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THERMODYNAMICS OF THE DILUTED SPIN HEISENBERG
CHAIN WITH SINGLE ION ANISOTROPY

Salmah Ahmed, M.A 

Western Michigan U n iv e rs ity , 1987

The thermodynamics of th e  one-dim ensional d i lu te d  H eisenberg 

magnet o f  c la s s ic a l  sp in s  in th e  presence o f s in g le  Ion a n iso tro p y  

i s  c a lc u la te d . The m a g n e t iz a t io n ,  s u s c e p t i b i l i t y ,  e n e rg y  and 

s p e c if ic  h ea t a r e  determ ined a s  fu n c tio n s  o f  the m agnetic concen­

t r a t io n  and  s in g le  io n  a n is o tro p y  f o r  b o th  f e r ro m a g n e t ic  and 

a n t ife r ro m a g n e tic  coup lings. S p in -sp in  c o r re la t io n  fu n c tio n s  and 

th e  e l a s t i c  s c a t te r in g  are  a l s o  c a lc u la te d  fo r  v a rio u s  v a lu es  of 

a n iso tro p y  and sp in  c o n c e n tra tio n  fo r th e  ferrom agnetic  system.
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CHAPTER I

INTRODUCTION

The work done In t h i s  th e s i s  so lved  e x a c tly  fo r  th e  thermo­

dynamics o f  spin  chain in  the p resence  of s in g le  io n  an iso tro p y , 

s p e c i f ic a l ly  fo r the  ch a in s  which a re  m ix tu res o f  m ag n e tic  and 

non-m agnetic io n s . These system s a re  found to  be good rep resen ­

ta t io n  of compounds formed from CsNiF3  and CsMnF3 . This so lu tio n  

can be done on th e  computer by e s s e n t i a l ly  ex ac t techn iques  invo lv­

ing th e  sum over chain  fragm ents.

The physics  o f systems w ith le s s  th an  th re e  dim ensions, such as 

the one so lved  h e re , has been w idely s tu d ie d  in  r e c e n t  y e a r s ,  

e sp e c ia lly  s in ce  th e  d iscovery  o f r e a l  m a te ria ls  whose p ro p e r tie s  

c lo se ly  a p p ro x im a te  th o s e  o f o n e - o r  tw o -d im e n s io n a l l a t t i c e  

models. The reason to  s tu d y  th e  system  in  one dimension i s  la rg e ly  

because i t  i s  easy to  c o n s tru c t models which in  some cases  can be 

so lv e d  e x a c t ly .  The c l a s s i c a l  m odels s tu d ie d  in  th i s  th e s is  

as opposed to  quantum m echanical models are  w idely being used in  

studying  such systems because many of th e  p ro p e r tie s  o f  experim ental 

systems a t  no t too  low tem pera tu res  a re  su c c e s s fu lly  t r e a te d  by 

such models, and a lso  c l a s s i c a l  models are u su a lly  more so lvab le  

fo r exac t s o lu tio n s  compared to  the method o f quantum mechanics. 

There are  numbers o f so lu tio n s  which e x i s t  in  one- and two-dimen­

s io n a l system s fo r  models based on c la s s i c a l  sp in s  such as  the  one

1
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s tu d ie d  in  th i s  th e s i s .  Examples in  one dim ension ace  (1 )  The 

Is ln g , (2) The C la s s ic a l  Spin H eisenberg , (3) The X-Y models and 

many so lu tio n s  of th e  continuum model. For tw o-dim ensional systems 

th e re  e x is t  a v a r ie ty  o f so lu tio n s  o f I s in g  and v e rte x  system .

Thermodynamic p ro p e r t ie s  in  low er dim ensional m ag n e tic  s p in  

sy stem s have long been s tu d ied  th e o r e t ic a l ly  as w ell as e x p e ri­

m en tally . In  the study  o f  one-dim ensional magnetic m a te r ia ls ,  th e  

model which has found c o n s id e ra b le  success in  d esc rib in g  e x p e r i­

mental system i s  th e  c l a s s i c a l  sp in  H eisenberg model. For is o t ro p ic  

exchange coup ling  in  zero  applied  f i e l d ,  F isher*  provided an e x ac t 

so lu tio n  fo r  the  thermodynamic behav io r and th e  s t a t i c  sp in  c o r re ­

la t io n  fu n c tio n . On the  o th e r hand, Joyce^ has solved th e  problem s 

fo r  a n iso tro p ic  exchange in te r a c t io n s  using  th e  same model. This 

model has been used to  f i t  the ex p e rim en ta lly  determ ined m agnetic 

p ro p e r tie s  o f many chain  compounds and has g iven good r e p re s e n ­

ta t io n s  of such p ro p e r t ie s  as th e  sp in -sp in  c o r re la t io n  le n g th s ,  

magnetic s u s c e p t i b i l i t i e s ,  and s p e c if ic  h e a ts  over a wide range o f 

tem perature fo r  both ferrom agnetic  and an tife rro m a g n e tic  system s.

The H eisenberg  m odel i s  n o t  o n ly  u s e f u l  in  s tu d y in g  th e  

p ro p e r tie s  o f  pure i n f i n i t e  chain compounds, bu t i t  can be used a ls o  

fo r  th e  d ilu te d  o r  a llo y e d  magnetic m a te r ia ls  l ik e  t h i s  case  w ith  

zero  ap p lied  f i e l d .  In  d ilu te d  m a te r ia ls ,  th e  system c o n s is ts  o f 

random m ixtures o f sp in s  w ith non-m agnetic im p u r i t ie s ,  w h ile  in  

a l lo y s  the sp in s  mix w ith  spins o f  d i f f e r in g  magnitudes and i n t e r ­

sp in  exchange coup ling . Examples o f  experim en ta l works on d i lu te d  

chain  compounds which a re  re la te d  to  c l a s s i c a l  model so lu tio n s  a re
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(CD3)4NMnxC ui_xCl3, w orked by End oh e t  a l .3  and CsMn]_xBr3  by 

F u rre r  and G udel.4 T h e o re tic a l a o lu tlo n s  fo r a  d i lu te d  system in  

th e  absence o f e x te rn a l f i e l d  achieved very  good agreement w i th  

experim en ta l d a ta  in  th o se  two types  of m a te ria ls .3 » 4  in  both of 

th e  above experim ental e f f o r t s ,  th e  c l a s s i c a l  sp in  H eisenberg model 

was used to  f i t  the ex p erim en ta l d a ta .

These d ilu te d  and a llo y e d  c la s s ic a l  m agnetic systems have n o t 

been p re v io u s ly  solved fo r  th e  s in g le  io n  an iso tropy  term s which 

o f te n  occur in  one-dim ensional chain  compound. The r e s u l t  p resen ted  

in  t h i s  th e s i s  w ill  h o p e fu lly  s tim u la te  experim ents on such system s 

so as to  determ ine th e  v a l id i ty  o f the c l a s s i c a l  spin d e s c r ip t io n  

fo r  t h i s  k ind  o f  system.

The work repo rted  here  i s  concerned w ith  the  thermodynamics and 

s t a t i c  c o r r e la t io n  behav io r in  the d i lu te d  one-dim ensional c la s s i c a l  

H e isen b erg  model in  th e  presence o f s in g le  ion  an iso tro p y . The 

m ag n e tiza tio n , s u s c e p t ib i l i ty ,  energy , and s p e c i f i c  h e a t  of th e  

d i lu te d  system  are  c a lc u la te d  as  fu n c tio n s  o f  magnetic co n c e n tra tio n  

and s in g le  ion  an iso tro p y . Follow ing the  procedures i n  Dong and 

McGurn,^ th e  p ro p e r tie s  fo r  th e  f i n i t e  ch a in s  were f i r s t  determ ined 

in  o rd e r to  o b ta in  th e  p ro p e r t ie s  o f  the d ilu te d  system . Then th e  

w eighted sum o f such term s i s  found where the  w eight m u ltip ly in g  a 

g iven  term  in  the sum over th e  f i n i t e  cha in  p r o p e r t i e s  i s  th e  

p ro b a b il i ty  th a t  a ch a in  fo r  th a t p a r t i c u la r  le n g th  occu rs  in  th e  

d i lu te d  system . Taking th e  sums on cha in s  of up to  fo r ty  sp in s  

in  le n g th  fo r  magnetic c o n c e n tra tio n s  of p ■ 0.8  and 0 .5  give v ery  

a c c u ra te  v a lu es  to  the  p ro p e r t ie s  o f th i s  system where f o r  the pu re

I  ................
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CHAPTER I I

DILUTED CLASSICAL SPIN HEISENBERG CHAIN 

Theory

For a c a se  in  th ree -d im en sio n a l c r y s ta l  where the magnetic ions 

have a  strong  coupling  in  one d ir e c tio n  and very  weak in  the o th e r 

two, th e  system  can be d iscussed  a s  a one-dim ensional system. In 

th is  "one-d im ensional” system , the H am iltonian can be w r itte n  a s

H = - j £ s i . S 1+1 + £  V (s i )  ( 2 .1 )
i  «•

Here V(S^) i s  the in te r a c t io n  p o te n t ia l  between m agnetic ions and

the o r b i t a l  moment of the  c r y s ta l  f i e l d  in  the  presence o f magnetic

d ip o le s . J  i s  a n ea re st-n e ig h b o u r exchange coupling  and {S^} are 

c l a s s i c a l  u n i t  v ec to rs  a t  th e  d is c re te  s i t e s  of th e  l a t t i c e .

Because o f  the s tro n g  c r y s ta l  f i e l d  and th e  very weak d ipo le  

fo rc e s , the moment o f th e  system i s  o f te n  quenched. T herefo re , the 

f i r s t  approxim ation can be taken and equ a tio n  ( 2 . 1 ) becomes

H = - J l S i . S j + i  (2 .2 )
c

A sp in  one io n  lik e  Niz+ u su a lly  has good o r b i t a l  quenching where 

the most g en e ra l form o f i t s  in te ra c t io n  p o te n t ia l  i s

V ( S i ) ■ A(S*z )2 + c o n s ta n t

Hence, the t o t a l  H am iltonian is

5
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H -  - J ? c l C l + 1  S i .S 1 + 1  -  D £ Cl (S iZ)2 (2 .3 )
v- t

where D i s  th e  s tre n g th  o f th e  s in g le  s i t e  a n iso tro p y  and Cj -  1 or 

0  depending on whether o r no t a sp in  i s  p re se n t on th e  i **1 s i t e .  

The system  i s  ferrom agnetic  i f  J>0 and an tife rro m a g n e tic  i f  J<0.

F o r th e  system o f non-m agnetic im p u ritie s  ( i . e .  ■ 0 fo r

c e r ta in  k in  equation  ( 2 .3 ) ) ,  th e  i n f i n i t e  chain  ten d s  to  break  up 

in to  I s o l a t e d  c h a in  segm ents o f  f i n i t e  l e n g th .  Assuming the 

non-m agnetic im p u r itie s  occur a t  random, and th e re  i s  no c o r r e ­

l a t i o n  betw een  them , th e n  th e  p a r t i t i o n  fu n c tio n  o f the  above 

H am iltonian can be w r it te n  as  a product o f the  In d iv id u a l chain  as

Z(T,D,p) “  TT [ZL(T ,D )]N( 1-p )a pL
L=1 (2 .4 )

Here p i s  th e  c o n ce n tra tio n  of sp in s  p re sen t in  th e  system 

l a t t i c e  s i t e  and Z^(T,D) i s  the  p a r t i t i o n  fu n c tio n  fo r  a chain  o f L 

sp in s . Then th e  m agnetiza tion , energy, s p e c if ic  h ea t and magnetic 

s u s c e p t ib i l i ty  per l a t t i c e  s i t e  o f the  d ilu te d  system  can be w r itte n  

fo llo w in g  the  n o ta tio n  in  Dong and McGurn^ as

oo
M(T,D,p) -  (1 -  p)2 £  pLML(T,D) (2 .5 )

L*t

E(T,D,p) -  ( 1 -p )2 £  pLEL(T,D) (2 .6 )

C(T,D,p) -  ( 1 -p )2 f  pLCL(T,D) (2 .7 )
L-l

and
oo

X(T,D,p) -  ( 1 -p)2 £  PLXL(T,D) (2 .8 )
L»l

F---------------- ----------------- ---  ' ......   't
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where Ml (T ,D ), El (T,D), Cl (T,D) and Xj,(T,D) a re  the m agnetic moment, 

t o t a l  energy , a p e c if ic  heat and magnetic s u s c e p t ib i l i ty  o f a chain  

o f  L sp in a .

Again, co n s id e rin g  only fo r  chain  o f L sp in s , th e  H am iltonian 

o f  equation  (2 . 2 ) can be w r it te n  as

Hl ■ - J  £  s i* s i+ l  ^  t ( S iZ ) 2  + (S i+ i2 )2 ] - ^ ( S i 2 ) 2
i - 1  i + 1

- | ( S L 2 ) 2  (2 .9 )

The thermodynamics p ro p e r tie s  o f th i s  eq u a tio n  have to  be so lved  in  

o rd e r to  o b ta in  Ml (T ,D ), El (T ,D ), Cl (T,D) and Xl (T ,D ). The p a r­

t i t i o n  fu n c tio n  Z(T,D) of equ a tio n  (2 .4 )  can be w r i t te n  fo llow ing

th e  n o ta tio n  in  Blume e t  a l . 6  a s

ZL(T,D) -  J . . .  JdSx . . .  dSL e x p { ^  [(S i2 ) 2  + (SL2 ) 2 ]}

x ~\\ exP[ V (S i.S i+i ) ]  ( 2 . 1 0 )

where

V ( S i . § i + i )  « - J S i . S i +i ~ |  ( ( S i 2 ) 2+ ( S i + i 2 ) 2 ) (2 .1 1 )

and p  ■ J /kT . dS i * s in  0 wher e 0; and p i  a re  th e  p o la r  

and azim uthal an g les  o f  the i t ^1 sp in  and th i s  term  re p re s e n ts  an 

elem ent o f  s o lid  angle fo r  th a t  i t 1̂ sp in .

Equation (2 .10 ) can be w r i t te n  in  term s o f the e ig e n v e c o trs  and 

e ig e n v a lu e s  o f  th e  e ig e n v a lu e  problem  defined  by th e  In te g ra l  

equation

^exp[pV <3i.32 >] *h (S 2 )dS2  -  b n 4 n (S i)  <2 - 12>

where n -  0 , 1 , 2 . . . a re  th e  la b e ls  of th e  e ig e n s ta te s .
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Hence
00

exp[ £  V (Si.S i+ i)]  ■ *4 -*  (S i)  (S i+ i)  (2.13)

Then equation  (2 .9 )  becomes

ZL(T,D) - l | f d s  e fl>(S*)»/2 4 ^ ( S) |2  ^  °(2.14)

From Blume e t  a l . , 6  the i n t e r n a l  energy fo r  L sp ins  i s  given by

EL « - J T .  < S i.S 1 + 1  > -  d £  <(SiZ)> (2.15)
•> i

Then the s p e c i f i c  heat i s  c a lc u la te d  by simply tak ing  the d e r iv a t iv e  

o f  the energy equation w i th  r e s p e c t  to  tem perature.

CL(T,D) -  ^  EL(T,D) (2.16)

The m agnetization  and magnetic s u s c e p t ib i l i ty  o f  the  L sp ins  chain 

a r e  given by the  standard r e l a t i o n

ML(T,D) -  ^  In ZL(T,D) (2.17)

Xl (T ,° )  - S j M L(T,D) (2.18)

To ob ta in  r e s u l t s  from eq u a t io n s  (2.6) t o  (2 .8 )  fo r  energy, s p e c i f ic  

h e a t  and magnetic s u s c e p t i b i l i t y ,  the e igenvalue  problem defined  in  

equation  (2 .12) and a l l  th e  equations  from (2 .15 )  to  (2 .18) need to  

be e v a l u a te d  n u m e r i c a l l y .  T h is  procedure w i l l  be d iscussed  in  

t h e  next s e c t io n .

Since the work d iscussed  i n  th i s  th e s i s  d ea ls  w ith  the  system 

i n  the absence o f  an e x te r n a l  magnetic f i e ld ,  i t  i s  known t h a t  the 

m agnetiza tion  does not e x i s t .  T here fo re ,  in o rd e r  t o  c a l c u la te  the 

magnetic s u s c e p t i b i l i t y ,  an assumption has t o  be made t h a t  th e

F "
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a p p lied  f i e l d  i s  n o t  zero  and then  so lve  the equation  in  th e  l im i t  

th a t  H ■ 0. In th e  presence of an e x te rn a l  f i e l d ,  the  Hamiltonian 

of cha in  of L sp ins  i s

HL -  “j p i . S i + i  -  D ^ ( S iZ)2 (2.19)

The p a r t i t i o n  func tion  i s  then

ZL - ^ e _/5HL dSi (2 . 2 0 )

Evaluating th e  m agnetization  and magnetic s u s c e p t i b i l i t y  def ined  in  

equations  (2 .1 7 )  and (2 .18 )  a t  H -  0  y ie ld s

Ml<T,D) | h = 0  In  ZL(T,D)|h o

and

XL(T .D ) |h « 0  M(T,D,H) | H a 0

The equa t ion  of magnetic s u s c e p t i b i l i t y  above can be expressed  a lso  

in  term s of th e  c o r r e l a t i o n  fu n c tio n  as

X -  ( p / u V r 1 2 1  <SiZ.SjZ >
j - 1  ( 2 . 2 1 )

where <S£ii. S j i6> i s  the average c o r r e l a t i o n  fu n c tio n .

The s t a t i c  p ro p e r t ie s  of t h i s  'one-d im ensional ' system which i s  

defined  by eq u a t io n  (2 . 2 ) can be used t o  c a lc u la te  the  c ro ss  s e c t io n  

fo r  neu tron  s c a t t e r in g  S($) in  th e  q u a s i e l a s t i c  approxim ation. This 

system with only one kind of atom was f i r s t  solved by F isher^  and 

the s o lu t io n  u t i l i z e s  the expansion

« e 0JS,.5a « 4 K I > i ( 0 J )  Yxm (Sjl) Y^* ( s 2) (2 .22)
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Here

+1
A ^ jJJ )  -  (1 /2 )  j^ e^ X  PA (X) dx (2 .23)

A
where Y im( S i )  a re  s p h e r i c a l  harm onics  and P j ( x )  a r e  Legendre 

Polynomials. Evaluating  equation  (2 .23) y ie ld s

>c(j8J) -  ( S i n h ^ J ) / p j  (2 .24)

From Thorpe? the c ro s s - s e c t io n  fo r  neu tron  s c a t t e r in g  Is  given 

by the  wave v ec to r  dependent s u s c e p t ib i l i ty

S(q )  = (1/N) Z e * * t . r  <ti .’si+t> ( 2 . 2 5 )

F o l lo w in g  th e  n o t a t i o n  i n  t h a t  paper,?  equation  (2 .25 )  can be 

r e w r i t t e n  as

S(q) = ( 1/N) Z  e 1 (la r  <S1 .‘s i+ r > (2 .26)
i* r

This ex p ress io n  depends only  on th e  component of q (wave vec to r  of 

neu tron )  cha in  which i s  denoted by q and a i s  th e  i n t e r a t o m i c  

spacing . Considering only th e  z -d i r e c t io n  so th a t  only 1 «* 1, m ■ 0 

term c o n t r ib u te s  and

<SiZ.Sz1+r> = ( l / 3 ) ( 4 1 ^  <2 *27)Av

equa tion  (2 .26) becomes

/  \  \ , r '
S ( q ) - ( 1 / N ) t  e ^ M - ^ )  (2 . 2 8 )

i , r  X > c /

where the  summation over r  goes over a l l  p o s i t i v e s  and nega tives  

in t e g e r s .  L e t t in g  u “  and ev a lu a t in g  equa tion  (2 .23) leads to
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U -  ^ ‘/x t  “ c o th (p j )  -  1/(0 J )  (2 .29)

For the d i lu te d  system when D ■ 0 and q ■ 0 ,  the  sum defined  by 

equation  (2 .26) can be w r i t t e n  as

S(q) - - 5 ( 1  -  P ) 2 Z .  Z  Z .  u i J - i l  pL 
L -l i - 1  j - 1

-  p ( l  + u p ) /3 (1 -  up) (2 .30)

where u i s  d e f ined  as in  equation  (2 .29) and j  ■ i  + t .  This sum i s  

j u s t  e q u a l  t o  th e  m a g n e tic  s u s c e p t i b i l i t y  fo r  I s o t ro p ic  chain  

system. However, when q ^  0 the  sum over the  exponen tia l  term of 

equation  (2 .28)  w i l l  c o n t r ib u te  a cos ine  func tion  and the  c ro s s -  

se c t io n  fo r  th e  neu tron  s c a t t e r in g  from the  d i lu te d  system can be 

r e w r i t t e n  as

S(q) -  p [1 -  (up )2 ] / 3 [1 + (up ) 2  -  2up c o s (q a ) ] .  (2 .31)

Both of th e se  r e s u l t s  a re  extended to  inc lude  th e  D £  0 case 

which i s  ob ta ined  from equation  (2 .26 ) c a lc u la te d  in  the b a s is  of 

s t a t e s  from equation  ( 2 . 1 2 ) .
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CHAPTER I I I

RESULTS AND COMPARISONS

To so lve  fo r  the p a r t i t i o n  fun c tio n  fo r  L sp in s ,  the  eigenvalue 

problem def ined  by equation  ( 2 . 1 2 ) can be re w r i t te n  In to  the form of 

a  m atrix  eigenvalue problem. L e t t in g  Hn<S) -  HiM(x )e im^  /2k, where x 

■ co s 9 and In s e r t in g  t h i s  in to  equation  ( 2 . 1 2 ) g ives  the  fo llow ing 

e igenvalue  equation

2Rjdx'exp(|»Jxx'+ f  (x + x')} Im( ^ J [ ( l - x 2 ) ( l - x '2 ) f ) ^ ( x ')

-  (3 .1 )
where

i an
Im(x) “  $ exp(x cos ^  -  i m f ) d 0 -  Im(-x) (3 .2)

o

Then, e q u a t io n  (3.2) can be w r i t t e n  as a  matrix equation  by th e  use 

o f  Gaussian in te g ra t io n  formula

+i N
I f (x )d x  -  w jf (x j)  (3 .3)

J - i

where N*o° and the weight Wj and p o in ts  x j  are given In  t a b l e s .  The 

m atrix  e igenva lues  equation  becomes 

N
£  WjGm(x 1 ,X j)  H i m ( x j ) “  ^JU.H'Im( x i ) 0 . 4 )

where

Gm(x ,x  ) -  2Tvexp^Jxx ' + (x + x ' ) ]  I a ( ( S J [ l - x 2 ) ( l - x ' 2 ) ] l / 2 )  ( 3 . 5 ) 

l e t t i n g

Hij(®) -  Jw l Gm (x^x-j)  and -  Jwi H ^ U i )

12
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and s u b s t i tu t in g  these  In to  equation  (3 .5 )  y ie ld s

M , v i |m-> ^
Z H1 j< m)(6 j  -  AlwOi, ( 3 . 6 )
J ^

Since th e se  c a lc u la t io n s  concern only the ch a in  o f  f i n i t e  le n g th ,  

on ly  th e  m ■ 0 so lu t io n  of equation  (3 .6) e x i s t .  The p a r t i t i o n  

fu n c t io n  of equation  (2 .14 )  can be w r i t t e n  in  terms o f  the so lu t io n  

of equa tion  (3 .6 )  as

qo L-1

ZL(T,D) = z  | a . |  2  Aj, 0 (3 .7 )
1 - 0

where

a j  “JztrZ jwi exp ( p D x j / 2 ) # i * " ' ^  (3 .8 )

Values for El(T,D) and Cl(T,D) a re  then ob ta ined  from equations  

(2 .15) and (2 .16) by num erica lly  c a l c u la t in g  the d e r i v a t i v e s  of 

Zl(T,D) and El(T,D) w ith  r e s p e c t  to ^  and T. Once th e se  p ro p e r t ie s  

a re  c a lc u la te d  f o r  cha ins  of leng th  L, the sums in  equations  (2 .5 )  

to  equation  (2 . 8 ) can be used to  ev a lu a te  the  p ro p e r t ie s  of the 

d i lu te d  systems. Then th e  s u s c e p t i b i l i t y  of the  d i lu te d  system i s  

ob ta ined  by num erically  d i f f e r e n t i a t i n g  M^(T,D) with re sp e c t  to  H as 

mentioned in  th e  prev ious s e c t io n .  F in a l ly ,  to  o b ta in  the neutron  

s c a t t e r i n g ,  equation  (2 .25 )  needs to be eva lua ted  num erica lly .

In Figures l a  through Id th e  graphs of energy p e r  spin  versus  

tem perature  for magnetic c o n c e n tra t io n s  p -  0 .8  and 0 .5 are p re ­

sented  f o r  the fe rrom agnetic  system. The c u r v e s  f o r  d i f f e r e n t  

r a t i o  D /J  are  p lo t t e d  on the same graph. The c o r r e c t  high and low 

tem peratu re  l i m i t s  are ob ta ined  and th e  comparison o f  the  curves fo r

I--------------------------------  ■"        '  '
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neg a t iv e  an iso tro p y  can be made by r e f e r r in g  to  the paper by Dong 

and M c G u rn .5  in  a l l  the  f ig u re s ,  the cu rves  presen ted  a r e  found to  

c lo s e ly  approach the  h igh tem perature l i m i t  ( i . e .  - (D /J )p /3 )  a t  the 

r i g h t  hand edge o f  the drawings.

The graphs o f  s p e c i f i c  h ea t  versus temperature a r e  shown in 

F igures  2a through 2d f o r  both magnetic c o n c e n t ra t io n s  p « 0 .8  

and 0.5 and w ith  d i f f e r e n t  values of a n iso tro p y .  Again the  c o r r e c t  

h igh  temperature l im i t  a r e  observed which c lo s e ly  equal to  p^ /3  + 

4p(D /J)2 /45 . Table 1 p re se n ts  the  r e s u l t s  fo r  energy and s p e c i f i c  

h e a t  ob ta ined  from the high tem perature  l im i t  and a l s o  from the 

com puter  c a l c u l a t i o n .  In  b o th  cases ( i . e .  energy and s p e c i f i c  

h e a t ) ,  i t  i s  found th a t  a l l  c h a r a c t e r i s t i c s  of the curves in  the 

fe rrom agnetic  coupling  a re  e x a c t ly  the same fo r  the same magnitude 

bu t  opposite  s ign  of an iso tropy  and the same magnetic c o n c e n tra t io n  

i n  th e  a n t i f e r r o m a g n e t i c  coupling . T h is  f a c t  can be seen from 

equa tion  (2 .9 )  where fo r  the an t ife r ro m ag n e tic  system - J  i s  used 

in s te a d  o f  +J but the summation i s  s t i l l  th e  same.

The magnetic s u s c e p t i b i l i t i e s  for th e  fe rrom agnetic  and th e  

an t ife r ro m a g n e t ic  system a re  p resen ted  i n  F igures  3 and 4 re sp ec ­

t i v e l y .  From Table I I  to  V, th e  r e s u l t s  ob ta ined  from th e  low and 

h igh  temperature l i m i t s  and from th e  computer c a lc u la t io n s  are  shown 

f o r  both ferrom agnetic  and an t ife r ro m ag n e tic  coup lings.  The f ig u re s  

show t h a t  th e  i s o t r o p i c  s u s c e p t i b i l i t y  seems to  s e p a ra te  the 

s u s c e p t i b i l i t y  f o r  n eg a t iv e  and p o s i t i v e  a n i s o t r o p y .  However, 

a t  low tem perature  in  th e  ferrom agnetic case , th e  values  of sus­

c e p t i b i l i t y  in  th e  z -d i r e c t i o n  f o r  p o s i t i v e  an iso tropy  a r e  g e t t in g
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Figure 1. Ferromagnetic energy per l a t t i c e  s i t e  versus  k>T /J  for 
D/J ■ 2.0 (do t-dashed ) ,  1.0 (dashed) and 0 .5  ( s o l id )  for
(a) p ■ 0 .8 ,  (b) p -  0 .5 .  Curves fo r  D/J = -2 .0  (do t-  
dashed), - 1 . 0  (dashed) and - 0 .5  ( s o l id )  fo r  (c) p ■ 0.8 
and ( d )  p *■= 0 .5 .
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Figure 2. Ferromagnetic s p e c i f i c  heat per  l a t t i c e  s i t e  versus  k^T /J 
fo r  D /J  * 2 .0  (do t-dashed ) ,  1.0 (dashed) and 0 .5  ( s o l id )  
fo r  ( a )  p ■ 0 .8 ,  (b) p -  0 .5 .  Curves fo r  D /J « - 2 .0  
(do t-dashed ) ,  - 1 .0  (dashed) and - 0 .5  ( s o l id )  f o r  (c )  p ■ 
0.8 and (d) p -  0.5
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T a b le  1

F e r r o m a g n e t ic  E n e rg y  an d  S p e c i f i c  H e a t

P D/J
E /J

(c a lc u la te d )
E /J

(computer)
C /k (*J ) 2  C /k (^ J ) 2  

(c a lc u la te d )  (computer)

0 .8  0.5 - .1333 - .1562 .2311 .2300

1 . 0 - .2667 -.2948 .3844 .2827

2 . 0 - .5333 - .5830 .4978 .4978

-0 .5 .1333 . 1 1 0 1 .2311 .2297

- 1 . 0 .2667 .2380 .2844 .2801

- 2 . 0 .5333 .4835 .4978 .4769

0 .5  0.5 - .0833 -.0928 .0944 .0918

1 . 0 - .1667 -.1795 .1278 .1180

2 . 0 - .3333 -.3598 .2611 .2250

-0 .5 .0833 .7390 .0944 .0917

- 1 . 0 .1667 .1539 .1278 .1167

- 2 . 0 .3333 .3076 .2611 .2146

b ig g e r ,  while f o r the negative values the s u s c e p t i b i l i t y tends to

ap p ro a c h  z e r o . On t h e  o th e r  hand , t h e  c u r v e s  f o r x -  and

y -d i r e c t io n s  show an opposite  c h a ra c te r  where t ' s u s c e p t i b i l i t y  for 

p o s i t iv e  an iso tropy  ten d s  to  approach ze ro  and the  o th e r  way around 

fo r  the n e g a t iv e  va lues .  At h igh  tem pera tu res ,  a l l  the curves seem 

to  approach the c o r re c t  high tem perature  l im i t  where k^TX/M2  -  p /3 .

For a n t i f e r r o m a g n e t i c  c o u p l in g ,  th e  s u s c e p t i b i l i t y  t e n d s  

t o  d e c re a s e  a s  the  t e m p e r a tu r e  i s  lowered except a t  the very

F---------- :   ~ ""
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Figure 3. Zero f i e l d  ferrom agnetic s u s c e p t i b i l i t y  pe r  l a t t i c e  s i t e  
v ersus  k^T /J fo r  f i e l d s  along the  z -a x is  in  ( a )  p ■ 0 .8 ,
(b )  p » o .5  and f i e ld s  along the  x -ax ls  in  ( c )  p « 0 . 8 , 
(d )  p = 0 .5 .  Curves fo r  D/J * 2 .0  (long  d ash -do t) ,  1.0 
( s h o r t  d a s h - d o t ) ,  0 .5  ( s o l id - d o t )  0 .0  (d o t te d ) ,  -0 .5  
( s o l i d ) ,  - 1 . 0  ( sho rt-dashed )  and - 2 . 0  ( lo n g  dashed).

k
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Figure 4 . Zero f i e ld  a n t i f e r ro o a g n e t ic  s u s c e p t i b i l i t y  per l a t t i c e  
s i t e  versus k^T/J fo r  f i e l d s  a lo n g 'th e  z - a x i s  in  (a )  p ■ 
0 .8 ,  (b) p ■ 0 .5 and f i e l d s  along th e  x -a x is  in  (c )  p =
0 .8 ,  (d) p ■ 0 .5 .  Curves fo r  D/J * - 2 .0  ( long-dashed), 
- 1 . 0  ( s h o r t - d a s h e d ) ,  - 0 .5  ( s o l i d ) ,  0 .0  (d o t t e d ) ,  0.5 
( s o l i d  d o t t e d ) ,  1 . 0  ( s h o r t  d a s h - d o t ) ,  2 . 0  ( l o n g  
dash -do t) .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T a b le  2

F e r r o m a g n e t ic  S u s c e p t i b i l i t y  ( z - a x l s )

p D/J (c a lc u la te d ) kpTx/ « 2  (computer)

T-*0
0 . 8 2 . 0 p ( l+ p ) / ( l - p )  -  7.20 6.8316

1 . 0 6.6455
0.5 6.3566

- 2 . 0 0 0.0203
- 1 . 0 0.0410
-0 .5 0.0831

0 .5 2 . 0 p ( l+ p ) / ( l - p )  -  1.50 1.4389
1 . 0 1.3908
0 .5 1.3053

- 2 . 0 0 0.0126
- 1 . 0 0.0254
-0 .5 0.0509

T-v oo
0 . 8 2 . 0 p/3 -  0.2667 0.2971

1 . 0 0.2889
0.5 0.2849

- 2 . 0 0.2665
- 1 . 0 0.2731
-0 .5 0.2770

0 .5 2 . 0 p/3 -  0.1667 0.1820
1 . 0 0.1771
0.5 0.1747

- 2 . 0 0.1630
- 1 . 0 0.1676
-0 .5 0.1700

r
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T a b le  3

F e r r o m a g n e t ic  S u s c e p t i b i l i t y  ( x - a x i s )

p D/J kpTX/d 2 ( c a lc u la te d ) k^TX/ / 4 2  (computer)

T-»0
0 . 8 2 . 0 0 0.0204

1 . 0 0.0415
0.5 0.0856

- 2 . 0 p ( l+ p ) /2 ( l - p )  -  3.600 2.6975
- 1 . 0 2.6559
-0 .5 2.5933

0 .5 2 . 0 0 0.0128
1 . 0 0.0262
0.5 0.0553

- 2 . 0 p ( l+ p ) /2 ( l - p )  -  0.7500 0.6858
- 1 . 0 0.6743
-0 .8 5 0.6551

T-»oo
0 . 8 2 . 0 p/3 -  0.2667 0.2729

1 . 0 0.2769
0.5 0.2789

- 2 . 0 0.2887
- 1 . 0 0.2848
-0 .5 0.2829

0 .5 2 . 0 p/3 -  0.1667 0.1675
1 . 0 0.1699
0.5 0.1711

- 2 . 0 0.1770
- 1 . 0 0.1747
-0 .5 • 0.1735

F~ ~  "     "
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T a b le  4

A n t i f e r r o m a g n e t i c  S u s c e p t i b i l i t y  ( z - a x l s )

p D /J kpTX/ / « 2  ( c a lc u la te d ) kpTX/A2  (computer)

T-» 0
0 . 8 2 . 0 0 0.0116

1 . 0 0.0168
0 .5 0.0227

- 2 . 0 p ( l - p ) / ( l + p )  » 0.0889 0.0918
- 1 . 0 0.0879
- 0 .5 0.0808

0.5 2 . 0 0 0.0089
1 . . 0 0.0148
0 .5 0.0236

- 2 . 0 p ( l - p ) / ( l + p )  -  0.1667 0.1584
- 1 . 0 0.1499
- 0 .5 0.1318

T -*oo
0 . 8 2 . 0 p /3  -  0.2667 0.2410

1 . 0 0.2462
0 .5 0.2493

- 2 . 0 0.2655
- 1 . 0 0.2590
- 0 .5 0.2557

0.5 2 . 0 p /3  -  0.1667 0.1530
1 . 0 0.1571
0 .5 0.1591

- 2 . 0 0.1697
- 1 . 0 0.1654
- 0 .5 0.1633

f~ .
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T a b le  5

A n t i f e r r o m a g n e t i c  S u s c e p t i b i l i t y  ( x - a x i s )

p D /J k^TX/ / / 2  ( c a lc u la te d ) k^TXAA  (computer)

T + 0
•

0 . 8 2 . 0 p ( l - p ) / 2 ( l+p) « 0.0444 0.0550
1 . 0 0.0541
0.5 0.0527

- 2 . 0 0 0.0116
- 1 . 0 0.0171
- 0 .5 0.0236

0.5 2 . 0 p ( l - p ) /2 ( l+ p )  -  0.0834 0.0871
1 . 0 0.0852
0.5 0.0817

- 2 . 0 0 0.0263
- 1 . 0 0.0153
-0 .5 0.0095

0 . 8 2 . 0 p /3  -  0.2667 0.2588
1 . 0 0.2557
0.5 0.2541

- 2 . 0 0.2460
- 1 . 0 0.2493
- 0 .5 0.2509

0.5 2 . 0 p /3  = 0.1667 0.1653
1 . 0 0.1633
0.5 0.1622

- 2 . 0 0.1570
- 1 . 0 0.1591
- 0 .5 0.1602
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low tem peratu re , where i t  in c re a s e s  fo r  nega tive  an iso tro p y  fo r  the 

z - d i r e c t io n  and p o s i t iv e  f o r  the x -  and y - d i r e c t io n s .

F in a l ly  the graph of neu tron  s c a t t e r in g  v e rsus  wave vec to r  are 

p lo t te d  in  F igures 5a through 5d fo r  th e  ferrom agnetic  case with 

kT/J ■ 1.0 and 0 .2  fo r  both  i s o t ro p ic  and a n iso t ro p ic  systems. The 

parameter D /J  used fo r  th e  a n i s o t ro p ic  system i s  - 4 .5 /2 3 .6  which is  

ap p ro p r ia te  to  the  systems formed from CsNiF3  a t  low tem pera tu re .  

I t  can  be seen t h a t  fo r  th e  z - d i r e c t i o n ,  the va lues  f o r  the i s o ­

t ro p ic  system are  bigger th a n  fo r  the  a n i s o t ro p ic  system, while fo r  

the x -  and y -d i r e c t io n s  th e  opposite  case happens.

F ........................................................."

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

Figure 5 . P lo t  of S^(q) v e rsu s  qa f o r  1 -  x and z and kT /J  -  0 .2
and 1 .0 . Curves f o r  S‘ (q) with i n  (a) p -  0.8 and (b) p
■ 0 .5  w here D /J  ■ -0 .1 9 0 7  ( s o l i d )  and D /J  « 0 . 0  
(dashed). Curves f o r  Sx(q) w ith  in  (c) p -  0.8 and (d) p
■ 0 .5  where D/J « -0.1907 ( s o l id )  and D /J  ■ 0 .0 (dashed).
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CHAPTER IV 

CONCLUSIONS

In t h i s  s tudy, th e  thermodynamics and magnetic p r o p e r t i e s  of 

th e  d iso rdered  m a te r ia ls  In the  absence o f  an e x te r n a l  f i e l d  a re  

c a l c u la te d  and comparisons a r e  made between the r e s u l t s  ob ta ined  

w ith  the  low and high tem perature l i m i t s .  I n  a l l  the c a se s  excep t 

f o r  the neu tron  s c a t t e r in g ,  c a lc u la t io n s  a re  made f o r  bo th  systems, 

fe rrom agnetic  and an t ife r ro m ag n e tic .  In a d d i t io n ,  fo r  th e  magnetic 

s u s c e p t i b i l i t y  and neu tron  s c a t t e r i n g ,  both i s o t ro p ic  and a n i s o ­

t r o p i c  sy s tem s  a re  c o n s i d e r e d .  The p l o t s  which r e p re s e n t  the  

r e s u l t s  f o r  magnetic c o n c e n tra t io n  p «  0.8 and 0.5 a r e  p re se n te d .

T h is  s tu d y  i s  i n t e r e s t i n g  b eca u se  t h e  phenomena happens 

in  the  r e a l  system f o r  compounds formed from CsN1F3 and TMMC. I t  

was shown a l s o ,  th a t  th e  thermodynamics of the d i l u t e d  c l a s s i c a l  

s p i n  H e is e n b e rg  cha in  with s in g le  ion a n is o t ro p y  can be so lved  

e x a c t ly  in  one dimension based on th e  c l a s s i c a l  models.
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