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A B S TR A C T

A h ig h  te m p e ra tu re  fa c il i ty  fo r  MSssbauer e f fe c t (ME) spec trosco py  has 

been e s tab lish ed . T h is  fa c il i ty  pe rm its  ME spe c trosco py  to  be pe rfo rm ed 

a t te m p era tu res  up to  1200K w ith  a s ta b i l i ty  o f 0 .0 3 K . T h is  s ta b i l i ty  is 

a tta in e d  th ro u g h  c a re fu l oven des ign  and a feedback te m p era tu re  co n ­

t r o l le r .  A fe a tu re  o f th e  fa c il i ty  is th e  a b i l it y  to  a p p ly  a homogenous 

e x te rn a l m agnetic f ie ld  o f  up to Q .2T . The data an a lys is  o f M'dssbauer 

spe c tra  has been im proved so th a t more accu ra te  values can be e x tra c te d  

fro m  th e  data and com plex spectra  can be f i t te d  w ith  con fidence , U sing 

th is  fa c il i ty ,  th e  leco ille ss  fra c t io n  o f 6 ,Co in  Iron  has been de te rm ined 

in  th e  v ic in i ty  o f th e  C u rie  te m p era tu re  ( T q ) .  A change in  th e  cha rac ­

te r is t ic  te m p e ra tu re  6_ ,a a t th e  C u r ie  te m p era tu re  o f (40 t  15)% has been 

m easured. F u r th e r ,  a l in e  b ro ad en in g  o f 12% d is t in c t from  ins tru m e n ta l 

b ro a d e n in g , has been obse rve d  in Iron  o v e r a 50K range above and below 

th e  C u r ie  te m p e ra tu re . Iro n  ME spe c tra  have a lso been a cq u ired  as a 

fu n c tio n  o f an a p p lie d  m agnetic fie ld  in th e  reg io n  o f th e  C urie  te m p er­

a tu re . From th e  sa tu ra tio n  value o f th e  h y p e rfin e  f ie ld ,  +he average 

m agnetic moment p e r iro n  atom has been de te rm ined to  be 0 .4 3 iC .0 2 yB . 

Anom alous In te n s ity  ra tio s  in  ME spe c tra  o f iro n  in small app lied  fie ld s  

,75K  above T q  w ere  ob se rve d .

A b s tra c t 7



IN TRODUCTIO N

P rio r  to  M ossbauer's d is c o v e ry  In 1958, I t  was g e n e ra lly  be lieved th a t  th e  

reso na nt ab so rp tion  b y  a nucleus o f a 7 ray  em itted by  a n o th e r nucleus 

was im possib le to  d e te c t because some o f th e  nu c lea r tra n s it io n  e n e rg y  

in  emission wou ld be lo s t In th e  reco il o f th e  e m itte r an d , s im ila r ly , th e  

a b so rb e r w ou ld re q u ire  ad d itio na l e n e rg y  to  p ro v id e  th e  reco il in  o rd e r  

to  conserve  momentum. So i t  was expected th a t th e  t  ray  e n e rg y  w ou ld 

no t match th e  tra n s it io n  e n e rg y  even th ou gh  th e  nu c lea r exc ite d  s ta te  

has a f in i te  w id th  because th is  w id th  Is g e n e ra lly  much sm aller th an  th e  

reco il e n e rg y . In fa c t, th is  argum en t o n ly  holds in  a ga s . I f  th e  nucleus 

is "a n ch o re d " in a s o lid , th e re  is a p ro b a b ility  /  th a t th e  reco il momentum 

w ill be absorbed b y  th e  e n tire  la tt ic e  and so th e  reco il e n e rg y , w h ich  is 

in v e rs e ly  p ro p o rtio n a l to  the mass o f th e  re c o ilin g  b o d y , is e f fe c t iv e ly  

zero . T h e  Y ray  is th e n  em itted  w ith  th e  fu l l  tra n s it io n  e n e rg y  and Is 

capable o f e x c it in g  a n o the r nu c leu s , also im bedded in  a so lid  and th u s  

reso na nt ab so rp tion  o f nu c lea r X rays is po ss ib le .

Because o f th e  n a rro w  line  w id th  o f th e  reco illess ? - ra y  d is tr ib u t io n , the 

e ffe c t is ex tre m e ly  s e n s itive  to  changes in  e n e rg y , T y p ic a lly ,  th e  line  

w id th  is  o f  the o rd e r  o f 10 "‘ eV w h ile  the e n e rg y  o f th e  reco illess t  rays  

is lO keV  and so reso na nt a b so rp tion  occu rs  o n ly  i f  th e  energ ies match 

to  w ith in  1 p a r t  in  1011. T h is  small e n e rg y  range can be scanned b y  

m oving th e  source re la t iv e  to  the ab so rb e r w ith  a v e lo c ity  v , ty p ic a lly  

o f th e  o rd e r  a few  m illim e tres pe r second. A cco rd in g  to  th e  D opp le r 

e f fe c t th e  e n e rg y  5 0 o f th e  em itted Y ra ys  Is s h ifte d  by  an amount 

tS /E , -  v /c ,  w here  c is th e  speed o f l ig h t.  T h e  geom etry  most commonly 

used is th e  tran sm iss io n  geom etry  I l lu s tra te d  in f ig u re  1 .1 ,

In tro d u c tio n



Sou rce  $ r a y  A b s o rb e r  D e fe c to r

n - — ^ ~ x J  ©

Fig. J.J Resonant absorption of nuclear t rays with the ex­
periment illustrated schcaaticaJiy.

” Fe was recogn ised as an im p o rta n t M tissbauer isotope w ith in  tw o yea rs  

o f th e  d is c o v e ry  o f th e  M 6ssbauer e f fe c t. T he decay scheme o f th is  

iso to pe is shown in f ig u re  1 .2 ; i t  is th e  14.<11 keV tra n s it io n  th a t is used 

fo r  M ossbauer e f fe c t spe c trosco py . T h e re  are a num ber of o u ts ta n d in g  

qu e s tio n s  con ce rn in g  th e  M ossbauer e f fe c t o f p u re  iro n . In p a r t ic u la r ,  

in  th e  v ic in i ty  o f th e  C urie  te m p era tu re , th e re  has been re la t iv e ly  l i t t le  

w o rk  done, T h e  th ro e  m ajor M ossbauer s tu d ies  a t h ig h  te m p era tu re  are 

those o f P reston e t a l. (1062), Kovats and W alker (1969) and th e  w o rk  

o f Hohenem ser's g ro u p  (see Kobeissi 1981).

M ossbauer e f fe c t s tud ies close to  th e  C u r ie  te m p era ture  are  o f in te re s t 

because a s a t is fa c to ry  d e sc r ip tio n  o f th e  m agnetic p ro p e rtie s  o f  iro n  

has no t y e t been developed. T h a t the  m agnetic moment o f iro n  is no t 

h a lf- in te g ra l a t room te m p era ture  c o n tr ib u te d  to  th e  developm ent o f

.n tro d u c tlo n
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F ig . l . Z  The decay scheme o f  11Fe.

i t in e ra n t e le c tron  models o f  fe rrom a gn e tism , b u t these models p re d ic t 

a C u r ie  te m p era tu re  th a t is an o rd e r  o f m ag n itu de too h ig h  (see 

H ub ba rd  1978). T h is  has led to  th e  so -ca lled  f lu c tu a t in g  band models 

(see M orlya  1981 fo r  fu r t h e r  re fe re n c e s ). T h e  M ossbauer e f fe c t can 

p o te n tia lly  make a c o n tr ib u tio n  in  tw o  areas. F ir s t ly ,  th e  reco illess 

fra c t io n  f  can be de te rm ine d ; i  is re la ted  to  th e  mean square  d is ­

placem ent o f an atom and th u s  to  th e  phonon d is tr ib u t io n . In p a r t ic u la r ,  

a change In th e  reco illess fra c t io n  a t th e  C u r ie  te m p e ra tu re  wou ld 

p ro v id e  in fo rm a tion  on how  t / ie  m agnet-c in te ra c tio n  a ffe c ts  th e  la tt ice . 

Second ly , th e  h y p e r fin e  f ie ld  Is re la ted  to  th e  average moment a t an 

atom ic s ite , and so p ro v id e s  a tool fo r  s tu d y in g  th e  m agne tic moment 

in  iro n  as a fu n c tio n  o f te m p era tu re . T o  pe rfo rm  such measurements 

a h ig h - te m p e ra tu re  M ossbauer fa c il i ty  had to  be b u i l t .  T h is  fa c il i ty  and 

m easurem ents pe rfo rm ed  w ith  It are de scrib ed  in  th is  th e s is .

In tro d u c tio n



TH EO R ETIC A L BACKGROUND

Th e  v a r io u s  in te ra c tio n s  in vo lve d  in  th e  M ossbauer e f fe c t w ill be in ­

tro d u ce d  b y  loo k ing  a t th e  H am ilton ian o f an e xc ite d  nucleus in a so lid . 

T h is  c h a p te r  shou ld  p ro v id e  a ba ckg ro u n d  fo r  th e  re su lts  p re sen ted  

in ch a p te rs  4 and 5 . T h e  emphasis is on th e  ph ys ics  be h in d  th e  

fo rm alism  ra th e r  th an  on th e  m athem atica l in tr ica c ie s  o f th e  fo rm alism .

Reeoilless em ission o f a gamma ra y

T h e  p ro b a b ility  th a t  a photon w ith  a w ave vec to r k (and e n e rg y  flu ) is 

em itted  b y  a nucleus in  a so lid  is g ive n  b y .

0m *ee-5 x) *  ♦

w he re  X is th e  H am ilton ian d e s c r ib in g  the nucleus and th e  so lid , and 

X and a denote th e  in it ia l and f in a l sta tes o f th is  system , re s p e c tiv e ly . 

Ea and are the  energ ies co rre sp o n d in g  to  th e  sta tes a and X. 

C onside red as a fu n c tio n  o f th e  ph oton e n e rg y  flu , equation 2.1 has a 

L o ren tz lan  shape w ith  a fu ll  w id th  a t h a lf maximum (FWHM) o f T h is  

FWHM is re la ted  to  th e  m eanlife t  o f th e  s ta te  X b y  th e  H eisenberg  

u n c e r ta in ty  re la tio n  -  f l / t  .

Equation 2.1  is th e  fa m ilia r  re s u lt fo r  spontaneous decay from  one s ta te  

to  a n o th e r, a d e r iv a tio n  w ith  re fe re nce  to  th e  M ossbauer e f fe c t can be

T he o re tica l B ackground



fo u n d  in  Ko lk (1984). The eva lua tion  o f th e  m a tr ix  element <a|%| X> and 

th e  e n e rg y  d iffe re n ce  ) is th e  essence o f M ossbauer th e o ry .

T h e  f i r s t  d issection  o f equa tion  2.1 is to  d iffe re n tia te  between th e  

la tt ic e  and th e  esse n tia lly  nu c lea r c o n tr ib u tio n s . T o  do th is ,  th e  m a tr ix  

e lem ent <X|X|a> m ust f i r s t  be con s ide re d  in more de ta il. T h e  nu c lea r 

qu an tum  num bers have th e ir  usual m eaning ; I.e .  j  is th e  nu c lea r sp in , 

m is th e  m agnetic quantum  num ber and n is th e  p a r it y .  C denotes th e  

q u an tum  num bers o f th e  la tt ic e . T h e  s u b s c r ip ts  g  and e deno te  th e  

g ro u n d  and exc ite d  s ta tes , re s p e c tiv e ly .

< i|X |« >  = < y , y , c ,  I l ' U / v W r  ( z ' 2)

w he re  <0> y is th e  therm a l ave rage o f th e  o p e ra to r  a t te m p e ra tu re  T . 

In  th e  MBssbauer e f fe c t, we a re  o n ly  concerned w ith  th e  p ro b a b ility  

o f  reco illess  em ission. Recoiliess im p lies  th a t th e  solid  does not change, 

s ta te  when th e  T ra y  is em itte d . T h e re fo re , from  now on we assume

th a t  C ~Ce ( i . e .  i t  does no t g ive  e n e rg y  to  o r  ta ke  e n e rg y  fro m  th e  T

r a y ) .

H av ing assigned th e  r& leva n t quan tum  num bers, th e  nuc lea r H am iltonian 

f o r  an e xc ite d  nucleus may be w r it te n  as

* „  = i (R i  > 'A (R i ! u - j )

w he re  c is th e  speed o f l ig h t ,  jCR^) is th e  c u r re n t d e n s ity  o f nucleon

1 and A ( R j)  is th e  v e c to r po te n tia l a t nucleon i .  The average po s ition  

o f th e  nucleus is assumed to  be a t th e  o r ig in  o f o u r coo rd ina te  system , 

and = u * r _/ » w here  u is th e  po s ition  o f th e  cen tre  o f mass o f th e  

nuc leus and r  , is the po s ition  o f nucleon i  w ith  respect to  th e  ce n tre  

o f mass o f th e  nuc leus. The v e c to r  po te n tia l has the fo rm

T h e o re tica l B ackground



A C R j) = c o n s t l  t h k . O  • lk ,K ) e x p { - i  k . r , )  . (2 .4 )

k , l

w he re  a ^ (k ,5 )  is a photon c rea tion  o p e ra to r  and e (* ,C )  is a u n it 

p o la r isa tio n  v e c to r , I f  equation 2 .4  is s u b s titu te d  in equa tion  2 ,3  and 

one app lies  th e  ad iabatic  ap p ro x im a tion , so th a t th e  to ta l w ave fu n c tio n  

can be separa ted  in to  a nuc lea r and a la tt ic e  p a r t ,  th e  exp ress ion  fo r  

<X|3Cja> reduces to

<m x i «> = < <c l = ' '  k , u ( J , l c » ,  I * - * )

T he  ad iab a tic  ap p ro x im a tion  means th a t no e n e rg y  t ra n s fe r  tak"-s place 

betw een th e  nuc leus and its  s u r ro u n d in g s . T h is  is u su a lly  a good as­

sum ption  s ince th e  s u rro u n d in g  e le c tron s  and f ie ld s  can be cons ide red 

as s ta tic  com pared to  th e  tim e scales in th e  nucleus.

T h e  la s t fa c to r  in  equa tion  2 .5  is re la ted  to  th e  reco illess fra c t io n . 

T h e  f i r s t  fa c to r  is th e  fre e  nucleus tra n s it io n  m a tr ix  th a t de term ines 

th e  re la t iv e  t ra n s it io n  p ro b a b ility  am plitudes fo r  th e  d if fe re n t substa tes 

o f  th e  nu c leu s .

T h e o ry  o f th e  reco illess fra c tio n

The m odulus squared o f th e  la tt ice  p a r t  o f equa tion  2 ,5  is d e fine d  as 

th e  reco illess  fra c t io n ,

/  5 l« C la ~ *  k ' u . f 12 ( s , j )

T h e o re tica l B ackg rou nd



w h ich  is th e  p ro b a b ility  th a t no phonons are  gene ra te d  o r  absorbed 

when a photon (w ith  w ave vec to r k )  is em itted  (o r  ab sorb ed ) b y  a 

p a r t ic u la r  nu c leu s . The th e rm a l average denoted b y  <0>r  is d e fine d  

b y

a r r [ e , p ( - m sT) 0 ]  ( z . , )

T r [a x p {~ X /k f ) ]

w here  M is th e  H am ilton ian o f th e  system  and ks  is th e  Boltzman con­

s ta n t. A s  a n o ta tion a l conven ience, « C \0 ]C » 7, is sho rten ed  to  <0>j, ■

To w r ite  th e  exp ress ion  fo r  f  in  te rm s o f th e  D ebye-W alie r fa c to r ,  it  

is use fu l to  w r i te  th e  p ro b a b ility  am p litu de as a series  o f so -ca lled  

cum u lants  (K o lk  (1984) and Kendall (1958))

<e’ J k ,u >r  = eAfp{<-j‘ k ,u >  T

-  i [ < ( - y  k . u ) 1^  - < -d k .u > 1r ] ♦ . . . )  (.2 .3 )

W ithou t a ne t e x te rn a l fo rc e , th e  te rm s w ith  < k .u >  m ust be ze ro ; so 

to  second o rd e r ,

/ *  = <e- i  k lU >r  = e xp l H  < ( - i k . u ) 1>r 3) (2 .9 )

w hich  can be re w r it te n  as

f  =  ( 2 . j o )

w he re  <x1>j, is th e  p ro je c tion  o f the moan squ are  d isp lacem ent along 

th e  d ire c t io n  o f k .  In fa c t th is  exp ress ion  Is c o r re c t to  fo u r th  o rd e r 

because th e  th ir d  o rd e r  (and all o th e r  odd o rd e r )  te rm s are  ze ro  in 

th e  series  expansion in equation 2 .8  in  th e  absence o f an ex te rna l 

fo rc e , a n d ,th e  fo u r th  o rd e r  te rm s cancel in th e  harm onic lim it and are 

v e ry  n e a rly  zero in  a real la tt ic e .
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The va lu e  o f /  can be de te rm ine d exp e rim e n ta lly  y ie ld in g  <x1>T w h ich  

p ro v id e s  in fo rm a tion  abou t th e  phonon d is tr ib u t io n  and phonon in te r ­

actio ns .

A fih a rm on ic  e ffec ts

Here an ou tlin e  o f th e  pse ud o-h arm o nic  ap p ro x im a tion  w h ich  fo llo w s th e  

tre a tm e n t g ive n  b y  Ko lk (1984) is  g iv e n . T h e  pse ud o-h arm o nic  a p ­

pro x im a tio n  takes accoun t o f th e  s h if t  in  phonon e n e rg y  due to  th e  

expans ion o f th e  la tt ic e  and th e  anharm onic term s in th e  H am ilton ian 

(phon on -p ho no n  in te ra c tio n s )  b u t does no t con s ide r th e  e ffe c t o f f in i te  

phv.non life tim es.

I t  Is use fu l to  con s ide r th e  fre q u e n c y  moments o f phonons. T h is  fa c il ­

ita tes th e  extens ion  o f th e  harm onic approach to  th e  pseudo- and 

qu as i-ha rm o n ic  a p p ro x im a tion s . The fre q u e n cy  moments are de fin e d  by

r j

Th e  phonons o f fre q u e n cy  are cha rac te rise d  by  th e ir  w ave vec to r 

k and th e ir  po la risa tio n  index ) .  I t  may be con cep tu a lly  h e lp fu l to  

rea lise  th a t the moments co rre sp o n d in g  to  ns l , 2  and 2 are s im p ly  th e  

ave rage phonon fre q u e n c y , th e  varian ce o f th e  phonon d is tr ib u t io n , 

and th e  skewness o f the  phonon d is tr ib u t io n , re s p e c tiv e ly , U s ing  th e  

fre q u e n c y  moments, one can de fin e  c h a ra c te ris tic  te m p era tures 6 and 

freq u e n c ie s  wn
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e„ +  « „  = - | ^  ( i . J J )

so th a t fo r  a Debye phonon spe c trum  0^ = 0^ fo r  all n.

To d e sc rib e  th e  mean square  disp lacem ent o f an atom in te rm s o f phonon 

fre q u e n c y  moments, we exp ress th e  H am ilton ian o f the  la tt ic e  ( to  fo u r th  

o rd e r )  In phonon c rea tion  and a n n ih ila tio n  op e ra to rs . T h e  atomic d is ­

placem ent u has been expressed b y  M aradud in  (1974) in  te rm s o f th e  

phonon f ie ld  o p e ra to rs . The therm a l ave rage (eq ua tion  2 .7 )  is th en  

ca lcu la te d  e x p l ic it ly  fo r  th e  atom ic d isp lacem ent. The a u to -c o rre la tio n  

fu n c tio n  in  th e  re s u lt in g  exp ress ion  is eva lua ted us in g  th e  s u ita b le  

Green fu n c t io n . The fo rm ula fo r  th e  mean squ a re  d isp lacem ent th en  

tu rn s  o u t to  be

r  s m  * j

w he re  H is th e  mass o f atom and N Is the num ber o f atoms In th e  so lid , 

T h e  s u p e rs c r ip t a denotes th e  anha rm onlc  freq ue nc ie s  th a t have been 

sh ifte d  because o f la tt ice  expansion and phonon-phonon in te ra c tio n .

m*J  “ k / - '  k / '

w he re  t Kj  Is th e  anharm onlc pa ram ete r. Anharm onlc  c h a ra c te ris t ic  

tem p era tu res  can be de fined In e x a c tly  th e  same way as th e ir  harm onic 

c o u n te rp a rts , th e  o n ly  d iffe re n ce  be ing  th a t these te m p era tu res  are 

now them selves te m p era tu re  de pe nd en t. T o  f i r s t  o rd e r in T

9^(7) = * . . . }  t t . / S )
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w he re  6 , ( 0) is a w e ig h te d  ave rage o f th e  anha rm onic  param eters 

K j K j

The h yp e rb o lic  co tan ge n t in equation 2 .13  can be exp ressed as a series , 

th e  lead ing  te rm  o f w h ich  is th e  in v e rs e  o f th e  a rg um en t. T a k in g  on ly  

th e  lead ing  te rm  is adequate p ro v id e d  th e  te m p e ra tu re  Is s u f f ic ie n t ly  

h ig h , T>Bsml/2-n I f  one notes th a t th e  reco il e n e rg y  can be expressed

Eg = F.i /2 fle 2 [2 .17 )

th e n  th e  mean squ a re  d isp lacem ent can be w r it te n  as

[2 .1 8 )kx<*'>r = 6E* 7

Equation 2.18 w ill be used to  f i t  th e  reco llless fra c t io n  data in cha p te r

H y p o rf in e  In te ra c tio n s

Due to  in te ra c tio n s  between th e  nucleus and its  su rro u n d in g s  (ca lled  

h y p e rfln e  in te ra c tio n s ) , th e  e n e rg y  leve ls o f th e  nucleus may be sh ifte d  

o r  s p l i t .  B r ie f ly ,  th e  Im po rtan t in te ra c tio n s  are ( fo r  more de ta il see, 

fo r  exam ple, K o lk  1984):
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o th e  isom er s h ift --c a u s e d  b y  a d iffe re n c e  in th e  cha rge  d e n s ity  o f

th e  su rro u n d in g  e le c tron s  a t th e  nuc le i o f th e  sou rce  and ab so rb e r,

o th e  m agnetic d lo o le  in te ra c t io n - - th e  nu c lea r Zeeman s p l i t t in g  caused 

b y  th e  nu c lea r d ip o le  moment in te ra c tin g  w ith  th e  m agnetic f ie ld  

a t th e  nuc lea r s ite .

o th e  qu ad rup o le  in te ra c t io n - - th e  sp in  dependen t e n e rg y  s p l i t  due

to  th e  in te ra c tio n  o f th e  nu c lea r q u ad rup o le  moment w ith  th e  e lec­

t r i c  f ie ld  g ra d ie n t a t th e  nu c lea r s ite .

T he  ca lcu la tio n  o f th e  isom er s h if t  is a sub jec t In I ts e lf. Here i t  Is 

tre a te d  s im p ly  as a f i t  pa ram ete r. As fo r  th e  qu ad rup o le  s p l i t t in g ,  each 

atom in an iro n  c ry s ta l is in  a cub ic  e n v iro nm e n t. T h is  means th a t th e re  

can be no e le c tr ic  f ie ld  g ra d ie n t,  and so th is  in te ra c tio n  does no t occu r

T he  m agnetic d ip o le  in te ra c tio n

I t  is p re c ise ly  th is  in te ra c tio n  th a t we s tu d y  in iro n  a t th e  C urie  tem ­

p e ra tu re , so i t  w a rra n ts  a section on Its ow n, The m agnetic moment 

o f  a nuc leus Is re la ted  to  its  sp in  J b y

w h e re  un is th e  nu c lea r nugn e ton  and is th e  nu c lea r gyro m a gn e tlc  

ra tio . In an app lied  m agnetic fie ld  H , th e  Ham iltonian d e s c r ib in g  the  

m agne tic  p e rtu rb a tio n  o f th e  nuc lea r e n e rg y  leve ls,
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H = -Tf.H = - v n#n J .H {2 .20)

has eigenvalues

Ea  = -gvH m /j (2 .2 1 )

w he re , m is th e  m agnetic quantum  num ber and j  th e  e ig en va lu e  o f th e  

sp in  o p e ra to r . The nu c lea r Zeeman s p l i t t in g  Is shown In f ig u re  2.1 

fo r  th e  14.41keV tra n s it io n  o f an K7Fe nu c leu s . T h e  p e rm itte d  tra n s it io n  

en erg ie s are  lim ite d  b y  th e  selection ru le  th a t &«?=<?,$/ to  th e  s ix  lines 

show n.

j s  = 3 /2

J o - ' " / H r ?

J » 2
_ l / 2  J - J J e H / j e< 0

"'g
- 1 /2

" I

P ig . 2.1 The p e r m it 'a.d L r a rs it io n s  in  the  decay o f  5?fe .

The o r ig in  o f th e  m agnetic h y p e rfln e  fie ld  is m an y fo ld , The va riou s  

c o n tr ib u tio n s  a rc  g ive n  b y

T he ore tica l B ackg rou nd  19



( 2 . 22)

T h e  f i r s t  th re e  te rm s are  th e  applied f ie ld ,  th e  Lo ren tz  f ie ld  ( fo r  cub ic  

sym m e try ) and th e  dem agnetisation f ie ld ,  re s p e c tiv e ly . T h e  las t th re e  

te rm s are due to  th e  e le c tron s  s u r ro u n d in g  th e  nuc leus. The fo u r th  

te rm  Is th e  c o n tr ib u tio n  from  o rb ita l a n g u la r  momentum, and th e  f i f t h  

is fro m  th e  d ip o le  f ie ld  p ro du ced  a t th e  nu c leu s b y  th e  ne t spin a n g u la r 

momentum o f th e  e le c tron s . Both these te rm s are  zero in a cub ic  la tt ic e . 

T h e  la s t te rm  Is th e  Ferm i con ta c t te rm  and is a re s u lt o f th e  d iffe re n c e  

in  d e n s ity  a t th e  nucleus o f th e  tw o e le c tro n  sp in  s ta tes . In  iro n  th is

is th e  dom inant te rm . Note th a t o n ly  s e le c tron s  have a no n -ze ro

p ro b a b ility  o f be ing  a t th e  nuc leus. UDS fo r  th e  s e lectron  shell 

may be w r itte n

"  (.8/3hgeSvg ( l+ M fC * ) ! '  *  I ( * . «>

w he re  Vg ' s th e  B o hr m agneton, gs  is th e  e le c tro n  gyro m a gn e tic  ra tio , 

S is th e  sp in  quan tum  num ber o f th e  e le c tro n  (gQS =J) and * n s (0 ) is 

th e  w ave fu n c tio n  o f th e  s e lec tron  w ith  p r in c ip le  quantum  num ber n.

T h e  m ag n itu de and s ign o f th e  to ta l Ferm i con ta c t te rm  are de term ined 

b y  th e  sum o f th e  po la risa tio ns  o f all th e  s  e le c tron  she lls . In o rd e r  

to  exp la in  th e  s ign  o f th e  h y p e rfln e  f ie ld ,  th e  mechanism o f core 

po la risa tio n  has to  be invoked (Watson and Freeman 1961). V ia the 

exchange in te ra c tio n , th e  s e lectrons are a ttra c te d  to  o th e r e le c tron s  

o f th e  same sp in , say a d  e le c tron . I f  th e  d  i. ec trons have a ne t spin 

im balance, th en  a po la risa tio n  is ind uce d in  th e  s e le c tron s . The sign 

o f th is  po la risa tio n  a t th e  nucleus depends on w h e th e r th e  average 

rad iu s  o f th e  p a r tic u la r  s shell is la rg e r th a n  o r  sm aller than th e  a v ­

erage ra d iu s  o f th e  d  she ll. For th e  In ne rm ost s she lls , th e  sp in  up

is a t tra c te d  ou tw ard s  b y  th e  d  e lectrons p ro d u c in g  a s,<in down a t th e

nu c le a r s ite . C on ve rse ly , fo r  s e lec trons w ith  a la rg e r average rad iu s
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th a n  th e  d  e le c tro n s , a sp in  up is p ro du ced  a t th e  nu c leu s . T h e  to ta l 

s e le c tro n  po la risa tio n  a t th e  nu c lea r s ite  is th u s  small in  com parison 

w ith  th e  po la risa tio n  o f th e  s she lls ta ken  In d iv id u a lly .  In  Iron  th e  

d ire c t io n  o f th e  h y p e rfin e  fie ld  is op po s ite  to  th a t o f th e  app lied  mag­

ne tic  f ie ld .

T ra n s it io n  p ro b a b ilit ie s

We now con s ide r th e  fre e  nuc leus tra n s it io n  m a tr ix  e lem ent, 

<Jsmg'!ts \ ^ \J eaavJ '  ■ The re la t iv e  p ro b a b ilit ie s  fo r  th e  d if fe re n t t r a n ­

s itio n s  shown in  f ig u re  2.1 are g ive n  b y

M f y c y 8) = con s t  % J e-B0V l 1 (2-24)

w he re  5 is th e  po la risa tio n  o f th e  ? ray  p h o to n . T h is  eq ua tion  can be 

re a d ily  deduced from  th e  go lden ru le , T h e  m a tr ix  element can be e x ­

pressed in  te rm s o f a m u ltip o le  expansion o f th e  v e c to r po te n tia l o f th e  

ra d ia tio n  fie ld  (Rose 1957) w ith  a reduced m a tr ix  element, In dependen t 

o f th e  m agnetic sub sta tes ®, as a fa c to r  in each te rm . In c lu d in g  o n ly  

d ip o le  ra d ia tio n , th e  re la t iv e  p ro b a b ility  In equa tion  2.24 Is,

w he re  th e  m a tr ix  1? a 3 j  symbol d e fine d  in Edmonds (1974 ). E va lua ting  

eq ua tion  2.25 fo r  th e  d if fe re n t tra n s it io n s  g ives th e  fa m ilia r  3 :2 :1 ; 1 :2 :3  

in te n s ity  ra tio  w hen th e  q u an tisa tio n  axes a re  random ly o rie n ta te d
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(dem agnetised sam ple) and th e  ra tio  3 :4 :1 :1 :4 :3  when all th e  m agnetic 

h y p e rfin e  f ie ld s  a re  p e rp e n d icu la r  to  th e  in c id e n t T ra y s .
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THE HIGH TEMPERATURE MftsSBAUER FA C IL IT Y

The M ossbauer S pectrom eter

For room te m p era tu re  m easurem ents, th e  basic spe ctrom eter i l lu s tra te d  

in  f ig u r e  3,1 was used. The ? ray  sou rce  is a ttached to  one end o f th e  

d r iv e  m oto r. The v e lo c ity  o f  th e  sou rce  is  va r ie d  lin e a r ly  ba ck  and 

fo r th  o v e r a range o f abou t lOm m /s. T h e  r  rays are d e te c ted , a f te r  

pa ss ing  th ro u g h  th e  ab so rb e r, by  a p ro p o rtio n a l c o u n te r. T h e  pu lses 

from  th e  p ro p o rtio n a l co u n te r  are am p lified  and th e  d is c r im in a to r  is set 

so th a t  o n ly  14.41 keV pu lses are  cou n ted . These pu lses increase th e  

c o u n t inc rem e n ta lly  in one o f th e  channels  o f th e  m u lti-cha nn e l an a lyse r 

(M C A ). The 512 channels are opened one a t a tim e fo r  400ys each. The 

s ta r t  o f  each sweep th ro u g h  th e  channels  o f th e  MCA is in tu rn  

syn ch ro n ise d  w ith  th e  d r iv e  m o to r. T he  f in a l re s u lt is  a spe c trum  o f 

J - ra y  counts as a fu n c tio n  o f v e lo c ity  y w h ich  is re la ted  to  th e  I - r a y  

e n e rg y  th ro u g h  th e  f i r s t  o rd e r D opp le r s h if t :

Et  *  St { l* v / c )  [3 .1 )

w he re  Es is th e  e n e rg y  o f th e  nu c lea r tra n s it io n  (14 .41keV ) and c is

th e  speed o f l ig h t.

A t  ve lo c ities  w here  th e  e n e rg y  o f th e  t  ra ys  is D opp le r sh ifte d  so th a t 

i t  corresp on ds  to  an exc ita tio n  e n e rg y  in th e  ab so rb e r, th e  Y rays  are 

absorbed and a d ro p  in counts is o b se rve d . F igu re  3,'J shows a

spe c trum  o f iro n  taken a t room te m p e ra tu re . The m agnetic h y p e rfin e

f ie ld  is respons ib le  fo r  s p l i t t in g  th e  spectrum  in to  s ix  lines as d iscussed 

in  c h a p te r 2.
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TriangleM ulti-

Amplifier Amplifier
Analyser Analyser

F ig . 3 .J  Schematic o f  th e  ba s ic  components o f  a Mdssbaiit

One o f th e  sources m ost commonly used In ‘ ’ Fa Mossbauen e ffe c t 

spe c trosco py  is s ’ C o (R h ) . The rhodium  m a tr ix  has th e  fo llo w in g  a d ­

van ta ge s : i t  y ie ld s  a sou rce  w ith  a na rro w  lin e  w id th  (even a t h igh

‘ ’ Co con ce n tra tio n s , and low te m p e ra tu re s ) ; and th e re  are no X - ra y s  

em itted  w ith  energ ies so close to  th a t o f th e  14.41 keV nu c le a r t  rays  

th a t th e y  can no t be reso lved  b y  th e  p ro p o rtio n a l c o u n te r . Tw o 5’ Co 

sources w ere used; a w eak source o f O .lm C l from  th e  New England 

N uc le ar C orpo ra tio n  ( in i t ia l ly  5mC0 and a new s tro n g  source o f 25mCi 

from  Am ersham . The o th e r source used was ‘ ’ Co in a pu re  S6Fe m a tr ix  

custom -m ade b y  New England N uclear C o rp o ra tio n . The use o f th is  

sou rce  w ill be d iscussed In cha p te r 5.
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VELOCITY IN tlflS-

F ig , 3 .Z  A room tem perature Hbsshauer spectrum  w ith  a
1’ Co(fiA) source and a 25v n a tu ra l iro n  absorber.

T he p ro p o rtio n a l co u n te r  was f i l le d  w ith  a Xe g.is o f 10% C O, as the 

quench gas to  a p re ssu re  o f 2atm. Xe gas a t th is  p re ssu re  e f f ic ie n t ly  

absorbs I  rays  w ith  energ ies up to  30keV . T h is  is a use fu l range fo r  

M ossbauer w o rk . T h e  de te c to r w indow  is a lOmil Be fo il  w ith  a 

tran sm iss io n  o f b e tte r  th an  98% fo r  r - r a y  energ ies above lO keV . A h igh 

vo lta g e  su p p ly  w ith  a s ta b i l i ty  o f  0 .5 V  o v e r 8 ho u rs  was se t a t 2750V. 

T h is  vo lta ge  has p ro ved  to  be a sensib le com promise between de te c to r 

l i fe  and re so lu tio n . To reduce th e  b a ckg ro un d  c o u n t, th e  a lum inium  

cas ing  o f  th e  d e te c to r  was shie lded w ith  lead and cop pe r, th e  fo rm e r 

to  ab sorb  any h ig h  en e rg y  rad ia tion  th a t w ou ld  o the rw ise  pe n e tra te  th e  

w alls  o f th e  d e te c to r , and the  la t te r  to  abso rb  seco nd ary  X -ra y s  

pro du ced  b y  th e  lead. T h is  sh ie ld in g  g re a t ly  reduces th e  b a ckg ro un d  

c o u n t. In a d d it io n , a y-m etal sh ie ld was added to  exc lu de  th e  e ffec ts  

o f m agne tic fie ld s  on th e  de te c to r.
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A n A u s tin  Science Associates K3 lin e a r m oto r was used as th e  d r iv e . 

T h e  ho m e -b u ilt d r iv e  a m p lif ie r  is a second o rd e r  (2 in te g ra to rs )  fe e d ­

back loop. T h is  ob v ia te s  th e  need fo r  a h ig h  ga in in th e  feedback loop 

to  ob ta in  a s u ita b ly  smalt e r r o r  in  the  m otion o f th e  d r iv e  and so re ­

duces th e  tend en cy  fo r  th e  d r iv e  to  b re ak  in to  th e  osc illa tio ns  associ­

ated w ith  h ig h  ga in feed ba ck  system s. T h e  t r ia n g u la r  v e lo c ity  s igna l 

f o r  th e  d r iv e  am p lifie r was pro du ced  b y  a tr ia n g le  g e n e ra to r. The 

N uc le ar Data MCA we used re q u ire d  an e x te rn a l s yn ch ro n isa tio n  pu lse  

w h ich  was also produced b y  th e  tr ia n g le  g e n e ra to r. T h e  p o s itiv e  and 

ne ga tive  slopes o f th e  tr ia n g le  s ig n a l were th e  same to  w ith in  5%. A l ­

th o u g h  th is  is a small d iffe re n c e , i t  is ea s ily  taken in to  accoun t w ith  

th e  v e lo c ity  c a lib ra tio n  system  de scrib ed  below . For m ost o f th e  

sp e c tra  th e  source was m ounted on th e  d r iv e ; how ever, fo r  th e  series  

o f ru n s  w ith  th e  source s ta tio n a ry  in th e  oven, a fram e was c o n s tru c te d  

to  m ount th e  ab so rb e r on th e  d r iv e . The fram e is i l lu s tra te d  in f ig u re  

3 .3 . Some d if f ic u lt ie s  w ere  exp erien ced in  f irm in g  su ita b le  m ate ria ls 

fo r  c o n s tru c t in g  th e  fram e. Many o f the  fram es te s ted  caused th e  

system  to  osc illa te  a t a fre q u e n c y  in  th e  reg ion o f 1kH z. T h e  com bi­

na tion  o f aluminium  and balsa wood p ro du ced th e  b e s t re s u lts .
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F I  B a lsa  wood

a Sam ple betw een 
® M y la r  sh e e ts

FSg. 3 .3  Frame used to  sup po rt th e  absorber in  f r o n t  o f  the  
d e te c to r .

Th e  M ichelson in te r fe ro m e te r (C o sgro ve e t a l. (1971)) p ro v id e d  a means 

fo r  a c cu ra te ly  d e te rm in in g  th e  d r iv e  v e lo c ity . W henever th e  d r iv e  

moved a d is tance X/2 (w h ere  X is th e  w ave length  o f th e  lase r l ig h t ) ,  

a l ig h t  and a d a rk  fr in g e  pass a ph o to d e te c to r. These fr in g e s  are 

counted b y  th e  M CA. i f  each channel is open fo r  th e  dw e ll tim e t  th en  

th e  v e lo c ity  r  co rre s p o n d in g  to  channel X Is

Vx  » Nx \ /2 P l {3 .2 )

w here  P is th e  num ber o f tim es th e  MCA scanned th ro u g h  th e  channels 

(N y '/’  is th us  th e  "co u n ts  p e r pass” ) . The average v e lo c ity  associated 

w ith  each channel is accu ra te ly  de te rm ine d . An exam ple o f a c a lib ra tio n  

spectrum  is shown in  f ig u r e  3 ,4 . N otice th a t w here  th e  v e lo c ity  is 

ze ro , the  num ber o f fr in g e s  is n o t. T h is  can be exp la in ed as fo llo w s :
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Suppose th e re  is a d is tr ib u t io n  o f ve lo c ities  abou t th e  mean v e lo c ity  in 

channe l X. For a p a r t ic u la r  pass ( j )  and channe l X,

V j = v * 5vi  {S ,3)

w he re  v  is th e  average v e lo c ity  and 5 ^  is th e  d e v ia tio n  fro m  th e  a v ­

erage fo r  th a t pass. The num ber o f fr in g e s  counted in  channel X is 

re la te d  to  th e  abso lu te  value o f th e  v e lo c ity  as fo llows

X *U T P A )< t{> *6 rjl>  (3 .4 )

w he re  <> denotes th e  ave rage. T h e  o rd e r  in  w h ich  th e  ave rag e  and 

ab so lu te  value is taken may be re ve rse d  p ro v id e d  th e  a rg um en t always 

has th e  same s ig n . In  th is  case th e  ave rage may be ta ken  f i r s t  i f  

y - G f j  >0 fo r  all X, so Ma(2T/>/X)v, because < 6 ^  >=0. B u t i f  th e  v e lo c ity  

is ze ro , th en  th e  num ber o f cou n ts  is re la ted  to  th e  de v ia tio n  o f th e  

v e lo c ity  from  th e  mean, i .e .  < | Sv^. |> w h ich  is no t equal to  zero . One 

cou ld  even e x t ra c t th e  d is tr ib u t io n  o f  ve lo c ities  abou t y~0 b y  e x tra p o ­

la tin g  th e  mean v e lo c ity  from  h ig h e r ve lo c itie s  and s u b tra c t in g  th is  from  

th e  reg io n  close to  y=0. In  p ra c tice  th is  is n o t so simple s ince th e  cou n t 

also seems to  depend on ir re g u la r it ie s  in th e  m ir ro rs  o f th e  

In te r fe ro m e te r  as w e ll as on th e  v e lo c ity  d is tr ib u t io n .
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F ig . 3 .4  A v e lo c i ty  c a l ib ra t io n  spectrum . There are  two 
t r ia n g le s  because the number o f  f r in g e s  counted is  re la te d  
to  | k | , so the s ig n  o f  the  v e lo c i ty  must be independently  
de te rm ine d.

Oven and T em pe ra tu re  C o n tro lle r

To pe rfo rm  M bssbauer inve s tig a tio n s  a t h ig h  te m p e ra tu re s , an oven 

was designed and b u i l t ,  The req u irem en ts  o f such an oven are s t r in ­

g e n t, p a r t ic u la r ly  i f  s tud ies near a c r it ic a l p o in t are con tem p lated. 

The te m p era tu re  s ta b i l i ty  m ust be ex tre m e ly  good. A lso , a p a r t ic u la r  

p roblem  associated w ith  th e  M tissbauor e f fe c t is th a t th e  oven m ust be 

tra n s p a re n t to  th e  "s o ft"  t  rays associated w ith  many M bssbauer 

isotopes. In a d d itio n , o u r oven was re q u ire d  to f i t  between th e  poles 

o f an e lectrom agnet and to  be co n s tru c te d  o f m ate ria ls th a t w ou ld not
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d is to r t  th e  m agnetic f ie ld .  Note in  f ig u r e  3 .5  th e  in n e r /o u te r  oven 

a rran ge m e nt fo r  im proved te m p era ture  c o n tro l and s ta b il is a tio n , and 

th e  specia l w indow s In th e  pa th  o f th e  Y rays .

A Sample Space

Copper Cooling Water Tubes

Heater Power Feed Through 

Tb#r>B»reup]E fees Through

ID^OlTp-O'O'O'O"
f i g ,  J.J> A c rass  s e c t io n  o f  th e  Hosbhauor oven.

T h e  s ta in less steel heat sh ie lds and e ff ic ie n t evacua tion  o f th e  oven 

means th a t o n ly  168W y ie ld s  a te m p era ture  o f 1000K; 158W o f th is  pow er 

Is d iss ip a te d  in  th e  o u te r  oven and o n ly  10W In th e  In n e r oven, The 

vacuum  is m ainta ined b y  a d iffu s io n  pump w ith  a l iq u id  n itro ge n  

(L N S) t ra p . The p re ssu re  a t the top o f Ih c  UN, tra p  is 1 0 "’ to r r .  In 

ad d itio n  to  p ro v id in g  a b e tte r  vacuum , ( lie  t ra p  pt-events contam ination 

o f th e  sample In th e  oven by  bockstreum ing o f d iffu s io n  pump o il.  In 

o rd e r  to  keep th e  tra p  fu ll  o f l.N j,  a t im e r / f i l le r  was de s igned and b u i l t  

(see A p pe nd ix  A ) .
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The oven as il lu s tra te d  in  f ig u r e  3 .5  was fo u n d  to  have a te m p era tu re  

s ta b i l i ty  o f  ab ou t 0 .5 K  a t 1000K w ith  norm al va r ia t io n s  in  am bient 

te m p e ra tu re . T h is  ho w ever, Is no t s u f f ic ie n t fo r  experim en ts  near th e  

C u r ie  te m p era tu re . T h e re fo re  a te m p era tu re  c o n tro lle r  was designed 

and b u i l t ,  u t il is in g  loca lly  ava ilab le  com ponents, as i l lu s tra te d  In f ig u r e  

3 .6 .

F jp . 3 .6  Schematic diagram  o f  th e  Ccimperature c o n t r o l le r

T h e  in p u t to  th e  te m p era tu re  feedback c o n tro lle r  was o b ta in ed  from  one 

o f tw o Crom el-AU jm el therm ocouples, (T h e  o th e r was used to  measure 

th e  te m p e ra tu re .)  The therm ocouple vo lta ge  to the  f i r s t  a m p lif ie r  stage 

is a m p lifie d  TOO tim es, The c r it ic a l com ponent o f th is  stage Is th e  p re ­

c is ion  In s trum en ta tio n  am p lifie r AMP01. The o u tp u t vo lta ge  Is a few  

v o lts ,  w h ich  is no lon ge r sen s itive  to  oxtiM nnous therm a l o in f’ s and 

te m p e ra tu re  d r i f t s ,  The s ignal is th en  passed to  th e  in p u t o f th e  co n tro l 

p a r t  o f th e  c irc u it .  The gain o f the n e x t am p lifica tion  s tage determ ines 

th e  te m p era tu re  se t p o in t. A f te r  th e  se t p o in t a m p lifie r, th e  s ign a l is
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com pared w ith  a con s ta nt f iv e  v o lt  re fe re nce  us ing  a n o th e r p rec is ion  

in s tru m e n ta tio n  am p lifie r  (AD 522). A n y  d iffe re n c e  between th e  f iv e  v o lt  

re fe re n ce  and th e  signa l de rive d  from  th e  therm ocouple is am p lified 

w ith  a ga in  o f 1000. F in a lly , be fo re  th e  o u tp u t is used to  d r iv e  a 

program m able pow er su p p ly , the* s ign a l is passed th ro u g h  an in te g ra to r  

w ith  a tim e con s ta n t o f a few  seconds. T he  gain o f the in te g ra to r  stage 

is v a r ia b le  and is used to  v a ry  th e  s e n s it iv ity  o f th e  o u tp u t to  a change 

in th e  in p u t,  The program m able pow er su p p ly  th en  changes th e  c u r ­

re n t th ro u g h  th e  in n e r oven heater In response to  the o u tp u t from  th e  

c o n tro lle r .  The perform ance o f th e  oven and c o n tro lle r  was good 

enough fo r  re liab le  spectra  to  be a cq u ired  w ith in  0 .03K  o f th e  C urie  

te m p e ra tu re .

T he therm ocouples w ere ca lib ra te d  re la t iv e  to  th e  C urie  te m p era tu re  

o f iro n  be fo re  and a f te r  each series o f measurements because th e  

th erm ocoup le  was rep ro d u c ib le  o n ly  w ith in  tw o o r  th re e  de gre es. T h is  

d r i f t  In therm ocoup le  read ing  has many o r ig in s . F irs t ly ,  when the 

the rm o cou p le  Is in s ta lle d , b e nd ing  and tw is tin g  the  w ire s  induces 

c ry s ta l de fects w h ich  change th e  e le c tr ica l c h a ra c te ris tic s  s l ig h t ly .  W ith 

th e  oven ke p t a t h ig h  tem pera tures fo r  long pe rio d s , these (and o th e r)  

th e rm a lly  unstab le  de fects  are annealed, sometimes to  th e  e x te n t th a t 

a s in g le  g ra in  bo un da ry  can occupy th e  e n tire  cross section o f the  w ire  

w ith  consequent change in emf, T h e  w ire  is also lik e ly  to  b re a k  a t such 

a g ra in  b o u n d a ry , in  a d d itio n , such h ig h  te m p era tures fa c il ita te  d i f ­

fu s io n  o f atoms o u t o f o r  in to  th e  w ire s .

The v a r ia t io n  o f th e  line  w id th  w ith  te m p era tu re  w ith in  abou t 0 .5K  o f 

th e  t ra n s it io n  was used to  ca lib ra te  th e  therm ocouple . A lin e  is f i t te d  

to  th e  w ld th u  below th e  tra n s it io n  te m p era tu re . The te m p era tu re  a t 

w h ich  th is  line  in te rse c ts  the average w id th  o f s ing le  line  spectra  taken 

a t tem p era tu res  fa r  above the  tra n s it io n  is d e fine d  as th e  C urie  tem ­
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p e ra tu re  (see f ig u r e  3 .7 ) .  T h is  te m p era tu re  cou ld be de te rm ined to  

b e tte r  th a n  0 .1 K  fo r  all th e  experim en ts  pe rfo rm ed .

I

3

Tc-3 Tc-2 Tc
T em pera tu re  (K )

P ig . 3 .7  The v a r ia t io n  o f  th e  l in e  w id th  as a fu n c t io n  o f
tem perature a t  the C urie  tem perature.

The te m p era tu re  g ra d ie n t is less than 0 .03K  across th e  sample because 

o th e rw ise  i t  w ou ld have been de tected  as a line  bro ad en in g  In th e  

M ossbauer spe c tra  taken close to  the C u r ie  te m p era tu re , T he app lied

m agnetic f ie ld  also has an In flue nce  on th e  therm ocoup le  v o lta g e , By

tu rn in g  th e  m agnetic fie ld  on and o f f  and o b s e rv in g  th e  therm ocoup le  

vo lta g e . I t  was fo u n d  th a t th e  vo lta ge changed b y  3 3 y V /T , w h ich  c o r ­

responds to  a te m p era tu re  co rre c tio n  o f 0.1G5K w ith  an app lied  f ie ld
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The m agnet

The 18cm diam ete r pole pieces o f th e  N ew port In s tru m e n ts  e lectrom agnet 

w ere  15cm a p a r t, a llow ing th e  oven to  f i t  s n u g ly  and e n su r in g  th a t th e  

fie ld  was homogeneous to  w ith in  1% across th e  sample.

—.  2 5

2 -0 -

sam ple
posih 'on

D IS T A N C E  F R O M  P O L E  P I E C E  ( c m )

F ig . 3 .2  The v a r ia t io n  o f  the  appJSed m agnetic f i e l d  as the 
probe i s  moved from  th e  South po le  to  the N orth p o le  o f  the  
magnet. An NMR gaussmecer was used.

A lth o u g h  th e  w ate r-co o le d  colls are rated fo r  d ra w in g  20Amps, th e  

m agnet coils became hot (G0°C) a t a c u r re n t o f  7A pe r c o il. T h is  p ro ­

v ide d  a f ie ld  o f 0 .2 T  a t th e  sample. F igu re  3 .8  shows th e  spatia l v a r ­

ia tion o f the  m agnetic fie ld  between th e  pole faces. The f ie ld  remained 

con s ta n t in  tim e ( to  w ith in  1%) a f te r  the  m agnet coils had had s u ff ic ie n t 

tim e to  warm up (abou t 1 h o u r ) .
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and w ith o u t th e  m agnetic f ie ld  a t h ig h  te m p era tu res , room te m p era tu re  

spe c tra  w ere reco rded w ith  and w ith o u t th e  a p p lie d  f ie ld .  The fie ld  

cou ld  have a ffec ted  th e  p ro p o rtio n a l c o u n te r w h ich  re lies  on th e  ions 

m oving from  th e  cathode to  th e  anode in  a s tra ig h t line  and th e  source 

line  w id th  b y  in d u c in g  a small h y p e rfin e  fie ld  in th e  sou rce . T o  m inimise 

these e ffe c ts  th e  source and d e te c to r  w ere bo th enclosed in 11-metal 

sheet except fo r  an a p e rtu re  fo r  th e  Y ra y s . T h e  coo ling w a te r  th ro u g h  

th e  coils cou ld have caused a d d itio na l b ro ad en in g  due to  v ib ra t io n s . 

T h e  com parison o f these room te m p e ra tu re  spectra  showed th a t all these 

e f fe c t ,  w ere ne g lig ib le .

O ve rv ie w  o f th e  fa c il i ty

T he  spe ctrom eter co n s is tin g  o f th e  lase r in te r fe ro m e te r, d r iv e  and oven 

is1 pos itioned on a tra c k  fo r  easy a lig nm en t. The tra c k  is m ounted on 

shock ab so rb in g  ru b b e r grom m ets, w h ich  in tu rn  are m ounted on a 

t ro lle y  fo r  easy removal from  th e  m agnet. The spe c trom ete r is shown 

in f ig u re  3 .9 ,

The H igh Tem pera tu re  M ossbauer F a c ility



g r j  M agnet Yoke, Pole p ieces 
E a  and co ils

g l k W o r

^  Lase r In te rfe ro m e te r 

§ 0  L inear D rive  M o to r 

H I  S u ppo rting  tra c k  and t r o l le y

F ig . 3 .9  The spectrom eter i l lu s t r a t e d  to  sca le .
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D A T A  AN ALYS IS

F it t in g  th e  data

F irs t  th e  data had to  be tra n s fe rre d  to  th e  IBM /370 m ainframe com­

p u te r .  T h is  was ach ieved in tw o s tages. A sim p le c irc u it  fo r  tra n s la tin g  

c u r re n t loop log ic  in to  E iA  s ta n d a rd  R S-232-C  was con s tru c te d  (see 

A p p e n d ix  A ) .  T h is  allowed th e  Rainbow PC100 m icrocom puter to  read 

in  th e  da ta f i le  us ing  th e  C P/M -86/80 o p e ra tin g  system  u t i l i t y  p rogram s. 

The spe c trum  was s to red on f lo p p y  d is k . T h e  Rainbow PC100 was th e n  

a ttach ed to  th e  m ainframe v ia  a modem and th e  data was tra n s fe rre d  

us ing  th e  PO LY-XF rVTR M  te rm ina l em ula tion package,

Two ty p e s  o f data w ere analysed: c a lib ra tio n  da ta and sp e c tra . T h e  

c a lib ra tio n  data w ere analysed us ing  th e  pro g ram  LASERCAL developed 

a t Boston U n iv e rs ity  and adapted to  th e  W its IBM /370 m ainfram e. T h is  

pe rfo rm ed  a lin e a r reg ress ion  on each o f th e  fo u r  q u a rte rs  o f th e  

spectrum  and pro du ced  as o u tp u t th e  v e lo c ity  pe r channel in each 

q u a r te r  and th e  tw o pos itions o f zero v e lo c ity  ( in  cha nn e ls ). T h is  

o u tp u t was th en  used ss in p u t to  th e  p ro gram  used to  f i t  th e  spe c tra , 

The p ro ce d u re  o f ta k in g  a c a lib ra tio n  spe c trum  be fo re  and a fte r  each 

m easurem ent enables us to  ob ta in  accu ra te  re su lts  fo r  th e  h y p e rfin e  

pa ram ete rs .

T he  spe c tra  w ere  analysed us ing  a m od ifie d  ve rs ion  o f th e  program  

MOSFUN (M u lle r (19 80 )). T h is  program  uses a n o n - lin e a r least squares 

m ethod (e ith e r  N ew ton’s method o r  th e  g ra d ie n t m ethod) to  f i t  c o r re ­

lated Lo ren tz ian  peaks to  th e  da ta . I f  r ( i ' )  is th e  th eo re tica l fu n c tio n
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d e s c r ib in g  a spe c trum  con ta in in g  R line s , th en  th e  fo rm  o f f ( y )  used

w here  g(.v) is th e  so -ca lled  geom etric fa c to r ,  B is th e  baseline o f th e  

spe c trum  and 7q , ^  and are  th e  in te n s ity ,  po s ition  and h a lf th e  

f u l l  w id th  a t h a lf maximum fo r  line  m, re s p e c tiv e ly . T he  geom etric 

fa c to r  modulates th e  baseline ra d ia tio n ; as th e  source moves away from  

th e  a b s o rb e r, th e  so lid  angle , sub tended b y  th e  s e n s itive  area o f th e  

d e te c to r a t th e  sou rce , decreases as does th e  obse rve d  c o u n t ra te . 

S im ila r ly , as th e  sou rce  moves c lose r to  th e  d e te c to r , th e  co u n t ra te  

increases.

I f  no ab so rb e r w ere p re se n t,

C le a rly , and f l« ( r 0) * w he re  r ( v )  = r ,  + f lr ( v )  is th e

d is ta nce  from  th e  a b so rb e r to  th e  de te c to r expressed as a fu n c tio n  o f 

v e lo c ity , r ,  is th e  mean o f r ( i ' ) ,  and 6 r (v )  th e  d isp lacem ent o f th e  

sou rce  re la t iv e  to  its  mean po s ition , Now,

Since A r(v )  is a q u a d ra tic  fu n c tio n  o f v  (d isp lacem en t is th e  in te g ra l 

o f th e  v e lo c ity , and th e  v e lo c ity  changes lin e a r ly  w ith  tim e) w h ich  can 

be de te rm ine d to  w ith in  a con s ta n t fa c to r ,  o n ly  one f i t  pa ram ete r is 

re q u ire d  fo r  th e  geom etric  e ffe c t.

g (v )= F {v ) /B (4.f)

(.4.3)
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For a s im ple s in g le  line  spectrum , th e  L o ren tz ian  p a ra m e te rs -- in te n s ity , 

p o s ition  and w id th - -a re  s im p ly  f i t te d  us in g  equa tion  4 .1 . Fo r s ix  line  

m ag ne tica lly  s p l i t  sp e c tra , to  f i t  th e  lines in d e p e n d e n tly  w ou ld  re q u ire  

18 param ete rs  fo r  th e  peaks alone. H ow ever, th e  po s itions o f th e  s ix  

ab so rp tion  lines are g iven by

= 5 * V^V-V " CmoV-,v y ]C!;) {-4 ' 4)

w here  6 is th e  isom er s h if t  and the  second te rm  to llow s from  equation 

2 .21 . T h e  q u a n titie s  associated w ith  th e  nu c lea r g ro u n d  and exc ited  

sta tes a re  denoted by  th e  su b sc r ip ts  g and e, re s p e c tiv e ly . T he  e n ­

e rg y  has been con ve rte d  to  v e lo c ity  us in g  th e  f i r s t  o rd e r  D opp le r s h i f t  

equa tion  3 .1 . Equation 4 .4  te lls  us th a t th e  s p l i t t in g  o f th e  lines may 

be ch a ra c te rise d  b y  o n ly  one pa ram ete r, th e  h y p e rfin e  f ie ld .  The po ­

s itio n s  o f each o f th e  s ix  lines w ith  resp ec t to  th e  ce n tre  o f th e  spec­

tru m  can th e n  be calcu lated b y  m u lt ip ly in g  th e  h y p e rfin e  f ie ld  b y  the  

co n s ta n t fa c to r  associated w ith  each lin e . T h e  po s ition  o f th e  cen tre  

o f th e  spectrum  w ith  respect to  zero v e lo c ity  re q u ire s  an a d d itio na l 

pa ram ete r, th e  isom er s h if t  S. In a d d it io n . In m ost cases b o th  lines in 

th e  p a irs  1 0 6 , 2 C 5 and 3 & 4 sho u ld  have th e  same in te n s ity ,  i .e .  

o n ly  th re e  in te n s ity  param eters are re q u ire d . To a good ap p ro x im a tion , 

th e  w id th s  o f all s ix  lines are  also th e  same. One th e re fo re  needs o n ly  

s ix  param eters to  describe  a m ag ne tica lly  s p l i t  iro n  spe c trum . The as­

soc ia tion  o f th e  param eters w ith  th e  lines in th e  c o r re c t w ay is achieved 

us in g  a co rre la tio n  m a tr ix  in the program  MOSFUN.

I t  was necessary to  m od ify  and exten d  th is  program  so th a t all th e  

re le v a n t in fo rm a tion  from  LASERCAL cou ld be used. MOSFUN used on ly  

th re e  param eters to  de scrib e  the t r ia n g u la r  v e lo u it, -cale. These w ere 

th e  maximum v e lo c ity , th e  pe riod  (In  c h a n n e ls ) , and th e  fo ld in g  p o in t. 

T h is  ign o res  possib le e ffec ts  such as a small n o n - lin e a r ity  in th e  v e ­
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lo c ity  va r ia t io n  o r  more Im p o rta n tly , an asym m etry  in  th e  v e lo c ity  t r i ­

an g le , The ro u tin e  was re w r it te n  to  use s ix  pa ram ete rs , v iz .  th e  

ve lo c ity  Increase p e r channel In each o f th e  fo u r  q u ad ran ts  and the 

tw o  po s ition s  o f zero v e lo c ity  ( In  c h a n n e ls ). T h is  change in v e lo c ity  

c a lib ra tio n  also necess ita ted  a change in th e  ca lcu la tio n  o f th e  geom etric 

fa c to r ,  s ince th is  was ca lcu la ted  In a w ay w h ich  re lie d  on th e  con ven ien t 

sym m etrica l fo rm  in  w h ich  th e  v e lo c ity  had been e xp resse d . By read ing  

in th e  dw ell tim e as an ad d itio na l pa ram ete r, th e  d isp lacem ent o f th e  

m oving source Is ca lcu la ted  e x p l ic it ly  by  in te g ra tin g  th e  v e lo c ity  and 

assum ing th e  sou rce  Is in  its  e q u ilib r iu m  po s ition  when th e  v e lo c ity  Is 

a t its  maximum. The geom etric  f i t  pa ram ete r Is now s im p ly  th e  ra tio  o f 

th e  maximum de v ia tio n  o f th e  sou rce  fro m  its  e q u ilib r iu m  p o s itio n , to  

th e  mean d is tance from  th e  source to  th e  d e te c to r . T h is  q u a n tity  can 

be re a d ily  v e r if ie d  in  th e  experim en ta l se tup .

MOSFUN expresses all param eters in  u n its  o f  v e lo c ity . Both ha lves o f 

a spe c trum  cou ld be a ccu ra te ly  f i t te d  s im u ltan eo us ly  w ith o u t fo ld in g . 

E ffe c t iv e ly  th is  doub les th e  num ber o f  ab so rp tio n  lines th a t have to  

be accounted fo r  b y  th e  f i t ,  and im proves th e  re l ia b il i ty  o f th e  pa ­

ram eters ob ta ined fro m  th e  f i t .  M oreover, to  de te rm ine th e  a b so rp tion  

area, th e  baseline and ba ckg ro u n d  counts  m ust be accu ra te ly  know n, 

The baseline can u su a lly  be w ell de te rm ined i f  th e  spectrum  Is f i t te d  

w ith  Lo ren tz ian  peaks, and th e  p o te n tia lly  la rg e  e r r o r  in c u rre d  by  

ne g le c ting  th e  ta ils  o f th e  Lo ren tz ian  peak becomes sm alle r, H ow ever, 

i f  o n ly  one ha lf is f i t te d  a t a tim e, the  least squares te ch n iq u e  may 

d is to r t  th e  baseline (o r  geom etric co rre c tio n )  in o rd e r  to  im prove the  

f i t .  T h is  can load to  serious e r ro rs  in  th e  m easured areas, By f i t t in g  

bo th  ha lves s im u ltaneous ly  w ith  an accu ra te  c a lib ra tio n  o f th e  v e lo c ity , 

th is  freedom  Is den ied  th e  f i t t in g  pro ced ure .



D ete rm ination  o f h y p e r fin e  param eters

T he h y p e rfin e  param eters m easured a re  th e  m agnetic h y p e r fin e  f ie ld ,  

th e  Isomer s h if t ,  th e  line  w id th s , th e  in te n s ity  ra tios  and th e  ab sorp tion

These could a ll be e x tra c te d  from  th e  o u tp u t from  MOSFUN. Factors 

w h ich  im proved th e  accu racy and pre c is io n  o f th e  above num bers a re : 

th e  to ta l cou n t, th e  b a ckg ro u n d , how w ell th e  peaks w ere reso lve d , 

and th e  accu racy o f th e  v e lo c ity  c a lib ra tio n , W here p o ss ib le , th e  to ta l 

cou n t exceeded 1G‘  p e r  cha nn e l, and the b a ckg ro un d  was ke p t as low 

as po ss ib le . Fo r measurements w ith o u t th e  oven, th e  b a ckg ro u n d  was 

less th an  10%. W ith th e  ove n , a b a ckg ro un d  o f up to  40% was to le ra te d .
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TH E RECOILLESS FR AC TION  OF IRON CLOSE TO THE CURIE 

TEMPERATURE

F irs t  th e  ab so rp tion  area method commonly used fo r  eva lu a tin g  th e  

reco illess  fra c t io n  o f absorbers  Is d iscu ssed . N e x t, tw o m ethods fo r  

d e te rm in in g  th e  reco illess fra c t io n  o f sources are pre sen ted . Because 

o f anomalies in th e  ab so rp tion  area a t th e  C urie  te m p era tu re  due to  

s a tu ra t io n  e ffe c ts , we can no t ap p ly  th e  ab sorp tion  area method to  

e va lua te  th e  reco illess fra c t io n  o f an iro n  ab so rb e r. T o  avo id  these 

s a tu ra t io n  e ffe c ts , we m easured th e  reco illess fra c t io n  o f a 67C o (B6Fe)

D e te rm in in g  th e  reco illess fra c t io n  o f an absorber

Th e  p ro b a b ility  t { v )  th a t a photon from  a source Is absorbed a t a ve ­

lo c ity  i '  Is re la ted  to  th e  num ber o f counts  N(v) de tected a t th a t v e lo c ity  

th ro u g h

*  t f ( « ) - t ( v )w y {s .D

w he re  W (-) is th e  c o u n t a t in f in i te  v e lo c ity  (o fte n  taken to  be th e

base line  cou n t a t the la rg e s t v e lo c ity  in th e  spectrum ) and Is th e

num ber o f t  rays o f th e  M bssbauer tra n s it io n ,
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The p ro b a b ility  c (y )  can be w r itte n  as th e  p ro d u c t o f th e  p ro b a b ility  

/  th a t a reco illess Z ra y  is em itted from  th e  sou rce  and a con vo lu tion  

o f th e  em ission lin e  shape L iE iS ^ .T ^ }  w ith  th e  p ro b a b ility  o f resonant 

ab so rp tio n  o f a Y ray  w ith  a p a r tic u la r  e n e rg y  E.

e(p-) = {7 -e [ " ', flo (£ ;5 o ’ ' r n) h d 2  (S.E)

w here  £(S ;E  ,F  ) is th e  ub iq u ito u s  Lo ren tz ian  d is tr ib u t io n

r n= » A  is th e  na tu ra l lin e  w id th  o f th e  nu c lea r tra n s it io n , Ey= E , ( l f ^ /c )  

Is th e  c e n tre  o f th e  Lo ren tz ian  d is tr ib u t io n  o f the sou rce  w h ich  has 

been D opp le r sh ifte d  because o f its  m otion, Ec and £ 61 a re  th e  nu c lea r 

tra n s i ion energ ies in th e  source and ab so rb e r re s p e c tiv e ly , a is th e  

num ber o f a b so rb e r nuc le i p e r  u n it  area in th e  a b s o rb e r, and 

o (£ ;2 0’ , r f l) is th e  resonant a b so rp tion  cross section , w h ich  also has a 

Lo ren tz ian  shape and inc ludes th e  reco illess fra c t io n  /  o f th e  a b so rb e r 

as a fa c to r .

' , r j  *  V -
j ' W E - e j / r j *

o 0 is th e  maximum ab so rp tion  cross section and r fl Is th e  lin e  w id th  o f 

th e  nu c lea r tra n s it io n  in th e  ab sorber (o ften  f  =1" ) .

T he area ( in  d im ensionloss u n its )  o f th e  ab so rp tion  spe c trum  Is u s e fu lly  

w r it te n  as

T h e  reco illess fra c t io n  o f iro n  close to  th e  C u r ie  T em pe ra tu n



The sum run s  o v e r th e  m channels and Is th e  m inimum observab le  

lin e  w id th  m easured in  v e lo c ity  u n its , i .e .  2Tnc /E ,  In s e r tin g  th e

exp ress ion  fo r  e (v )  and cha ng ing  th e  o rd e r  o f In te g ra tio n , one ob ta ins

A = f s 7 - J  U -e x /> [-»ao ( f ; £ ' , ’ , r i?) ] } d £  (5.(5)

The area is a fu n c tio n  o f the  d im enslonless q u a n tity

U ' )

w h ich  en te rs  in  th e  exponen t un d e r th e  in te g ra l in equa tion  5 .6  as can 

be seen i f  aquaHon 5 .4  is Inserted  in equa tion  5 .6 , T h e  q u a n tity  t g 

is a m easure o f th e  e ffe c t iv e  ab sorp tion  th ickn e ss  o f th e  ab so rb e r fo r  

recolMess t  rays .

The /  va lue  can be eva lua ted from  equa tion  5 .6  p ro v id e d  th a t 4  end 

/  are accu ra te ly  know n, us in g  a special p rogram  w r it te n  b y  D. B. Hall 

(1984 ). A m ajor e r r o r  in ab sorp tion  area m easurem ents Is the u n c e r­

ta in ty  in  th e  baseline count N (« ), By f i t t in g  bo th  ha lves s im u ltan e­

o u s ly , as de scrib ed  In cha p te r 4 , th e  freedom  to  d is to r t  the  baseline 

fo r  o b ta in in g  a b e tte r  f i t  Is denied th e  f i t t in g  p ro ce d u re , im p rov ing  th e  

accu racy  o f o u r  areas,

A lth o u g h  th e  exp ress ion  5 .6  was da ived fo r  a Lo ren tz ian  Y -ray d is ­

tr ib u t io n  fo r  th e  sou rce . It relies on ly  on th e  fa c t th a t th e  in te g ra l ove r 

v e lo c ity  o f th e  source d is tr ib u t io n  is u n ity .  A n y  v ib ra t io n  o f tu e  

a b so rb e r can be e q u iva le n tly  th o u g h t o f as v ib ra t io n s  o f th e  source 

and so w ill no t change th e  ab sorp tion  area. T h is  means th a t th e  ab ­

so rp tio n  area method Is no t in fluenced b y  ins tru m e n ta l b ro a d e n in g . It
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w ill ,  ho w ever, be a ffected  by  a s p l i t t in g  o r  b ro ad en in g  th ro u g h  

h y p e r f in e  in te ra c tio n s  in th e  absorber due to  th e  so -ca lled  sa tu ra tio n  

e ffe c ts . For t  « 1  , th e  ab sorp tion  area is l in e a r in t e , whereas fo r  

t  >J th e  a b so rp tion  area s ta rts  to  sa tu ra te  ( f ig u re  5 .1 ) .  To il lu s tra te  

th is  e f fe c t on th e  ab sorp tion  area, th e  area o f a s in g le  l in e  is compared 

w ith  th a t o f a d o u b le t in f ig u re  5 .1 . The e f fe c t iv e  th ickn e ss  t 6 fo r  bo th 

abso rb e rs  is assumed to  be the same. C le a rly  th e  sum o f th e  tw o  areas 

fo r  th e  do u b le t is g re a te r  than th e  area o f th e  s ing le  lin e . Since th e  

a b so rp tion  spectrum  o f iro n  s p lits  in to  s ix  lines a t th e  C urie  te m p er­

a tu re , th is  is expected to  have a la rge  im pact on th e  a b so rp tion  area, 

even w ith o u t any change in th e  reco illess fra c t io n , a jum p in th e  ab ­

so rp tio n  area o f an abso rb e r is expected a t th e  C urie  te m p era tu re . From 

such a jum p i t  is d i f f ic u l t  to  e x tra c t  small changes in  th e  reco illess 

fra c t io n .

Dm.r-nsionlpss Thickness
 1 # , . ' '
DmwrisionlPM Thickness 
Splil Line

F ig , 5.1  I l l u s t r a t i o n  o f tho  change in  area as a l in a  s p l i t s ,  
(Tho absorbar has the  sane ron o iJ  loss  f r a c t io n  and the satna 
to ta l  nutrbar o f  tibso ibe r nuclei i in  both eases.)
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D ete rm in in g  th e  reco illess  fra c t io n  o f a source

T o avo id th e  sa tu ra tio n  e ffe c ts  in  an ab so rb e r de scrib ed  in th e  p re v io us  

sectio n , reco illess  fra c t io n  m easurem ents can be pe rfo rm ed  on a source. 

T he  reco illess fra c t io n  o f a source can be de te rm ined in tw o  w ays . The 

s im p lest m ethod, p ro v id e d  th a t th e  source emits a s in g le  lin e , is the  

e legant L iack a b so rb e r te ch n iq u e  developed b y  Housely e t a l. (1964). 

T h e  M bssbauer spe c trum  o f th e  b la ck abso rb e r is i l lu s tra te d  in f ig u re  

5 .2 . T h is  a b so rb e r con s is ts  o f a m ix tu re  o f am m onium -lith ium  

flu o ro fe rra te .

VELOCITY in nns-'

F ig . S .2 The spectrum  o f  a b lack absorber recorded h’i t h  a 
"C o iX h )  source.

Alm ost com plete a b so rp tion  o f reco illess iy  em itted X rays  is achieved 

ove r a v e lo c ity  range o f ab ou t Im m /s, Schem atica lly, th e  exp erim en t 

is set up as in f ig u re  5 .3 . I f  th e  ab sorber Is &;a tio n a ry  and th e  isom er 

s h if t  o f th e  source is no t too la rge , th en  p ra c tic a lly  no reso na nt X rays
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can be de te c ted . I f  how ever, th e  b la ck  a b so rb e r is v ib ra te d  so th e  

v e lo c ity  is less th a n  Im m /s fo r  fess th a n , say , 1$ o f th e  tim e , then 

99% o f th e  reco illess Y rays  w ill be de te c ted . From th e  counts  w ith  th e  

b la ck  ab so rb e r s ta tio n a ry  N(o) and th e  counts  w ith  th e  abso rb e r v i ­

b ra t in g  tf(« )  c o rre c te d  fo r  th e  ba ckg ro u n d  Ng , a good estim ate o f th e  

reco illess fra c t io n  can be ob ta in ed using

e s t  w W  - Ng  (.5.5)

T h is  estim ate can be im proved b y  ta k in g  in to  accoun t va riou s  c o r ­

rec tio ns  as d iscussed in K o lk  (1981),

V ib ra to r E lectron ics to  count 

14'4keV % rays

Source B l.jvk A bso rbe r D e tecto r

F ig . S .3 Tha experim en ta l arrangement f o r  the  b la ck  absorber 
method.

When th e  source emission lin e  s p lits ,  th e  b la ck ab so rb e r te ch n iq u e  

canno t be ap p lie d , so th e  a b so rp tion  area m ethod has to  be used w ith  

an a b so rb e r a t con s ta n t te m p era tu re . From equa tion  5 .6  one can
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i s . 9)

w he re  A, is th e  ab so rp tio n  area o f th e  a b s o rb e r taken w ith  a source  

o f know n reeoiHess fra c t io n  / ,  , and ^ ( r )  is th e  a b so rp tion  area o b ­

ta in ed  w ith  th e  sou rce  o f in te re s t.

D e te rm in in g  th e  b a ckg ro u n d  rad ia tion

A ll th e  above m ethods fo i de te rm in in g  th e  reco illess fra c t io n  depend 

on a re liab le  estim ate o f th e  b a ckg ro u n d . The b a ckg ro un d  rad ia tion  

comes p re do m in an tly  from  ? rays  o f h ig h e r e n e rg y  th an  14.4TkeV w h ich  

have lo s t some e n e rg y  so th a t th e y  are de te c ted  as M .4 1 k e V  r  ra ys . 

These counts m ust be su b tra c te d  from  th e  sp. .rum  be fo re  th e  

reco illess  fra c t io n  can be de te rm ine d . A n y  ina ccu racy  in th e  de te rm i­

na tion  o f th e  ba ckg ro u n d  w ill o b v io u s ly  a f fe c t  th e  re su lts .

The b a ckg ro un d  was de te rm ined us ing  th e  s ta nd a rd  p ro ce d u re  o f 

m easuring  th e  c o u n t ra te  w ith  and w ith o u t a copper fo il .  The ra tio  of 

these tw o  counts  is a rou gh  estim ate o f th e  b a ckg ro un d  i f  a fo il  o f 

su ita b le  th ickn ess  is used, so alm ost all th e  14.41keV X rays  and alm ost 

none o f th e  122keV and 136keV X rays a re  absorbed . The fo il we used 

has a mass p e r u n it  area o f O.OSOg/cm1. C orrec tio ns  fo r  th e  122keV 

and 136keV s , Fe X rays absorbed b y  th e  fo il and 14 ,4keV  M ossbauer 

X rays  tra n s m itte d  b y  th e  fo il  are  re la t iv e ly  sm all. The co rre c tio n  fo r  

th e  23keV X - ra y s  from  Rh atoms is no t as simple because o f th e  

p ro x im ity  in  e n e rg y  to  14.41 keV . For o u r  m easurem ents, th e  b a ck ­

g ro u n d  was co rre c te d  us in g  a range o f su b s ta n tia lly  th in n e r  copper
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fo ils  as w ell as a much th ic k e r  fo il .  Assum ing th a t th e  mass a b so rp tion  

co e ffic ie n ts  fo r  copper a t th e  d if fe re n t energ ies a re  know n, th e  con­

tr ib u t io n  from  th e  h ig h e r e n e rg y  r  rays  can be iso la ted w ith  th e  th ic k  

fo il  T h e  th in n e r  fo ils  th en  pe rm it th e  c o n tr ib u tio n  o f th e  23keV X rays 

to  be d iffe re n tia te d  from  th a t o f th e  14.41 t  rays  because th e  d if fe re n t 

mass ab so rp tion  co e ffic ien ts  fo r  th e  tw o energ ies is s u f f ic ie n t ly  d i f f e r ­

e n t. T he  backg ro un d  had to  be increased b y  20% in  o u r case because 

th e  w id th  o f th e  d isc r im in a to r  w indow  was set too la rge . Even i f  th e  

d is c r im in a to r  w indow  is se t o p tim a lly  fo r  a p ro p o rtio n a l c o u n te r th e  

c o rre c tio n  is s t i l l  sub s ta n tia l (= 5%), I t  shou ld  be noted th a t no r e f ­

e re nce to  such a co rre c tio n  cou ld be fo u n d  in th e  l i te ra tu re . A p p a r ­

e n tly  in  p re v io us  reco illess fra c t io n  m easurements rep o rted  in  th e  

l i te ra tu re , th is  fa ir ly  sub s ta n tia l co rre c tio n  has no t been taken in to  

a cco un t. T o  ensure  th a t th e  ba ckg ro u n d  was accu ra te ly  de te rm ine d , 

i t  was m easured e ve ry  e ig h t hours d u r in g  th e  m easurem ent. A w e igh ted 

ave rage o f these measurements w<«s used.

T h e  reco illess fra c t io n  o f an Iron  source

T h e  sou rce  m easurements w ere pe rfo rm ed on a custom -m ade sou rce  o f 

i7 Co in a m a tr ix  o f 100% e n rich ed  EsFe. The absence o f $7Fe means th a t 

th e re  is no s e lf-a b so rp tio n . A lth o u g h  co rrec tio ns  can be made, 

s e lf-a b s o rp tio n  w ill show s im ila r s a tu ra tio n  e ffec ts  to  those p re sen t In 

an iro n  ab so rb e r. Above th e  C urie  te m p e ra tu re , th e  6 ,Cc'(56Fe) source 

em its o n ly  one recoil:.. / - - a y  line , and th n  b lack abso rb e r te ch n iq u e  

can be applied (see equation 5 .8 ) .  H ow ever, the Isomer s h i f t  between 

th e  5 ,C o (i6 Fe) source and th e  b lack ab sorber is ra th e r  la rge . The 

peak o f th e  source Z -ra y  line  lies at th e  edge o f th e  bh^.k  ab so rp tion
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reg io n , re q u ir in g  sub s ta n tia l co rre c tio n s . K o lk  and Hall (1983) meas­

u re d  th e  reco illess fra c t io n  o f th e  sou rce  above th e  C urie  te m p era tu re  

us in g  th is  te ch n iq u e . T h e ir  measurements a re  p lo tte d  in f ig u r e  5 4.

o A b s o rp h o n  A re a  M easurem ents 

*  B lack  A b so rb e r M easurem ents 
o f  K o lk  and H a ll (1963 )

O’25'

0 '2 0 -

1000 1050 1100 1150
T em pera tu re  (K )

F ig . S .4 Tha r e c o il le s s  t r a c t io n  o f  1’ f e *  in  iro n  c o n s is tin g  
o f  100% e n rich ed  1 eFa c lo se  to  Tq . ( *  in d ic a te s  th e  e x c ite d

Also o f In te re s t is th e  reco illess fra c t io n  o f the  source ju s t  below th e  

C urie  te m p era tu re . T h e  b lack ab so rb e r method th en  no 'o ng e r applies 

and we have to  re s o rt to  th e  ab sorp tion  area m ethod (see equation 5 .9 ) .

Seven spectra  w ore acq u ired  a t tem p era tu res  fro m  -10K below th e  C urie  

te m p era tu re  to  th e  C urie  te m p era tu re , The sou rce  was p laced in th e  

oven and th e  room te m p era ture  ab so rb e r used was a 25u sta in less steel 

fo il .  Because o f th e  low source a c t iv i ty ,  each m easurem ent to ok  about 

15 days to  accum ulate s u f f ic ie n t counts  (10* counts  p e r  cha nn e l). 

S pectra  reco rded in th is  te m p era ture  reg ion are shown in f ig u re  5 ,5 .
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F ig . S .5 Spectra w ith  a s ta in le s s  s te a l absorber and 
s ’ C oC ^Fe; .?i?r-rcc close  to  the Cur So te m p era tara .
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T he  s in g le  M tissbauer a b so rp tion  line  o f th e  s ta in less steel ab so rb e r is 

broadened b y  re laxa tion  phenomena, The spectra  w ere  th e re fo re  f i t te d  

w ith  an ap p rox im a tion  to  a V o ig t line  w h ich  is a con vo lu tion  o f a 

Gaussian and a Lo ren tz ian  peak. A ll th e  spectra  reco rd ed w ith  th is

ab so rb e r w ere f i t te d  w ith  th e  same p ro p o rtio n  o f Lo re n tz ia n  and

Gaussian cha ra c te rs . T h is  was necessary because a L o ren tz ian  has

b ig g e r " ta i ls "  th an  a G aussian . The line  w id th  ob ta ined was 0.45m m /s. 

The re fe re nce absorption, area /9, in equa tion  5.9 was m easured w ith  a 

51C o(R h) sou rce . The reco illess fra c t io n  o f th is  sou rce  f * = 0.713±0.005 

was de te rm ine d b y  th e  b la ck  absorber m ethod. The reco illess  fra c t io n  

values ca lcu la ted  from  these spectra  are p lo tte d  in f ig u re  5 .4 .

The reco illess fra c t io n  o f  an iro n  ab so rb e r

T h ir ty  spectra  w. • q u ire d  us ing  a na tu ra l iro n  ab so rb e r in  th e  v i ­

c in ity  o f th e  C urie  te m p era tu re  o f iro n . T h e  areas o f th e  spe c tra  are 

p lo tte d  in  f ig u re  5 .6 . T he re  is a m arked increase in  th e  area a t th e  

C u r ie  te m p era tu re  due to  th e  sa tu ra tio n  e ffe c ts  i l lu s tra te d  in  f ig u re  

5 .1 . T h e  area as a fu n c tio n  o f te m p era tu re  was ca lcu la te d  from

equation 5 .6  us ing  a program  w r it te n  b y  D .B . Hall (1984 ). T h is  p ro ­

gram  re q u ire s  the  h y p e rfin e  f ie ld  and lin e  w id th  o f th e  a b so rb e r and 

th e  reco illess fra c t io n  o f th e  source as in p u t,  i '  one assumes th a t th e  

ab so rb e r has th e  na tu ra l line w id th , th en  th e  la s t  f i t  is ob ta in ed w ith  

reco illess fra c t io n  values fo r  th e  ab so rb e r w h ich  are  30%, langer than 

th e  values ob ta in ed us in g  the  b lack ab so rb e r m ethod fo r  th e  source. 

H ow ever, i f  one assumes th a t the abso rb e r e x h ib its  a small line  

b ro ad en in g  o f 0.005mm/s (5n) Ihen the / fl va lues re q u ire d  to  f i t  th e  

area data are reduced b y  25%. H a ll's  p rogram  was m od ified  to  use as 

in p u t th e  reco illess fra c t io n s  from  f ig u re  5 ,4 . The so lid  curve s  in 

f ig u re  5 ,6  show th e  . ras  calcu lated fo r  th re e  d if fe re n t ab so rb e r line  

w id th s  r e . C le a rly , 1 .03J<(?g/ r n)<'J .JJ4 . The bo s t f i t  was obta ined
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w ith  ( r a/ r  ) = J.JS  . I t  m ust be emphasised th a t th is  line  b ro ad en in g  

canno t be caused by  In s trum en ta l b ro ad en in g  because th e  area Is no t 

a ffec ted  b y  such b ro ad en in g  as po in ted  ou t a f te r  equation 5 ,7 .

I

F ig . S .6 A b sorp tion  area  o f  a 2S\i n a tu ra l iro n  f o i l  icao rd ad  
w ith  s  6’ Cot/fo) source a t tem peratures near the C urie  p o in t .
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THE HYPERFINE FIELD  OF IRON NEAR THE CURIE POINT

The re la tio n  be tw een h y p e rfin e  f ie ld  and m agnetisation

The h y p e rfin e  f ie ld  is an e ffe c t iv e  w ay o f s tu d y in g  th e  m agnetic 

p ro p e rtie s  o f Iro n . In  cha p te r 2 i t  was s ta ted  th a t th e  dom inant con ­

tr ib u t io n  to  th e  h y p e rfin e  fie ld  arises from  th e  Ferm i con tact in te ra c tio n  

g ive n  in equation 2 .23 . T h is  In te ra c tio n  measures th e  ne t s e lectron  

sp in  a t th e  nu c lea r s ite  caused b y  th e  ne t moment o f th e  d  e le c tron s  

th ro u g h  core po la risa tio n . For th is  c h a p te r , we assume th a t th e  Ferm i 

c on ta c t in te ra c tio n  is th e  o n ly  co n tr ib u tio n  to  th e  h y p e rfin e  f ie ld .

T he nucleus samples th e  h yp e rfin e  f ie ld  on a tim e scale de te rm ined by  

th e  Larm or pe rio d  o f th e  nucleus in  th a t h y p e r fin e  f ie ld , g iven by

where H Is th e  h y p e rfin e  f ie ld , y is th e  nu c lea r m agnetic d ipo le  moment 

and j  Is th e  nu c lea r sp in . In  th e  lim it w he re  th e  h y p e rfin e  fie ld  f lu c ­

tu a te s w ith  a p e rio d  t ff« t £ , th e  nucleus experiences a tim e average 

o f th e  h y p e rfin e  f ie ld ,  w h ich  is p ro p o rtio n a l to  th e  average moment o f 

th e  d  e le c tron s . T h e  average moment p e r  u n it volum e Is de fined as th e  

m agne tisa tion , and so

One does no t exp ec t th is  re la tio n sh ip  to  rem ain va lid  as th e  ra te  o f 

re laxa tion  slows down.

{6 . 1)

( 6 . 2)
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M easurem ents above th e  C u rie  te m p era tu re  in  an a p p lie d  f ie ld .

M easurem ents w ere  pe rfo rm ed in an app lied  m agnetic f ie ld  a t a tem ­

p e ra tu re  0 .75 K  above the C urie  te m p era ture  (T q ) ,  These m easure­

ments a re  shown In f ig u re  6 . ! .  The h y p e rfin e  f ie ld  was de te rm ined 

fro m  f i t t in g  th e  spectrum  w ith  Lo ren tz ian  lines acco rd ing  to  th e  method 

in  c h a p te r  3 , F or spectra  w ith  a h y p e rfin e  fie ld  o f less than 3T  th e  

h y p e rfin e  f ie ld  is no t well de te rm ined because th e  line  w id th  and 

h y p e rfin e  f ie ld  are  s tro n g ly  co rre la te d , i.e .  a red uc tio n  in  the  

h y p e rfin e  fie ld  can be compensated b y  Increas ing  th e  w id th  and ad­

ju s t in g  th e  in te n s itie s  s l ig h t ly  to  achieve an e q ua lly  good f i t  to  th e

Th e  spe c tra  d is p la y  anomalous beha v iou r o f th e  line  in te n s ity  ra tio s . 

A cco rd in g  to  equa tion  2.25 th e  ra tio  o f th e  s ix  lines in th e  M ossbauer 

spectrum  o f a nonm agnetised iro n  fo il are g ive n  by

and fo r  a fo il  m agnetised pe rp e n d icu la r  to  th e  d ire c t io n  o f th e  Y -ray 

pro pa ga tion  b y

3 :4 ; ’1:1 :4 ;3 .

in  o u r  m easurem ents th e  iro n  fo il is m agnetised p e rp e n d ic u la r  to  th e  

Y -ra y  beam b y  th e  e x te rn a lly  applied f ie ld .  A t  s u f f ic ie n t ly  h ig h  e x ­

te rn a l f ie ld s  ( .2 T )  th e  fo il is fu lly  m agnetised, and one expects the  

ra tio  o f lines 1 and 6 to  lines 2 and 5 to  be 3 :4 . T ills  is in  agreem ent 

w ith  th e  m easured lin e  in te n s ity  ra tio s  d isp laye d In F ig , 6 .2 . H ow ever, 

when th e  e x te rn a l f ie ld  is decreased one expects th is  ra tio  to  increase 

to  3 :2 , w hereas th e  measured ra tio s  show a decrease, I .e .  ju s t  th e  

oppos ite  e f fe c t. T h is  anomaly canno t bo exp la ined b y  sa tu ra tio n  e ffec ts  

because these e ffe c ts  wou ld increase ins te ad o f decrease th e  ra tio ,
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VaOtlTY IN HMS"

F ig . 6.1 Spectra o f  Iro n  in  va r io u s  a p p lie d  f ie ld s  0 . ?SK 
above the  C urie  tem perature.
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Hyperfine F ie ld lT )

F ig . 6 .2  R a tio s  o f  the  l in e  in te n s i t ie s  as a fu n c t io n  o f  
a p p lio d  f i e l d  a t  0 . ?5K above th e  C urie  tem perature.
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F ig u re  6 .3  shows th e  va r ia t io n  o f th e  h y p e rfin e  fie ld  w ith  th e  applied 

f ie ld  a t 0.75K  above T q . T h e re  is c le a rly  a sa tu ra tio n  in th e  h y p e rfin e  

f ie ld .  The s a tu ra tio n  value is J7 f  = 6 .4 T . One can also ca lcu la te  th e  

m agnetic susce p tib ility  by ta k in g  th e  slope o f th e  line be tw een th e  o r ­

ig in  and th e  f i r s t  da t. u r  in f ig u re  6.3  us ing

w hich  fo llow s d ire c t ly  from  equation 6 .1 . T a k in g  H ,=33T  and M0 = 

0 .1 7 T , one fin d s  n= l.32£0.04  . T h is  compares w ith  th e  va lu e  ob ta ined 

b y  Noakes e t a l. (1966) o f 1.34 a t 0 .75K  above th e  C u rie  te m p e ra tu re . 

H ow ever, o u r  va lu e  1.32 o f x is a low er estim ate because th e  c u rve  is 

s te ep e r c lose r to  th e  o r ig in .

*  :  -  H(T)
^Arm7 toW Â nSa p p lje d  S a p p lie d

W .*)

6i

01 0 2
A pp lied  F ie ld (T )

F ig . 6 .3  The h yp e rfin e  f i e l d  as a fu n c tio n  o f  a p p lie d  f i e l d  
a t  0.7SK above the  C urie  tem perature.
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On inc re a s in g  th e  te m p era tu re  w ith  an app lied  f ie ld  o f 0 .2 T , th e  

h y p e rfln e  f ie ld  decreased as shown in  f ig u re  6 .4 , te n d in g  to  zero a t 

20K above th e  C u rie  te m p era tu re . A ga in  a sa tu ra tio n  was ob se rve d , 

th is  tim e as th e  te m p era tu re  approached th e  C u rie  te m p e ra tu re .. The 

sa tu ra tio n  value ob ta in ed in th is  series  o f measurements is ffssC = 6 .5 T . 

Data fo r  an ap p lie d  f ie ld  o f  0. IT  a re  a lso  shown in  f ig u re  6 .4 .

Temperature (T-Tc)

F ig . 6 .4 . H ype rfin e  f i e ld s  o f  iro n  induced by a p p lie d  . f ie ld s  
o f  0.1T  and 0 .2T  f o r  tem peratures above T^. The l in e s  shown 
are drawn by hand to  gu ide the  eye.

When an ex te rn a l f ie ld  was app lied  a t te m p era tures below th e  C urie  

te m p e ra tu re , an increase in th e  h y p e rfln e  fie ld  was o b se rve d . F igu re  

6 .5  shows y e t again a s a tu ra tio n  a t ff = 6 .3 T . The ave rage o f the  

th re e  sa tu ra tio n  h y p e rfln e  f ie ld s  above is <Rset?  aG .4 iO ,2T . Since a 

h y p e rfln e  fie ld  o f 33T is p roduced b y  a m agnetisation o f (B o h r

m agnetons) pe r iro n  atom in iro n  a t room te m p era tu re , th e  average 

m agnetisation in iro n  is 0 .4 3 i0 .0 2 vg pe r atom, w ith in  IK  bo th above 

and below th e  C urie  te m p era tu re .
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A p p lie d  F ie ld  ( T )
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DISCUSSION

T he reco illess fra c t io n  o f iro n  near th e  C u r ie  tem perate

We es tab lish ed in cha p te r 5 th a t th e  m agnetic in te rac tio n  has a d is t in c t 

e f fe c t on th e  reco illess fra c t io n , From F ig . 5 .4  i t  fo llow s th a t th e  /  

va lue o f iro n  changes more ra p id ly  w ith  te m p era tu re  below th e  C urie  

te m p era tu re  th an  above i t ,  in d ic a tin g  th a t th e  m agnetic in te ra c tio n  in ­

fluences th e  mean squ are  d isp lacem ent o f  th e  atoms. The reco illess 

fra c t io n  is re la ted  to  th e  c h a ra c te ris tic  te m p era tu re  0_1a (see equation 

2 .18 ) b y

U sing th is  eq ua tion , th e  values o f 0 , ^  above and below th e  C urie  

te m p era tu re  a re  de te rm ined from  th e  data in f ig u r e  5 .4 , G-Z fl is re la ted  

to  th e  harm onic c h a ra c te ris tic  te m p era tu re  0_2 b y  (see equation 2 ,15 )

w here  e (-2 )  is a w e igh ted anharm onic con s ta n t, U sing 0_2= 439K de ­

r iv e d  from  th e  phonon spectrum  o f iro n  a t room te m p era ture  (see 

Johnson, 1970), th e  values o f e ( -2 )  below and above T q  can be ca l­

cu la ted .

The va lues  fo r  e_24 and c { -2 )  are sum m arised in  Tab le  1.

-Jn f  = k l< x 1> -

0.2S = 0.2 U  -
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T < T C t >t c

e . , 3 171 t  9 K 241 t  15K

e ( -2 ) 5 .8  t  0 .3  x lO *6 K ' 1 4 .3  10.3 x 1 0 '"  K " 1

Hence, o u r  re su lts  show th a t th e  m agnetisation o f Iron  leads to  an in ­

crease in  th e  a rh a rm o n ic  con s ta n t e (-2 )  b y

e (-2 )  t { - 2 ) T ,  ^  = U .J  i  0. 4 )  x  1 0 ' "  K l

In ad d itio n  we fo un d  th a t in  th e  ab so rb e r a line  b ro ad en in g  o f 12%

e x is ts . As po in ted  ou t in c h a p te r 5, th e  area method used is In se n s it ive  

to  ins tru m e n ta l b ro a d e n in g . O th e r possib le causes fo r  l in e  bro ad en in g  

a re  te m p era tu re  g ra d ie n ts  across the sample. In p a r tic u la r , ju s t  below 

T c  small te m p era tu re  g ra d ie n ts  may y ie ld  la rge  increases in th e  line  

w id th , H ow ever, above T q  a small te m p era ture  g ra d ie n t has h a rd ly  any 

e ffe c t on th e  line  w id th . Tem pe ra tu re  g ra d ie n ts  canno t th e re fo re  e x ­

p la in  th e  observed line  b ro ad en in g  because th is  broaden ing s tre tche s  

o v e r a reg ion fro m  40K below T q  to  iOOK above T q . Hence, th e  12% 

increase in  line  w id th  seems to  be an e ffe c t in tr in s ic  to  th e  ab so rb e r.

A possib le cause may be la tt ice  de fects  fo rm ed a t these e levated tem ­

p e ra tu re s .

In o n ly  tw o o th e r reco illess fra c t io n  m easurements o f iro n  (P res to n  et 

at. 1962 and Kovats and W alker 1969), th e  /  va lue o f an iro n  abso rb e r 

is eva lua ted us ing  th e  a b so rp tion  area m ethod. In these pre v io us  

measurements th e  e ffe c t o f th e  m agnetisation on th e  reco illess fra c t io n
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was no t ob se rve d . T h is  is no t s u rp r is in g ; because o f th e  la rge  change 

in  th e  a b so rp tion  area due to  th e  change in  sa tu ra tio n  a t T c  (see F ig , 

5 .5 ) ,  small e ffec ts  in f  are ha rd  to  de te c t. O u r /  va lues a t room  

te m p era tu re  agree- w ith  those o f Kovats  and W alker; a t T c  how ever, 

o u r  f  va lues are sm alle r. Com parison o f o u r  ab sorp tion  areas near T q  

w ith  those o f Kovats and W alker reveal th a t bo th areas are p ra c tic a lly  

th e  same. The reason th a t Kovats and Walker f in d  a la rg e r f  va lue near 

T q  is th a t  th e y  have not taken in to  accoun t the in tr in s ic  b ro ad en in g  

o b se rve d  fo r  th e  l in e  w id th  o f iro n  near T q .

The h y p e rfin e  f ie ld  o f na tu ra l iro n  In an app lied  fie ld

T he  ave rage local moment In iro n  w ith in  IK  below and above th e  C urie  

te m p era tu re  was fo un d  to  be 0 ,6 3 t0 .0 2vg . T h is  value was deduced 

from  th re e  series o f measurem ents. T h e  f i r s t  invo lve d  inc re a s in g  the  

ap p lie d  f ie ld  a t a f ix e d  te m p era ture  0 . 75K above th e  C u r ie  te m p era tu re , 

th e  second invo lved  decreasing th e  te m p era tu re  w ith  a con s ta n t app lied  

f ie ld  o f 0 .1 T  and 0 .2 T  to  v / th ir i  0.05K o f th e  C urie  te m p era tu re , and 

th e  th ir d  was taken from  th ro e  spectra  a t a te m p era tu re  0.7GK belov' 

th e  C u r ie  te m p era ture  w h ils t v a ry in g  th e  ap p lie d  fie ld .

T he in it ia l s u s c e p t ib il ity  de term ined from  th e  h yp e rfin e  fie ld  induced 

b y  an app lied  f ie ld  was fo un d  to  be g re a te r  th an  th e  va lue  o f Noakes 

e t a |. ( 9661 from  m agnetisation m easurem ents. T h is  may be exp la in ed 

b y  th e  fa th a t equation 6 .2  d e r ive d  from  re la tio n  6.1 is no t va lid  when 

th e  La rm or p e rio d  o f th e  nucleus is com parable to  th e  f lu c tu a tio n  tim e 

o f th e  ne t m agnetic moment. T he re  are s tro n g  In d ica tions th a t we are 

seeing such re laxa tion  effec ts  because o f th e  anomalous in te n s ity  ratios
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obse rve d  in th e  spe c tra  reco rded In small app lied  f ie ld s  .75K  above th e  

C urie  te m p era tu re  (see F ig . 6 .2 ) .
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APPEN D IX A

T h is  appe nd ix  conta ins all th e  e le c tro n ic  c irc u its  designed b y  th e  au­

th o r  fo r  th e  experim en ta l fa c il i ty .  The data sheets o f th e  in te g ra te d  

c irc u its  concerned w ere consu lted  when th e  c irc u its  w ere de s igned .

T im e r fo r  autom atic l iq u id  n itro g e n  f i l le r

+SV

22 kf270 10k 2 2 k [] 22k
Relay

BC107<

10k|51k

FSg, A . l  •••'u it diagram fo e  l i q u id  n itro g a n  C im o r / f i l le r

T h is  c irc u it  is designed to  sw itch a re lay  on for1 a sh o rt tim e (say  1 

o r  2 m in utes) a t re g u la r  in te rv a ls  o f ap pro x im a te ly  4 ho u rs . Both the 

s h o r t and long periods are va ria b le  (from  2 seconds to  15 m inutes and

A p pe nd ix  A



from  2 hours  to  22 hours  re s p e c tiv e ly ) . The re lay  sw itches a small 

d iaph ragm  com pressor on . T h is  p ro v id es  o v e rp re ssu re  on th e  Vewar 

so l iq u id  n itro g e n  i t ra n s fe rre d .

The he a rt o f th e  c irc u it  is th e  XR2242 lo n g -ra n g e  tim er I .C .  Two o f 

these I .C . 's  are  cascaded in o rd e r  to  p ro du ce  a t th e  o u tp u t o f th e  

second a s igna l th a t is 5V to  tu rn  th e  re lay o f f  and OV to  tu rn  th e  re lay  

on , T h e  pe riod  o f each tim e r in  seconds is 256RC where th e  resistance 

R and th e  capacitance C are connected to p in  7 o f th e  I .C .  R , consists 

o f e leven 100kS2 re s is to rs  in series  so th a t th e  res is tance can be 

sw itche d from  Okfi to  I . IM f t  in  IQOkQ s te p s . C , is 277v>F w h ich  g ives a 

maximum tim e o f 21.7 hours  decreas ing  in 2 -h o u r in te rv a ls  to  a few  

m inutes. A Ik f i  re s is to r  was connected in  series w ith  R, so th a t th e  

res is tance was no t zero . R i and C , w ere s im ila r ly  chosen to  g ive  a 

maximum tim e o f 18 m inutes.

The tw o tim ers a te  coupled by  C 3. T im er 1 produces a square  wave 

w ith  a p e rio d  2 5 6 R ,v l seconds a t p in  3. When th e  o u tp u t o f tim e r 1 

changes to  5V a pu lse  is p roduced a t th e  t r ig g e r  o f tim e r 2 (p in  6 ) .  

When th e  o u tp u t o f  tim er 2 changes to  5V, tim e r 2 resets i ts e lf  v ia  R, 

(connected to  p in  5 ) .  T im e r 2 remains in  th e  rese t sta te  u n til i t  is 

t r ig g e re d  again b y  tim e r 1. When th e  o u tp u t o f tim e r 2 is OV, th e  re lay  

is energ ised b y  th e  in v e rt in g  ne tw ork  o f tra n s is to rs  1 and 2.
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F ig . A .2 C ir c u it  diagram  o f  pass counter.

M ost MCA's s to re  th e  num ber o f passes, e ith e r  in  channel 0 o r  in  a 

separa te m em ory. A lth o u g h  th e  num ber s to re d in channel 0 o f  th e  N u­

c lea r Data MCA w e d  in  these experim en ts  d id  no t con ta in da ta , we 

w ere unab le to  re la te  th is  num ber to  e ith e r  th e  tim e o r  th e  num ber o f 

passes. The fo llo w in g  c irc u it  was designed to  cou n t th e  num ber of 

passes on a conven tiona l NiM module cou n te r us ing  th e  s ign a l w hich 

c o n tro ’s the  time base o f th e  MCA d isp lay  oscilloscope. The c irc u it  

cons is ts  o f a th re e -s ta g e  low pass f i l t e r  and a com para to r. The low pass 

f i l t e r  was necessary because th e  s ignal had la rge  vo lta ge spikes 

superim posed on th e  ramp.
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C irc u it  fo r  c o n v e rtin g  c u r re n t loop to  RS-232-C com patib le s ignal

♦15 *15

100k

pin 2 

p in ?
10 k

-1 5

FJg. A .3 20mA c u r re n t lo o p  to  RS-232-C s ig n a l co n ve rte r.

T h e  o u tp u t o f th e  N uclear Data MCA was a 110 baud c u r re n t loop 

te le typ e  s ig n a l. To enable the DEC Rainbow PCiOO m icrocom pu ter and 

th e  DEC MICRO-PDP-11 com puter to  read and s to re  th e  da ta , th e  signal 

had to  be con ve rte d  to  th e  RS-232-C s ta n d a rd . The c u r re n t loop sends 

a c u r r e n t  o f 20mA when th e  data log ic  is h ig h  and no c u r re n t when i t  

is low . C on verse ly , th e  RS-232-C signa l is less th an  -5V when th e  data 

log ic  is h ig h  (1 ) and more th an  *5V when i t  is low (0 ) .  T h is  convers ion  

was s im p ly  accom plished us ing  a 741 opera tiona l am p lifie r in th e  c irc u it  

in f ig u r e  A3.
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