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these  assumpt ions  the f inal  evaluat ion  of eq. (3) is  eas i ly  done and yie lds  the following e x p r e s s i o n s  fo r  
the addit ional  contr ibut ion Aeafl(0) = 5a13A aa to the s ta t ic  conductivi ty due to f luctuat ions:  
1. Bulk m a t e r i a l  

3 e 2T  ( T____~e ~ 
A a x = ACry - , T_ Tc / 

~ l  (2eH)~ 

z 3 

A~ z - e2(2eH) ~ (. Tc ~ 
(6) 

2. Thin f i lms  (H pe rpend icu la r  to the f i lm sur faces )  

3e2T  Tc (7) 
Aax= Aay : ~  T_ Tc . 

Here  we have in t roduced  a t r ans i t ion  t e m p e r a t u r e  T c which is  defined as  a function of the ex te rna l  
p a r a m e t e r s  H and T:  THc2(Tc) - TcH. In these  equat ions only the leading t e r m  (for (T - Tc)/T c << 1) is  
wr i t ten  down. It i s  i n t e re s t ing  to note that the conduct ivi ty  i s  s t rongly  an i so t rop ic  and that the conduct i -  
vi ty p a r a l l e l  to the ex te rna l  magnet ic  f ie ld  (c.f. eq. (6)) has the same s ingular i ty  as one finds for  thin 
wi res .  
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Intrinsic defects in metals affect the X-ray absorption and emission edges. Estimates are given for de- 
fects in Cu and A1, including the vacancy, interstitial and dislocatiOn. The resulting structure should be 
observable and can distinguish between vacancy and interstitial. 

Defec ts  in insu la to r s  a r e  usual ly  studied opt i -  
cal ly.  Optical  techniques  cannot be used fo r  de -  
f ec t s  in me ta l s  s ince  t he r e  is ve ry  comple te  ab-  
sorpt ion at f r equenc i e s  below the p l a s m a  f r e -  
quency; mechan ica l  and e l e c t r i c a l  p r o p e r t i e s  a r e  
usua l ly  studied, although these  cannot eas i ly  
identify the defec ts  involved.  However ,  X - r a y  
spec t roscopy  is  poss ib le ,  s ince  it involves  f r e -  
quenc ies  well  above the p l a s m a  f requency.  A 

new technique is  p roposed  he re ,  the study of 
changes in the s t ruc tu re  of the X - r a y  absorpt ion  
or  emi s s ion  edges  due to defects .  The method 
r e s e m b l e s  work on insu la tors ,  where  the effects  
of defec ts  on the exci ton s t ruc tu re  a r e  observed ,  
e.g. the m e a s u r e m e n t  of vacancy concent ra t ions  
in alkal i  ha l ides  f r o m  the intensi ty  of the a -band  
[i]. 

In X - r a y  absorpt ion  an e l ec t ron  makes  a t r a n -  

502 



Volume 29A, number 9 P H Y S I C S L E T T E RS 28 July 1969 

si t ion f r o m  a c o r e  s ta te  of energy  Ec to the con-  
duct,on band. If the c r y s t a l  is  pe r f ec t  the abso rp -  
t ion is  only apprec iab le  above a f a i r l y  sharp  
min imum E L = E l  - Ec ,  where  Ef is  the F e r m i  
energy.  Cor responding ly ,  the emi s s ion  r i s e s  
sharp ly  at e n e r g i e s  b e l o w E  L. Even in the pe r f ec t  
c ry s t a l ,  the absorpt ion  edge shows cons ide rab le  
s t ruc tu re  because  of the va r i e ty  and complexi ty  
of the poss ib le  exc i ted  s ta tes  [2]; fo r  example ,  
the hole in the co re  s ta te  cons t i tu tes  a s t rong  
local  per turba t ion  which may in t roduce  local  
l eve ls .  However ,  the exci ted  s ta tes  a r e  a lways 
l e s s  loca l i sed  than the core  s ta tes ,  and the de-  
t a i l s  and or ig ins  of the fine s t ruc tu re  nea r  the 
edge in a pe r f ec t  c r y s t a l  p rove  to be of r a t h e r  
m ino r  impor tance  in the d iscuss ion  which follows. 

The X - r a y  s p e c t r u m  is  a l t e r ed  when a sma l l  
concent ra t ion ,  F ,  of defects  is  in t roduced into an 
o the rwise  pe r fec t  c rys ta l .  Only in t r ins ic  defec ts  
wi l l  be d i scussed  h e r e  - i n t e r s t i t i a l s ,  vacanc ie s  
and dis locat ions .  The point defec ts  cause  a v e r y  
local  per turba t ion ,  whose main effect  is  to change 
the ene rg i e s  of the c o r e  e l e c t r o n s  n e a r  the defect .  
Th is  a l t e r s  E L fo r  a toms  nea r  the defect ,  and 
should give a step in the absorpt ion  or  emi s s ion  
edge,  with in tens i ty  propor t iona l  to the defect  
concent ra t ion  and width of the o r d e r  of the change 
in E c. 

The defec ts  affect  the exci ted s ta tes  in s e v e r a l  
ways. F i r s t ,  they may shift  the F e r m i  energy,  
so that t r ans i t ions  occur  to a d i f ferent  set  of ex-  
c i ted  s ta tes .  Secondly, the exci ted  s t a t e s  may 
change in energy.  Thi rd ly ,  the exc i ted  s ta te  wave 
funct ions may be a l t e r ed ,  changing the t r ans i t ion  
m a t r i x  e l emen t s  and so affect ing the s t r u c t u r e  
nea r  the edge. These  ef fec ts  appear  to be only of 
secondary  impor tance .  The re  is no shift  of the 
F e r m i  level  l i nea r  in the concent ra t ion ,  and the 
e n e r g i e s  of the exc i ted  s ta tes  a r e  not s ign i f ican t -  
ly affected,  s ince  the co r respond ing  wavefunct ions 
sp read  o v e r  many unit ce l l s ,  and the pe r tu rba t ion  
is  apprec iab le  only ove r  a few cel ls .  

The co re  e n e r g i e s  may change apprec iab ly ,  
s ince  the co re  s ta tes  can be loca l i sed  where  the 
pe r tu rba t ion  is s t ronges t .  To a f i r s t  a p p r o x i m a -  
t ion,  the shift  in c o r e  energy  of a given c ry s t a l  
a tom is  

AE c = .~  [V(ri) - V(rio)] . (1) 

This  a s s u m e s  that the core  wavefunction is  s t r ong -  
ly loca l i sed ,  and neg lec t s  the var ia t ion  of V o v e r  
the core  orbi ta l .  The s a m e  shift should occur  
fo r  a l l  co re  o r ib ta l s  which a re  well  local i sed .  If 
Z is  the va lence  of the meta l ,  V(r)-- Ze 2 × 
× exp(-Xr) /r  is the usual  s c r e e n e d  in te rac t ion ;  

the neighboring a toms  a re  at r i in the defect  l a t -  
t i ce  and at r i o  in the pe r f ec t  la t t ice .  The pseudo 
a tom approximat ion  is used,  i.e. the sc reen ing  
clouds move r ig id ly  with each atom. 

V(r) is  a t t r ac t i ve  fo r  e l ec t rons ,  so the core  
e l ec t ron  e n e r g i e s  a r e  reduced in reg ions  where  
the a toms  a re  packed c l o s e r  together ,  e.g. near  
in t e r s t i t i a l s .  In X - r a y  emi s s ion  the contr ibution 
f r o m  in t e r s t i t i a l s  will  be in a range where  the 
pe r f ec t  c ry s t a l  contr ibut ion has low intensi ty.  
S imi la r ly ,  it may be poss ib le  to de tec t  vacanc ies  
in X - r a y  absorpt ion.  Note the changes in AE c 
a r e  of opposite  sign for  vacanc ies  and i n t e r s t i t i -  
a ls ,  so it should be poss ib le  to dis t inguish be -  
tween these  defec ts  without ambiguity.  

In the f .c .c ,  s t r u c t u r e  the sc reen ing  p a r a m -  
e t e r ,  ~, is  g iven by ~d = 2.89 Z1/6d ~ where  d 
is  the n e a r e s t  neighbour  dis tance in ~. Di rec t  
ca lcula t ion gives  the energy  shift  fo r  the n e a r e s t  
neighbour  of a vacancy is - 0.055 eV for  Cu and 
- 0.043 eV for  A1. These  r e su l t s  ignore  any d i s -  
to r t ion  of the la t t ice .  Fo r  a dumbbell  i n t e r s t i t i a l*  
the shif ts  a r e  0.85 eV for  Cu and 0.90 eV for  A1. 
All  a toms  except  the two components  of the 
dumbbell  were  kept at t he i r  pe r fec t  la t t ice  s i tes .  
The shif ts  were  not sens i t ive  to the separa t ion ,  
b, of the two components ,  and va r i ed  by l ess  
than 5% ove r  the range 0.7 ~< b /d~  < 0.92. Final ly ,  
ca lcu la t ions  were  made fo r  d is loca t ions  in A1 
using an iso t rop ic  e l a s t i c i ty  theory.  All  shif ts  
a s soc i a t ed  with a toms  nea r  the co re  were  l e s s  
than 0.2 eV. 

S t ruc ture  should be obse rvab le  if the shif ts  
exceed  0.1 eV and if the defect  concent ra t ion  is  
sufficient .  In t e r s t i t i a l s  and (possibly) d i s loca -  
t ions should be obse rvab le ,  but it is  unlikely that 
vacanc ie s  can be detected.  If the s t r u c t u r e  due to 
defects  can be r e so lved ,  then defect  concen t r a -  
t ions may be moni tored ,  giving the t e m p e r a t u r e  
dependence of defect  mobi l i t i e s ;  r eac t ions  be-  
tween defec ts  may a lso  be followed. Such e x p e r i -  
ments  use s t ruc tu re  only as  labels  to identify 
the defects .  The s ize  and sign of the shift g ives  
a m e a s u r e  of the local  s t ra in  nea r  a defect  and 
i ts  vacancy or  i n t e r s t i t i a l  cha rac t e r .  Fu r the r ,  
po l a r i s ed  X - r a y s ,  f r o m  pa r t i c l e  a c c e l e r a t o r s ,  
may be used to give the s y m m e t r y  of defects .  

I thank Dr. R. Bullough and Mr. R. S. Nelson for  
valuable  d i scuss ions  and Mr. J. W. Mart in  fo r  the 
d is locat ion calculat ion.  

* If an f.c.c, lattice is defined by (d/(2) (I, re,n), in 
which (l + m + n) is even, then the dumbbell interstitial 
can be produced by replacing the atom at (0, 0, 0) by 
two atoms at (*}b, 0, 0). 
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It is shown that the conventional picture of superconductivity can' t  explain a positive isotope effect of 
grea ter  than 0.5 at zero  pressure .  

The  d i s c o v e r y  of a l a r g e  p o s i t i v e  i s o t o p e  e f -  
f e c t  (T c ~ M a ,  a ~ 2 )  in a - u r a n i u m  h a s  r a i s e d  the  
q u e s t i o n  of w h e t h e r  a new m e c h a n i s m  [1,2] i s  
n e c e s s a r y  to exp l a in  t h i s  r e s u l t .  In t h i s  l e t t e r  we 
po in t  out  tha t  the  u sua l  p i c t u r e  of s u p e r c o n d u c t i -  
v i ty  which  e x p l a i n s  the  n e g a t i v e  i so tope  e f f ec t ,  
d o e s n o t  ho ld  if a e x c e e d s  0.5, at  z e r o  p r e s s u r e .  
S ince  the  r e s u l t s  on a - u r a n i u m  w e r e  o b t a i n e d  
wi th  the  m a t e r i a l  u n d e r  a p r e s s u r e  of ~ 11 k b a r ,  
t he  p o s s i b i l i t y  r e m a i n s  that  the  o b s e r v e d  va lue  
of a i s  due to a p r e s s u r e  e f fec t .  We d i s c u s s  such  
a p o s s i b i l i t y .  

In the  c o n v e n t i o n a l  p i c t u r e  of s u p e r c o n d u c t i -  
v i ty  [3] one  has ,  at T = 0, s t a t e s  o u t s i d e  the  
F e r m i  s p h e r e  o c c u p i e d  whi l e  h o l e s  a p p e a r  wi th in  
the  s p h e r e .  One a r g u e s  tha t  whi le  the  k ine t i c  
e n e r g y  of the  e l e c t r o n s  i s  g r e a t e r  in the  s u p e r -  
conduc t ing  s t a t e ,  t h i s  i s  m o r e  than  o f f s e t  by a 
l o w e r i n g  of the  i n t e r a c t i o n  e n e r g y  to g ive  the  
l o w e s t  e n e r g y  s ta te .  The  connec t i on  b e t w e e n  t h i s  
p i c t u r e  and the  i so tope  e f fec t  i s  t h r o u g h  a r e s u l t  
o b t a i n e d  by C h e s t e r  [4]. On v e r y  g e n e r a l  g r o u n d s  
C h e s t e r  ob t a ined  the  fo l lowing  e x p r e s s i o n  f o r  the  
d i f f e r e n c e  in t he  k ine t i c  e n e r g y  of the  e l e c t r o n s  
in the  n o r m a l  and s u p e r c o n d u c t i n g  s t a t e s  at  
T = 0, (1) 

( K . E ) :  - ( K . E ) :  = (1 - 2 a )  ~ - 4 P  
l_ OP 

2T,  M 
w h e r e  V is  the  v o l u m e  of the  s y s t e m ,  H c the  
c r i t i c a l  m a g n e t i c  f i e ld ,  P t he  p r e s s u r e ,  T the  
t e m p e r a t u r e  and M the  i so tope  m a s s .  In o b t a i n -  
ing  eq. (1) the  u s u a l  a s s u m p t i o n s  H c ~ Mfl  and 
T c ~ M a, with  a = ~, h a v e  been  made .  It  i s  c l e a r  
than  a t  P = 0 the  c o n v e n t i o n a l  p i c t u r e  and eq. (1) 

can only be consistent if a > 0.5. This means that 
if a > 0.5 at zero pressure, the kinetic energy 
of the electrons is less in the superconducting 
state than in the normal state. If we picture a 
normal metal at T = 0 as containing a full Fermi 
surface there is no obvious way of finding lower 
kinetic energy states. Before one starts to pic- 
ture rearrangements of electrons in overlapping 
bands etc., it is well to consider first some 
further points. 

If one were dealing with the electrons alone 
there would be no way of producing a lower energy 
state without increasing the kinetic energy of 
the electrons. This follows directly from the 
Coulomb nature of the interactions in solids and 
the virial theorem [5], which predicts that the 
increase in the kinetic energy of the particles 
equals the magnitude of the condensation energy 
(for P = 0, case). It is thus clear than by consi- 
deration of the electrons alone no satisfactory 
theory for a large positive isotope effect is pos- 
sible. Chester has shown, however, that when 
any isotope effect exists there is a change in the 
kinetic energy of the nuclei. This change is given 
by 

(K. E)nuc _ (K. E) nuc = 2a VH2/87r (2) 
S -n " 

F r o m  th i s  r e s u l t  i t  i s  c l e a r  tha t  any m e c h a n i s m  
which  l e a d s  to an i so tope  e f f ec t  i s  i n t i m a t e l y  r e -  
l a t ed  to the  l a t t i c e  v i b r a t i o n s .  Thus  any t h e o r y  
which  i n v o l v e s  a d e c r e a s e  in the  e l e c t r o n i c  k i n e -  
t i c  e n e r g y  in go ing  to the  s u p e r c o n d u c t i n g  s t a t e  
m u s t  a l so  i nvo lve  an  i n c r e a s e  in the  l a t t i c e  ene rgy .  

Since  the  only  e x p e r i m e n t a l  r e s u l t s  which  g ive  
a l a r g e  p o s i t i v e  a ,  a r e  in the  u r a n i u m  u n d e r  p r e s -  
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