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exc i t a t i ons  above the , 

. . 
. . 

. . c r i t i c a l  temperature 

Paul Arthur Swanson 

Under the supervis ion o f  Samuel H. L i u  
From the Department o f  Physics 

Iowa State Uni 'vers i ty  
. ,  . 

I n  t h i s  woik, a new approach has been developed t o  ob ta in  an 

approximate expression f o r  the dynamical sp in  co r re l a t i on  funct ion.  
. .- 

Th is ' i nvo lves  the expansion o f  the dynamical co r re l a t i on  func t ion  i n  a 

Taylor  ser ies  i n  powers o f  the time whose c o e f f i c i e n t s  are equal t o  I - 

. progress ive ly  h'igher order s t a t i c  mu1 t i p l e  sp in  co r re l a t i on  funct ions.  
- .  

The lowest order c o e f f i c i e n t s  . in t h i s  se r ies  expansion are then evelue- 

t e d  through the use o f  a decoupling scheme wh.ich e x p l i c i t l y  takes i n t o  

"account. posit i .ona1 sp in  co r re l a t i ons  above the c r i t i c a l  temperature. As. 

- 1 .  ' .  
, a consequence of  t h i s  method, wl.leri r < q < A where r i s  the range o f  

. . . . 

the exchange i n te rac t  ion, A i s  the two-spin co r re l a t i on  length, and 
. . + 

q i s  the wave vec to i  o f  the sp in  f luc tuat ions, .  the dominant con t r i bu t i on  

Po these c o e f f i c i e n t s  i s  found t o  be caused by sp in  c l us te r s  invo lv ing  

s t rong ly  co r re la ted  splns. The degree o f  l oca l  order  i n  t h i s  sp in  

1 
system i s  measured by a time-independent l o c a l  o i de r  ;arameter pij,'. 

the s t a t i c  two-sp in .co r re la t ion  funct ion.  The ' resul t i -ng expressions f o r  

the zeor th  f i r s t ,  and second order c o e f f i c i e n t s  are incorporated as . 

leading terms i n  a resummation t ha t  i s  used t o  ob ta in  an approximate 

. . 
. . .1. 

, For a d iscussion o f  l oca l  order i n  one dimensional magnetic systems. 
see F. B. McLean and M. Blume, Phys. Rev. EiJ 1149 (1973). 



f o r  the Four ier  transform o f  the dynamical sp in  co r re l a t i on  

+ 
function, G(q,w) which i s  propor t iona l  t o  the i n e l a s t i c  neutron magnetic 

- 1 
scat ter ing cross section. When q < h d i s t i n c t  peaks appear i n  the 

1 ine shape o f  G(<,w) when w i s  he ld  constant and q i s  varied. These 

peaks occur a t  q = f qo where w(qo) =a, which i s  the frequency o f  a 

spin wave of wave vector  q . The p o s i t  ions o f  these spin wave peaks 
0 

compare favorably w i t h  the experimental data on N i  (T = 631 K )  obtained 
c: 

by )look, e t  a1.2 i n  the temperature region between 656 K (Tc + 25 K) - 
706 K the experimental and t heo re t i ca l  FWHM have the same slope how- 

ever outs ide t h i s  region pronounced discrepancies occur which can on ly  
. . 

be accounted f o r .  by a more re f ined  theory. . . . 
. - . . 

. . 2  
A. Hook, J. W. Lynn, and R. M .  Nicklow, phys. dev. Le t t e r s  s, 556 

1, (1973). . . .  
. . . . . . 

I 



I. INTRODUCTION . . 

I n  examining the low temperature thermodynamic behavior o f  fe r ro -  

magnets ~ 1 ' 0 t h " ~  found t ha t  the e igenfunct ions corresponding t o  the 

exc i ta t ions from the ground s ta te  o f  the exchange ~ a m l l t o n i a n  were no t  
I 

characterized by s ta tes invo lv ing  one sp in  reversal  but  ra ther  by a 
. I 

.I 
l inear combination o f  these states.each conta in ing a spin reversal  l oca t -  

ed g t  a d i f f e r e n t  magnetic ion s i t e .  The wave'nature o f  these proper 1 
1 inear combinat ions was demonstrated by * l a t e r 3  i n  showing t h a t  the 1 
quantum mechanical problem o f  one sp in  reversal  could.be exac t l y  solved. 

Thus physical  l y  a sp in  wave may be viewed as a sp in  reversal  propagating 

through the c r y s t a l  v i a  exchange i n te rac t  ions between neighboring spins. 

I n  Bloch's ca l cu la t i on  i t  was assumed tha t  the number o f  spi,n waves . 

. . 
excited. a t  low temperatures &as so small t h a t  a1 1 in te rac t  ions between 

them could be neglected, and consequently the low- ly ing exc i ted  s ta tes 

i n  a ferrbmagnet could be adequately approximated by a l i n e a r  super- ' 

posit  ion- o f  these s inusoidal  spin' waves. . I 
. .. - .  

- Ear ly  a t t e ~ n ~ t s ~ , ~  a t  studying & v i a t  ions, from Blochls theory due 
I 

. . 1 
t o  spin wave i n te rac t  ions seemed t o  ind ica te  t h a t  the region o f  va l ' i d i  t y  

. . 

for sp.in wave. theory was c lose ly  confined. to .  temperatures near' absolute i , .  . 
. . . . 6 .  Zero (-0. IT,). T h i s  r e s u l t  was obtained by Van Kranendonk who analyzed : 

Spin wave in te rac t ions  w i t h i n  the framewark o f  a gas o f  sp in  dev ia t ions i 
. 1 

in teract ing v i a  a hard core po ten t i a l .   son,''^ on the:o ther  hand, . 1 
. . . I 

i 
In studyi,ng the i n te rac t i on  between two spin.waves not  on ly  found t ha t  ' 

. G : 
the l i n e a r  superposi t ion p r i n c i p l e  discussed by Bloch was no t  q u i t e  1 

i 
I 

a r r e c t  but  a lso  t ha t  Van Kranendonk had over-est imated the in teract io-n  
- 

i 



between sp in  waves. ,He d is t ingu ished two types o f  these in te rac t ions .  

The f i r s t ' i s  a  consequence of the nonorthogonali ty o f  the spin wave 

states conta in ing more than one sp in  wave and i s  c a l l e d  the k inemat ical  

in teract ion.  This i s  a  repu ls ive i n te rac t i on  whose physical  s ign i f i cance  

i s  t h a t  no more than 2S u n i t s  o f  sp ip  can be attached t o  the pame ion 

simultaneously. The o the r .  i n t e rac t  ion a r i ses -  from the.  f a c t  t ha t  the 

exchange Hami 1  tonian i s  not  diagonal i n  these states.   his i s  ca l  l ed  the 

dynamical i n t e rac t i on  which causes a  s h i f t  i n  the sp in  wave energy due 
\ 

t o  the. presence o f  o ther  sp in  waves. Dyson has shown tha t  the k inemat i -  

cal  i n t e rac t  ion maltes no con t r i bu t i on  t o  the temperature expans ion o f  

the magnetizat ion t o  f i n i . t e  order. The leading term i n  t h i s  expansion, . 

goes as T ~ ' ~  and i s  produced by t h e  1  i near  sp in  wave theory developed by 

. Bloch. . The leading term caused .by dynamical sp in  wave i n te rac t  ions i s  

4 
o f '  o rder  T which imp1 ies  tha t  even the dynamical i n t e rac t i on  i s  small 

a t  low T. ~urthermore,  a t  temperatures up t o  0.5T where T i s  the Curie 
. . . C . c  

temperature i t was found t ha t  the ' 1  inear, non i n te rac t  i ng  sp in  wave 

. theory discussed by Bloch was . q u i t e  .adequate i n  descr ib ing the behavior 

o f  Helsenberg Qerromagnets. ' Ihe physical  . impl ica t ions o f  Dyson's 

4 approach have been discussed by K e f f e r  and ~oudon' who obtained the T 

.con t r ibu t ion  t o  the magnetizat ion by assuming t h a t  when sp in  waves are 

exc i ted  a t  low tempera'tures they are superimposed o"to the instantaneous 
. . 

background o f  sp in  wave f l uc tua t i cn  a1 ready ex i ,s t ing i n  the system. 

~ ~ s o n ' l s  i esu l  t s  have been approximately reproduced by oguch i who "sed 
. . 

t h s  ~ o l s ~ e i n - p r i m ~ k o f f '  formal ism, I' i n  which the spin operators are 

w r i t t e n  in ' te rms  o f  the c rea t ion  and a n n i h i l a t i o n  operators o f  the ' 

. . ~. . .  ' ' . . . . . . . . . . 



4 
harmonic o s c i l l a t o r ,  i n  order t o  ob ta in  the T con t r i bu t i on  t o  the - 

spontaneous magnet i za t  ion. - 

The temperature dependence o f  the sp in  wave frequency produced 

by the lowest order nonl inear terms i n  the i so t rop i c  Heisenberg exchange 

i n te rac t i on  a r i s i n g  from the H-P expansion o f  the sp in  operators has ' . 

1 , 

been studied by M. Bloch. l2 These lowest terms have the form 

(4) = .!. Z , [ ~ ( z )  + J(2 + f 1  -PI) - 2 J ( Z - Z 1 ) ]  
a . . , "ex 2  4 -  k, k ' , f l l  . ,- I ' 

- 
' - .  . 

t 
. . 

where a+, and a are respect ive ly  the ann i h i  l a t  ion and c rea t ion  operators 
st k 

o f  a  magnon w i t h  wave vector  and J (2) i s  the Four ier  t ransform o f  the 

1 . ' .  ' . '  
exchange' i n t e rac t  ion. These sp in  wave i n te rac t  ions cause a change 

I (renormal i z a t  ion) i n  t he  spin wave frequency which f o r  nearest-ne ibhbor 

where z i s  the number o f  nearest neighbors, and 

. 

i s ,  the non i n te rac t  ing spin wave frequency and 

. . 
. . 1  i$.z 4. 

7(B -; 3 e (6 = n.n. l a t t i c e  vector)  ( . I  .4) 
6  

. . . . . 
, . G  , . .  . , .. . . . .  . . .  . .  

> I  ' ( 3  .. ' $ . .  . . ;  
/ 

. .. 

. . :  

. . . . 

. . . . 

. . 



. . 

4 
. . 

. . 

. . - . .  . . ,  

~ l s o ,  . . . . 

- 

1' 
' (1.5) I 

(n+) - ,T " 
I 

B J g  T _ : : . .  k . . 1 
k .. . . . j 

e - 1  . . . . . . .. . I 

which i s  t h e  magnon thermal occupat idn  number. . Consequently as t h e  

temperature increases t h e  number o f  e x c i t a t i o n s  increases and the  s p i n  
. . 

wave frequency decreases. M. Bloch has determined t h a t  s o l u t i o n s  t o  t h e  

coupled equations (1.2) and (1.5) e x i s t  even up t o  tempera\'.ures w i t h i n  

a few percent of C u r i e  temperature c a l c u 1 a t e d . b ~  t h e  Bethe-Perierls-Weiss 
. . 

method. l 3  This. nearesr neighbor c a l c u l a t i o n  has beenex tended  by ~ o r w i t z  

and Matt is14 t o  t h e  case o f  non-nearest neighbor i n t e r a c t  ions. From a1 1 . 

o f  these s tud ies  then, i t  i s  ev ident  t h a t  magnon-magnon i n t e r a c t i o n s  

.remain r e l a t i v e l y  .weak over a broad temperature'range; however, a l l  these 

attempts i n d i c a t e  t h a t  t h e  sp in  wave theory  becomes meaningless near 

and espec ia l l y  above Tc i n  t h e  paramagnetic phase where no long range 

order e x i s t s .  There fore  no sp in  wave e x c i t a t i o n s  should be observed i n  
. i 

t h i s  temperature region. Recent experimental observat ions have l a r g e l y  

substant iated these t h e o r e t i c a l  ca l cu la t i ons ,  bu t  some s i g n i f i c a n t  

deviat ions have been found. I . .  . .  . 

. . 

The s p e c i f i c  experiments t h a t  bi 11' now be discussed i n  t h i s  connec- 
' : . :. . . . . 

tion i n v e s t i g a t e  t h e  behavior  o f  s p i n  waves v i a  t h e  i n e l a s t i c  s c a t t e r i n g  

of neutrons. The reason f o r  t h i s  emphasis 1 i es  w i t h  t h e  fac t  t h a t  

-Wet ic.coup1 i n g  energies between atoms i n  so l  i d s  a re  t y p i c a l  l y  on 

the order o f  a few m i l l i - e l e c t r o n  v o l t s  and consequently t h e i r  e f f e c t s  

bPe c k v e n i e n t  l'y. observable i n  thermal neutron experiments. . . . . . . 

.. . .. . . 



. . . . . . 

- 
I n  t h e i r  study o f  the spin wave e x c i t a t i o n s . i n  i r o n  using a. t r i p l e  

ax is  neutron spectrometer, Shi rane, Minkiewicz, and  ~ a t h a o s "  found 

tha t  the sp in  wave modes were we l l  resolved t o  temperaturesvery near the 

Cur ie temperature,.T 'Z 1042'~. (See F igure I.) ' ~ m ~ l o ~ i n ~  a constant 
C 

momentum scan where the wave vector  - 0 1 ,  they observed, however, 

no d i s . t i nc t . sp i r :  wave peaks i n  the sca t t e r i ng  data when the temperature 

was ra  ised above T . 
C 

-An examinat'ion o f  the sp in  f l uc tua t i ons  i n  N i  near t6e c r i t i c a l  

temperature by Minkiewicz, Col 1 ins, Nathans and Shi rane, l6 revealed t ha t  

below Tc the magnon peaks were resolved, but above Tc they found t ha t  

the long wavelength (ci' = 0.075 8- l )  exc i t a t i ons  could be adequately 
. . 

described by the sp in  d i f f u s i o n  process i n  which a u n i t  o f  spin i s  . . 

t ransfer red randomly from one po in t  i n  the 1 a t t i c e . t o  another w i t h  a 

given by the  o'rdinary theory o f  atomic d i f f us i on .  (See 

Figure 2.) . 
. . 

~ e c e n t l y ,  Mook, 'Lynn and ~ i c k l o w "  have looked a t  the temperature . . 

dependence ,.of shor t  wavelength (q  > 0.2408-' and E > 12 me") s p i n  waves 

. . 
,in n i cke l  and i ron.  Using a constant energy scan technique which was 

made necessary because of. the steepness o f  t he .  magnon d i spers i'on curves : 

. . f o r , N i  and Fe a t  h igh en'ergies, they observed we l l  resolved exc i t a t i ons  . 

abovc.T t ha t  had a rcmsrkable simi l a r l t y  t o  sp in  wave .modes below ' the 
C 

. c r i t i c a l  temperature. (see Figure 3.) Thls phenomenon i s  not, however, . 

l i m i t e d  to .meta ls  such as i r o n  and'n ickel ,  but has a l so  been observed 
. . 

18 i n  the i n e l a s t i c  sca t t e r i ng  o f  neutrons from RbMnF 
3' (Figure 4), a 

magnetic insu la to r  which behaves very much l i k g  an idea l i zed  Heisenberg 



ENERGY (meV) 

I . . 

Figure 1. I n e l a s t i c  neutron scat ter ing in tens i ty  fo r  Fe below the 
temperature Tc = 1042O~. Constant momenti~m scan. 





.- 0.3 -0.1 0 0.1 - 0.3 
q ,MOMENTUM TRANSFER 

. . Constant .energy scan f o r  N i above the cur ie  temperature 
about the ( 1  11) reciprocal  l a t t i c e  point  when the energy 
t r  nsfer  AE = 12.4 meV. q i s  i n  zone boundary un i ts  o f  9 2 3 la .  . . 



ENERGY TRANSFER (meV) 

~ i ~ u r e  4. I n e l a s t i c  scat ter ing from RbMnF3 a t  an inc ident  energy 
' Eo = 13 meV. This .constant.rnomentum scan was car r ied  out 

near the ( re f lec t  ion above and below the Nee1 temper- 
a ture  TN = 82 .60~ .  -. . . . - .  



magnet l9 It i s  t h i s  observation which has motivated us t o  examine the 

! 
magnetic. exc i t a t i ons  o f  the i so t rop i c  ~ e i s e n b e r g  model i n  t he  paramagnet 

I - .  

phase. 

Although we w i l l  be p r i m a r i l y  in te res ted  i n  the behavior o f  spin 

f l uc tua t ions  i n  three dimensional magnets such as metals l i k e  N i  and Fe 

and insu la to rs  l i k e  RbMnF much work has recen t l y  been done i n  studying 
3 ' 

the sp in  dynamics o f  one dimens iona l  magnets. The experimental invest  i - 
gat ions have centered on the I inear-cha i n  a n t i  ferromagnet ( C D  ) NMnCt3 

( 
3 4 

20'21 The reason f o r  the i n te res t  i n  1-dmagnetic s t ruc tu res  i s  (TMMC ) . 
tha t  the persistence o f  quasi-spin wave exc i t a t i ons  i n  the paramagnetic 

regime i s  more pronounced i n  the case of.systerns o f  lower d imensional i ty  

Furthermore, i n  1-d systems there i s  no f i n i t e  or$ering temperature, i.e 

long range order e x i s t s  on ly  a t  T = 0. 
2 2 

However, experiments on TMMC 

have demonstrated t ha t  there i s  a h i gh l y  developed . . short range order a t  

temperatures near a b s i l  uce zero. ~ o m i t a  and Mash i yama23 have examined 

the cha rac te r i s t i c s  of magnon. modes i n  a l i n e a r  cha in ' o f  . . c l ass i ca l  spins 
. . 

us ing the  Heisenberg model, and they found f a i r l y g o o d  agreement' between ' 

t h e i r  calculated I n e l a s t i c  neutron sca t t e r i ng  cross sect ion and the 

experimental data o f  TMMC. 

From a l l  these experiments, then, it. i s  qui . te evident t ha t  sp in  
. . 

wave:theory has a much broader region o f  a p p l i c a b i l i t y  than was pred ic ted 

by the e a r l y  theor ies.  More recent 1 y there.  have been several attempts . 

t o  &count for the ekperimental 1 y observed behavior o f  sp in  f l uc tua t i ons  

in  three dimensional systems a t  h igh  temperatures and near T . I n  the 
C 

. . . . .  . 
. . 

. . . . .  

. . 



1 1 .  

. . 

- 
next section the most sa l ien t  features o f  these theories w i l l  be . . 

discussed along wi th  an examinat ion of  t h e i r  shortcomin i s .  . -  . 
. . 



II. REVIEW OF PREVIOUSTHEORIES 

The various theor les  t ha t  have been developed which quant i -  

t a t  i v e . 1 ~  bescr ibe sp in  ' f  1  uctuat ions i n  the  paramgnet i c  phase and t h e i  r 

corresponding spectral  densi ty fa1 1 i n t o  two general categor ies:  those 

wh'ich deal d i r e c t l y  w i t h  the m u l t i p l e  sp in  time dependent co r re l a t i on  
. . .  

. funct ion and attempt t o  construct  a  decoupl ing scheme fo r  t h i s  funct ion 
. . 

. . 
such as 

. . . . . . 

, '  and those which character ize the spect ra l  shape o f  the associated , 

ex i i t a t , i ons  i n  terms of i t s  lowest order.moments, namely the zeroth,. 

. second, and four th  moments, and re la tes  these moments t o  h igher order 
. . 

s t a t i c  c o r r e l a t i o n  functions. 
. . 

One o f '  the ea r l  i e s t  discussions .o f  t h i s  problem was given by 
. .  . .  

Marshal 124 i n  which hedescr ibed  ve ry  qua1 i t a t  i v e l y  the tempei8ture' 

dependence . o f  . spin waves. I n  h i s  work i t  was noted ' t ha t  j u s t  above Tc ' . . . 

when the momentum t ransfer  o f  the scat tered neutrons i s  large, short  

wavelength spin f l uc tua t ions  are  exc i ted  which behave very much l i k e  
. . . . 

magnoo modes a t  low temperatures. These exc i t a t i ons  were cal led.remnant . 
. . 

sp in  waves. Wi th in  t h l s  framework some o f  the experimental observations 



can be read i  l y  understood: whe.n neutrons a re  scat tered a t  large wave - 

vectors j u s t  above T  where q  > x , the inverse co r re l a t i on .  length, then 
C 

remnant spin waves should be observed. However, i n  the case o f  sca t te r -  

ing a t  smal ler  wave vectors where q < x the exc i t a t i ons  span many 

c lus te rs  of spins t ha t  a re  correlated.  i n  d i f f e r e n t  d i r ec t i ons  and con- 

f sequently must behave very dif fer;nt ly from spin waves. A1 though t h i s  

p i c t u re  s a t i s f i e s  the experimental observations i n  a  q u a l i t a t i v e  way, 

the previous t heo re t i ca l  attempts t o  account f o r  the obserf'od spectral  

shape near the c r i t i c a l  po in t  run i n t o  d i f f i c u l t i e s  wh.ich w i l l  be evident 

i n  the f o l l ow ing  discussion. 

The f i r s t  extensive theore t i ca l  i nves t iga t ion  o f  spin f l uc tua t i ons  

25-28 above the c r i t i c a l  temperature was done' by Resibois and De Leener . , 

who concent'rated on an approximate eva luat ion o f  the sp in  au tocor re la t ion  

func t ion  . . 

which p lays a  cen t ra l  r o l e  i n  neutron i n e l a s t i c  sca t t e r i ng  measurements. 

a .  t h. In t h i s  expression Sa(t) i s  the Heisenberg representat ion o f  the a- 

component o f  the spin operator located a t  the l a t t i c e  s i t e  a, and ( . . .\ 
. . 

i s  an average over an equ i l i b r ium cannonical ensemble. Using a  l oca l i zed  

sp in  model we can w r i t e  the autocorre la t  ion func t ion  i n  the  f o l l ow ing  

. . . . 

manner . 



where 

. . 

w i t h  

Here. H i,s the i so t rop i c  Heisenberg exchange Hamiltonian. 

. As a s t a r t i n g  po in t  i n  t h e i r  ana lys is  o f  the autocorre la t ion func- 
- .  

. .. 

t ion a formal ser ies  so lu t i on  was obtained f o r  the equation o f  mot ion f o r  

the ,mat r i x  element o f  p8(t lb) where 

 he separate terms i n  the  ser ies  expansion were examinedvia a diagram- 
. . 1 

. . 

mat i c a l  technique and h i n c e  they w i r e  in terested i n  the long-t  i m e  behavior 

of *q(t) an i n f i n i t e  ser ies o f  diagrams had t o  be considered. A resum- 
ab 

mation procedure was subsequently developed which was based phys i ca l l y  on 

t he  idea t ha t  two . i n te rac t i ng  spins a r e  n.ot i so la ted  but  i n t e rac t  w i t h  . 

. . 
t he  "bath1 composed o f  the remii-ning ' spins. US i n g  t h i s  approximat ion 

and t ak i ng  the Weiss 1 i m i t  (z  =) where z . i s  the  number o f  neighbors 

i n  the  range o f  the  exchange i n t e r a ~ t i o n ~ ~ e s i b o i s  and Oe Leener were able 

. t o  obta in  approximate expressions f o r  the d i r e c t  and i nd i r ec t  auto-, 

c o r r e l a t i o n  funct ions which were v a l  i d  f o r  both short  and long times. 
. . . . .  , . . .. . : , . . 



15 
. . 

I n  extending t h e i r  theory t o  f i n i t e  temperatures i n ' t h e  neighborhood 
r 
b 

the c r i t i c a l  temperature the f o l l ow ing  non-Markoffian k i n e t i c  equation I 

fo r  ' t h e  autocorre la t  ion func t ion  e(t) was derived: 

,., .v ,.# 

where I? (t) i s  the  space Four ier  transform o f  c ( t )  and G (t (F ) i s  t h e ,  ' 

4 q q 

Four ier  t ransform of an i n f i n i t e  ser ies  o f  terms whose.form i s  determined 

by a diagrammatical ana lys is  which was discussed i n  de ta i l .  Only the 

.lowest order "bubblen diagrams were kept i n  order t o  obta in  an approxi- 
- ," 

mate expression f o r  r (t) . 
q 

a Near the c r i t i c a l  poitit t he  shape o f  the frequency spectrum near 

Tc' which i s  d i r e c t l y  connected w i t h  the observed neutron sca t t e r i ng  

cross . section, . i s  seen i n  Figure 5, where y i s  the spectral. 'shape funct ion 

and G i s  a d imens ion 1 ess frequency 

. . w i t h  c and a as f i t t i n g  parameters. 

One o f  the major short comings of  f h  i s  theory i s  tha t  the whole 

approach i s  only va l  i d  in the welss' 1 i m i t  where there are an i n f i n i r e  
. . 

. . 
number of neighbors; howver  i n  reat 1st i c  s i t u a t i o n  z = 6 o r  8, 



lgure 5. Dependence of the De Leener and Resibois 'spectral function 
on the dimensionless frequency, n. 



and a s w e  sha l l  see the  e f f ec t s  o f  short  range order on the  observed 

neutron cross sect ion become dominant when the number o f  neighbors w i t h i n  

the  range o f  the exchange i n te rac t i on  i s  f i n i t e  and small. 

Another approach t o  the analys is  o f  t ime dependent spin cor re la t ions  

I 
I 
j 
i 

a t  h igh  temperatures was presented by Blume and ~ubba rd .~ '  The basic 
! 

physical  idea behind t h e i r  mathematical ca l cu la t i on  i s  t h a t  each spin 
I 

i n t e rac t s  w i t h  a  randomly vary ing e f f e c t i v e  f i e l d  which i s  produced by 

the  neighboring f l u c t u a t i n g  spins. The co r re la t i on  funct ions 

. . 
= (s? s Z ( t ) )  are  evaluated i n d i r e c t l y  through the use o f  the  re lax-  

- c q  ,- -q q  z 
, a t i o n  funct ion [s- q' ~ i ( t )  ] where by d e f i n i t i o n :  

. . 

T h i s  funct ion describes t he  re laxa t ion  o f  the var iabl .e.8 f o r  t 0 

- when a per turbat ion which. i s  propor t iona l  t o  A i s  switched on ad iabat i -  

c a l l y  between t = - * and t i Oand then i s  s u d d e n l y ~ t u r n e d o f f  a t  t = 0 .  

. . Then when T -) * 
. . 
. . I !  

where . . . CI.,,,,,. ... . v e r  an equ i l i b r ium canonfcal ensemble, . .  . - . .  . . 

and thus . . 
. . . . . . 

. . . . 

1 -1 
C ( ( 1  = : PJ. S ( S  * . l . ) ~ ~ ( t ) .  . .  .., . . . - . . ,  .. . . . . .  , . : . -  (1 .1  .,12). 

. .  . . . .  . , . . .  
. . . . 



. . 

~ u b o l s  formalism30 i s  then used t o  show tha t  

(6 .  s Z ( t ) )  
F (t) =- 

9 .  ( 6  sZ) 
q 

where 6 s Z ( t )  represents the  change i n  s Z ( t )  due t o  the  per turbat ion 
q 9 . .  . 

sZ  . Now i n  order t o  f i n d  F ( t )  a formal time-order so lu t i on  i s  obtained 
.- 9 9 

fo r  the equation o f  m b t  ion f o r  a:v~'(t) : 
q 

. . . . 
where 

-- 

' .  . 1 
1. 
1: . The: random e f f e c t  l v e  magnetic f i e l d  i s  then associated w i t h  the  term , 

' 

. . 
J(<', .$I) S+ . The s o l u t i o n  o f  F ( t )  consequently involves the  

. ;I -qli 9 
eva luat ion of t ime dependent m u l t i p l e  sp in  c o r r e l a t i o n  funct ions.  The 

p r i n c i p a l  approximat ion made i s  t o  neglect  the de ta i l ed  corre. lat ions 

, between th ree  or  more.'spins. Th is  approximat ion Is not too bad a t  h igh 

temperatures where i t  leads t o  e r r o r s  o f  0 ( l / z )  where z i s  the number o f  
. . 

- magnetic ions l y i n g  w i t h i n  the range o f  the exchange i n te rac t  ion. ' The 

. . ' . r e s u l t  o f  t h i s '  method, v a l i d  fo r  general t imes i n  the h igh temperature 
. . 

l i m i t .  (T,+m), i s  seen i n  Figure 6. It i s  evi.dent from these p l o t s  

t ha t  there i s  no i nd i ca t i on  o f  propagating modes-- only one t ha t  i s  





st rongly  overdamped when q = ( 112, 1/2, 1 ' ) .  The reason fo r  t h i s  

behavior can be read i l y  understood: the pr i n c i  pa'l approximat ion which 

i s  discussed above can only be appl ied e f f e c t i v e l y  a t  very hightemper-  

atures where there i s  much random sp in  motion. However, i t  cannot be 

extended down t o  near the  c r i t i c a l  temperature where s i gn i f i can t  short  

range order con t r ibu t ions  t o  t he  frequencyspectrum o f  the neutron scat- 

t e r i n g  cross secrion are observed experimental ly. 17, l8 Here the  decoupl- 

i ng  o f t h e  .. . . m u l t i p l e  sp in  cor re la t ions  must be t rea ted  . . d i f f e r e n t l y .  This 

w i l l  be discussed i n  d e t a i l  i n  Chapter I V .  
. . .  

The phenomenological theor ies based on the  ca l cu la t i on  o f  moments. 
. . 

o f  the  spect ra l  densi ty or re la ted  functions, e.g. the spectral  shape 

func t ion  are o f  in te res t  s ince we w i l l  be  using a moment type 
- .  

me thod in  studying the  existence o f  spin wave exc. i ta t ionsabove the  

' c r i t  i c a l  temperature. This p a r t i c u l a r  approach w i  11 be discussed . . 

completely i n  t h e  next section, however before t h i s  is done some previous 
. . . . 

t hedr ies .  i n  ' t h i s  area w i l l  be 'examined. . 

. t he e a r l i e s t  ca l cu la t i on  o f  t h i s  k ind  was ca r r i ed  out by De Gennes 3 1 

w h o i n  studying the  i n e l a s t i c  magnetic sca t te r ing  o f  neutrons ca lcu la ted 

t h e  second and fou r th  moments o f  ,.. .. . . . . . 
. . . . 



which i s  c l ose l y  re la ted  t o  the spin au tocor re la t ion  funct ion g(t) 
. . used by Resibois and De Leener. Ac tua l l y  ,'z G(t) i s  equivalent t o  . 

N . . 
U . .  . 

~+(t) t o  w i t h i n  a  fac tor  s (S  + 1 ) .  
R 

The moments of p ((11) are 
H 

2 4 . The expressions fo r  (a) ) and (or ) are v a l i d  only in, the h igh 
X H 

temperature l i m i t  and fo r  po lycrys ta ls .  The wave vector  dependence of 

the second and four th  moments indicated t h a t  f o r  small wave vectors 
- 

(K-) 0) the spect ra l  dens i ty  PX(w) can be approximated by a  t runcated 

i o ren t z  ian . A t  1 arger wave vectors  where.'^ > i / b  where b  i s  the nearest 
'V 

neighbor d istance the shape of p (w) i s  more c l ose l y  given by a  Gaussian 
H 

funct  ion. 
. . 

. A pre l iminary  attempt t o  determine whether o r  not propagating modes 

. . 
e x i s t  i n  a  Heisenberg was c a r r i e d  ou t .by    en nett,^^ who . .. 
ca lcu la ted  the  l&est order moments o f  an e f f e c t  i ve  frequency spectrum ' 

assumed to have no Je l  ta-fur~cC ion o f  frequency terms, 6 (cg) and t o  have. 

a smooth monotonic behavior. It i s  noted t ha t  the  v a l i d i t y . o f  t h i s  . 

approach depends on the v a l i d i t y  of the d i f fus ion  equation f o r  the 
. . 

. .. 3 3 
magnetizat ion i n  the hydrodynamic regime where q  << n, the  long wave- 

length region. Then the m u l t i p l e  spin t i m e  dependent co r re l a t i on  

funct ions appearing i n  the ca l cu la t i on  a re  decoupled i n  the  f o l l ow ing  
. .. 

way : 



( w i g )  

and 

. . 

When t h i s  approximation i s  used t o  s i m p l i f y  the  expressions f o r  the' 

second and f ou r t h  moments Bennett f i nds  t h a t  the c r i t e r i o n  ' f o r  the  
I 

existence o f  propagating rnqdes when q > 5'1 where 5 i s  the sp in  . . ; 

co r re l a t i on  length i s  . . 1 
i 

when t h i s  i nequa l i t y  i s  s a t i s f i e d  h i gh  frequency mode; ex i s t ;  however 
. .  . . . - 1 

when .q < 5 , 

and d i f f use  modes. dominate. ' The f a c t  t h a t  Bennett Is c i l c u l a t  ions a re  . 

. . . . 
. . . . 

c a r r i e d  .out i n  the hydrodynamid regime i s  one o f  the most prominent 
'. . 

shortcomings'of h i s  theory. The reason fo r  . t h i s  i s  found i n  Halper in  
I 

i 

a n d ' t i ~ h e n b e r ~ l s  d l  scuss ion3) o f  the er i t ice .1  and hydrodynamic regions 

' where the  l a t t e r  i s  defined t o  occur when q << n.   ow ever, as w i l l  be 1 
shown below, the propagating modes observed by Hook .- e t  - a1. l7 i n  Ni above 



the c r i t i c a l  temperature occur when q > H, the inverse cor re la t ion  length. 

Consequently, the decoupling scheme used by Bennett i s i n  question. It 

i s  apparent f ran h i s  work that  no attempt was made t o  consider the.  

possible contr ibut ion o f  short range order t o  the shape o f  the frequency 

spectrum above Tc. 

O f  greater in terest  i s .  the work done by T m i  t a  and ~ o m i  ta34 i n  

which theork t i ca l  l i n e  shapes are obtained f o r  the re laxat ion shape 

funct ion. These shapes are then compared k i t h  the neutron ine last  i c  

magnetic scat ter ing f ran R ~ M ~ F  3 ' l8 The second and four th moments o f  the 

re laxat ion funct ion are calculated assuming nearest-neighbor interact ions 

o n l y .  The general forms o f  these moments are 
'. 

. , 

2 11 - ~ ( i h l  1 4 +i - 4  
(w)+= 2 z Z +  K .gJ (q )  (5 (-q)s (q)) ,  . . 

. k .  h x  (k) q ' '  

. . 

. .. 
- 1 . . . . 

, . I . . where : i I 

. . . . 1 
i 
I 

. .  . I 
. . 

J . . ( I 1.24) 1 

. .  . 
4 . . .  

i n  which z i s  t1i.e number of nearest-neighbors, a i s  .the nea.rest-neighbor' . / 
. . . ,  . . ,  

I 

. pos i t ion  vector, J i s  the nearest-neighbor exchange . , interaction, and 
. .  B , 

. II 

I 



2 4 

Z Z  + 
. . 

x (k). i s  the  long i tud ina l  wave vector  dependent suscep t i b i l i t y .  
. . 

. . a t  small 'k 

Then the  h igh temperature (T -' w)), f i n i t e  temperature (T > Tc), and low 

(T + 0 )  behavior o f  these moments i s  discussed. A t  f i n i t e  

I 
. . 

' , .  . . . . . . 

. where x i s  the  paramagnetic susceptib.i 1 i ty ) ,  i s  used  i n  f i n d i n g  expl i c i t  . 

2 
. expressions f o r  (a P and ( w 4 k ) .  A ~ S O  f o r  T > T~ the  ca l cu la t i on  o f  I: . . . q 'I,.. . 

. ( t h e f o u r t h  moment i s  made t r ac tab le  by expressing the four-sp.in cor re-  

l a t i o n ' f u n c t i o n  i n  terms of a product of.  two spin . co r re la t ion  funct ions. '  
' ' I, . . . .  

Bennett has a l so  employed t h i s  same type o f  approximat ion which' i s  va l  i d  

i n  t h e  h igh temperature 1 i m i  t where the  number o f  neighbors z i s  la rge 
. . . . 

. s ince  the e r r o r  in t roduced i s  of the  order o f  l /z .  I n  comparing the 
. . 

. . 
temperature dependence of the second moment t o  t h a t  o f  the f o u r t h  moment, . 

. . 

' Tomi t a  and Tomi t a  f i n d  t h a t  the f o u r t h  moinent i s  more sens i t  ik t o  
. . 

f l u c tua t i ons  i n  the  sp in  system as thetemperature changes than the . . 
. .  . . . 



1 
i 
C 

. . !  
. . i 

I 
i 

i n  c o r r e l a t i o n s  conta ined I i 

a i n  t h e i r  spec t ra l  '1 i ne  shapes, M o r i ' s  well-known 

continued f r a c t i o n  expansion35 i s  used i n  eva lua t ing  the  canonical  

. . 

I I 
I 
f 
i 
! 

( 1  1.28) , 

I 
1 

. . I 
r e l a x a t i o n  funct ion.  Th is  cont inued f r a c t i o n  

.. ~. 

(.I I -29) 
. . I f 

. . 2 

i 
. t 
. , 

( 1 1.30) 
. . 

1 
I 
I 

. ((I .31) t 
. . 

. . . . . . 

. . i 
' I  

( 1  I .32) I 
, .  . 

k 
' 

[ ~ o t e  t h a t  ~ ( c t )  i s  equ iva len t  to  Blume and Hubbard's C (t) and tha.t 
. . T; . . 

( w )  i s  j u s t  t he  Laplace transform o f  t h e i r  normal ized spec t ra l  shape. ' .  



2 -t 
' funct ion F ( t ) . ]  Here f (w;[b (k ) ) )  i s  the torque co r re l a t i on  func t ion  + 

k2 + 2 +  2 -  
i n  which (b (k)) corresponds' t o  the set  (a (k), a3(k), . . 1. Then i t  

2 

i s  assumed tha t  the torque co r re l a t i on  spectrum,can be character ized by 

' 2 -  
o n l y  a2(.k) and f u r t h e r  tha t  the shape o f  t h i s  spectrum can be simply 

described by a Gaussian funct ion.  The t o t a l  frequency spectrum obtained 

can be seen i n  Figure 7. Although there are peaks i n  the t heo re t i ca l  

l i n e  shape ca lcu la ted by Tomita and,Tomita, serious discrepancies e x i s t  

between t h e i r  shape func t ion  and the observed i n e l a s t i c  neutron sca t te r -  

18 
ing date f o r  RbMnF 3 '. (See Figure 8.) Two problems a r i se  w i t h  t h e i r  

approach: f i r s t ,  the second and f o u r t h  moments are evaluated through the 

.use' o f  a decoupl ing scheme t h a t  i s  va l  i d .  on ly  a't h igh temperatures. 
. - 

  not her d i f f i c u l t y  concerns the p a r t i c u l a r  truncation procedure used which 
. . 

introduces mathematically a two peaked func t ion  i n t o  the theory. I t  

would be mote meaningful i f  the de r i va t i on  o f  these peaks could be based 
. . . . . . . : 

on the nature bf the physical  which govern the behavior o f  the 

.spin system above the c r i t i c a l  po in t  such as the existence o f  short  range 
. . 

order. 
4 

. . .  ,.. . 4 
Recently Lovesey and ~ e k e r v e ~ ~  have employed Nor i I s  continued . 

f r ac t i on  expansion o f  the re laxa t  ion spect ra l  shape func t ion  i n  analyzing . 

the frequency spectrum o f  the i n e l a s t i c  neutron sca t t e r i ng  cross sect ion. 

Here again a t runca t ion  procedure . is  developed i n  order  to. approximate 
. . 

the re laxa t  ion function, however' the expansion i s  ca r r i ed  t o  one order . 

f a r the r  than Tomlta and S.omita1s work so t h a t  a three po le  approximation i s  

construc.ted. The second and f o u r t h  momenti involved i n  th  i s  c a l c u l a t i o n  

are evaluated a t  i n f i n i t e  temperature38 and a t  f i n i t e  temperatures 
. . -  . . . . 





ENERGY TRANSFER w (meV) 
e 8 .  . Comparison between the theore t ica l  l i n e s  obtained by 

and  Tomi t a  and i n e l a s t i c  neutron scat ter ing data f o r  
q* i s  measured along the [ I l l ]  d i rec t ion .  

Tom i .ta 
RbMnF3. 
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. . 

T  > Tc where the four  sp in  c o r r e l a t i o n  funct ions contained i n  the expres- 

.sion f o r  the f ou r t h  moment are approximated i n  terms o f  two-spin co r re la -  

t ion funct ions i n  a  manner. qu i t e  s  i m i  l a r  t o  the decoupl ing scheme used 

by Tomita and Tomita. The agreement between t h i s  method and the exper i -  

mental data18 obtained f o r  RbHnF3 i s ' f a i r l y  good. However the same 

ob ject ions t ha t  were ra ised there  a l s o  apply i n  t h i s  discussion: the  

t runca t ion  procedure automat ica l ly  determines a  func t ion  which has 
. . 

t h e  desired .number o f  poles,  i n  i t .  There i s  no attempt t o  deter-  

[ mine from the physics of the system why the p a r t i c u l a r  s t r uc tu re  i n  

the  spectrum i s  observed, i.e. the poss ib le  e f f e c t s  o f  short  range .  

I , order near T. are  again not  expl i c i t l y  considered. Furthermore, , . 
C I 

a  tlonphysical 'peak i n  t he ' t heo re t  i c a l  1 ine shape occurs a t , T  = aa 

One o f  the most de ta i led  exam ina t i ~ns  o f  the ~ m e n t  expansion 

. . 
where . ' . 

. . 

. 

. method was presented by ~ e i  ter3' i n  h i s  s t udy  o f  s p i n  f1,uctuations i n  

., Heisenberg paramagnets. Re i t e r  obta ins  an i n f i n i t e  ser ies  expansion o f  . .  . 
. . 

. ' the  re laxa t  ion funct ion in. terms of  the mokn ts  o f  the spect ra l  densi ty.  
. . 

t h  ' 

~ h ;  re laxa t ion  of the q- component o f  the magnetization i n  the absence 
. . I .  

. . o f  any ex te rna l l y  app l ied f i e l d s  i s  given by 
. . . . 

. . 



. . 

3 0 
. . 

. . 

. : . 
, .  . 

. . which i s  def ined i n  Eq, (11.10), and where - 
. . . . . . 

. . . . 
- .  

A 

. - 
. . . . 

. . 
. . 

. . . :  . . 
, ( l"1.. 35) , .. ' . 

ized form o f  the shape func t ion  F ( t )  .which 
q 

i s  used by Blume and Hubbard. [See iq. ( I I .11) ] .  
. . 

I n  terms of i t s  moments , . .  

( 

0) ( w " ) ~ . ,  " ( 1  1136) 

1 response o f  the magnetizat ion t o  a magnetic 

+ 
f i e l d  o f  s t rength (gpq)" and wave vector  9, where . . 

-.. . . , . 
. t . . 

. . .  9 . '  . . ( 11.37) 

. . 

'operator o f  the system: . . .  

. . 

( I  I -38) 
. . .  

. . 

. . 
o r  thege moments are developed f o r  i n f i n i t e  . 

. . . . 

mperatures above T When T > Tc the c ' 
4 2 2 2 

l uc tua t  ion (n ) = ( ( y ~  - (u )q) )q 
4 

. . 

. . . . . . . .  . . . .  . . '  _ '  . . . .  . . . .  . . .  . . . ,. . . ." . . ... . . I 

. . . . 

. . 



and . . 

where p(;) i s t h e  equ i l i b r i um spin p a i r  co r re l a t i on  funct ion 

' 
p(;) =(sf sZ3). When the moment expansion i s  ca r r i ed  t o  f i n i t e  ( lowest) 

q -9 .. . 

. order the  expression obtained fo r  the re laxa t ion  func t ion  i s  v a l i d  . ,  

f o r  short  times only. 

. . 
Now i n  order  to, account f o r  t h e  d e t a i l s  observed i n  the spect ra l  

, . 

densi ty associated w i t h  t h e  neutron i n e l a s t i c  sca t te r ing  cross section, 
. . 

40 
. . 

R e i t e r  obtains a set  o f  k i n e t i c  equations f o r  the two sp in  co r re la t i on  

are then used to  determine c(<, t )  and,r(zl,<2, t )  which describes the 

decay o f  a f l uc tua t i on  o f  w a v e ' v e c t o r ~  = {, + , i n t o  two f l uc tua t i ons  
. . 

4 3 2 ' 4 
, o f  wave vectors ql and q2. The e x p r e s s i ~ s  f o r  (w ) and (O )+ , are then 

. . 3 

9 1 
obtained from the ' leading terms o f  se r ies  expansion i n  powers o f  (;) . 

f o r  ( l , , z ) ,  the Laplace transform o f  ( ' , 2 , t ) ,  and they agree. com- 
1 

p l e t e l y  w i t h  those der ived from the diagramnatic expansion o f  the, moments. 

  ow ever the physical  imp1 i ca t ions  o f  the approximations used i n  ob ta in ing  



. . 

the  k i n e t i c  squat ions are much more apparent than those used i n  the ' 

- 

diagram approach. I n  p a r t i c u l a r  the coupled equations o f  motlons fo r  

by decoupling the four-spin c o r r e l a t i o n  funct ions i n  the equation o f  

- ' z - ,  9' 
'mot ion f o r  (S (ql) S (q2) S (q3)) as fb l lows: . . 

. . .  . . 

. . . . 
. , 

. . 

As.noted by Re i t e r  t h i s  decoupling method neglects t h o s e c o r r e l a t i o n s  

whicharenonvanish ingwhen a l l  the spins i n .  . . . )arel lc losel l  t o  . 

one another. This i s  v a l i d  when the range o f  the exchange i n te rac t i on  . . . . . .  
. . 

i s  much l a rge r  than the range o f  the four-spin cumulant c o r r e l a t i o n  . , 

. . 

funct ion.  The e r r o r  introduced i n  O(l/c), where c i s  the number o f  

spins wi th in the range o f  the exchange i n t e r a c t  ion. I t i s  p rec i  sel'y these . 

terms which Re i t e r  neglects which w i l l  be found t o  become important ne'ar 

. . . . 
. . . .  s . . . . .  . . . .  : !'.. Tc. . . .  .. . . . .  . .  - . 

. a ' . -  :. . , .  . 
1 . , ., 

G.. . . . .  . . . .  ' , . '  . . .  .' . . . 



. . 

The h igh  temperature approximat ion f o r  r(q1 ,q2,z) which i s  used 
. . 

t o  ob ta i n  the o v e r a l l  shape o f  the spect ra l  dens i ty  i s  
. . . . 

[p( i i2) - p(;i1)1 -4 2 S ( S +  1) r(ql,q2'4 = {N 3 3/v (2 ( I  I .43) 
~ ( 5 ,  

2 
where v(z)  i s  determined i n  such a manner t ha t  the co r rec t  forms o f  (w ) 

4 
q 

and (0 )q are maintained. This constant r e l axa t  ion t irne approximat ion 
. . .  

I i s  then used t o  ob ta in  theore t i ca l  l i n e  shapes which are compared w i t h  

the neutron i n e l a s t i c  sca t t e r i ng  data f o r  RbMnF 
l8 

i t  ;? 'ev ident  t ha t  
3 ' 

I Rei t e r l s  approach does describe the shape o f  the frequency spectrum a t  

h i gh  temperatures very adequately, however a t  low temperatures near Tc 

there are discrepancies espec ia l l y  near cu = 0. 
, ' 

The shortcomings t ha t  are inherent i n  the t heo re t i ca l  work deal ing 
. . 

1 w i t h  sp in  f l uc tua t ions  i n  three dimensional Heisenberg ferromagnets are ,I ' . 
no t  however present i n  the studies o f  one dimensional ( Id)  ~ e i s e n b e r ~  . 

systems.  ish her^' has obtainad exac t  so lu t ions  f o r  both the p a r t i t i o n '  
' 

. . 

f unc t ion  and the sp in  p a i r  co r re l a t i on  func t ion  f o r  a one dimensional 

Heisenberg ferromagnet and ant iferromagnet i n  the case where S -. " . 
: In t h i s  l i m i t  the c l ass i ca l  sp,in Hamiltonian i s  obtained i.e., the . 

. . 
sp in  operators i n  the Hamilto'nian commute. .F i she r ' s  r esu l t s  have been . 

extended by Tomita and Mashiyama who have r igo rous ly  ca lcu la ted exac t '  I :- 
expressions f o r  the second, f ou r t h  and s i x t h  moments o f  the time-dependent 

sp in  c o r r e l a t i o n  funct ions f o r  a Heisenberg I d  chain o f  c l ass i ca l  spins 
. . . . 

w i t h  nearest-neighbor i n t e r a c t  ions only.  Mori I s  continued f r a c t i o n  

I . .  ':: . ' : . ' .  . : .  
. . 

. . . . . . 
. . . . 



expansion was. then used t o  obta in  the spactral  ,hapa o f  the ine las t ic  
- 

sca t te r ing  cross sect ion. The I r calculated r e r u l  t cmpares qui te  

favorably t o  the ine las t  i c  neutron sca t te r ing  data o f  THHC obtained by 

' 20 Hutchings d. who determined tha t  t h i  r system i s  adequately described 

by the c l ass i ca l  He isenberg's l d  a n t i f e r r m g n e t  w i t h  nearest neighbor 

in te rac t ions  when T 2 1.1 OK. I n  bo;h tha theory and experiment, we l l -  

defined sp in  wave mdes were observed i n  the paramagnetic region. These 

shor t  wavelength sp in  wave exc l  t a t  ions occur because o f  the existence 
. . 

o f  a: highly-developed short range order j u s t  above the c r i ' t i ca l  po in t  , 

which i n  the case o f  a i d  ferromagnet i s  Tc - O'K. 

. . -Recent ly McLean and 81ume4* hava studled the spln dynamics a t  

f i n i t e  temperature o f  I d  Heisenberg magnetic chains invo lv ing spins o f  

a r b i t r a r y  size. They examined both the long wavelength and the shor t  

. . 
wavelength spin f l uc tua t i on  i n  t h i s  system using Blume and Hubba,rdls 

technique which has been discussed aboite. The existence o f  short range 

o rder  was e m p l i c i t l y  allowed . fo r  . through the In t roduct ion o f  a l oca l  

order parameter A where A ' i s  taken t o  be the square root  o f  the near- 

neighbor co r re la t ion .  When t h . 1 ~  parameter was included i n  t h e i r  ca lcu l -  

1 a t i o n  i t  was found t ha t  the short wavelength exci tat ions,  q >> /C 
C '  

where Cc i s  the co r re l a t i on  length, are spin-wave-1ike:and t ha t  the' 
.LI ' 

long wave'length. f luctuat ions,  4 < l/tc are d i  f fus ive  i n  nature and are 

associated wi.th va r ia t ions  i n  the l 0 ~ 8 l  order  parameter. Again the 

par ison between the e x ~ e r i m n t a l  data o f  T M C  determined by Hutchings 

. e t  a1 .*'. and t h e i r  theore t i ca l  Sc8t ter ing funct ion i s  qu i t e  good. . . . ' -- . . 



The major po in t  o f  t h i s .  whole discussion i s  t ha t  none o f  the ex f s t -  

ing theor ies adequately describes the s t r uc tu re  observed i n  'the i n e l a s t i c  

neutron sca t t e r i ng  data near T a t  large wave vectors except i n  one 
C 

dimension. In  a l l  the 3d theor ies  discussed above one of the major shor t -  

comings was the way i n  which the m u l t i p l e  sp in  co r re l a t i on  funct ions were 

decoupled when 7) > T . The region of va l  i d i  t y  o f  t h  i s  decoupl ing scheme 
C 

and the mot ivat ion for  i t s  use w i l l  be examined s h o r t l y  i n  connection 
. . 

with a procedure we have developed i n w h i c h  the pos i t i ona l  c o r r e l a t i o n  

o f  the spins i s  considered i n  d e t a i l .  From t h i s  ca l cu la t i on  the impor- 

tance o f  short  range order and i t s  e f f e c t  on the spec t ra l  densi ty when 

T 2 Tc w i l l  become q u i t e  apparent. . . 
. . .  



I 

I Ill. SERIES EXPANSION FOR THE TIME DEPENDENT . . 

j. SPIN PAi  R CORRELATION FUNCTION . , .. . . 
. . 

.. . . 
. .  . .  

Since i n e l a s t i c  neutron' sca t te r ing  has been extens ive ly  used t o  
' 

the magnetic exc i t a t i ons  above the c r i t i c a l  temperature a method 

rill be developed t o  ob ta i n  t heo re t i ca l  . l i n e  shapes f o r  the frequency 

and wave vector  spectrum o f  the neutron i n e l a s t i c  sca t t e r i ng  cross 

section. O f  fundamental importance i n  t h i s  d iscussion i s  the f a c t  t h a t  

the magnetic scatter; rig cross sect ion i s  r e l a ted  t o  the time dependent 

s p i n  p a i r  co r re l a t i on  function.43, Consequently i f  an express ion f o r  . ' 

this funct ion can be der ived i t  w i  11 be possib le t o  generate 1 ine shapes 

which can be compared w i t h  experiment.. . ' 

The r e l a t i o n  between the neutron magnetic sca t t e r i ng  cross sect ion 

43 and the sp in  p a i r  co r re l a t i on  func t ion  has been shown by van ~ o v e :  
C 

: . 
. .  . 

. . 
> . .  . ~ 

'where 
. . 

. . 

+ + 

+ 1 
G .  (qjw) -x 3 SI) d t  e i (qe r-cut) 

r 4  
(s;(o) &t)), 

r 
. . 

and d q =  t i ( ; - ; I )  i s  t he  momentum t rans fe r  vector  i n  which and are . '  . . 
. I 

, . ' 1 
.. . ! 

r espec t i ve ly  the .  inc ident  and scat tered wave vectors, f (z) i s  the . i 

w +  mgnet i c  f o r m  factor; and G (q,w) i s  the space and time Four ier  t rans- 
. . 

form o f  the sp in  p a i r  corre1,at ion funct ion.  Consequently i t  i s  evident '  . . , 
1 

f r o r n . ~ ~ .  (I I I .I) tha t  the sca t te r ing .  i s  a measureof  the sp in  co r re la t ibns  
I 

in  the system and furthermore t ha t  a1 1 . lnformat ion concerning the I 

. . 
i 

. . 1 



frequency d i s t r i b u t i o n  o f  the neutron s c a t t e r i n g  cross sect i on  i s  

(434  conta ined i n  G (q,w). 

. I n  o rde r  t o  simp1 i f y  the f o l l o w i n g  c a l c u l a t i o n  a  system w i l l  .be 
. . 

'considered i n  which the  spins a re .  l o c a l  ized a t  the i o n i c  s i t e s  o f  t he  

l a t t i c e ,  and so . . 

Then 

-+ 
where t h e  sum on i i s  c a r r i e d  over  a l l  N l a t t i c e  vectors Ri. For' t h i s  

w 4  I 
I l o c a l i z e d  s p i n  system, G ( q , ~ )  can be w r i t t e n  i n  the f o l l o w i n g  way: I 

. . 
. . 

When t h i s  expresiion' i s  in tegra ted over  a1 1 frequencies we o b t a i n  
1 

. . 
. . I 

. . . . 

. W +  I r" ' a . ' $  - I w t  : G (q,w)dw =-. (S4(0) S - ( t ) ) e .  d t ,  
. . -m - q 

. . . . . . 

-ih'ich i s  j u s t  the e q u ~ i  I b r i m  s p i n  p a i r .  c o r r e t a t  ion funCtion.  or, a  

sys tem w i t h  i s i t  rop i c  I n t e r a c t  ions the W u t r O n  Sca t te r ing  cross sec t  ion, 
. . . . 



where a! = x, y, z. 
. . _ I  

. . . . . .  . . 

: i n  the paramagnetic 'phase 

. . 

since there i s  no o v e r a l l  p re fer red d i r e c t i o n  o f  sp in  o r ien ta t ion .  

This imp1 ies t h a t  . . 

consequent 1 y, above, Tc , . 
... 

Therefore, s ince .  the neutron sca t te r ing  cross sect ion i s  d i r e c t l y  pro- 

+ 
por t iona l  t o  ~ (q ,w )  i n  t h i s  temperature region, a  comparison between 

+ 
G(q,w) and the neutron cross sect ion determined from t h e  measured scat- 

- .  

ter;ng i n t e n s i t y  can be. read i  l y  accompl i shed. However,' before we 

consider the proper t ies  o f  t h i s  func t ion  i n  more de ta i l ,  i t s  r e l a t i o n  . 
. . . . . . 

to. -the spin re laxat  ion funct ion and'spec.tral.  d e n s i t y  fun=( ion wh i th  

have been used i n  p r i o r  t heo re t i ca l  work (see Chapter I I) w i l l  be '  . '  

exam i ne d  . 
. . 

I n  studying the behavior o f  spontaneous sp in  f luc tuat ions,  Marshal 1 
. . 

44 
and Lowde have examined the proper t ies  o f  the spi'n re laxat  ion funct  ian 



, . 
# .  

, . 
39 . . 

- . . 
. - 

,- 

a B ' QP +. - 
R (q,t) = r S _  (01, S _ ( t ) l ,  ' . .  (111.11) . .  

"q 9 . . .? - 

which describes how a sp in  system relaxes a f t e r  a disturbance i s  removed. 

*-+ The Four ier  transform o f  R (q,t) i s  

1 r*(;,w) = - p . - iwt  * + .  
2 n R (q,t)dt. 

-w 
( 1  11.12) 

. . 
(. . . 

When T > T -  then by d e f i n i t i o n  
C' 

, 
[SO, (01, s!(~)I = p d ~ ( e ~ ~ s ~ + ( o ) e ' ~ ~  s!(t)), 

* .  9 
0 .  . 

-q, -q q 

and' . . 

rOg~,w)  dteWiwt P d h  (ehH S ? ( O ) ~  
2rr s+. (o le -r\HelHt ' - iH t ) *  

0 
, . 

. -= - q . q  

. . (111.13) . .  . 
. . . . 

The refore, 
. . 

. . 

- i [ w  - (EJ - Ei)] t 
P"[{,w) = $ Z ,r d t  e 

i j ' -= 
. . 

-PE, 'A(Ej -El)  
. . x $ g d ~  Z-' e . . . 

. . 
. .. 

x (i 1sa+(o) tj)(j I S ~ ( O )  1 i), . . (111.14) 
-q 9 

. . 

where 

a i ~ t  a -,i H t 
S + ( t ) = e  S_(O)e , (I I I. 15) 

9 
. . . q .  . . . 

, . : .  -. . 

. . 

. - . . 



40 . . 

e l y ,  and Z i s  the p a r t i t i o n  funct ion.  Then . 

. . . . . .. 
. . . . . . . * 

t 
. . . . ' .  . . . . 

. . 
. . 

. . 



Consequent 1 y, 

where X@({, t) i s  the dynamical response func t ion  which determines the 

response o f  the ;ith wavevector o f  the magnetizat ion t o  an appl ied f i e l d  

+ -P 
< 

H(q,t): . . 

i n  the case where the system i s  t r a n s l a t i o n a l l y  invar ian t  and s ta t ionary .  

Since t h e  p r i n c i p l e  o f  causa l i t y  imposes the f o l l ow ing  r e s t r i c t i o n  on 

. . the response funct ion:  

when t < 0, then we can def ine the general ized suscept i b i  1 i t y  t o  be 3 0 

. . + .  
where c -r 0 . The presence of  eoct insure; t ha t  the response i s  

. . 

adiabat ic.  

Using t h i s  d e f i n i t i o n  and E q .  ( 1  I 1 . ~ 1 8 )  we ob ta i n  





we obta' in 

which i s  simply a statement o f  the f l uc tua t i on -  d i ss i pa t i on  theorem. 

Here the term on t h e  l e f t  hand s ide i s  usua l l y  r e fe r red  t o  as the spec t ra l  

density. Thus because o f  the above i n te r re l a t i onsh ips  between ,,G@G,w), 

the re laxa t  ion function, the spect ra l  density, and the general i r e d  

suscep t ib i l i t y ,  i t  i s  des i rab le  t o  ob ta in  an e x p l  i c i t  express ion  f o r  

Be lowthe  c r i t i c a l  temperature the sp in  system e x h i b i t s  long range 

,rder, and as T -. O'K the spins take on t h e i r  maximum al lowable quantum 

lumber along the a x i s  o f  quantizat ion, namely S. Consequently, a t  
. . . . . . 

temperatures near absolute zero sp in  wave theory may be used t o  evaluate 
' . 

\ '  

:he sp in  p a i r  c o r r e l a t i o n  functions, and thus i n  t h i s .  temperature region 
. . 

4 4 .  . . te. f i n d  t ha t  . . . 
. . 

where 4 ( < )  i s  the energy o f  a non in teract ing sp in  wave mode o f  wave 

. . ' +' 
. . 

vector  q : . . 

. , 

~ e &  J(<) i s  the Four ier  transform o f  the exchange i n t e r a c t  ion. So a t  . . 
. . . . 

X X +  low temperatures G (q,w) i s  expressed i n  terms of  d e l t a  func t ion  . . 

s i n g u l a r i t i e s  which occur a t  frequencies co r respond ing to  the absorpt ion 
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47 . . 

. . 

. .  . . . 
. . 

I n  the random phase approximat ion v .= *. However, i n  more exact 

.v 
theor ies v = z, w i t h i n  the c r i t i c a l  region where kh >> 1 and where . . . .  

both k-' and A are macroscopic lengths. However, since we w i  11 be 

examining the behavior o f  sp in  f l uc tua t i ons  outs ide the c r i t i - c a l  region 

where kh 2 1, v = can. be used. 

The experimentall determination d f  the co r re l a t i on  length f o l  lows . . - 

d i r e c t l y  from the d e f i n i t i o n  o f  the neutron sca t t e r i ng  cross sect ion 
. . 

where,. from' Eqs. (I I I .I),' (1  11.2) and ( 1  11.5), 

. 2 .  ' .' 
-iWt ( s ~ ( o )  sa+(t))dt e . . (111.45) 

' dn'dw' -QD q -9 

. . 

then i n teg ra t i ng  over a1 1 energies o f  the scat tered neutrons we ob ta i n  
.-. 

. . . . . . . . 

. -  2 . . . .  . . 

S a a a a '  d 0 dw 0: I r dw J d t  .-'wt 
(S+(O) S,, +(t)) a (S+ S +) 0 

. . 
2lt d 

, dal'dw' q -9 9 -q . . 
. . . . . . 

. '(I I I e46) 
. . 

. . 
Consequently, ' f o r  small q * .  . 

2 
1 J- d 0 dm' " (:I I I .47). 

, a l d w l  q2 + (im2 . *  . . ,  
. . . . . . 

Thus A may be obtained by f i t t ' i n g  the expression on the l e f t  hand s ide 

o f  E~., ( 1  11.47) t o  the .exper imenta l l y  determined t o t a l  in tegrated . 
. 

. . 

. . 
s ca t t e r i ng  in tens i t y .  . . . .  . 

. . . .  . . . : .  
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I . . .  j 
i 
I I V . '  CALCULATION OF THE LOWEST ORDER COEFFICIENTS I N  THE SERIES 

. . 
. . EXPANSION FOR THE TRANSVERSE AND LONGITUDINAL . . 

-.. . . . . 
CORRELATION FUNCTIONS. 

. . 

A .  Importance of  Short Range Order above the C r i t i c a l  Temperature 

, For the present study the i so t rop i c  Heisenberg model w i l l  be 

exam i ned : . . 

. . 
. . ..- 

where - . . 

. . 

and . ' .  
. . . . .  

. . .  . . . . 

. . . . 

t h  eke J.. g ives the exchange i n te rac t  lo" between the i th and j spins 
. ' J  . . .  , .  

+ 
J. . = J (zi - R j  ) . I n  pract  ice  these exchange. parameters are cons i d i r e d  , 

. ' J  . . 
t o  be phenomenolog i ca 1 constants whose va l  ues are determined by f i.tt ing 

. . . . . . 
. . 

t h i s ,  model t o  t h e  exper7mental data. , ' 

. . .  . . 

The mot i va t ion  f o r  our  cons,ide'rat ion o f  t h i s  p a r t i c u l a r  system 

. . 
comes' from the f a c t  t h a t  i t  i s  inherent ly  much s imp le r  t o  t r e a t  than the : 

l t  inerant  e l ec t ron  theory o f  ferromagnet ism and f ram the f a c t  t ha t  one 
. . 

dbserves maynon-like exc i t a t i ons  above the c r i t i c a l  tempenature i n  



I 
1 neutron sca t t e r i ng  experiments not  on ly  i n  metals such as nicke.1 17 
1 

46 18 
and i r o n  but  a lso  inmagnet ic  insu la to r *  l ikeRbMnF 

3 ' 
From Eq. (1  1 1  . l o )  i t  i s  evident t ha t  i n  order t o  determine the 

-... 

shape o f  the i n e l a s t i c  neutron sca t t e r i ng  cross sect ion due t o  sp in  

m-, 
f l u c tua t i ons  above the c r i t i c a l  po in t  the func t ion  G (q,w) must be 

calculated.  This ca l cu la t i onw i l l . now  be a.ccomplished through the use o f  

the ser ies  expansion o f  the dynamical sp in  co r re l a t i on  func t ion  i n  1 
powers o f  t, Eq. ( I  11.35). The usefulness o f  t h i s  approach 1 les  i n  . the I 

i 

fact  tha t .  the coe f f i c ien ts ,  ( G ( " ) ) ~ ,  i n  t h i s  power se r ies  can be re l a ted  
9 

t o  s t a t i c  mu1 t i p l e  sp in  co r re l a t i on  funct ions.  We can read i l y  evaluate 

' the lowest order  c o e f f i c i e n t s  by employing a physical  approximation 
! 

' w h i c h  i s  developed i n  t h i s  section. Because o f  the r e s u l t i n g  simple 

expressions f o r  the . . coe f f i c i en t s  o f  t he . ze ro th  through second power o f  
f 
1 
4 

. t., we w i  11 incorporate them as leading terms. i n  a resurnmat ion t 

wh,ich ' i s  used t o  determine an approximate expressi'on f o r .  the '  dynamical 
, . m-, 

sp.in co r re l a t i on  function, Eq. ( 1 . 1  1,,33),'.from which G ( q , ~ )  can be 

found by ~ o u r i e r  transformation. 
. . 

m-, 
. W e  now proceed w i t h  a ca lcu la t ' ion o f  G (q,e) above the c r i t i c a l  

, . . . 

temperature. . I n  Chapter I I 1  we def ine 

ar=l+ 0x31- ' - iw t  
G (q,w) = 9 (q, t ) e  . d.t, 

. . where a = x, y, 2 and . . 

.. , 

. . 

g"6,t) - - ( sa (0 )  -? sa+(t)). . . ( I V . 5 )  
9 - q 

. . . . ' . ' , .  . .  . . 
. .  . - .  

. . 



I 

. . _ _  
. . 

ax-, - .. 

. I 
Then using the expansion o f  g (q, t) i n  powers o f  t, we ob ta in  . . .  

. . . . . . 

m - ,  
G (q,o) = d t  e - jo t  [(G+ (0) ) QCX - ( 1 ) ) a  t 

' -ae  i ( G+ 
. q  4 i 

. . I  
. , 

I 
. . I  

1  (2) cxx 2 i (3) aa 3 - ( G  ) t + (G-, ) t + -1 .  . (lV.6) ' . 
i 

q  9 
1 

. . 
I ' . . 

.I 

The m u l t i p l e  commutator expressions f o r  the lowest order c o e f f i c i e n t s  

i n  the above ser ies  a r e g i v e n  by Eqs. (111.40) - (11-1.42) and .  
.- 

. .  . 
. . 

where H i s the He isenberg exchange Hami 1 ton i an. I t w i  1 1 be very 
. . 

. . 

apparent f r omthe  complete ca l cu l? t i on  o f  ( G ( ~ ) ) ~  ( ~ppend i x  A) tha t  
-r 9 i 

. , 
! 

an e x p l i c i t  de r i va t ion  o f  any o f  the higher order coef f . ic ients  would . 
. . 

be extremely tedious, and consequently we w i l l  car ry  ou t  de ta i l ed  ca l -  1 

! 
cu la t ions  for  on l y  (G?)) Chroudh (tJ3)). 

9 q 

i 
! 
I 

Our ca l cu la t i on  o f  these c o e f f i c i e n t s  can be s i m p l i f i e d  by making I 
. . I 

. I 
. . . . 1 

' . the fo l lowing observation. When T ?  Tc, and the neutron sca t t e r i ng  wave 
, :. 

vector  sat  i s f i e  s t h e  i nequa l i t y  q ' >  A - '  where A i s  the sp in  b a i  r cor-  

I r e l a t i o n  length discussed i n  Chapter I I I., then from t h e  theory o f  Four ier  

the dominant c o n t r i b u t i o n  t o  the s p a t i a l  sum i n  the . . . 1 

transform of the dynamical sp in  co r re l a t i on  

. . . . .  . 

function, , . .  . . . .  ' . , '  . 

. .  . 

. . 



where 

+ ' +  -+ 
R.. = R i  - R 

I J j ' 

comes f rom those t e  rms i n wh i ch 

1 
--- ls;.l < -  < A,, 

I J 9 

so tha t  the spins a t  s i t e s  i and j 1,ie ins ide a distance A from each 

other.  ( l t  should be noted t ha t  our i n t e res t  i n  t h i s  wave vector  . 

region i s  generated by the f a c t  t ha t  the neutron sca t t e r i ng  experiments 

17 on N i  done by Moak e t  a l e  are ,car r ied ou t  i n  t h i s  reg ion . )  Proceeding 

fur ther ,  i f  we a s s  u m e the range o f  the exchange i n te rac t  ion r t o  be 
. . 

f i n i t e  and 
. :. 

. . 
.. . 

1 r e -  < A ,  
.9 , . 

( I V .  11)  

t hen . t o  a good approximation the dominant con t r i bu t i on  t o  the lowest 





I 
degree o f  sp in  order w i t h i n  a co r re la ted  c l u s t e r .  McLean and Blume 

42 

f i r s t  introduced the  concept o f  a loca l  order parameter so t ha t  they 
I 

j could account fo r  the existence o f  short  range order i n  one dimensional 

Heisenberg magnets. This parameter was o r ien ted-  i n  the d i r e c t i o n  o f  the 

l oca l  magnetization. The under ly ing assumption o f  t h e i r  theory i s  t h a t  

the spa t i a l  and temporal va r i a t i ons  o f  the parameter occur s lowly near 

T = 0 so t ha t  i n  the f i r s t  approximat ion the l oca l  order  parameter i s  

constant wi<th respect t o  the propagation o f  shor t  wavelength (q >> 1-l) 
. . 

s p i n  waves. . , 

This d e f i n i t i o n  w i l l  be f o l l o w e d  ra ther  c l o s e . 1 ~  here. However, i n  
- 

o r d e i .  t o  simp1 i f y  our  calculat ions,  we wi 11 construct  a t ime .  independent 

loca l  order  parameter. Since the normalized c o r r e l a t i o n  func t ion  

(~:??.)/s(s + 1) g ives the p r o b a b i l i t y  t ha t  spins on s i t e s  i and j are 
' J  

corre la ted.  w i t h  each o ther  and thus. i s  a measure o f  the sp in  a1 ignment, 

we w i  11 take t h i s  t o  be our loca l  order  parameter. This parameter a lso . 

has a d i r e c t i o n  which i s  t ha t  o f  the l oca l  magnetizat ion associated w i t h  

the sp in  c lus te r .  We def ine.  t h i s  t o  be the d i r e c t i o n  o f  the l oca l  z 

axis. .  . 

Consequently, i n  d iscussing the con t r ibu t ions  t o  the lowest order  

: . ' coe f f i c ien ts  i n  the power. se r ies  expansion o f  the dynamical' sp in  . . 

c o r r e l a t i o n  function; we e x p l i c i t l y  account f o r  the existence o f  shor t  

range o r d e r  above the c r i t i c a l  temperature by approximating the system 

as a c o l l e c t i o n  o f  cor re la ted.  spin c l us te r s  whose o r i en ta t i ons  are 

*d i s t r i bu ted  randomly and whose degree o f  sp in  alignment i s  g iven by 

the  l oca l  order parameter. 
. , . . .  . .  . 



When the system i s  approximated i n  t h i s  way, the t.ime dependent 

a a sp in  p a i r  c o r r e l a t i o n  func t ion  (si (0) S. (t)) can be w r i t t e n  i n  the f . 
J 

fo l l ow ing  way: 

whe re  . . 

Here these sp in  operators are def ined w i t h  respect to . i the loca l  z  a x i s  ' 

o f  the sp in  c lus te r 'wh ich  i s t h e  ax is  o f  quant izat ion;  The f a c t o r  o f  Q 

takes i n t o  account the fac t  t ha t  the loca l  z  ax i s  i s  randomly o r ien ted  

i n t h e  sp in  system under considerat ion. 

, 4 s  a .  consequence o f  Eq. ( I V . ~ ) ,  w e  can w r i t e  . . 

where we can def ine 
. . 

Then Eq. ( I V .  17) h a s  the same fbrm as t ha t  der ived by McLean and B l  ume. 42 

I t  should be noted however. tha t  i t  i s  v a l i d  on ly  f o r  T  >.T: when the 
. .  

system i s  .approximated i n  the above discussed manner. Thus one, o f  the  , 

mqst s ign i f i can t  features o f  the inc lus ion  o f  l oca l  order  above the 

r i t i c a l  po in t  i s  t ha t  instead o f  a  s i ng le  c o r r e l a t i o n  func t ion  both 



the transverse and long i tud ina l  c b r r e l a t  ions w i t h  respect t o  the ax i s  

of '  quantizat ion, the loca l  z axis, must be considered. 

I n  Sectlon B we w i l l  ca lcu ja te  the f i r s t  and second order coef- 

f i c i e n t s  o f  the powers o f  t i n  the se r ies  expansion f o r  the transverse 

T -. 
dynarnical' sp in  c o r r e l e t  ion func t ion  g (q, t) where . . .  

- T-b +- 4 4 +. 
9 (q, t) = 3$[9 (4,t) + 9 (9, t ) l  . . (lv.18) 

. . 
4 T -. 
1 An approximate expression f o r  g (q, t) wi 11 'then be obtained by a 

T -* 1 resummation and G ( q , ~ )  obtained by Four ier  t ransformat ion.  I n  Section 
t zz + 

C 
an equatidn f o r  G ( q , ~ )  w i  11 be determined. . . 

T -. 8. Determination o f  G (q,w) 
. .. . . 

+- + -+ + 
Since G ( q , ~ )  and G ( q , ~ )  may be ca lcu la ted i n  a para1 l e l  manner, 

+- 4 [ we w . i l l  concen t ra teon  the e ~ a l u ~ t i ~ n o f  G (q,w). From t h i s  d iscussion 
. . 

-+ 4 

. the..expression f o r  G ( q , ~ )  wi 11 f o l l o w  , d i r ec t l y . '  
1 . . 
I 

4 As discussed i n  Chapter 1 1  1 ,  Eg. .  (I I 1 3 5 ,  the dynamical sp in  . 
i .  ' .  
t '1.. c o r r e l a t i o n  func t ion  canbe  expanded i n  a Taylor  se r ies  inpowers . o f  . t. 
I 

i Thus ' 

. . 

+ -. ' " (- i t ) "  (n) +- 
g ' (9, t)' = C n ! (G+. . , 

n = O  9 . . '  . . 

and so 



I 
. . 

. . 

. . 

. . .  . , 

. . 
. . 

From Eqs. ( 1  1 1.40 and 1 1  1.42) we have the r e s u l t  t ha t  

and 
. . 

. . 

. . Now i n  order t o  determine exac t l y  how the presence o f  pos i t i ona l  

co r re la t  ions o f  the spins above T a f f e c t s  the ca lcu la t ion .  o f  the lowest 
C 

. . 
o rder  coeff ic ients,  the s p a t i a l  Four ier  t ransform o f  the f i r s t '  order 

coe f f i c i en t  w i  11 be examined: 

. . .  

where 

. . .  
. .  

. . . . I 
I 

. . ( I V  .25) 
. . 

I 
I . . . . . 3 

I 
Here E q s .  (1v.1-lv.3) have been used i n  the de r i va t i on  o f .  these . . , I 

. ~j 

- I express ions. . . i . 
. . 

us ing Eq. (1v . l )and  the fo l lowing commutator r e l a t i ons  
.. I 

. . .  

+ . Z +  

. . .  

I 
[S;, Sj] = i j (IV.26) . 

. . 
. . i 1 

i 
[SiI s:] = 6 . . . . .  . . . .  

" . . . . . . a .  . . .  . . . . . - . . .  . * . . . .  . . .  . 

1 
. J .  . . .  

i j s;? ..,. 
. . . . . .  

. . . . 
- (OV.27) . . 

. . 
. . . .  

. . 
.4 

. *. A:;. ;-". . . . $ ., . , ,- . ' . . -':' . . 
. ' I , .  ' , -  

. . 
. . 

!I 
:.a . . 

'.. :.? a 





. . . . 
. . . . 

2 

. . . . 
. . .  

. . .  . . . . \  . 
. where 

. . . . 

i n  which the s ign i f i cance  of ( . . .  ) i s  described d i r e c t l y  below. 
SW 

. . 

A n  expression for  P may be determined i n  the fo l low ing  way. Since we 
. . .  

have assumed tha t  the range o f  the exchange i n te rac t i on  i s  much less 

than the two sp in  co r re l a t i on  length  A, then i f  the spins a t  s i t e s  i 
. , 

and j are w i t h i n  a distance o f  each other, a l l  the spins a t  s i t e s  

i, j, and C w i l l  l i e  w i t h i n  t h i s  region. So the p r o b a b i l i t y  P may 

simply be equated t o  the normal ized two-spin co r re l a t i on  funct ion 

When the spins on s i t e s  i, and j a r e  a1 igned, p.. = 1 ; and when they ' J 
are s t a t i s t i c a l l y  independent, p.. = 0. Thus P i s  the magnitude o f  

I J . . 

the  l o c a l  order  parameter i n  the s p a t i a l  region near t h e p a i r  o f  sbins ' . 

. . . <  . 
i and j., 

+'- 
. I n  eva luat ing A.. ( I ) ,  we note t ha t  a1 1 the  spins contained i n  the 

. . I J . . + - : mu l t i - sp in  co r re l a t i on  funct ions compris ing A.. (1) fa11 withincorrelated 
J 

sp in  c lus ters .  Therefore, these co r re l a t i on  funct ions w i  11 be approxi- 

' 

mated through the use o f  sp in  wave theory f o r  an i n f i n i t e  crystal ,  

. . .  . which1s.symbol iaed by ( )sw. Th is  i s  done.by l e t t i n g  
. . . . 



and 

whe re  

i n  which a '  and a+ are the magnon c rea t ion  and a n n i h i l a t i o n  operators 
k ... 

respectively. The above expressions are j u s t  the ~ o l s t e i n - ~ r - i m a k o f f  
. . . . 

sp in operator  expansions1' i n  which onl; the lowest o rder  terms . . 

retained. Then 
. . 

' .  . 

. 

and ~ t 7 ( 1 )  has t he  form 
!J . . .  . , 

t 
. . 

t 
Since [a+,a+ ] = 6 

. + +  and n+ = a+a+ which i s  the magnon number operator. 
k' k '  k, k '  k . k"k .. . . . .  . . . . .  . . . . .  . . . .  . a .  .' .r , , , . . . I 

. . . . . . .  ' "3' 
. . 



4 

i t  should be 'noted t h a t  by us ing t h i s  approximation we assume t h a t  the 

spins w i t h i n  the  s p i n  c l u s t e r  tend t o  be a l i gned  a long the  l o c a l  z . 

axis o f  t he  c l u s t e r .  

We wi 11 now eva luate  the  m u l t i p l e  s p i n  c o r r e l a t i o h  func t i ons  i n  . 

~ f T ( 1 ) .  Since the  spins i n  t h i s  term l i e  o u t s i d e  the  sp in  c l u s t e r s  the  
I J 

m u l t i p l e  s p i n  c o r r e l a t i o n  func t i ons  may be approximated through the  use 

40 
o f  t h e  cumul an t  expans ion  method empl.oyed by Re i t e  r; 

where (.. . . ) . i s  an average over an e q u i l i b r i u m  canonical ensemble. 
. . 

z 
However, (sj) = 0 when T  > Tc, s  ince the re  i s  no p e r f e r r e d  d i r e c t  ion  f o r  

spins l y i n g  ou ts ide  t h e  sp in  c lus te rs .  Consequently, 
. . . . 

+- 
B i j ( l )  = 0. : .( l v  .44) 

The above argument can be extended t o  inc lude a1 1  odd ordered coef- 
. . 

f i c i e n t s  so t h a t  
. . . . 

This ' i s  a r e s u l t  o f  t he  f a c t '  t h a t  the m u l t i - s p i n  c o r r e l a t i o n  f u n c t i o n s ' '  
. - 

+ - 
comprising 0 . .  (2" +. l) must be r o t a t i o n a l  l y  i n v a r i a n t  because 'the 

I J 

col l e c t i o "  o f  sp ins l y i n g  ou ts ide  the s p i n  c l u s t e r s  have t h i s  symmetry 
. . 

+ - 
prope'rty. But the  c o r r e l a t i o n  func t i ons  i n  B . .  (2n + 1). con ta in  odd 

. . I J  . . 

numbers o f  spins, and thus the requirement o f  r o t a t i o n a l  invar iance 

forces these e q u i l i b r i u m  ensemble averages t o  be i d e n t i c a l l y  equal t o '  



' As a  consequence o f  t h i  s  r e s u l t  (G+ ) i s  determined so le l y  by. - 
q 

. . the sp in  c l u s t e r  cont r ibut ion,  A?(I). We can ob ta i n  an expl  i c i t  
.- 

express ion fo r  the f i r s t  order c o e f f i c i e n t  by tak ing  the 'Four ier  t rans-  

form o f  A?: (1 ) .  since 
I J 

. . . . 
where 

then f o r  T  5 Tc and r < q-' < A 
1 

. .  . 
- .  

. w i th  

and 

' (2))+- i.s dong The ca l cu la t i on  o f  the second order  c o e f f i c i e n t  (G+ . . 
. . q 

in an -analogous manner. Since ., . 

'+en when r < 4-l '< A the dominant con t r i bu t i on  comesfrom those terms 
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which imp1 ies  t h a t  the spin p a i r  a t  s i t e s  i and j i s  s t a t i s t i c a l l y  

independent o f  the sp in  p a i r  a t  m and n. Thus 

Upon tak ing the Four ie r  t ransform o f  A+-(2) and B?7(2) i e  ob ta i n  
i j  I J 

. . . . 
I . .  . 

The f i r s t  term i n  the above equatibn i s  the Four ier  t ransform o f  A:; (z), 

and thus i t  gives the sp in  c l u s t e r  con t r i bu t i on  t o  (G+ (2))+-, i.e. i t  i s  . 

q  
.due t o  the l oca l  order  above the c r i t i c a l  po in t .  Both the 'second and 

t h i r d  terms on the r i g h t  hand s i de  o f  Eq. (1v.58) come from B?(2). It 
..IJ 

should be noted t ha t  the second term i s  q u i t e - s i m i l a r  t o  the expression 

Reiter3' has der ived fo r  the second moment o f  the spect ra l  densi ty 

except f o r  the fac tor  pG) which a p p e a r s i n  the denominator o f  h i s  , . 

eqyation. The t h i r d  term plays a  very important r o l e  a t  temperatures . . 

. +  -3 . . 
near T because as T +Tc, p(q) becomes s t rong ly  peaked a t  q  = 0 f o r  

C 



. * . . - 1 a ferromagnet. The wid th  o f  t h i s  peak i s  measured by h . Conse- 

quent ly s ince we a re  consider ing on ly  those wave vectors which sa t i s f y  

- 1 
q >.h the  t h i r d  term tends t o  cancel the second. Th is  behavior 

.. . . 

w i  11, be discussed' i n  deta i  1 through the use o f  a spec i f i c  model i n  

Appendix 8. Therefore, when T > Tc the  short  range order con t r i bu t i on  
C y .  . . 

dominates near the c r i t i c a l  temperature, and . . 
. . . . 

f . . 

I n 1 i ke manner i t can be read i 1 y shown  end end i x  A) t ha t  the 

dominant con t r i bu t i on  t o  (G+ ("))+- i s  a l so  due t o  co r re la ted  sp in  c lus te rs : '  

- q 
: .. . . , . . .  . 

( o ) ~ + -  2s + + 
. . (G+ . = 3. [(n+ ) + 1 lp(q  - q ' ) o  . . . , .  . . . .  , '  (1v.60) 

q q '  q '  . . . . . . 
. ..-. . . 

. . 

. Now by examining the resu l t s  we obtained f o r  the f i r s t  three 

' ~ e f f  ic ients,  Eqs. '(1~..60), ( 1v.48) end ( I~..59), i n  t h e  ser ies  expans ion . '? l 
. . +- + 

of g (q, t) we observe t ha t  they have a ve ry  simple form which leads. us . . 

. . .  . 

t o  postu la te  t h a t  when T > T and r. < q-l .< A, . ,. 
. . 

Cy 

. . 

+ (m) +- - I: ~w( ; j~ ) l " ' [ (n  ) + llp(;j - ql)  (G+ ) - N - .'( I V .  61) 
q Z' . . 

. . q '  
. . 

for  n > 2. However, we are not  able t o  g ive 3 general proof  f o r  t h i s  
. . 

expression because as the order o f  the coef f ic i .ent  increases more and 
, 

more spins are  contained w i t h i n  a c l u s t e r  o f  s i ze  A, and there fo re  the 

. cr i ter ion,  Eq. (ly.l l), which determines the va l  i d i t y  o f  our  decoupl ing 
. . 

. . 
- procedure' w i  11 break down eventual ly, but  the discrepancies t ha t  do 

. . 

. . , .  " 
. ', 

, .  . , 
:-.a; ?:, - . .  . ' .  .. . . . . :  

:- . 
. a . .  , , ,,,, .,,&. : .... .., .:. :,.. . . . . . ..-: -.: . -.- 

. . . . :. . < l >  , . * ,. , I . .  , 

. . . . 

. . . . . . .  
. . .  . . 

. . 



, .  
. . 

3 5  . 

:cur should come , i n  the higher order c o e f f i c i e n t s  which a f f e c t  only the  

behavior of  the wtngs o f  the l i n e  shape. Consequently, a  good r e s u l t  

f o r  the cen t ra l  . l i ne  shape may s t i l l  be expected. When Eq. (1v.61) i s  

. . subst i tu ted i n t o  Eq. ( 1~.20) ,  then 

+- + 2 S 1 - i w t  [C  (w(+))?]]] c (q,.) = y [T J'""'dt e  m m! 
.q ' , 

Upon completing the i n teg ra t i on  we ob ta in  

-+ -+ 
'. . I n  a  s i m i l a r  fashion we can determine. G (q,w). The on ly  d i f fe rence  

is t ha t  the factor, (n+ ) + 1  i n  Eq. ( lv .63) i s  replaced by n ,  and 

. . q ' +  T-, 9': 
d(w - w(<')) + b(ru + ~ ( q ' ) ) .  Thus from Eq. ( iv .17,  G (q,e), t h e .  

time ~ o u r i e r  ' t ransform o f  the  t ransverse dynamical sp in  c o r r e l a t i o n  
' 

. , . . 

I t shou ld  be noted t h a t  the above express ion contains on ly  the one- . . 

. . 

magnon eon t r ibu t  ion t o  the t t-ansverse c o r r e l a t  Ion funct ion.  . ' i n  order t o  

T  + 
determine the f i r s t  order  non l inear  con t r i bu t i on  t o  G ( q ,~ ) ,  we must , '  . . 

inslude the next order term i n  the Ho ls te in -~ r i rnako f f  sp in  operator  . . 



. . . .  . .  

. . . . + . . 
3xpans ions f o r  S and s;, so t ha t  i 

1 c e . -i(;t-fl -GI).?, t ' - -  a a a ,  
d8Ns czl,i$l 5; S;I 5;11 

' ( IV. 6s) 

. . 

and . . 

Then using the same procedure as out1 ined above we can ob ta in  not  on ly  

the one magnon con t r i bu t i on  but  a lso  the lowest order  nonl inear con- . 

T -* . . 
t r i b u t i o n  to .G,  (q,*):. . . 

. . . . . . 
T + .  

. ?he charac te r l s t  i cs  of the 1 ine shape generated by. G ( q , ~ )  w i  11 be dtis- 
. . 

cussed i n  Section D. 



Z Z  -) C .  Determinat ion o f  G (9,w) 

T + AS i n  the above discussion f o r  G (q,~), a n  approximate expression 

Z Z  -+ 
f o r  G (q,.) w i l l  be obtained by another Taylor  se r ies  expansion i n  

powers o f  t. The lowest order  c o e f f i c i e n t s  i n  t h i s  'ser ies w i l l  be ca l -  

culated and used t o  i n f e r  an approximate se r ies  expression f o r  the 
' 

l ong i tud ina l  sp in  co r re l a t i on  funct ion.  Upon Four ier  transformat ion o f  

Z Z  -, . . t h i s  r esu l t  G (q,w) i s  obtained. . ' . 

The long i tud ina l  sp in  c o r r e l a t i o n  func t ion  i s  given by 

whose Taylor  se r ies  i n  powers o f  t i s  

where . , 

The f i r s t  three c o e f f i c i e n t s  i n  t h i s  se r i es  are 





( 0 ) ) z z  and .(G ( 2 1 ) ~ ~  In. a s i m i l a r  manner the dominant c o n t r i b u t i o n t o  ( G  
+. . + . .: 

. q  9 .  . a .  

can be found. The resu l t s  f o r  these c o e f f i c i e n t s  are obtained i n  : - 

Appendix C. Then by tak ing  
. . 

. . 
. , . .. . . . -.. 

. . 
t o  be the general form f o r t h e  c o e f f i c i e n t s  o f  the powers o f  t i n  the 

se r ies  expansion f o r  the longi, 'tudinal dynamical sp in  co r re l a t i on  

, ,  funct ion, we f i n a l l y  ob ta i n ,  upon Four ier  ' t ransformation, the f o l l o w i n g  

zz + approximate express ion fo r  G (q,w): 

. . . . . . .  

. . . , 
, , 

. , .  . . 
. . .  . 

. ,. . . . ... ,. ,, . . . . "  
. . - . . . . .  _.: I . _ _  . . . , . . . . . .. , . .  

. ' L . : ; .' 
i.' ' . .  . . i .  

. . . . 

. . . . 



Z Z + -  
G (q,w) = [ S  - N - .  I: (n+ )12 p(<)e(w) 

, . 9 '  9 '  . . 

+ 1 I: 6 + ( 3 )  - 1 + n ))(n+ ) 2 + +  + 
.2N  q 'q" , q '  q" . . 

. . . . . .  . 

where the f i r s t  term i n  the above expression i s  due t o  the Holste in-  

Z 
Primakoff sp in  operator  expansion f o r  S+. The physical  impl ica t ions o f  

9 . . 
t h i s  r e s u l t  w i l l  be discussed i n  the next  section. 

D. Transverse and-Longi tudinal  Contr ibut ions 
. . . . . . 

. .  . . . t o  the ~ i n e  Shape . . . . 
. . 

T -* zz + .Using the equations t h a t  have been der ived f o r  G ( q , ~ )  and G ( q , ~ )  
. . 

we ;wi 1 1  determine the frequency d i s t r i b u t i o n  and wave vector  d i s t r i b u t i o n  

o f  the neutron magnetic scat ter i 'ng  cross sect ion. 

The relevant func t ion  which contains a l l  the in format ion concerning 
. . 

these d i s t r i b u t i o n s  i s  G(:,~) which, as can be seen from Eq. ((v.16) i s  
. . T -. zz + 

- equal t o  the sum o f  G .(q,o), and G ( q , ~ )  i n  o u r  model. Thus i n  o r d e i  . . . 
_ .  . . 

. . 

t o  g a i n ,  a quant l . tat : ive unde.rstanding o f  the 1 in6 shape cha rac te r i s t i c s  . . 
. . 

and t h e i r  physical  s ign i f i cance  we w i l l  consider these funct ions 
. . 

. . . . 
. . . . 

. . T -. 
In Eq. (IV.67) fo r  G (q,w), we f i r s t  vary u, keeping f i x e d  which. 

corresponds t o  a constant momentum scan. When t h i s  i s  done i t  i s  



evident tha t  two peaks w i  11 be present i n  the 1 ine shape. The broaden- - .' 

. . 
ing o f  these peaks i s  determined not  on ly  by the Bose-Einstein d i s t r i -  

- .  

+ 
but  ion funct ion (n-,) but  a l so  by p(< - q l ) .  The con t r i bu t i on  o f  

' .., 
q 

p G  - a') t o  t h i s  broadening i s  p a r t i c u l a r l y  i n t e res t i ng  because we have 

chosen, p. . a our  l oca l  o rder  parameter and so p ( - ) i s  a measure 
' J  . 

o f  the spa t i a l  f l u c tua t i ons  o f  the co r re la ted  sp in  c lus ters .  Thus 

these f luc tua t ions  o f  the l oca l  order regions con t r ibu te  d i r e c t l y  t o  the' 

+ 1 ine broadening. Since the wid th  o f  p(< - q l )  i s  on the order o f  l ~ ,  

+ the when 1/A << q, p becomes s t rong ly  peaked about <l = q. Consequently, 

d i s t i n c t  peaks wi 11 be obtained a t  m = + oG) which correspond t o  the 
. . 

emission and absorpt ion o f  magnons. When a i s  va r ied  wh i le  w i s  f i x e d  
. . 

two peaks are found a t  = (Go 1 (when l / A  << q), where w(a ) = o, 
0 

-, 
which are a l so  broadened by (n ) and p({ - q l ) .  The f a c t o r  m u l t i p l y i n g  

-B 

q T -, t h e  - sums over <' i n  G (q,~), 

. . 

a l so  has physical  s ign  i f  icance because from elementary sp in  wave theory 

we know tha t  

0 
where M i s  the magnetizat ion fo r  thecomple te ly  ordered s ta te  which i n  . ,  ' 

our  model would occur a t  T = The re  f o  r e  Tc ' 

. S ' -  E (n ) .a M(T),' 
. -. + .  (tv.81). 

q" q" . 



T + and so the s ize  o f  G ( q , ) . i s  modi f ied by a term which i s p r o p o r t i o n a l  
. . . . 

t o  the temperature dependent magnetization. 
-.. 

ZZ -, The cha rac te r i s t i c s  o f  the 1 ine shape con t r i bu t i on  from G (q,,) can 
. .  . 

be discerned d i r e c t l y  from Eq. (1v .78) .  The f i r s t  term i n  t h i s  expres- 

s ion  i s  a c e n t r a l .  peak which i s  a d e l t a  fuhc t ion  o f  the frequenc) d t  

w = 0, i n  our  approach. I n  the l i m i t  as T + Tc, p (q) -, 6(;) and the 

f i r s t  term gives the e l a s t i c  Bragg sca t t e r i ng  con t r i bu t i on  t o  the cross 

section. Consequently, when T > T i t  i s  apparent t ha t  our  cen t ra l  peak 
c 

i s  tha remnant of the e l a s t i c  Bragg peak which i s  d i f f used  s p a t i a l l y  due 

td the f l uc tua t i ons  i n  the l oca l  order  parameter as measured by p(z). 
  he model  t ha t  we have constructed gives a cen t ra l  peak t ha t  has a zero 

frequency width.  his impl ies t ha t  the decay time o f  the loca l  o r d e r  
. . 

. .  . 

parameter i s  i n f  i t ~ i t e , ~ ~  which i s  t o  be expected because our l oca l  order  

parameter i s t i m e  independent. I t  i s  a l so  ev ident  upon examination o f  

ZZ -, 
theexpress ion  f o r  G ( q , ~ )  t ha t  there are two-magnon terms contained in. 

i t  which are a lso  broadened by convolut ion w i t h  p ( < ) .  

. . 
. . E. Comparison w i t h  Previous Theories 

~ l t h o u g h  we have not a c t u a l l y  determined the moments o f  the spect ra l  

. shape. funct ion i n  Sect i o n s 0  and C, we c a n  s t  i 11 compare our c a l c u l a t i o n  

.aa: -, 
with'mpment, expansion thear ies  since G (q,w) i s  c l ose l y  re la ted  t o  the 

Cm-, ' 

shape function', R (qjW):  . . 
. . 

. . 

. . 
. . . . 

. * ,  

. . 

. . 
, ..; . ... : .:+. ... 2.- 

. . 
. . .  

. . .. , . .,. . . P . .  . <  

. . " _  
_. .. ' 





. . 

when q >> 1-I .   ow ever, i n  our c a l < u ~ a t i o n  through the use o f  the I 
r esu l t s  from Sections B and C along w i t h  Eqs. (IVa83) and ( I V V ~ ~ )  we . 

J 
obta i n  

. . . . 
I 

2 m . .  . 

(w+) 2 [w(<)12, . . ('lV.87) 
,f 

. . 

. . . . . . . . f 

1 when r c q cc i1 arid T -. r T ~ .  Her: w(<) i s  the s p i n  wave frequency 
. . 1 def ined by Eq. (1v.50) r Consequently, 

I Then from Marshal 1 and Lowdels d iscussion o f  moment theory we see. t ha t  i n  
. . - 1 

our  ca l cu la t i on  when the tkmperature approaches, T and r < g < 1 the 
C 

spect ra l  shape func t ion  wi 11 have we1 1 -resolved peaks corresponding t o  . . 
. . 

'the e x c i t a t i o n  and absorption o f  .sp in  waves. I n  Re i te r l s  ca lcu la t ion,  
. . 

however, no sp in  wave peaks are found i n  the t heo re t i ca l  l i n e  shape 

when, q > . . dl and T > Tc. H is  r e s u l t  i s  cont rad ic ted by the experimental , . 
. . I ' observat ion o f  quasi-spin wave peaks i n  the neutron sca t t e r i ng  cross ' 



sect ion o f  N i l7 and RbMnF 
3 ' 
l8 

The most important reason f o r  t h i s  d i f -  

f i c u l t y  i n  Re i te r l s  approach can be t raced t o  the method.he "sed t o  

decouple the mul t ' ip le-spin co r re l a t i on  functions. 

As was s ta ted  i n  Section B, Re i t e r  decoupled the four-spin cor-  

r e l a t i o n  funct ions i n  the fo l low ing  way: 

(s+ sZ s- sf) 2 (s;S;)(sZ sZ), 
.. . n C  m J 4 j 

of spins. This p a r t i c u l a r  decoupl'ing scheme, t ha t  a l l  sp in  c l us te r s  are 

s t a t i s t i c a l l y  independent from every o ther  pair, i s  - v a l i d  a t  h igh temper- 
. . 
atures, where there i s  much spin. disorder, I n  t h i s  temperature region 

the s k i n  c o r r e l a t i o n  length  A, which i s  a measure o f  the s ize o f  a 

- 1 corre. lated sp in  cluster, i s  q u i t e  small. . Therefore, when q << A where 

. . q i s  the sp in  f l u c t u a t i o n  wave vector, these f l uc tua t i ons  span many sp,in 

c l us te r s  o r i en ted  randomly and thus they must behave q u i t e  d i f f e r e n t l y  
.-. 

from sp in  waves. 

R e i t e r ' s  decoupling scheme i s  q u i t e  analogous t o  one which was 

developed i n  order  t o  t r e a t  phonon-phonon in te rac t ions  and which has 

been q u i t e  successful i n  descr ib ing the phenomenon o f  acoust ic a t ten-  
. . 

uat ion.  I n  studying the a t tenuat ion o f  long wavelength sound waves i n  

He1 ium I I, Kawasaki 
46-48 

found t ha t  when q << A", where q i s  the wave 

-1 ' 

. vec to r  o f , t h e  sound wave', and , i s  the  inverse c o r r e l a t i o n  length 

of t he ,  p a r t i c l e  ' f l uc tua t ions , .  the c o r r e l a t i o n  funct ions conta in ing 

m u l t i p l e  phonon c rea t i on  and a n n i h i l a t i o n  operators found i n  the  expres-. 

s i on  f o r  the attenuation constant can be approximated by products o f  . . 

p a i r  c o r r e l a t i o n  funct ions.  



Although t h i s  p a r t i c u l a r  decoupling procedure was found t o  be q u i t e  

useful i n  t h e  acoust ic  a t tenuat ion problem, i t s  app l i ca t i on  t o  the . . 

problem of  sp in  f l uc tua t i ons  leads t o  d i f f i c u l t i e s  because i t  does not  

adequately account f o r  the pos i t i ona l  sp in  co r re l a t i ons  t ha t  are I mpo r- 

t an t  when T > T end 4 - I  << 1 which as we have seen must be taken i n t o  - C 

considerat ion i n  the detarminat ion o f  the. hynamical sp in  co r re l a t i on  
. . 

. . .  . 

. . . . 
funct ion.  . . 



. . 

. . V. D ISCUSSION OF RESULTS 

- We now proceed w i t h  the eva luat ion o f  the expressions we obtained 

fo r  the Four ier  transforms o f  the transverse and long i tud ina l  dynamical 

sp i n  co r re l a t i on  functions. I n  order t o  accomplish t h i s  the sums over 

4 

. . the  wave vectors q 1  and 51 i n  ~ q s .  (1v.67) and (1v.78) must be c a r r i e d  

out .  Since these wave vectors can take on a continuous set  o f  values 

the  sums can be converted t o  i n t eg ra l s  which can be simp1 i f  ied through 

the use o f  the f o l l ow ing  approximations: the sp in  wave d ispers ion curve 

i s  approximated by a parabola so t ha t  . H 

- 

-. 
and . . 

. . .  . . . . . , .  . . . . .  . . 

'where a and D are f f t t l n g  parameters and D i s  o f t e n  re fe r red  t o  as the 

. . . . 
' s p i n  wave s t i f f n e s s .  . . . . 

.As: in o ther  theor ies  dea l ing w i t h  spin-spin in te rac t ions  above 

Tc j  
our theory requires t ha t  we have an expl  i c i t  expression f o r  the 

. .... s t a t i c  sp in  pai r cor re laZ ion funct ion.  Consequently 'we have used a 
2 2 A 

~ a u s s  ian func t ion  o f  t he  form (ii) a eWA where A = ( 2 ~ / k ~  (T - T ~ ) ) ~ .  

These approximations al.low us t o  evaluate the i n teg ra l  expression 

zit 4 T -. 
f o r  G. (q ,w) a n a l y t i c a l  ly, however G ( q , ~ )  must'-be evaluated through 

. . 
' the  use o f  numerical in . tegrat  ion techniques. Before we can determine 



. . 

the  numerical values f o r  these functions, thi valu=s o f  A, the two-spin 

co r re l a t i on  length, and D, the spin wave s t i f fness ,  must, be obtained 
. .!3 

. . 

f ~ &  experTienta1 data. The spin we;& s t i f f n e s s  constant we use i s  D'= 
. . 

02 
280 meV - A . In  the case o f  N i ,  neutron i n e l a s t i c  sca t t e r i ng  experiments 

have indicared t ha t  a t  Tc + 50 K ( T ~  2 631 K), h - I  = 0.11:-'. The value 

a t  any o ther  temperature can then be ca lcu la ted  w i t h  the he lp  o f  the 

temperature . . s ca l i ng  law f o r , t h e  inverse co r re l a t i on  length, Eq. ( 1 1  1.44). 
. . 

(As an i n te res t i ng  aside i t  should be noted t ha t  t h i s  temperature 

- 1 0-1 a t  711 K ( T ~  + 80 K) .  dependence y i e l d s  A = O.1SA Th is  r e s u l t  ind icates 

t ha t  the h igh temperature sp in  wave dispersion curve reported by Mook, 
. . 

Lynn, and ~ i c k l o w "  l i e s  i n  the  short  waveleng'th region q > A - I ) .  

The func t ion  G G , ~ )  can now be evaluated numerical ly .  I n  Figure 9 a . 

t y p i c a l  set  o f  1ine.shapes i s  shown f o r  the. case where u, i s  he ld  constant 

and 'q  i s  var ied.  (A constant. energy scan. ) The most sal  i en t  character- 
. . . . 

i s t i c  o f  these '  l i n e  shapes i s  t ha t  they contain d i s t i n c t  peakswhich are 
, . 

. &. 
located a t  q = f qo, where hu(qo) = C i s  the energy o f  a sp in  wave 

. . .  

. . . . 
' whose wave vector '  i s  q . . 

0. 

Although.these l i n e  shapes have the same qua l i t a t i ve .  appearance as 
. . 

those obtained exper imental ly  i n  the i n e l a s t i c  sca t t e r i ng  o f  neutrons' 

from N i ,  . a  more de ta i l ed  cqmparison reveals d e f i n i t e  discrepancies ' ' . '  
. . . . 

'between our simple theory and the N i  data. I n  Figure 10 we compare our . 
. . 

. . 

numerical r e s u l t s  f o r  t h e  full-width-at-half-maximum (FWHM) f o r  the  peak 
. . 

i n  G ( ,  a t  var ious.  temperatures w i t h  the experimental curve f o r  N i  for  . . 

. . . . 
- an energy t r ans fe r  AE = b = 12.4 meV, where the instrumental r eso lu t i on  

. . . . . . .  
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. . 
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. . . . 

wr been subtracted out .  I n  the reg ion f rom 656 '~  (1. 03Tc) t o  ,706'~ 

( 1 . 1 2 ~ ~ )  the slope of the curve produced by our theory compares favorably 
. . 

the experimental curve. However, below these temperatures the 1 ine 

width o f  the t heo re t i ca l  peak approaches zero as T + Tc. This i s  not 

because i n  apply ing sp in  wave theory t o  evaluate the spin 

correlat ion funct ions invo lv ing  spins w i t h i n  a co r re la ted  c lus ter ,  we 
. . 

have, included on ly  the lowest order l i n e a r  and nonl inear  terms i n  the 

wlstein-Primakoff spin. operator  expans ions. By doing t h i s  we have con- 

structed a theory i n  which the spins w i t h i n  a c l u s t e r  are s t rong ly  
' 

correlated and thus they tend t o  be 'a l igned i n  one p a r t i c u l a r  d i r e c t i o n  

defined t o  be the l o c a l  z ax i s  o f  the c lus te r .  Consequently, a t  T = Tc , 
, 

the spin alignment i-n our model corresponds t o  t h a t  which a c t u a l l y  

exists near .T = O'K. This observat ion imp1 ies  t ha t  our theory shou ld  . , 

m rk  be t t e r  i n  the case of orie dimensional magnetic systems where 

. . . . 

. The o ther  dev ia t ion  from the exper.imenta1 r e s u l t s  i s  observed above 
. . 

. . 706'~. I n  t h i s ' h i g h  temperature region the t heo re t i ca l  curve has t h e  
. . . . 

( m e  =lope as i t  d i d  when T < 706 '~  because the l i new id ths  o f  the 

. theoretical peaks continue t o  increase a t  the same rate.    ow ever,' the . . . . 
. .  . . . .  . . 

t x p e r i & n t i l  curve bends over, because the experimental 1 inewidths are  
. . . . 

:observed t o  remain almost constant up t o  the highest  temperature used. . 

( 2 ~ ~ ) .  A possib le reason f o r  t h i s  discrepancy 1 ies  i n  our choice o f  a 
. .. . 

M a t i c  spin co r re l a t i on  func t ion  f o r ,  the ineasurement o f  the probabi 1 i t y  

that  the spins w i t h i n  a sp in  c l u s t e r  are correlated.  Consequently, i n  



. . 

our  simple theory, l i n e  broadening i s  on ly  a f fec ted by one parameter, the 

spin. co r re l a t i on  length  A. As the temperature  increase,^, A decreases, 

and t h i s  tends t o  broaden the l i n e  because the c l us te r s  become smaller. 

The peaks wi  1 1 cont inue t o  broaden as the temperature increases. How- 
. . 

ever, i n  a more re f i ned  ca l cu la t i on  a time dependent sp in  correlat . ion 

func t ion  must be used t o  spec i fy  the probabl l  i t y  because above Tc sp in  

d i f f us i on  causes the sp in  c l us te r s  t o  decay w i t h  time. 
. . 

- 

Thus as the 

temperature increases the tendency fo r  the 1 ine t o  broaden due t o  a 

decrease i n  the co r re l a t i on  length i s  balanced by the increase i n  sp in  

d i f f u s i o n  which e f f e c t i v e l y  a l lows on ly  t he  large c l us te r s  t o  susta in  a 

sp in  wave e x c i t a t i o n  wh i le  i n  the small c l us te r s  t h i s  cannot occur.. 

Hencethe 1 ine should not  broaden very much as the temperature increases. 
. . 



.. . V I .  CONCLUSION 

. . 

The s i ng le  most important r e s u l t  obtained from the foregoing ca l -  

. . - 1  
c u l a t i o n  i s  t ha t  above t'he c r i t i c a l  temperature when r c q < A i s  

sat is f ied,  pos i t i ona l  co r re l a t i ons  between spins must be considered 

because t hese -co r re l a t i ons  d i r e c t l y  e f f e c t  the shape o f  the neutron 

sca t t e r i ng  cross sect ion.  Wi th in  t h i s  wave vector  reg ion  we have found.:. . . . . . . . .  . .. 
. . . . .  . , . 1 .  . . 

t ha t  when the l oca l i zed  sp in  system i s  approximated by c l us te r s  o f  cor-  

r e l a ted  spins whose degree o f  order i s  measured by a  t ime-independent 

order  parameter, the two sp in  c o r r e l a t i o n  func t ion  p(<), then the Four ier  

transform, G ( )  of the dynamical sp in  c o r r e l a t i o n  function, obtained 
- 

through the use o f  t h i s  approximation, exh ib i t ed  d i s t i n c t  sp in  wave 1 i ke  . ' 

peaks. The full-width-at-half-maximum o f  these peaks and t h e i r  p o s i t i o n  
-. . 

. compare qua1 i t a t  i v e l y  w i t h  the experimental r e s u l t s  ob ta i nedby  Mook, . . 
. . I 

Lynn, and ~ i ck1ow . l '  A more de ta i l ed  comparison reveals tha t  we can o n l y .  . . 

\ 

achieve a  q u a n t i t a t i v e  agreement betwccn e x p e r i ~ l ~ r n l  and theory by re- . , 

. . i 
f i n i n g  the approximations t h a t  have been used. Theseinc lude the 

. . . . 

. 1.. Magnon-magnon i n te rac t i ons  have been neglected. This causes 

our  1  ine-widths t o  approach zero as T  .-. 7 . . . . 
c ' . . 

. . .  2 . .  The h igher  order  c o e f f i c i e n t s  i n  the. t ime Four ie r  se r ies  expan- 
. . 

s  ion o f  the dynamical sp in  c o r r e l a t i o n  func t ion  invo lve progress ive ly  .. 

l a rge r  numbers o f  spins w i t h i n  the c lus te r .  Hence our  approximation 

. .  . 
t ha t  r c A must breakdown a t  some order. . . .  
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i, " 

3. The temperature w i t h i n  a c l u s t e r  has been assumed t o  be the same 

as t ha t  o f  the whole c r ys ta l .  This approximation . is v a l i d  as long as - 
'1 

there are no strong temperature f l uc tua t i ons  over small regions i n  the 

. . . . system and the c l us te r s  are  large.  

4. The l o c a l  order  parameter used ih t h i s  theory was the s t a t i c  

sp in-pa i r  c o r r e l a t i o n  funct ion.  This approximation i s  one o f  the major 

causes f o r  the continued. increase i n  the t heo re t i ca l  l ine-wid ths as the 
. . 

temperature increases. As we pointed ou t  i n  Chapter V t h i s  ap,roximation 

can- be re f i ned  t h rough  the use o f  a s p i n  d i f f us ' i on  c o r r e l a t i o n  funct ion.  

I t  i s . a l s o  important t o  note t h a t  the theory developed here i s  
. . 

. . 
app l icab le  t o  simple Heisenberg ferromagnets. Consequently, i t  i s  not  

su rp r i s i ng  t h a t  on ly  q u a n t i t a t i v e  agreement w i t h  the i n e l a s t i c  neutron 

sca t t e r i ng  data i s  obtained w i t h  N i .  because al though n i c k e l  does e x h i b i t  

cha rac te r i s t i c s  o f  l oca l  ized sp in  systems,. i t  i s  wel l '  known tha t  the 

magnetic moment per atom i n  N i  i s  not '  an i n teg ra l  number o f  80hr magnerons 

which imp1 i es  the d-electrons are i t i n e r a n t .  Furthermore, neutron scat-  ' 

t e r i n g  .experiments on N i  have found a sharp c u t o f f . . i n  sp in  wave inten- 

s i t i e s .  above a c e r t a i n  energy which i s  p red ic ted  by the Stoner model o f  

i n t h e r a n t  ferromagnetism i n  which a sharp decrease i n  i n t e n s i t y  occurs 
. , .  

. .  when the sp in  'wave d ispers ion curve interse'cts a continuum band o f  
. ? . 

Stoner exc i ta t ions .  Our mo'del i n  i t s  present form can not  p red i c t  such. 

a sharp c u t o f f .  These f i nd ings  ind ica te  t h a t  a complete theory deal i ng  

. .w i th  sp in  f l uc tua t i ons  i n  metals must expl  i c i t . 1 ~  consider the i t i n e r a n t  

nature o f  the conduction e lec t rons.  



I 

F ina l  ly ,  because o f  the simp1 i c i  t y  o f  the theory we have developed 

we should be. ab le  t o  reed! l y  mbdify i t  so, t ha t  we cdn study the magnet tc 

exc i t a t i ons  o f  systems i n  which the c r y s t a l  f i e l d  on ly  ground s ta te  i s  a 

s i kg l e t .  I n  these systems i t  has been found 4'-51 t ha t  the existence 
. . 

4 
o f  a magnetic phase t r a n s i t i o n  i s  dependept upon .the. magnitude o f  the 

r a t i o  o f  the exchange i n te rac t i on  t o  the c r y s t a l  f i e l d  i n t e rac t i on  which 
. . 

. a re  usual ly  o f  comparable size. When the exchange i n te rac t i on  i s  small 
. , 

t h i s  r a t i o  i s  less than a ce r t a i l i  th reshold  values1 and no magnetic ' 
. . 

o rder ing occurs, however when the r a t i o  exceeds t h i s  value a magnetic . 

phase t r a n s i t i o n  i s  expected where the order ing i s  due t o  a po la r i za t i on  
- 

,(induced moment) i n s t a b i l i t y  i n  the ground s ta te  wave funct ion.  I n  the 

theor t ha t  have been proposed t h i s  phase t r a n s i t  ion i s  driven by 
. . 

the sof ten ing o f  t ha t  magnetic exc i  ton mode whqse wave vector  < cor- 

responds t o ,  the wave vector  o f  the. ordered s t ruc ture .  This soft-mode 

behavior has, however, not  been observed experimental ly. 56-.58 I t  i s  
. . . . 
important to'  tiote t ha t  i n  these i n e l a s t i c  neutron sca t t e r i ng  experiments 

0- 1 
. . 

the  sca t t e r i ng  .wave vector  used was q > 0.5A , and thus. on ly  short  

wavelength magnetic exc i  ton inodes were being 'excited. Consequent1.y i t  

would be q u i t e  i n t e res t i ng  t o  examine the e f f e c t  o f  pos i t i ona l  c o r r e l -  

a t ions  between the induced moments on the l i n e  shape .of  the neutron . 

s ca t t e r i ng  cross sect ion through. the use o f  our theory. 
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(3 )  + - .  ' IX. APPENDIX A: CALCULATION OF (G(O))+- + AND (G + ).  - 
. . 9 . ' . ,  9. . . . . . .  . : , 

- - - .  

From Eq. ( 1  11.40) we know tha t  . . . .  . 

We can approximate t h i s  expansion c o e f f i c i e n t  i n  t h e  manner discussed 

i n  Chapter I V  by tak ing  the pos i t i ona l  co r re l a t i ons  o f  the spins 

e x p l i c i t l y  i n t o  considerat ion: ' 

. . . . 

where. 
. . 

-- 

. . 

'(A. 4) 

in  which p. ' .  i s  defined. by Eq. (IV.46) in chapter I V .  The c o r r e l a t i o n '  
I J  + + - 

funct ion (Si  ST) i n  A.. ( 0 )  can be evaluated. through the use o f  . sp in  . . 

J I J 

wave theory sinc.e the spins a t  s i t e s  i and j 1 i e  w i t h i n  a co r re la ted  

+- 
c lus te r .  , I n  8. .  (0) the spin correlation. f u n c t i o ~ ~  I s  evaluated i n  terms 

I J 

of an equi1 ibr iqm sp in  p a i r  co r re l a t i on  funct ion,  Eq. (lv.47). When 

. ' , the ~ o l s t e i n - ~ r i m a k o f f  sp in  operator expansion, Eqs. (lv.65) and (lV.66) 

are employed we ob ta in  



- 

. . . Thus when the sum i n  j i n  Eq. (A.l) i s  c a r r i e d  o u t  the f o l l o w i n g  
. . 

I .  . . exp ress i0n . fo r  (elo))+- r e s u l t s : .  . 

. . q 

' which conta ins  those terms which make a non-zero c o n t r i b u t i o n  t o  the  
. . 

. . 

s e r i e s  expansion o f  the t ime depend;nt c o r r e l a t i o n  functi.on. The l a s t .  I 
term i n  the  above expression, as discussed i n  Appendix B, approaches 

r e r o  a s  T -. Tc, so when T 2 Tc and q > the f i r s t  term dominates. 

. . 



. . 

, .  . . . The expansion c o e f f i c i e n t .  (G+ (3))+- can a1 so be'approxima.ted i n  t h e  ' 

q 
same mantier, I.e. . . . 

(A. 7). 

+ 
: . . (3) = ([S., HI [H, [H,s;]] \ p . .  

1 .,. J :sw I J  . . 

. . .  . . . . .  . . . .  . . . . 

. . . . . . .  and . . 

, . :  . '  . 
. . 

. . 
. . 

. by symmetry. The reason why 8?(3) i s  zero i s  d i  scussed i n  de ta i  1 i n  
. . . . 

Chapter I V .  Since'H is' the Heisenberg.Hamiltonian, then a f t e r  some 

'manipu.lation, sp in  operator  commutator algebra y i e l d s  

+ z  
. - 4, 2. J. J. J ( (Scs,  - S+S~)ST(S+S-  - s: S-1) 14 J P  pi' 

4Pr 
4 J P i  e 

'(A. 10) 



. . 

Then, using the sp in  operator  expansions given by Eqs. (IV.371, (1v.65); 

(1v.66) and completing the sums on j, 4, p, and r, we ob ta in  . . , I  

which again contains those terms which make.a f i n i t e  con t r i bu t i on  t o  
. . 

the Taylor se r ies  expansion o f  the dynamical sp in  co r re l a t i on  funct ion.  

I t .  i s  qu i t e  e v i d e n t ' t h a t  an e x p l i c i t  ca l cu la t i on  o f  the higher order 
- 

.'expans ion, c o e f f i c i e n t s  becomes extremely tedious due t o  the number 

o f  terms contained i n  the. m u l t i p l e  commutator expressions. 
-. . . . .  . . . . . . 

. . . . . . 
. . . . .  

. . .  
. , . . . . 

. . 

. . 
. . 

. . . . .  
. . . . . . . .  

. '  . . . . , . . 



. . 
(2 )+- , ''-.. . . , 

AND ' (G . . 
L ' + 

9  
. . 

. .  . 
(O))+- the term I n  the expression Eq. (A.6) we obtpined f o r  (G+ . . . . 
q  . . 

t ha t  was neglected when we determined the Tay lo r - se r i es  expansion of 

. ,  the dynamical sp in  co r re l a t i on  func t ion  has the form . , 

. . 

- 
. . 

... This . is  the same, except f o r  e m u l t i p i c a t i v e  constant, as the term' 
. . 

. . 
(o))zz. The reason f o r  t h i s  comes from thk . tha t  was neglected i n  (G+ 

f a c t ,  t ha t  above Tc, when the spins 1  i e  outs ide the co r re la ted  c lus ter ,  

the co r re l a t i on  .between p a i r s  o f  spins s a t i s f i e s  the f o l l ow ing  equal i ty : .  

X X Y 'Y Z Z  
" . : (S.S.) = (S.S.) = (S.S.). 

I 

I J  I J  I J  
. . .  . .  . 

. , l n . o r d e r  t o  examine the s ize  o f  Eq. (B.l) and i t s  temperature 

dependence a  s p e c i f i c  model w i l l  be used. For s i m p l i c i t y  we take 
2  2 

,,(:) t o  have a  Gaussian.form so p(ii) cx e  -A q  where 1 i s  the two-spin . 

. . 
c o r re l a t i on  length. Then the i n teg ra l  t ha t  r esu l t s  when the s.ummat-ion 

. . 

on i s  '=onverted t o  an in tegre t  ion can  be solved ana l y t i ca l  l y .  The 

dominant term [see Eq. (A.6)] can a lso  be evaluated using t h i s  model, . 

however the' value f o r  t h i s  term must be determined through the use o f  

numerical i n t eg ra t i on  techniques. When these ca lcu la t ions  are c a r r i e d  



out.  we f i n d  t ha t  a t  Tc + 25K (656 K )  the r a t i o  o f  the background term 
. . 

t o  the term we have re ta ined i s  on the order o f  0.01. However, the -. 

.-.- background i s  very ten~perature sens i t i ve  because a t  T + 40 K (671 K )  
C 

; t h i s  r a t i o  i s  0.15, and as the temperature increases t o  Tc + 1 0 0 ' ~  the  

background term i s  no longer negl ig ib le. .  I n  general as long as 
t 

9 1 2  4.0 and A-.' g 0.10 t h i s  term makes only a small  con t r i bu t i on  which 

can be neglected. 

. The temperature dependence o f  the background term i n  (G(2))+- can 
9 

. a l so  be examined through the use o f  the above method. The in tegra t ions  

t ha t  a r i se  i n  t h i s  ana lys is  are again g rea t l y  s i m p l i f i e d  by the use o f  

a Gaussian sp in  co r re l a t i on  func t ion  and the approximation, J ( 0 )  - J(<) = 

2 
. -  a q  ., When t h i s  is 'done the value o f  the background term can be 

determined v i a  nume'rical in tegrat ion,  and the r a t i o  o f  t h i s  term t o  the 
. . .  . . 

. .  dominant con t r i bu t i on  t o  (G+ (2))+- i s  found t o  be 0.02 a t  Tc + 2 5 K .  Thus. 
9 

. . 

a t  temperatures near Tc, the con t r i bu t i on  o f  the.  background term i s  

small and may be neglected, however i t  should be noted t ha t  t h i s  term 
I . '  

i s  a l so  very s t rdng ly  temperature dependent, and as the temperature 

increases the background .con t r ibu t ion  becomes s i g n i f i c a n t .  A t  T + 40 K 
, C 

. . the background term i s  on the order  o f  the term we have re ta ined i n  the 
. . . . 

( 2 )  )+- . . 
. . .  express . . ion f o r  (G, . . Consequently, the  expressions we have' used f o r  . 

q .  
the expans'ion c o e f f i c i e n t s  i n  the Taylor  ser ies  expansion o f  the . . 

'dynamical sp in  co r re l a t i on  func t ion  are. very good approximations on ly  

. . '  a t  temperatures near the c r i t i c a l  temperature.. . . . . 
. . . . 



. . - .  
. . . . 

. . . . .  . . The zeroth order c o e f f i c i e n t  i n  the t ime Taylor s e r i e ~ e x ~ a n s i o ~  

-. of. the long i tud ina l  dynamical sp in  co r re l a t i on  func t ion  ' i s  approximated 

. . .  . . .  . . .  i n  the usual way: . . . .  . . . . .  . . 

whe re 

. . . . . .  . . 
. . - . . . . 

. . . . . . 
. . .  . . > .  

. . and , . . 

, s p i n  wave theory i s  again used t o  evaluate the sp in  co r re l a t i on  

func t ion  i n  Aff(0) and Bff(0) i s  evaluated i n  terms o f  an equ i l i b r i um  , ,  

I J' I J 

c o r r e l a t i o n  function, Eqs. (1v.46) and (lv.47). Thus when the 

Z 
Holstein-Primakoff sp in  operator  expansion f o r  S. i s  employed we 

I . . 



When t h i s  i s  substi tuted into  Eq. ( C . l )  and the sum on j i s  car r ied  

' . out we f i n d  t h a t  

. . 

where the l a s t  term i n  t h i s  equation makes only a  snlal l .contr ibut ion 

when T s T and q > h - l .  (See Appendix B .) - C 

- I n  l i kemannerwe  can w r i t e  

whe re 

and 



then 

' Z Z  . . -A . .  (2) .= C Jin J: [(s:s-s+s:) ' 

' '. .'J nm' j m  ~ n m j  

. . 

where the' Holste in-Pr imakoff operator  expans ions f o r  S+ and s;, 
n  

Eqs. (lv.35) and (1~.36) ,  are now used t o  rewr i te  the above four -sp in  

z Z 
c o r r e l a t i o n  functions. I n  order t o  s i m p l i f y  B..(2) we use the cumulant 

. . . . I J  

] . expansionmethod40 so 'that above Tc the four  sp in  co r re l a t i on  funct ions . 

. .' ' can. be w r i t t e n  in ' terms o f  pa i r s  o f  2-spin equi 1  ib r ium co r re l a t i on  

functions, Eq. (lv.56). when t h i s  i s  done a n d t h e  sums on j, n, andm 
.. ' . .  . 

. . are c a r r i e d  ou t  we ob ta i n  . . 
. . 

(C. 11) 



. . 

where tho l a s t  two terms tend t'o cancel each other, as  T + T . and 
C 

. -.I . 

q ' h  . .  . 




