u c t i o n  o f  t h i s  work. 

c) First onder exchange contributions 

The f i r s t  o rder  exchange c o n t r i b u t i o n  t o  the G.P.F. was f i r s t  

t r e a t e d  by making use o f  the propagator method i n  (1).  Use o f  the M e l l i n  

t rans fo rmat ion  i s  in t roduced t o  sum up a l l  graphs o f  the  f i r s t  order  ex- 



change. The t r a c e  o f  sp in  p à r t  i s  improved i n  t h i s  a r t i c l e  so t h a t  a f t e r  

a  t rave1 o f  a  R-toron, the  sp in  p a r t  y i e l d s  

where n+t = R, and i t  i s  no t  separated i n t o  two hyperbo l i c  cosines o f  n 

and t by the  i n t r o d u c t i o n  o f  an i n t e r a c t i o n  l i n e .  

I t  i s  then g iven by 

where 

e 2  
and $ ( r )  5 - . r 

A f t e r  some c a l c u l a t i o n s  ~ ~ . ( 2 . 3 )  y i e l d s  an o s c i l l a t i n g  and a  

n o n- o s c i l l a t i n g  p a r t .  The n o n- o s c i l l a t i n g  p a r t  i s  g iven as 

where 11, I2 and I3 a r e  the same as those obta ined i n  ( I ) .  I n  the  l a s t  

square bracket ,  however, the  term w i t h  g - f a c t o r  does n o t  appear. Th is  i n -  

d i ca tes  t h a t  the re  i s  no s t rong  dependence o f  the  paramagnetic s u s c e p t i b i -  

1 i t y  on the  tempeture v a r i a b l e ,  w h i l e  the diamagnetic s u s c e p t  i b i  l i t y  de- 

pends on the  temperature r a t h e r  s t r o n g l y  i n  the  case o f  medium s i z e  magne- 

t i c  f i e l d .  I t  i s  no t  our  present  i n t e r e s t  t o  i n v e s t i g a t e  f u r t h e r  the  non- 

- 0 s c i l l a t i n g  p a r t  o f  the s u s c e p t i b i l i t y .  The o s c i l l a t i n g  p a r t  becomes, 

where, being J~ ( r )  the  Bessel f u n c t i o n  o f  v-order 

416 



-i -+ 
w i t h  the  convers ion r -+ r/pF. The above express ion i s  separated i n t o  two 

p a r t s  so t h a t  it becomes: 

and 

The above equatior i  Is (R,y) i s  no t  easy t o  c a l c u l a t e  but  convergent.  I t i s  

zero f o r  y + 3 and i t  may a l s o  be very  m a l 1  i f  Y i s  brought t o l a r g e  num- 

ber s ince the s i n e  p a r t  o s c i l l a t e s  ve ry  r a p i d l y .  These arguments thus im- 

p l y  t h a t  t t ie  r e s u l t  w i l l  have srnall p o s i t i v e  p la teau  when we change y.The 

change o f  y i s  very small f o r  the  experimental reg ion  o f  magnetic f i e l d .  

Thus I (%,y)  wi ll behave i n  t h i s  reg ion  1 i k e  a f u n c t i o n  o f  o n l y  R- var ia-  
S 

b l e  o r  more o r  less  constant  f o r  small R ' s .  O f  course, i t  must be t r e a t e d  

together  w i t h  the r i n g  diagram f o r  

d i x  A). I t  i s  a l s o  noted t h a t  the 

C ( a , ~ )  

i s  no t  an acc iden ta l  value, but  i t  

more complete c a l c u l a t i o n s  (see Appen- 

f a c t  t h a t  

p lays  an important r o l e  when one per-  

forms the i n t e r a t i o n  t o  renorrnalize the Fermi momentum. A f t e r  a11  i t  

y i e l d s  the  f o l i o w i n g  r e s u l t :  



3. MAGNETIC SUSCEPTIBILITY 

Using (Eq.(1.2)),  we o b t a i n  the  f o l l o w i n g  express ion f o r  the 

magnetic s u s c e p t i b i l i t y  as a  f u n c t i o n  o f  p which i s  the square r o o t  o f  
F '  

the  chemical p o t e n t i a l .  

non pF 1  s  s R n 6  x = -  (:12 {L:  ($)2 -?-(I + T I  - ; T I  
21T2 

e 2  where S :: - - 4 1 / 3  - 2  rs . 
PP 

Here one must r e c a l l  t h a t  pF i s  a  f u n c t i o n  o f  the  temperature, 

i n t e r a c t i o n  parameter and d e n s i t y  o f  the  system as w e l l  as the  externa1 

magnetic f i e l d .  There were some at tempts6 ' '2  i n  the past  t o  i n t e r p r e t  

the idea l  gas r e s u l t s  so t h a t  the Fermi energy was kept  constant  and the 

e l e c t r o n s  were t rans fe red  o u t  o f  and i n t o  the dHvA band, s p e c i a l l y  i n  the 

case o f  bismuth. I n  t h i s  i n t e r p r e t a t i c n  ppwas  kept  constant .  I f  i n t e -  

r a c t i o n s  among e l e c t r o n s  do n o t  e x i s t ,  i t  does n o t  show any c o n t r a d i c t i o n  

i n  i t s e l f .  

A t  the same t ime the  r e s u l t  cou ld  a l s o  be i n t e r p r e t e d  soas f o r  

the  t o t a l  number o f  e l e c t r o n s  i n  the band t o  be f ixed. 

The i n t r o d u c t i o n  o f  the i n t e r a c t i o n  reveals  

t e r p r e t a t i o n  i s  n o t  s u i t a b l e .  As can be seen from Eq. 

t h a t  the  former in -  

(3.2), the las t  term 

i n  the  bracket  may domina 

ges the  phase o f  the osc i  

d i t i o n s .  

418 

t e  the idea l  gas c o n t r i b u t i o n ,  and i t  even chan- 

I l a t i o n  from s ine  t o  cos ine under the dHvA con- 



New i n t e r p r e t a t i o n  i s  made as f o l l o w s :  (1) The t o t a l  number o f  

e lec t rons  i n  the systern does no t  change; (2) E F ,  pF and o t h e r  q u a n t i t i e s  

should o s c i l l a t e  w i t h  the  same phase as those o f  the  idea l  gas, and thus 

n o t  constant ;  ( 3 )  small l i p p l  ings wich a r e  observable may be a t t r i b u t e d  

t o  the l a t t i c e  s t r u c t u r e  and a re  d i r e c t i o n a l  dependente. 

F ine l i p p l i n g s  due t o  the  d e t a i l e d  r e l a t i o n  o f  the  e l e c t r o n -  

-e lect ror i  i n t e r a c t i o n s  a r e  very snial l ,  and t h i s  must be charac te r i zed  by 

products of two o s c i l l a t i o n s  such as 

t h i s  means they must be the  h igher  

Rn n 
x tos(- - 

Y 

harmonics. 

The c a l c u l a t i o n , a r e  perfomed s a t i s f y i n g  a l l  the  above r e q u i -  

rements. One must a l s o  assume t h a t  the  i n t e r a c t i o n  parameter rs i s  ve ry  

small bu t  n o t  ex t reme iy ' sma l l ,  50 t h a t  t h e  pF appearing i n  t h e  s ine  and 

cosine arguments can be expanded i n  terms o f  p which i s  de f ined  as 

Using the  r e l a t i o n  

one f i n d s  the fo l !ow ing  expression f o r  the Fermi monientum 



We can so lve Eq. (3.5) by an i t e r a t i o n  procedure. A f t e r  some 

i t e r a t i o n s  we o b t a i n :  

where the index zero i n  the parameters means t h a t  a l l  the p a r e  replaced F 
by p, f o r  example: 

kT 6 ,  = - 
d 

A f t e r  the replacement o f  pF i n  the magnetic s u s c e p t i b i l i t y  i n  

te rns  o f  p , ,  the o s c i l l a t i n g  magnetic s u s c e p t i F i l i t y  i s  g iven by 

The above expressions o n l y  have one phase and o ther  phases a re  

a t  most the prodocts o f  the two phases and the c o e f f i c i e n t s  a r e  smaller.  

The above r e s u l t  a r e  t o  be compared w i t h  o thers .  

Comparing the r e s u l t s  i n  Eq. (3 .2) ,  two terms which a r e  propor-  

t i o n a l  t o  S ,  (= e 2 / P , )  d i  sappeared a f t e r  i t e r a t i o n ,  but  the term which 

i s  charac te r i zed  by I remained. 

As has been mentioned p rev ious ly ,  the disappearance o f  t h e o t k r  

f i r s t  order  terms i n  the o s c i l l a t i n g  s u s c e p t i b i l i t y  i s  deeply re la ted w i t h  

the approximation made f o r  %(R,y) .  I f  Ic had another va lue the 

e f f e c t  would remain. 

With the regu la r  u n i t s  the above expressions i s  r e w r i t t e n  as 



R&T ) L1I2 s i n h  (- 
$H 

where 

Recogn i z i ng t he 

pansion o f  an exponent ia l ,  

Po H * 
v; = - and a: = - 

rn* m*e 

l a s t  bracket  i n  the l a s t  equat ion as the ex- 

one sees 

where TD i s  a constant  which depends on materiais used. Dingle f i r s t  de- 

r i v e d  t h e  e.xistence o f  the c o l l i s i o n  broadeningof the  Landau l e v e l s  bu t  

the  c l a s s i f i c a t i o n s  o f  o r i g i n s  were l e f t  unexplained. 

The magnetic s u s c e p t i b i l i t y  o f  the 2-D Metals  was c a l c u l a t e d  

by Kojima and l s i h a r a 1 3 .  They d i d  n o t  f i n d  the same k i n d  o f  term, t h a t  is, 

the D ing le  f a c t o r  do n o t  appear i n  two dimensions. Th is  g ives  an impor- 

t a n t  i n fo rmat ion  concerning the e l e c t r o n i c  part o f  the c o l l i s i o n  broadening. 

The f i r s t  order  exchange e f f e c t  appears as the dragging ( v i s -  

cous l i k e )  e f f e c t  o f  the z - d i r e c t i o n ,  s ince the f i r s t  o rder  exchange e f -  

f e c t  appears t o  be a t t r a c t i v e .  

77 I n  2-D case phase f a c t o r  -q does n o t  appear. Thus change o f  

s i zes  o f  sanples w i l l  r e s u l t  i n  s l i g h t  changes o f  both the c o l l i s i o n  broad- 

n ing  and the phase f a c t o r .  

One must a l s o  note t h a t  the c o l l i s i o n  broadening a l s o  o r i g i n a -  

tes  from i m p u r i t i e s  and from o ther  f a c t o r s .  These changes may be observa- 

b l e  i n  experiment i n  f u t u r e .  



The hyperbo l i c  term i n  the denominator o f  the o s c i l l a t i n g  mag- 

n e t i c  s u s c e p t i b i l i t y  i n  Eq. (3.7) a l s o  decreases the  ampl i tude exponen- 

t i a l l y  when kT $ u ~ H ,  and i t  i s  understood t o  be the  thermal a g i  t a t i o n  

p a r t  o f  the  broadenings. As we l l  known, the e l e c t r o n- e l e c t r o n  i n t e r a c t i o n  

p lays  s i m i l a r  e f f e c t s  as the  thermal a g i t a t i o n  and broadens the  c l i f f  of 

the Fermi d i s t r i b u t i o n  a t  the  Fermi energy. 

4. VELOCIW OF SOUND 

I n  some e ~ ~ e r i m e n t s ' ~  v e l o c i  t i e s  o f  sound were rneasured t o  ob- 

t a i n  the dHvA e f f e c t s .  

Change i n  the sound v e l o c i t y  due t o  the i n t r o d u c t i o n  o f  the  

externa1 magnetic f i e l d  i s  g iven as14 

osc . 
where Be i s  the  bu lk  modulus o f  o s c i l l a t i n g  p a r t ,  and p i s  the mssden-  

s i t y  o f  the  system. 

The grand p a r t i t i o n  f u n c t i o n  i s  d i r e c t l y  r e l a t e d  t o  the pres- 

sure o f  the e i e c t r o n  c loud  by 

and the  b u l k  modulus o f  the  system i s  g iven  as 

Thus a f t e r  reexpress ing the  grand p a r t i t i o n  f u n c t i o n  i n  terms 

o f  number d e n s i t y  o f  the  system, o r  p,, one can o b t a i n  the  b u l k  modulus 

through the equat ion (4.31, the o s c i l l a t i n g  p a r t  o f  i t  i s  then 



By Eq. (4.1) we o b t a i n  the  dominant term f o r  t h e  change i n  sound v e l o c i  t y :  

Again the  Dingle f a c t o r  appears as the  same manner as be fu re  

and o t h e r  f i r s t  order  i n t e r a c t i o n s  were complete ly  canceled o u t .  Appea- 

rance o f  the  same f a c t o r  through the  compl i ca ted  s t a t i s t i c a l  mechan i c a  l 

procedure i s  n o t  obvious f a c t  a l though bo th  the  sound v e l o c i t y  and magne- 

t i c  s u s c e p t i b i l i t y  a r e  obta ined from t h e  same G.P.F. 

The energy and s p e c i f i c  heat  o f  the  system a r e  a l s o  observed 

but  they a r e  n o t  g iven here, because t d o b t a i n  them w i t h  t h e  t h e o r e t i c a i  

consistency.,  one needed even t o  evaluate terms o f  two o s c i ! l a t i o n s ,  wich 

should cancel i n  principie. Neglect ing these terms we observed they a l s o  

o s c i l l a t e s  l i k e  ideal  gas w i t h  the  same exponent ia l  f a c t o r .  

APPENDIX A - THE RING DIAGRAM 

I n  the case o f  weak f i e l d  the r i n g  diagram c o n t r i b u t i o n  i s  c a l -  

cu la ted  wi t t iout  much d i f f i c u l t l e s ,  combining p a r t l y  w i t h  the f i r s t  o rder  

exchange t o  remove a divergence involved i n  a magnetic f i e l d  dependent 

p a r t .  

On the o t h e r  hand when the  dHvA c o n d i t i o n  i s  s a t i s f i e d ,  the 

c o n t r i b u t i o n  becomes extremely compl i ca ted  and a l s o  the f i r s t  o rder  ex- 

change becomes convergent s ince expansion w i t h  respect  t o  the  magnetic 

f i e l d  i s  no t  performed. 

The r i n g  diagram c o n t r i b u t i o n  t o  the G.P.F. i s  given, as w e l l  

known, a s :  



4xe2 
where ~ ( q )  = - 

q2 

where 

I t i s  found t h a t  the approximation made on A(S,R-s) i n  ( 1 )  i s  

no t  s u f f i c i e n t  when approaches e i t h e r  zero o r  8. Also  on the con t ra ry  t o  

the r e s u l t  i n  (1) we found t h a t  the s ine  o s c i l l a t i o n  dominates the cosine 

o s c i l l a t i o n  as i n  the case o f  the f i r s t  o rder  exchange. Th is  i s  the sanie 

tendency as the f i r s t  o rder  exchange c o n t r i b u t i o n .  

I t  i s  known t h a t  when one c a l c u l a t e s  

i t  con ta ins  the  F i r s t  order  exchange ( E q . 2 . 3 1 ,  which appears from the r e -  

g ion  o f  a '  being both zero and B. 

Th is  impl iesus t h a t  the cos ine o s c i l l a t i o n  o f  the r i n g  diagram 

w i l l  c o n t r i b u t e  t o  c o r r e c t  the c o l l i s i o n  broadening but  the s ine  term may 

be canceled a f t e r  proper i t e r a t i a n .  The cos ine term w i l l  beextremelysmall .  

Taking i n t o  account a11 the  above cons idera t ions  one ob ta ins  

the f o l l o w i n g  r e s u l t s :  



and 

),esc 
J' s inh  (%a2/a) 

+ (cos ine phase which i s  ve ry  smal I ) ,  

where 

and 

The f i r s t  p a r t s  i n  both A"'" and correspond t o  the r e s u l t ç  i n  (11,  i i 
but  t h e  c o e f f  i c i e n t  o f  ,IosC d i f f e r s  i n  d e t a i l .  Fur ther  approx imat ion 

reveals  t h a t  the s ine  o s c i l l a t o r y  term i s  more o r  leçs  s p h e r i c a l l y  symme- 



t r i c a l  i n  q v a r i a b l e ,  and the term i n  the c u r i y  bracket  o f  (A-7) may be 

approximated w i t h i n  the dHvA c o n d i t i o n  as 

The smallness o f  z - v a r i a b l e  corresponds t o  the largeness o f  p v a r i a b l e ,  
Z 

and i n  t h i s  l i m i t  cosine phase disappears bu t  s ine  phase rernains. This  

s i t u a t i o n  i s  e x a c t l y  the same as the f i r s t  o rder  exchange. We hope t h a t  

the expl i c i  t c a l c u l a t i o n  o f  t h i s  term w i l l  be performed i n  near f u t u r e .  

It i s  a g rea t  p leasure t o  thank D.Y.Kojiina f o r  numerous help-  

f u l  and s t imu!a t ing  d iscuss ions throughout the course o f  t h i s  uork.  
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