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SURVEY

In t h i s  t h e s is  we s tu d y ,  bo th  e x p e r im e n t a l l y  and t h e o r e t i c a l l y ,  th e  dynamical

b e h a v io r  o f  Some w eak ly  a n i s o t r o p i c  m agne tic  system s. The b a s ic  p r o p e r t y  we

in v e s t i g a t e ,  is  the  t im e  e v o lu t i o n  o f  th e  average t o t a l  m a g n e t i z a t io n  o f  an

is o la te d  e l e c t r o n  s p in  system. To t h i s  e x te n t  we perfo rm ed r e l a x a t i o n  and

resonance e xp e r im e n ts  in  th e  pa ra m a g n e t ic ,  c r i t i c a l  and a n t i f e r r o m a g n e t i c  s t a t e

o f  th r e e  d i f f e r e n t  copper compounds.Two o f  the se  compounds, CuC12 .2H20 and

L i C u C l j . 21^0 ,  a re  known t o  be m a g n e t i c a l l y  h ig h -d im e n s io n a l  w h i l e  th e  t h i r d ,

C u tN H -^S O ^.h^O , i s  one o f  th e  f i r s t  known m agne tic  l i n e a r  c h a in  compounds.

A t  h ig h  te m pe ra tu re s  we i n v e s t i g a t e  th e  in f l u e n c e  o f  a n t is y m m e t r ic  D z ia lo s h in s k y -

Moriya  exchange i n t e r a c t i o n  on r e l a x a t i o n  and resonance. I n t r o d u c t i o n  o f

a n t is y m m e t r ic  exchange in  th e  copper compounds leads  t o  a p e r f e c t  agreement

between e x p e r im e n t  and t h e o r y .  The i n t e r a c t i o n  m odel,  w h ich  c o n ta in s  o n ly  one

a d ju s ta b le  exchange p a ram e te r ,  i s  f u r t h e r  checked on th e  independent r e s u l t s

o b ta in e d  in  th e  c r i t i c a l  and a n t i f e r r o m a g n e t i c  s t a t e .

In th e  c r i t i c a l ^  re g io n  near th e  Néel te m p e ra tu re  o u r  measurements show an

a n i s o t r o p i c  speed ing -up  o f  th e  r e l a x a t i o n  p ro c e s s .  Using such te c h n iq u e s  as

Random Phase A p p ro x im a t io n ,  s p a t i a l  F o u r ie r  t r a n s fo rm s  and dynam ica l s c a l i n g ,

we d e ve lop  a th e o ry  on the  c r i t i c a l  r e l a x a t i o n  and resonance in  w e ak ly  a n is o 

t r o p i c  m agne tic  systems. I t  i s  shown t h a t  the  dynam ica l p r o p e r t i e s  o f  th e  mag

n e t i c  system a re  s t r o n g l y  in f lu e n c e d  by the  m agne tic  a n i s o t r o p y .  By t r a n s f o r 

ming t h i s  m agne tic  a n i s o t r o p y  i n t o  an a n is o t r o p y  in  th e  c r i t i c a l  s low ing-down

o f  th e  s p in  f l u c t u a t i o n s ,  we a re  a b le  t o  d e r i v e  a r e l a t i v e l y  s im p le  e x p re s s io n

f o r  th e  r e l a x a t i o n  t im e  (and th e  resonance l i n e w id t h )  in  th e  c r i t i c a l  r e g io n .

The r e s u l t s  o f  t h i s  t h e o r y ,  w h ich  i s  a g e n e r a l i z a t i o n  o f  th e  th e o r y  g iv e n  by

Huber ( 2 ) ( 1 2 ) ,  a re  in  v e ry  good agreement w i t h  ex p e r im e n t  in  bo th  CuCl2 .2H20

and LiCuC1^ . 2H20. In th e  l i n e a r  c h a in  CTS th e  same th e o r y  y i e l d s  e x p e r im e n ta l

ev idence  f o r  a l i n e a r  dependence o f  th e  in v e rs e  c o r r e l a t i o n  le n g th  on the

te m p e ra tu re .

Below th e  Néel te m p e ra tu re  i t  i s  shown t h a t  in  th e  e a s y -a x is  o f  o r th o rh o m b ic

a n t  i fe r ro m a g n e ts  a lo w - f re q u e n c y  r e l a x a t i o n  o c c u rs .  These r e l a x a t i o n  measure

ments a re  shown to  be a v a lu a b le  t o o l  in  t e s t i n g  t h e o r ie s  on sp in -w ave  r e l a x a 

t i o n .

-  9 -



In the l in e a r  cha in  CTS spec ia l a t t e n t io n  is  paid to  the long - t im e  behavior o f

the  c o r r e la t io n  fu n c t io n s .  The long - t im e  t a i l s  o f  the re la x a t io n  memory func 

t io n s  are computed s t r a ig h t fo r w a r d ly  from the measurements. The re s u l ts  are

compared w i th  an adapted ve rs io n  o f  the theory  o f  Hennessy e t  a l . ( 7 9 ) .  Although

most o f  the  fe a tu re s  a re  exp la ined q u a l i t a t i v e l y ,  i t  is  shown th a t  the memory

fu n c t io n  shows less pronounced long - t im e  behavior than should be expected

t h e o r e t i c a l l y .  Experimental evidence is  g iven f o r  e i th e r  important inaccuracy

in the Random Phase Approximation o r  a n iso tro p y  in the tw o-sp in  c o r r e la t io n

fu n c t io n s .
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C H A P T E R  I

GENERAL INTRODUCTION TO THE THEORY

1.1 Macroscopic th/eöry of magnetic relaxation

In this part of chapter I we will survey shortly the most important ideas of
the macroscopic relaxation theory.

In magnetic relaxation or resonance the response of a magnetic system to an
arbitrary magnetic field variation is studied. In the linear response
approximation the response of the magnetization to such an arbitrary field
variation AH(t) is described by

AM(t,H) = -ƒ <(i(t ,H) .AH(t - T )dx (1.1)o
where <|>(t,H) is the so-called relaxation tensor which describes the system's
search for equilibrium. It is a second order tensor with elements 4 (t.lï).
All these elements are real while ail d> (t.H) are even in time. In this

ctot
equation not only the approximation of linearity but also the principle of
causality has been included. Virtual instantaneous effects from diamagnetic
origin have been neglected. In the often studied case of a negative field step
AH at time t = 0, eq. (1.1) reduces to

AÏÏ(t,fi) = fi(t,iï) - (̂O.iï) = <|>(t,?i).AÏÏ (1.2)

M(t,ÏÏ) and ïï(0,fi) are the magnetizations at time t and 0 respectively. As in
this case the magnetic system is supposed to be in equilibrium for t<0,
M(0,ïï) is equal to the static magnetization in field 1Ï.

As all experimental field variations are continuous with continuous derivatives
one may reduce eq. (1.1) by partial integration to the more manageable form

A ^ (t ,ff) = lï) .a1$(-<») + 4>(o,ïï) .A Ï Ï ( t )  -  /°° i(i(T ,fl) .A ÏÏ( t-T )d T  (1-3)

As 4>(t,H) is bounded for all t and AH(-«>) = 0 we have

AÏÏ(t,?ï) = <|>(0,ïi).AÏÏ(t) - /Vx.lfy.AiïU-TjdT (1.4)

11



As we suppose the  magnetic system to  re tu rn  to  some s o r t  o f  e q u i l ib r iu m  fo r

t-*», <(>(<»,1Ï) = I im <J>( t , H) e x is t s  but i t s  va lue  needs not to  be equal to  zero .

As we a re ,  a t  t h i s  moment, o n ly  in te re s te d  in  the t ime dependent p a r t  o f

<f>(t,f l), we in troduce  another re la x a t io n  tensor $ ( t , f i )  de fined  by

$ ( t , f i )  = <|>(t,iï) -  <(>(<»,H) (1-5)

S u b s t i tu t io n  o f  eq. (1 .5 )  in (1 .A) y ie ld s

A f i ( t , f i )  = $(o,f i)  .A f i ( t )  -  .Alï(t-T)dT (1 .6 )
0

In our experiments the response o f  a system to  a p e r io d ic  f i e l d  v a r ia t i o n  is

s tu d ie d .  Th is  p e r io d ic  f i e l d  v a r i a t i o n  is  o f  the form

A lï ( t )  = aIÏ  cos u t  ■ Re aÏÏ e (1 >7)

S u b s t i tu t in g  t h i s  in  eq. (1 .6 )  and using th a t  $ ( t ,H )  is  a rea l tenso r ,  one

gets

A ^ ( t ,lï) = R e {($ (o ,f i )  -  i(u /°°$(T,ïï)e ' “ Tdx).A?i e ' u t } (1 .8 )

1.1 .1  Frequency dependent s u s c e p t ib i l i t y  te n so r

We d e f in e  the f i e l d  and frequency dependent s u s c e p t i b i l i t y  tensor x U .H )  bY

A f i ( t , f i )  *  Re(x (m,H) .AH e*ta)t}  (1-9)

Comparing t h i s  w i th  eq. (1 .8 )  one f in d s

x(w,H) = $(o,fi) -  iw/ * ( f , f i )  e 'UTdT (1.10)
0

The s u s c e p t i b i l i t y  tenso r ,  which is  a complex second o rder tenso r ,  can be

s p l i t  up in a rea l and an imaginary p a r t .

xU.f i )  = x' (u.fi) -  i x "  (io,fi) n.M)
S u b s t i tu t in g  eq. (1 .11) in  (1 .10) and using once again th a t  $ ( t ,H )  is  a real

te n so r ,  one gets

X1 U, f i )  = $(o, f i ) -  ui/ $(r , f i )  sin (iiTdx (1.12)
o

12



X 1 ' (<l),tï) = Wƒ $(t,lï) COS ü)T dT (1 .13)

x(o,iï) = x'(o,ÏÏ) = $(o,ïi) (1.14)

The fact that both the real part y'(w,H) and the imaginary part X 1 1 (w,fi) can
be expressed in the same relaxation tensor $(t,H) indicates that there might
be a more direct relation between x'(u.H) and x M (o),ft). One has for the dia
gonal elements

. (w,ft) . , 2 ,-“’C  ‘ .C  (“’ÏÏ) “  7 ƒ ----- 2---2---------du<ü) | - 0)

, X1 (“i >̂) - X1 (<»>»fi)...I 2(d Aao ' Aaa
Xoa(“’H) - IT 0f ------ 2--- 2-------  d“'

0), - 0)

(1.15)

(1.16)

These are the well-known Kramers-Kronig relations. Substituting oi= 0 in eq.
(1 .15) one gets

Xota(o.ÏÏ) x' (°°»h )aa (1.17)

X^tiu.H) is generally called the dispersion while xl' («$) is related to the
energy absorption by the sample out of the alternating magnetic field. During
one period of the oscillating field, this absorption equals

2ir
L-/“* Aff(t,TÏ).dAiï(t) = ir aTÏ. x"((i),fi).aIÏ (i .i8)

1.1.2 Memory function and memory spectrum

In most magnetic Systems the relaxation tensor $(t,H) is decaying at micros
copically very long times. By using integro-differential equality (1.19), each
of the diagonal elements $ (t,H) the relaxation tensor can be transformed
into a corresponding function G (t,H), the so-called memory function or kernel,
which is usually decaying at microscopic times. As it will be shown in section
1.2, one finds by using this function a link between the microscopic and
macroscopic dynamical properties of the electron spin system.

3$ (t ,lï)
--  = " I G<x(t’H) *oo(t"T,H)dT <1-19)

13 -



(1 . 20)

The elements G (t,H ) are even in time,a

G ( t , f i)  = G ( - t . f i )  a = x, y or za a

Assuming that both the Fourier transform and the Laplace transform of the
memory function e x is t, one has fo r the Fourier transform

& 1 ; +” e- iu t G ( t . f i) d t  0 .21 )o 2rr -» a

G ( t . f i)  = £ "  e iwt & (U,fi)d« (1-22)a a

and fo r the Laplace transform

G (ii» ,fi) = ƒ“ -iojt G ( t . f i)d t (1.23)

The Fourier transform o f the memory function is sometimes called the memory
spectrum. By d e fin it io n  both the s u s c e p tib ility  tensor and the memory function
have been expressed in the same re laxation tensor. The d ire c t re la tion  between

y (u.fi) and G (t.H ) is given byAao a .
- X,_( id .H)
G ( i cd ,H) = -id*

'  xaa(0,ïf)

Using fu rth e r Re G(iiD,H) = trfe(iD.H) one gets

irïï ( id.H) ■
<dx" ( id.H) x (o»H)Aaa *«a

(x ‘ - Xaa(o ,fi)) + (x^a t«D.fi))‘

( 1 . 21»)

(1.25)

Once again v ir tu a l instantaneous e ffec ts  have been omitted.

1 .1 .3 R e la x a tio n  tim e and memory fu n c tio n

Suppose tha t the memory function G ^(t.fi) goes to zero a t times small compared
w ith the ch a ra c te ris tic  times which govern the time evolution o f * aaU»w).

In tha t case one has

aa  ̂ .  -  ƒ* G ( t ' ,fi) $ ( t - t 1 , f i )d t '  « -  *  ( t . f i )  ƒ* G ( t ' .H )dt 1 (1 .26)
. „ a aa o a31 0

At s u f f ic ie n t ly  larjge times the so lution o f eq. (1.26) is then given by

-  1 1 » -



(1.27)* ( t , ï l ) $ (o ,tl)

wi th

T -’ tS) = / " G f f t f ) d t 'oi o .& ( 1 . 28 )

Su bs t i t u t in g  eq. (1 .27) in (1.12) and (1.13) one ge ts

x ' U . t ï )

Xa c ( o ’H) 1 + a>V(H)

x" U,iï> Ol)T (H)

X__(o,fi) (1.30)

(1.29)

which a r e  the well-known Lorentzian expressions for  s i ng l e  re la xa t io n  processes.
The case of  a s u f f i c i e n t l y  narrow memory func t ion G ( t , ï ï )  is  normally encoun
tered in three-dimensional  magnetic systems with large secu la r  in t e r a c t i o n s .
In low-dimensionai systems d i f f u s i v i t y  leads to important long-t ime behavior
which, in most c ases ,  impedes an approximation as shown in e q . (1 .26) .

1.2 M icroscopic expression  fo r  the memory fu n ction

The time evolu t ion  of  the a - t h  component of the average to ta l  magnetizat ion
is given by

where X is the Hamiltonian of  the  magnetic system and L the quantum mechanical
Liouvi l ie  opera tor .  Although the above mentioned opera tors  a re  a l l  dependent
on the s t a t i c  f i e l d  we wil l  not s t a t e  t h i s  e x p l i c i t e l y .  Furthermore one has

For a d e sc r ip t io n  of  the r e lax a t i on  process of  M ( t )  one should look for  the
c o r r e l a t i o n  between Ma (0) and M^ft) a t  a r b i t r a r y  times t .  The magnetic system
is supposed to be in equi l ib r ium a t  times t< 0. To study the c o r r e l a t i o n s  we
introduce a c o r r e l a t i o n  funct ion ( A , B ( t ) ) , which wi l l  be defined by

M ( t )  = ea
h Xt M e (1.31)a a

M O  -  r I * , H  ( t ) ] s  H- M (t)1* j  11 (X & (1.32)

e M ( t )  -  M ( t  + t . )& a 0  .33)

-  15 -



/  a n /  \  \  .B  X5C a * M f  _ /  »(A ,B ( t ) )  = f p < e A e B ( t )  > dX (1.3*0

where B= 1/^J-, T is  the  temperature o f  the bath w i th  which the magnetic sys

tem is  supposed to  be in e q u i l i b r iu m  j u s t  before the p e r tu rb a t io n .  The

brackets  denote an ensemble average de f ined  by

<A> Tr e

Tr e -BJC (1.35)

Using the Kubo fo rm alism  (1) one ob ta in s  f o r  the elements o f  the re la x a t io n

tensor <(>(t,ï5)

*  0( t J )  = ; B < eXïf M e‘ X3f M ( t )  > dX (1.36)
Otp 0 p  (X

The ind ices  a and 3 denote the Cartes ian  coo rd ina tes  x ,  y o r  z.

Using d e f i n i t i o n  (1.3**) one gets

♦„„<••«> -  < V " . (t)) (1.37)

1.2.1 P ro je c t io n  techn ique

The re la x a t io n  tensor <j>(t,H) con ta ins  a time independent p a r t  which is  not

d i r e c t l y  invo lved in  the time e v o lu t io n  o f  the  average to t a l  m agne t iza t ion .

Th is  p a r t ,  which is  equal to  <|>(“>,fi), can be e l im in a te d  by the Zwanzig p ro je c 

t i o n  ope ra to r  techn ique . Let the  p ro je c t io n  ope ra to r  P. in the ope ra to r  space

be de f ined  by

" - 38>

Let fu r t h e r  I be the i d e n t i t y  ope ra to r  and l e t

3C' -  (1-P )JC = X  -  <3f> I (1 .39)

The brackets  being de fined  by eq. (1 .3 5 ) .  Let fu r the rm ore

y = ( 1 - P . -P „ . )  M (1 .**0)a I ' a

I t  can be proved th a t  the p a r t  o f  M , which gave r i s e  to  a non-zero l i m i t  va lue

o f  d>(t,ÏÏ) f o r  t-M°, is  equal to  (P,+P„,)M So, by tak ing  y instead o f  M , one
I c t oi 01

e l im in a te s  the  p a r t  which p lays no d i r e c t  ro le  in  the time e v o lu t io n  o f  the mag

n e t ic  system, in f a c t ,  y is  the time dependent p a r t  o f  the m agnet iza t ion  M ,
o a

the constan t p a r t  being e l im in a te d  by the p ro je c t io n  techn ique.
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One has

♦agU.fi)  = (Me ,Ma ( t ) )  (1.37)

♦aB(t , ïf )  = (V  pa ( t ) )  <’ •*»)

Using eq. (1.41) and the i n t e g r o - d i f f e r e n t i a l  e q u a l i ty  one der ives  for  the
memory func t ion _ v.

((Lua ) + , e , ( , - Ph )Lt  L p J

®a (t i^)  ■ (va ,Pa ) (1.42)

where P i s  found by s u b s t i t u t i n g  (1.40) in (1 .38) .  Eq. (1.42) is the most
general microscopic expression for  the memory func t ion G ( t ,H) .  I t  conta insa
a l l  the information re levant  to the time evolut ion of the magnetic system.
The Hamiltonian of the magnetic e l ec t ron  spin system can be s p l i t  up as f o l 
lows

Jf = Jf + Jf.zeeman in te rac t i on (1.43)

The Zeeman term i s  given by eq. (2.2) of  chapter  2. For the  in te ra c t io n  par t
one has

^" inte ract ion “ ^s ec u la r  + ^non-secular  (1.44)

The secula r  p a r t ,  denoted from now on as Jf , is  th a t  pa r t  of  the in te r ac t i o n
Hamiltonian th a t  commutes with Jf while the non-secular Jf is  the nonzeeman nsec
commuting p a r t .  In analogy one has for  the Li ouvi l le  opera tor

L = L + L + L (1 . 1*5)z sec nsec '

Su bs t i tu t i o n  of  eq. (1.45) in (1.42) y i e ld s  an expression which in f a c t  is
very complicated,  so one t r i e s  to  introduce some s i m p l i f i c a t i o n s .  The most
widely used s im p l i f ic a t i o n  i s  found in the so -c a l le d  weak-coupling l i m i t .  The
basic assumption of  the weak-coupling approximation is t h a t ,  in a magnetic sys
tem with la rge  secu la r  i n t e r a c t i o n s ,  one can sa f e ly  put in the exponent of  eq.
(1.42)

(1-P )L + (1-P )L + (1-P )L = L + L (1.46)V z p sec p '  nsec z sec '  '

I t  is  impossible to say exac t ly  what kind of  information is l o s t  by t h i s
approximation.  At high tempera tures ,  the physical consequence of  the approxi-
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mation is  the  occurrence o f  o n ly  fo u r  l in e s  in the memory spectrum which more

over s h i f t  r i g i d l y  w i th  the ex te rna l  s t a t i c  f i e l d .

In the  weak-coupling approx im ation  one has f o r  the memory fu n c t io n

Ga ( t , f t )

. iL  t  + iL  t
((Lu ) + , e z sec Lu )a

(pa * ya )
( 1 .^ 7 )

Combination o f  eq. (1 .47) w i th  (1 .28) y ie ld s  a m icroscop ic  expression fo r  the

re la x a t io n  time in  the weak-coupling l i m i t .

-  18 -



C H A P T E R  2

SPIN-SPIN RELAXATION IN DIFFERENT TEMPERATURE REGIMES

2.1 Introduction

In this chapter we will derive expressions for the electron spin-spin relaxa
tion times and resonance linewidths in the different temperature regions.
The expressions valid at high temperatures have been given by many authors.
The only new point here is that antisymmetric exchange, of which we will show
the dominant role in Cu-compounds, has been included. The derivation of the
relaxation times in the critical region (near the Nëel temperature) is new
although extensive use has been made of the ideas of Huber (2) and of the
scaling arguments of Riedel (3). In the anti ferromagnetic state the approach
is new in so far that the magnetic parallel-field relaxation process in the
easy-axis has been ascribed to spin-wave relaxation. A survey of the results
of the dynamical spin-wave theory is given.

Before we start the calculation in the different temperature regimes we will
specify our magnetic Hamiltonian.

2.2 A choice for the magnetic Hamiltonian

As the characteristic times at which the electron spin system goes to its
internal equilibrium are normally much smaller than the spin-lattice relaxation
times, one is allowed to suppose the spirt system to be isolated during its
search for internal equilibrium. In that case the spin-spin relaxation process
is governed by the interactions between the spins only. So our Hamiltonian
only includes magnetic spin-spin interactions terms. In general one has

+ Jf, + Jf + Jf,hfs + Jf (2 .1)

which consists of, in this order, the Zeeman, dipolar, exchange, hyperfine and
electric field part. As we only study compounds where the effective spin value
equals the electric field does not influence the energetic situation, so
^el = further neglect JCj, as in the copper compounds, studied in this
thesis, both secular and non-secular hyperfine contributions are small com
pared with those of the other interactions. This implies that we exclude very
narrow hyperfine contributions to the memory spectrum. This is justified by
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our measurements where no strongly f ie ld  dependent re laxation times have been
found. For the remaining Hamiltonian we have

tcz  = g u B « .  J (2.2)

*dd = * V  i$ j { ( ! . . ? . )  - 3 r Ij. " 2 ( t . . r . j. ) ( t j. . r . j. ) } (2.3)

X  = -  .J.
ex  i ft j  i i j  j

+ S . . .  ( t ,  x ? . )
• j  1 J

(2 A )

where 3 ..  is a symmetric exchange tensor between spins i and j .  In the case of
iso trop ic  exchange in te rac tion  th is  tensor reduces to  the well-known Heisenberg
scalar J . j .  The second part o f the exchange Hamiltonian represents the antisym
metric Dzialoshinsky-Moriya exchange in te rac tion . From eqs. (2.2)-(2.1*) i t  is
c lear that we neglected the (supposedly small) anisotropy o f the g-value in the
Zeeman and d ipo la r part o f the Hamiltonian. The g-value anisotropy is however
im p lic ite ly  included in the antisymmetric exchange where i t  is o f extreme im

portance.

(2.5)

The axia l

structure

vectors D.. are res tric ted  by the symmetry elements o f the crysta l
i j

. This re s tr ic t io n  is eas ily  determined by using the thumb rule

( 75>B) IJ " db(7Tj) (2,6)
where ^denotes a symmetry transformation while 6 denotes an a rb itra ry  Carte
sian component o f the axia l vector. For example, in the case o f an inversion

center halfway ions i and j  one has

°eij “ Vi I <»•«
Combination o f eq. (2.7) w ith (2.5) leads then to Dgij. = 0 fo r a l l  three g.
I t  is c lear that the symmetry elements o f the whole crysta l structure should
be used and not those o f the magnetic ions only.
Antisymmetric exchange was f i r s t  introduced by Dzialoshinsky ( k )  to explain
the weak ferromagnetism o f a-Fe20j- Moriya (5) gave a theore tica l microscopic
foundation fo r the second order case o f th is  exchange in te rac tion . I t  was
found that antisymmetric exchange has its  o r ig in  in some residual sp in -o rb it

coupling.
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An intèresting point is that antisymmetric exchange, in some cases, leads to
a canting of the electron spins in the antiferromagnetic state. The criterion
for this canting is

E D . .   ̂ 0 (2.8)j  6 1J

When the sum is equal to zero for a l l  components @, no canting w il l  result.
Measurements of both static  and dynamical phenomena in the antiferromagnetic
state normally only reveal the canting part of the antisymmetric exchange.
As we w il l  see la te r ,  in paramagnetic relaxation or resonance a l l  components
of the antisymmetric exchange contribute to the relaxation process, so these
measurements allow one to investigate antisymmetric exchange in a l l  its
features.

An exact numerical calculation of the non-zero components D is practica lly
p_

impossible. Moriya (5) estimated D
3 i j

(Ag/g)J. . w i t h  g 2. This is an
order larger than what has to be expected for the pseudo-dipolar form of
anisotropic symmetric exchange which is contained in the f i r s t  b il inear part
of eq. (2 .4 ) .  We w il l  now make a crucial assumption. The Dzialoshinsky-Moriya
interaction is due to a le f t  over from the spin-orbit coupling, which also
manifests i ts e l f  in the g-value. We assume now that the spin-orbit coupling
manifests i ts e l f  in the same way in the antisymmetric components Dr as i t  did
in the g-values. This leads then to

De i j  “  °^9b"  2^j i j

where a is a numerical constant which is independent of the direction and
which is expected to be in the order of unity. We expect this assumption to
hold in systems a<vith e ffective  g-values only s l igh tly  d ifferent from the free
electron value g = 2.0023. The index g denotes now the principal axes of the
effective  g-tensor. As we w il l  show in this thesis, assumption (2.9) is pel—
fectly  confirmed by our relaxation measurements on CuC12.2H20 and LiCuCl,.2H20.
Rutten (6) applicated our assumption to the two-dimensional planar compound
Cu(C2H,.NHj ) 2C1  ̂ and also in this case a confirmation of (2.9) was found.

2.3 Spin-spin  re la x a tio n  a t  high temperatures

The relaxation time t  ( Ï Ï)  is given by
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( 2 . 10)t ( ï ï ) ’ 1 = / “  G ( t , l ï ) d t £  (o . ï ï )

z is  th e  d i r e c t i o n  o f  bo th  s t a t i c  and r f  f i e l d .  By u s in g  eq. (2 .1 0 )  we r e s t r i c t

o u rs e lv e s  t o  th e  case o f  s u f f i c i e n t l y  na rrow  memory f u n c t i o n s .  The l i n e a r

c h a in  case where th e  memory f u n c t i o n s  a re  expec ted t o  show r e le v a n t  lo n g - t im e

b e h a v io r  w i l l  be t r e a te d  in  c h a p te r  l . k .

The memory f u n c t i o n  G ( t ,H )  is  g iv e n  by

G ( t , ï ï )  =

i L t  + i L tz sec Lvz) ( 2 . 11)

(V vz)

In th e  h ig h - te m p e ra tu re  and w e a k -c o u p l in g  l i m i t  G (t,"H) can be w r i t t e n  as

k = + 1 ,+2 (2 .1 2 )Gz ( t , i ï )  = Z  Gz k ( t , ï ï )
k

wi th

ozk(t,S) «TC2; iko). t« K  »  f \e G . ( t , o )
«TC2

(2.13>
<<K »

sec

TC is  th e  f u l l  s p in  Hami 1 t o n ia n ,  Tfgec th e  s e c u la r  p a r t  o f  the  i n t e r a c t i o n

H a m i l to n ia n  and ui^ th e  Larmor f re q u e n c y .  F u r the rm o re  one has

« A »
T r  A

T r  1
(2.1M

The f a c t o r  ««TC>>/<«TC2 »  has f i r s t  been in t ro d u c e d  by T jon .  ( 7 ) .
sec

T e rw ie l  and Mazur (8 )  have shown t h a t  t h i s  f a c t o r  i s  r e la t e d  t o  th e  non -ze ro

l i m i t  v a lu e  o f  th e  r e l a x a t i o n  f u n c t i o n  <|>(t,H) f o r  t-x» .

One has (y ,y  ) = (««TC2 » / « T C 2» )  (M ,M )
z z sec z z

S u b s t i t u t i n g  eq. (2 .1 3 )  in  (2 .1 0 )  one ge ts

. ( * ) = * I Gzk (-S .o )< < K  »  k
(2 .1 5 )

where

i ikaiot
G A - k H , o )  =  —  f "  e ( 2 . 16)

For Gz k ( t , o )  one has in  th e  h ig h - te m p e ra tu re  and w e a k -c o u p l in g  l i m i t
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tX t
sec

\X  t
sec

. 2  « X  , e

n

\ e
« s  »z

(2 .1 7 )

where S = ES . .  Use has been made o f  M = gu„S . The X, a re  d e f in e d  bvz , z i  z B z k 7

[ V * k ] -kJC,

X _2 + + * ,  + * ,

(2 .18)

(2 .1 9 )

For an e x p l i c i t  e x p re s s io n  f o r  th e  r e la x a t io n  t im e s , one has to  know th e  shape

o f  th e  memory spe c tru m . The e x a c t shape o f  th e  fu n c t io n s  Gz k ( t , o )  o r G ( “ , o ) ,
however, is  s t i l l  unknown a lth o u g h , f o r  some m ode ls , much p ro g re s s  has been made

in  re c e n t y e a rs . M aking some r e a l i s t i c  assu m ptio n  a b o u t th e  shape o f  th e  memory

fu n c t io n ,  one is  however a b le  to  c a lc u la te  e x p i i c i t e l y  th e  r e la x a t io n  tim es

in  many case s . The n^-moment o f  th e  memory spectrum  is  g iv e n  by
dn

- « i)n>k = &z k U ,o )d o ) = i n (— n Gz k ( t , o ) ) t  = Q (2 .2 0 )
d t

By in s p e c t io n  o f  eq . ( 2 .1 7 ) ,  one f in d s  th e  odd moments to  be equa l to  z e ro .

F u rth e rm o re  one has

.2  « X  . X. »
. o^ k - k  k
“  k  = “ 2 ----------2------K h Z « S  »

( 2 . 21)

_ 2 k « [ X  , X . ] [ X  , , X  ] »
«a > i. ”  —r  s e c ’ k - k *  secJK h <* —

« S »
z

( 2 . 22)

I t  is  u s u a l ly  assumed now th a t  th e  memory spectrum  is  a sum o f  G aussian l in e s

w i th  moments g iv e n  by eq s . (2 .2 1 )  and ( 2 .2 2 ) .  In  th a t  case th e  p a r t ia l  memory

spectrum  fu n c t io n s  & . (<d , 0) a re  g iv e n  by

*  , k 1
( u , o ) = ~

<<3C JC . >>'
k -k

3 /2

exp _h
2 « V - k »  «

h / 2lr « S z»  « [ ^ s e c . \ H 3 f . k , ï fsec] » l7 Z  2 « I ^ e c - V ^ - k ’ ^ s e c 1^

(2 .2 3 )

Due to  th e  f a c t  t h a t  G . (u ,0 )  is  even in  w , eq . (2 .1 5 )  reduces to

. ( * )
-1 « 3 T »

« X  »
sec

2ir {& z1 (U jl,o )  + &z 2 (2aia ,o ) } (2 .2 4 )



Combinat ion of  eqs .  (2 .23)  and (2 .24)  y i e l d s  an e x p l i c i t ,  mic ro scop ic  e x p r e s 
s ion  f o r  the  r e l a x a t i o n  t ime o f  the  ave rag e  t o t a l  m a g n e t i z a t i o n .

Using t h i s  r e s u l t  one e a s i l y  f i n d s  an ex pr e ss io n  f o r  the  low- frequency

paramagnet ic  r e sonance l i n e w id th .  Verbeek e t  a l .  (19) have shown t h a t  the  f u l l
resonance l i n e w id th  a t  h a l f  maximum i s  g iven by

V b
i i (2.24a)

The in d ic es  a ,  (5 and y deno te  the  t h r e e  magnet i c  ax e s .  So, the  low- frequency
f i e l d  l ine w id t h  is g iven by the  average va lu e  o f  the  z e r o - f i e l d  r e l a x a t i o n

t imes  in the p lane  pe r p e n d ic u la r  to  the  s t a t i c  f i e l d  d i r e c t i o n .  Combinat ion

of  eq s .  ( 2 . 2 3 ) ,  (2.24)  and (2.24a)  y i e l d s  a mic roscop ic  ex p r e ss io n  f o r  the
resonance l i ne w id th .

2 .3 .1  Note on the Gaussian assum ption fo r  the memory spectrum

In t h i s  no te  we r e s t r i c t  o u r s e lv e s  to th r ee -d i me ns i ona l  compounds where long

time behavior  o f  the  sp in  c o r r e l a t i o n  f u n c t i o n s  is  r e l a t i v e l y  un i mpor tan t .

I t  i s  shown in ch a p te r  2 .4 t h a t  the  memory f u n c t i o n ,  which is  in f a c t  a sum

of  f o u r - s p i n  c o r r e l a t i o n  f u n c t i o n s ,  can be reduced,  us ing some decoupl ing

scheme, to  p r oduc t s  o f  two-spin c o r r e l a t i o n  f u n c t i o n s .  By f u r t h e r  t r a n s f o r 

ming to  the  wavevector  space one can in a s imple way d e s c r i b e  a l l  d i s t a n c e

dependent  c o r r e l a t i o n  f u n c t i o n s  in terms of  wavevec tor  q.  T h e o r e t i c a l  c a l c u l a 

t i o n s  of  Blume and Hubbard (9) have shown t h a t  in the  Heisenberg cub ic  l a t t i c e  the
two-spin c o r r e l a t i o n  f u n c t i o n s  wi th  small q behave d i f f u s i v e l y ,  those  wi th

i n te r m e d ia te  q a r e  G a u s s ia n - 1ike whi l e  those  wi th  l a rg e  q (borde r  of  the  B r i l -

lou in  zone) have an o s c i l l a t o r y  c h a r a c t e r .
I t  depends now on the  p a r t  of  the  B r i l l o u i n  zone from where the  most impor tan t

c o n t r i b u t i o n s  to  the  t o t a l  memory f u n c t i o n  come, whether  the  Gauss ian assump

t i o n  is  r e a l i s t i c  o r  no t .  I t  i s  to  be expec ted t h a t  in d i r e c t i o n s  where no

p a t h o lo g ic a l  p r e f e r e n c e  e x i s t s  f o r  e i t h e r  small o r  l a rg e  q - v a l u e s ,  th e  r ea l
shape o f  the memory f u n c t i o n  is very well approximated by a sum o f  four

G auss ians .  I t  should be noted t h a t  the  above s t a t e d  is  on ly  v a l i d  f o r  t h r e e -

dimensional  compounds. In the l i n e a r  cha in  or  p l an a r  compound the  memory

f u n c t i o n  normal ly d e v i a t e s  s t r o n g l y  from the  Gauss ian .  We w i l l  d i s c u s s  t h i s
more amply in s e c t i o n  7 -4.
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2 .3 .2  Expressions fo r  <<Jf J f _ »  and <<[Jf ,3C1[3C ,JC ] »
lc "k S6C k "k S6C

E x p l i c i t  c a l c u la t io n  y ie ld s

<<Jf2>> 1 + 2 H2
9 1 * 9«xr  »  h:sec i

(2 .25)

H is  the s t a t i c  f i e l d  and H. an in te rn a l  f i e l d  g iven by

HT = -=*■ { « « ” _.» + « 3 C  »  + 2 « X JJK » }i kgC dd ex dd ex (2.26)

C is  the  Curie  cons tan t and k_ the Boltzman co n s ta n t .  For exchange
D

much la rg e r  than the  d ip o la r  i n te r a c t io n ,  one has

in te ra c t io n s

H? 2 <<Jf2 ^  _ 4S(S+1) £ j x x 2+ j y y 2+ jZ Z 2
. I^C  ex 2 2 j  IJ i j  i j

D

(2.27)

In the expressions f o r  G v ((m,0) one f u r t h e r  hasZl\

« s 2 »  =  T  s ( s+1) (2 .28)

For a b i l i n e a r  H am il ton ian , such as g iven by eqs. ( 2 . l ) - ( 2 . 4 ) , one has

JC = . j .  C°°. S , s  . + c tT  S .S .sec i ?*j i j  z i  z j  i j  + i - j (2 .29)

X . . m .1 .  c*? s  . s .+1 u*j IJ *1 ZJ (2.30)

V i j  ° | J  S± i S±j (2.31)

The fa c to rs  C.^ are  g iven by

r oo ,zz . 2 2 -3 ,  2. •.
Ci j  = " J t j  + ig  VB r i j  (1 ‘ 3cos ® i j )

Clj: *  -*<JU + ",Dz.J '  r i]0-3cos2eI .)

C*° = D„ : :  + ID i t  -  | g 2p2 rT? s in O . .  c o s 0 . . e+l<,lUi j  y i j  -  xij 23 B ij ij i j

. * *  , , . y y  ,xx^ 3 2 2 -3 . 2„ +2i<l, i j
c i j  "  * ( J U J I J ) '  P  ^Br ij- s m  ® i j  6

r . j ,  e . j  and <)>.j  a re  the  usual sphe r ica l  coo rd ina tes  o f  r . .

(2.32)

(2.33)

(2.3^*)

(2.35)

in  the Cartes ian
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reference system (x , y, z ) . I t  has been assumed that the principal axes of
the exchange tensors coincide with the magnetic axes (x, y, z ) . z is the d i 

rection of both s ta t ic  and r f  f i e l d .  In the case of large exchange in terac

tions and small anisotropy, C?*? and cTj reduce to

i j  IJ
-J

u

wi th

1
3 (J * *  + jTT + j “ )JYyW e t  A  \ w  * * ■ V ■ ■ ■ w  • t J

i j  3 ij  ij  i j

We see th a t ,  in that case, antisymmetric exchange is only influencing S j(ui,0)

while anisotropic symmetric exchange only influences 2(

The ca lcu la tion  of <<JC,Jf_,» and <<[JC ,JC ] [ J f .  ,JC ] »  is laboreous. We haveic ~K sec ic "K sec

( 2 . 36)

(2.37)

<Jf|<3f_|<>>= <<3f|<3f_|<>>^ + A«JCk3f_k»

1 1 [ Jf , .sec' k -k sec

(2.38)

is "ksec' - k * secJ

(2.39)
The index is  denotes the normalized traces fo r  isotropic exchange interaction

and (anisotropic) d ipo lar in teraction  only. The p re f ix  A denotes the change
in these traces when adding antisymmetric and anisotropic symmetric exchange

in teraction  to the in teraction  Hamiltonian. E x p l ic i t  expressions for
<<JC.JC . >v and «[JC ,JC1[JC, ,Jf 1 >* w i l l  not be given here as these arek -k i s  sec k -k sec ^8
eas ily  found elsewhere, see e .g . references (10) and (11 ) ,  For large exchange .

in teractions (compared with the non-secular in teractions) and small anisotropy,

we ca lcu la te  fo r  the spin S = i  case.

1 y 2 2
A«Jf,JC , »  = -K . . .  D . . + D . .1 -1 8 i ft j x i j  y i j

( 2 . 1*0)

A<<lJCsec.*1] [ *_i.JCSec]>>
2 i ( D 2 . . + D2 . . )J? .

IJÉJ X I J  y i j  I J

+ i .  A  ,2J?.(D2 ..+D2 . . ) - 3 J .  .J . , (D  • .D„.,+D . ,Dv . . )
i . J . M  'J x j l  y j '  'J J 1 X 'J x j l  y i j  y j l

- J . . J . , (D2 .,+D2 . . )-2JT .(D  ..D . ,+D .,D . , )i j  11 xj  1 yj  1 i j  x 1 1 x j  1 y 1 1 yj  1

A «JC2̂ C_2»

+2J. .J . ,  (D ,.D .. +D . .  D . . )i j  j  1 x 1 1 x j l  y 11 yj I

(Jyy- J ^ ) 2-3 (J yY- J ^ ) g 2VB r ' 3. s in20 . ,cos 2*1 z
32 “ i j ' i j  i j  3 1 I j U i j

( 2 . 1*1)

( 2 . 1*2)
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A « [JC s e c .^ lt^ -2 ^ s e c l > > - T ï ï i J . l ^

PB r j l  s in  ° j l cos 2 * j l ^ J | j + J ! l J | j + J i l ^

rïj si"2eu COS 2*ij}

. ( J . . J . 1+ J . 1J . .+ 2 J ? . - J .  . J t l )11 i j  j  1 i l  11 i j  j  1

(2.43)
D denotes the  components o f  the an t isym m etr ic  exchange v e c to r  (see eq. 2 .9 ) .

Using these expressions and eqs. (2 .23) and (2 .2 4 ) ,  one is  ab le  to  c a lc u la te

n u m e r ica l ly  the f i e l d  dependent h igh - tem pera tu re  re la x a t io n  times in the three

magnetic axes. In the case o f  la rge  an t isym m etr ic  o r  a n is o t ro p ic  symmetric

in te ra c t io n s  (compared w i th  the d ip o la r  i n te r a c t io n s ) ,  one may n eg lec t  the

traces  denoted w i th  i s .  In th a t  spec ia l case the c a lc u la t io n  o f  the re la x a 

t i o n  times is  ve ry  s im p le .

The resonance l in e w id th s  a re  found by s u b s t i t u t in g  the c a lc u la te d  re la x a t io n
times in  eq. (2 .24a ).

2.4 S p in -s p in  re la x a t io n  near the  M e l tem perature

Near the Neel temperature the c r i t i c a l  s lowing down o f  the sp in  f lu c tu a t io n s

s t ro n g ly  in f lu e nce s  the  dynamical behavior o f  the magnetic system.

Using dynamical s ca l in g  assumptions and a f a c t o r i z a t i o n  o f  the sp in  c o r r e la 

t i o n  fu n c t io n s  we w i l l  d e r iv e  r e l a t i v e l y  s imple expressions f o r  the  z e r o - f i e ld

s p in -s p in  re la x a t io n  times in weakly a n is o t r o p ic ,  magnetic systems. A lthough

we r e s t r i c t  ou rse lves  to  a n t i fe r ro m a g p e ts ,  the bas ic  ideas o f  the theory  a lso

app ly  to  ferromagnets. Our theo ry  is  an ex tens ion  o f  the theory  g iven by
Huber (2 ) (12 )

In the weak-coupling and lo w - f ie ld  l i m i t  the re la x a t io n  t ime t  o f  M ( t )  is

g iven by ( c f .  eqs. (1.47) and (2 .1 0 ) )

t " 1 = x~2 / ” ((LMz ) + , e ' Lz t+  lL sect  LMz) d t  (2 .44)

where xQZ is  the z e r o - f i e ld  s t a t i c  s u s c e p t i b i l i t y  in  the z - d i r e c t i o n .  In (2.44)
we used th a t  a t  low f i e l d s  x = (M ,M ) ~ (u .u ) .

oz z* z Mz z
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The L i o u v i l l e  o p e r a t o r  L i s  de f i n e d  by

LMz 5 -  [W,Mz]
1
h nsec ,MZ] (2 .45 )

We s h a l l  f u r t h e r  use the  n o t a t i o n
\K  t  XK t

o o
. / \ fi n fi
A ( t ) = e A e (2 .46 )

JC = JC + X  ( 2 .47 )
o z sec

Of t he  p o s s i b l e  n o n - s e c u la r  i n t e r a c t i o n s  we w i l l  t ake  i n t o  accoun t  d i p o l a r

and a n t i s y m m e t r i c  D z i a l o s h i n s k y - M o r i y a  i n t e r a c t i o n .  Of cou rse  any o t h e r  i n t e r

a c t i o n  co u ld  be i nc lud ed  bu t  i n  t he  copper  compounds we s t u d y ,  d i p o l a r  and

a n t i s y m m e t r i c  i n t e r a c t i o n  a r e  t he  ma jo r  sources  o f  n o n - s e c u la r  c o n t r i b u t i o n .

Eq. ( 2 . 3 )  can a l s o  be w r i t t e n  as

^d d  = * V B
E Z

i^j «,B s“ s*j ( 2 .48 )

w i t h  a ,g  = x ,  y ,  z ,  t he  c o o r d i n a t e s  in t he  C a r t e s ia n  re f e r e n c e  system.

U'J  = ( r ? . 6  -  3 ( r . . )  ( r . . )  J r . " ?ag i j  ag iJ a i j  g i j ( 2 .49 )

6 deno tes t he  usual  Kronecker  symbol .  For  t he  a n t i s y m m e t r i c  exchange

Ï Ï . . . ( 3 . x ? . )  =  D ' J ( s Y s ^  -  S ^ s Y )  +  D IJ' ( s Y s Y -  s Y s Y )  +  D u ’ ( S * s Y -  s Y s * )  ( 2 . 5 0 )IJ I J x ' l j  I J  y I J  I J  Z I J  I J

w i t h  t he  c o n d i t i o n  t h a t  o ' J = -  DJ ' .  The p a r t  w i t h  Di j  i s  f u l l y  s e c u la r  and

p l ays  no r o l e  i n  LM^.

S u b s t i t u t i n g  eqs.  (2 .48 )  and (2 .50 )  i n  (2 . 44 )  and (2 . 45 )  one f i n d s  ( (LM^)+ ,LMz ( t ) )

as a sum o f  f o u r - s p i n  c o r r e l a t i o n  f u n c t i o n s .  For  an u n i f o r m  d e s c r i p t i o n  o f

a l l  t hese c o r r e l a t i o n  f u n c t i o n s  one u s u a l l y  t r a n s f o r m s  to  t he  wavevec to r  space.

T h i s  s p a t i a l  F o u r i e r  t r a n s f o r m a t i o n  w i l l  be d e f i n e d  by

j ' Jag

n ' J

N " 1 S e i q ’ r i j  U(q) ag

N " 1 Z e i q - r U
q D(qL

S j  = n " 1 I e ' q ‘ r  ' j  Sa ( ^ )

( 2 .51 )

(2 .52 )

(2 .53 )

F o u r - s p in  c o r r e l a t i o n  f u n c t i o n s ,  here expressed in q i ns te ad  o f
e x t re m e ly  d i f f i c u l t  t o  work w i t h .

a re
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To evade much o f  th e  d i f f i c u l t y ,  we f a c t o r i z e  th e  c o r r e l a t i o n  f u n c t i o n s  by

us ing  a dynamical Random Phase A p p ro x im a t io n ,  d e f in e d  by

DRPA(s“ sf  ,s [  (t)S® ( t ) )

)(S® ,S® ( t ) ) ( Sk DT(ö ,s" (t))+ 6 . 6.6ay 36 q 1 , - q 3 q ^ - q ^ a6 BY q. , - q .  q , , - q

(2 .5 4 )

The Kronecker d e l t a  shou ld  no t  be con fused w i t h  th e  index  6 w h ich  deno tes  a

C a r te s ia n  c o o r d in a t e .  I t  i s  im p o s s ib le  t o  say whethe r  by t h i s  d e c o u p l in g

im p o r ta n t  in fo r m a t io n  i s  l o s t .  We w i l l  assume t h a t  th e  tw o -s p in  c o r r e l a t i o n

f u n c t i o n s  s t i l l  c o n ta in  a l l  i n fo r m a t io n  r e le v a n t  t o  th e  dynam ica l b e h a v io r

o f  th e  m agne tic  system .

Using th e  DRPA one d e r iv e s  f o r  th e  in te g ra n d  in  e x p re s s io n  (2 .4 4 )

A l th o u g h  th e  v e c to r  symbol has been o m i t t e d ,  q s t i l l  s tands  f o r  th e  wavevec to r

q .  The q-sum is  taken  ove r  th e  t o t a l  B r i l l o u i n  zone. In th e  s im p le  case o f

i s o t r o p y  in  the  tw o -s p in  c o r r e l a t i o n  f u n c t i o n s  and when o m i t t i n g  th e  c o n t r i 

b u t io n  due to  a n t is y m m e t r ic  exchange, eq. (2 .5 5 )  reduces t o  th e  e x p re s s io n

g iv e n  by Huber ( 2 ) .  S u b s t i t u t i o n  o f  eq'. (2 .5 5 )  in  (2 .4 4 )  g iv e s  a fo rm a l e x p re s 

s io n  f o r  th e  l o w - f i e l d  r e l a x a t i o n  t im e .

The b a s ic  f e a tu r e  o f  a l l  dynam ica l c r i t i c a l  phenomena is  th e  c r i t i c a l  s lo w in g

down o f  th e  s p in  f l u c t u a t i o n s .  T h is  s lo w in g  down, w h ich  a r i s e s  f rom  th e  p r o 

g r e s s iv e  c o r r e l a t i o n  between th e  e l e c t r o n  s p in s ,  makes i t s e l f  m o s t ly  f e l t  in

th e  tw o -s p in  c o r r e l a t i o n  f u n c t i o n s  w i t h  q -v a lu e s  near th e  w avevec to r  q o f
o

th e  o rd e re d  s t a t e .  Both the  t im e  s u r fa c e  and th e  s t a r t  v a lu e  o f  each o f  these

c o r r e l a t i o n  f u n c t i o n s  d r a s t i c a l l y  in c re a s e s  when n e a r in g  th e  Néel te m p e ra tu re .

To de te rm in e  th e  w avevec to r  q th e  a n t i  fe r r o m a g n e t ic  s p in  s t r u c t u r e  shou ld  be

known in  so f a r  t h a t  the  m agne tic  s p in s  can be la b e le d  in  s u b l a t t i c e s .

((LMz )+ , LMz ( t ) )  =

|Ux x ( q ) - Uy y ( q ) | 2 (S- q ’ Sq( t ) ) ( S - q - Sï ( t ) ) +

+2 lUxy( q ) I (S-q»Sq( t ) ) 2 + ( S ^ . S ^ t ) ) 2} *

+{luxz( q ) ' 2 + jS jr l  V q)l2}(s-q'Sqy(t))(s !q.s!q(t»

+{|Uyz (q) | 2 + T t I Dx ( q ) | 2H S!q»Sq ( t ) ) ( S f q ,Sq( t ) )
9 t *)(2 .5 5 )
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The vec tor  q is then the vector  th a t  maximizes (Sa ,S ) with S° given by^o -q q q

j
■| q*r u  s“

j
(2.56)

For a tw o - su b la t t i c e  ant i fe r romagnet  t h i s  implies th a t  for  spins i and j  in
the same s u b l a t t i c e  qQ. r . j  = 0 and f ° r spins in d i f f e r e n t  s u b l a t t i c e s

. n  . = (2n + 1)ir.

The progress ive  c o r r e l a t i o n  between the spin f l u c t u a t i o n s  can be described by
a parameter C usu a l ly  ca l l ed  the c o r r e l a t i o n  length.  This parameter £ se t s  the
length sca le  of  the c r i t i c a l  spin f l u c t u a t i o n s .  I t  is  obvious th a t  the re lax a
t i o n s  r a t e  r ,  which s e t s  the  time sca le  of  the  f l u c t u a t i o n s ,  wil l  be s t rongly
influenced by the progress ive  c o r r e l a t i o n  between the sp ins .  The funct ional
r e l a t i o n  between length and time sca le  is given by the so-ca l led  sca l ing
func tion  52. In an ant i fe r romagnet  one has (3)

r(Aq,x) “ 52(A<V^)

•c =  S " 1

(2.57)

(2.58)

with Aq = q -  q . Eq. (2.57) i s  a d i r e c t  r e s u l t  o f  dynamical sca l ing  assump
t i on s  by which some homogeneity condi t ion s  a r e  forced on the sca l ing  funct ion
The dynamical scal ing  theory for  i s o t ro p ic  magnetic systems has been given
by Ha 1 per in  and Hohenberg (13) and can be seen as an extension of  the s t a t i c
Widom-Kadanoff sca l ing  theory ( I 1») (15) - Eq. (2.57) is  va l id  in the so-ca l led
hydrodynamic region def ined by |Aq|<k .
The sca l ing  func tion 52 r e f l e c t s  the symmetry of the magnetic system.
Riedel (3) has shown th a t  in a n is o t r o p ic  magnetic systems with uniax ial  sym
metry,  the an iso t ropy  can be described by a second length which i s  f i n i t e  a t
the Néel tempera ture.  This i s  in agreement with the neutron s c a t t e r i n g  data
of Schulhof e t  a l .  (16) on t h e 'u n i a x i a l  compound MnF-, In t h e i r  experiments
i t  was found th a t  only the staggered s u s c e p t i b i l i t y  p a ra l le l  to the easy-ax is
was d ivergent  a t  the Néel p o i n t ,  the perpendicular  staggered s u s c e p t i b i l i t i e s

rema i ned f i n i t e .

We assume now t h a t  in an is o t r o p i c  systems where the  small magnetic an iso tropy
is  not ne c e ss a r i l y  u n i a x i a l ,  the c r i t i c a l  f l u c tu a t io n s  can,  in f i r s t  o rder ,
s t i l l  s a t i s f a c t o r i l y  be descr ibed by two c o r r e l a t i o n  lengths.
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Let K j j  be the inverse correlation length parallel to the easy-axis and
the inverse correlation length perpendicular to the easy-axis. One has then

W  = °  ’  - k a (2.59)

The value for k is related to the anisotropy of the magnetic system.
An analysis of the data of Schulhof e t 'a l .  shows that k  can, in good
approximation, be described by

k^ (T )  = k^ / ( T ) . f  k*  (2 .60)

The anisotropy in the correlation length introduces an anisotropy in the two-
spin correlation functions of eq. (2 .55). We assume now that the anisotropy in
the two-spin correlation functions wholly stems from this anisotropy in the
correlation length. This implies that the correlation functions are supposed
to be isotropic at high temperatures.

Assuming further that the long-time behavior of the correlation functions is
exponential in the hydrodynamic region, one has

(S°
“Aq-q, \ SAq+qn( t ) )  = (S-Aq-q ’ SAq+q *

-T (Aq,x)ta
( 2 . 62)

where a  denotes the Cartesian cdmponents. The relaxation rate r (Aq,ic) of
the spin fluctuations near the wavevector q is given by

I a (Aq,K) s i( AC,/K  )a (2.63)

Eq. (2.63) states that the relaxation rate r  of the spin fluctuations in
the a-direction only depends on the correlation length in that direction.
This, in fac t,  is an approximation as the relaxation rate may also s lightly
depend on the correlation lengths in the other directions (3 ) . Expression
(2.63) however represents in a reasonable good approximation the basic corre
lation length dependence of the relaxation rates.

In general the scaling function Si is not symmetrical in the components of Aq
Expansion of the scaling function up to the second degree yields

2
n(Aq/< ) = b ( i+  1 (— Lü ------ )

°  B,B 3Aq 3Aq , Aq=o
AqBAV (2.63a)

B B1 1 a
which by a simple linear transformation Aq-»Aq* which is governed by the
crystal symmetry, can be written as
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(2.64)n (Aq / ie  ) “ B (1+ c^ y -)a o l

an expression which is symmetrical in the components of Aq? For s im plic ity
the prime w ill henceforth be omitted, i t  should thus be reminded that below

■> . _  . " H f cAq stands for Aq.
The scaling function (2.64) has been verified  by neutron scattering experi
ments (16) on the uniaxial compound MnF_. The numerical constant c depends
on the crystal symmetry and is normally in the order of un ity. As our fin a l
results w ill only be weakly dependent on c, we w ill take this constant equal

to unity.
In that case one has

r (Aq,k)a (H ^L )
Ka

(2.65)

For the wavevector dependence of the staggered susceptib ility  we shall use
the so-called Ornstein-Zernike form(<

(s a-Aq-q,
s“  )Aq+q„

(S“-q ’ Sq K

a

( 2 .66)

The Ornstein-Zernike form is valid  for the case where n, the c r it ic a l expo
nent which describes the temperature dependence of the numerator in eq. (2 .6 6 ),
is equal to zero. The approximation of n = 0 is ju s tif ie d  by the fact that
n is expected to be very small, e .g . n ■ 0.04 for the three-dimensional iso

tropic Heisenberg system (17).
As we supposed the two-spin correlation functions to be isotropic a t tempera
tures for which k , . » ic , one gets, using the fact that the small c r it ic a l ex-

/ /  A
ponent n is independent of the d irection , for temperatures s u ffic ie n tly  near

( s "  .s " * 2-q q / /o o
(S1 .s1 ) <  = (s

-q„ q_ 1 q
-X , 2

■ ’ S(l  t = t n K a'o N (2.67)S1 ‘ 2
■■o qo

The inverse correlation length in the direction para lle l to the easy-axis is,
for temperatures s u ffic ie n tly  near the Néel temperature, given by

T-T.
V/<T> K NvV Koe ( 2 .68)

k is a constant, the c r it ic a l exponent v is related to the c r it ic a l exponent
y of the p aralle l staggered suscep tib ility . For n = 0 one has
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Y = 2v (2.69)

The temperature dependence o f  the  pe rpend icu la r  inverse c o r r e la t io n  length

is  found by s u b s t i t u t in g  eq. (2 .68) in  (2 .6 0 ) ,

We w i l l  now tu rn  our a t t e n t io n  onceagain  to  the re la x a t io n  time o f  the average

to t a l  m agnet iza t ion  M ( t ) ,  g iven by eq. (2 .4 4 ) .  The q-sum in  eq. (2 .55) can in

good approx im ation  be s p l i t  up in to  a c r i t i c a l  p a r t ,  which con ta ins  a l l  the

c o n t r ib u t io n s  from the hydrody nami'cal reg ion  around q , and a n o n - c r i t i c a l
o

p a r t  which shows a much less pronounced temperature dependence.

— = (A—) . . . + (A—) . . .
t  t  c r i t i c a l  t  n o n - c r i t i c a l (2 .70)

Assuming th a t  the c o e f f i c i e n t s  1) and D in  eq. (2 .55) a re no t s in g u la r  a t  q ,

one has, f o r  temperatures s u f f i c i e n t l y  near T^, in good approx imation
_6 6, t

( a1) =
t c r i t . , ------  { | U (q )-U (q ) |  F' +2|U (q ) r ( F '  +F' )j j2  N 1 xxVMo yy Mo 1 xy 1 x y ' Mo 7 1 xx y y ;

°  ................ -{ | U (q ) |  + ■ ■■ |D (q ) | } F'1 xz Y> 1 4 4 1 y Mo 1 y;
9 UB

{lUyzVI + I T T  I W '  ^
9

(2.71)

wi th

aB n " 1 /  ; ” ( sa ,s“ ( t ) ) (seA ,s® ( t ) ) d t
Aq o - 4q-q0 Aq+qQ -Aq-qQ’ Aq+qQ (2.72)

The Aq-sum inc ludes a l l  the hydrodynamical modes. Using eqs. (2 .6 2 ) ,  (2 .6 5 ) ,

(2 .66) and (2 .68) one gets

aB

,« . / /  . / A  2 4 -5 /2 ,.  _1 5 , S ) k , / K  v 5
-qd q0 / /  o : T >_

2„  aB2ir B
(2.73)

where V is  a reduced volume per sp in .  Th is  reduced volume is  equal to the real

volume per sp in  m u l t i p l i e d  by a fa c to r  which descr ibes  the d e v ia t io n  o f  the

l a t t i c e  from the cub ic  l a t t i c e .  Th is  fa c to r  is  re la te d  to  the  tran s fo rm a t io n
A ^ j it  |  .

Aq-»Aq and is  no rm a lly  in  the o rde r  o f  u n i t y .  F is  g iven by

F = E
“ B "  NV Aq

aB
7/

( Ka+Aq ) ( Rg+Aq )I Ka ( |C0l+Aq2) +Kg (iCg+Aq2)]

(2.74)
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The functions F are only dependent on kJ*// and are easily computed by
transforming the Aq-sum into an integral. Care should be taken to include
all hydrodynamic modes. The numerical results are given in Fig. 1. The interes
ting point is that the values for F -  are not restricted to one case but can
be applied to all antiferromagnets as long as our assumptions hold.

Fig. 1 The dependence of F. (defined by eq. (2,74)) on

For small <//*// •' F// // =  F//±= Fn  ~ 0.09817
For large k^/k ,, : F ^  = 0.09817

F,, , =  0.3861 (k ./k .,)~2'5//1 A // _o s
F = 0.0981 (*/<,,)

The critical

(̂ -) ,» =t crit.

part of the relaxation time is thus given by

A r e"^|Uxx(qo)-Uyy(qo)|2 V 2,Uxy(<,o)|2(Fxx+Fyy)Ao
+{lUxz(qo)|2+ “T T  ^y(qo) ̂ Fyz

g uB

+ { lUy z (qo) | 2 +  X T  lDx(qo)|2 FXZ}
g v B

(2.75)

wi th

A
6 6u

9 kB
2ir2h 2N2

(S7 / .Ŝ .2 k y R-1
-go qo) K//V Bo

-5/2KO
(2.76)
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It should be noted that A is a calibration factor which is independent of the
temperature and the direction.

For an explicit calculation of the critical part of the relaxation time the
only problem left now is to determine the exact value of k^/k .. at a given
temperature. We have (cf. eq. (2.68))

7 / k eo (2.77)

Let a reduced temperature e .(x.) be defined by

k a = V a (2.78)

The value for K^and thus for £ depends on the magnetic anisotropy of the sys
tem.
Making a molecular field approach we estimate, using the fact that the aniso
tropy finally turns the electrons spins towards the easy-axis, that in a three-
dimensional orthorhombic antiferromagnet

€ A “
HA1 + HA2 (2.79)

where and ace the orthorhombic anisotropy fields. is the exchange
f ielcf.
For MnF„, where = H H^, this yields e = 0.031 which should be com
pared with experimental valued = 0.033 found by Schuihof et al. (16) (see
also ref. (3)) from their neutron scattering data. Combining eqs. (2.77)"(2.79)
one gets

. (HA1 + HA2}\ - v

7/ H_
(2.8 0)

We further approximate the non-critical part of the relaxation time by

(A- ) . . , = (— ) Tt non-critical t T-x° (2.81)

In compounds (such as RbMnF^) where due to symmetry reasons the critical part
of the relaxation time is equal to zero, only a very weak dependence of the
relaxation time on the temperature, even very near T„, is found (18). This
is also the case in MnF- in the direction parallel to the easy-axis (19).

-  35 -



All t h i s  supports  the approximation (2 .81) .

Using eqs .  (2 .70) ,  (2 .75) ,  (2.80) and (2.81) and the va lues for  F from
Fig.  1, one i s  ab le  to c a l c u l a t e  the  re laxa t io n  time x over the  to ta l  tempe
r a t u r e  region above the Néel temperature.  S ta t ing  t h i s  we have im p l ic i t l y
used t h a t  where the  theory for  the c r i t i c a l  par t  o f  the re la xa t io n  time looses
i t s  accuracy ,  the dev ia t ion s  wil l  not be important any more as a t  higher tem
pe ra tu re s  the  n o n - c r i t i c a l  par t  determines nearly completely the r e la xa t io n
process .  The va lue fo r  A, defined by eq. (2 .76) ,  is  very d i f f i c u l t  to ca lcu
l a t e  for  non-cubic systems.  Such d r a s t i c  approximations have to be made th a t
comparison of  a th eo re t i ca l  value with an experimental value cannot be con
c lu s iv e  in any way. The value for  A may the re fo re  be in fe rred from experiment
by adapt ing the theory to  experiment a t  a given temperature in a given d i r e c 
t i o n .  This i s  a loss  of  g e n e r a l i t y  but as A is  only a c a l i b r a t i o n  f a c t o r ,  the
temperature dependence of  the re la xa t io n  times and the r e l a t i v e  d i f f e re nc es  be
tween the re la x a t i o n  times in the d i f f e r e n t  axes s t i l l  al low a thorough check

on the theory .

2.4.1 Note on the value fo r  v

The c r i t i c a l  exponent v is r e la te d  t o y  by eq. (2 .69) .
For a three-dimensional  i s o t r o p i c  Heisenberg system high- temperature s e r ie s
expansions (20) have shown th a t  Y = V.43. The c r i t i c a l  exponents have been
found (21) to be independent of  the l a t t i c e  an isot ropy  ( d i f f e r e n t  s t rength
of i n te r a c t i o n  in d i f f e r e n t  d i r e c t i o n s ) .  Only in extreme cases where a large
l a t t i c e  an iso t ropy  implies a change in d imensiona l i ty  the c r i t i c a l  exponents
a re  influenced by the  l a t t i c e  an iso t ropy .  For a magnetic an isot ropy  in the
i n te r a c t i o n  parameters the case i s  completely d i f f e r e n t .  I t  is  bel ieved (22)
(23) th a t  the int roduc t ion  of  a very small magnetic an iso t ropy  in the i s o t r o 
pic three-dimensional  Heisenberg system changes the exponent y d iscont inueos-
ly from the Heisenberg to the Ising or  XY va lue ,  dependent on the kind of an is o
tropy one in t roduces .  Although the dependence on the an iso t ropy may turn  out
not to be s ingula r  a t  the  i so t ro p ic  Heisenberg case,  the  c r i t i c a l  exponenty
c e r t a i n l y  is very s e n s i t i v e  to small an iso t ropy v a r ia t i o n s .T h is  point  is demon
s t r a t e d  by the experimental f a c t  tha t  for  the  h ighly i s o t r op i c  RbMnF  ̂ one has
v = 0.72 (24),  while for  the weakly a n is o t r op ic  MnF  ̂ (1.5$ aniso tropy)  one
has v =  0.63 (16) ,  a value which i s  very near the Ising value.
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The absolute magnitude of the s h if t  in y due to magnetic anisotropy is how
ever smalt and the re laxation process w il l  be much more influenced by the
c u t-o ff e ffe c t in the co rre la tion  length than by the dependence o f y (and
thus o f v) on the magnetic anisotropy.

2.4.2 Some f in a l  remarks

In studying the c r i t ic a l  temperature dependence of an a rb itra ry  property
there is  a strong tendency to look fo r a c r i t ic a l  exponent. Also the tempe
rature dependence o f dynamical phenomena, such as re laxation  and resonance,
are normally rather well described by a power-law dependence although, in
most cases, near the Néel temperature some deviation occurs. This deviation
is usually a ttr ib u te d  to an inaccuracy in the measurements.
For the c r i t ic a l  exponents derived from re laxation  and resonance experiments
very d iffe re n t values are found. Even the exponent is  sometimes found to be
dependent on the d ire c tio n . A ll th is  seems to be in con trad ic tion  w ith the
so-called u n ive rsa lity  p r in c ip le  which states tha t the c r i t ic a l  point expo
nents should only be dependent on d ras tic  changes in dim ensionality and range
of in te raction  and not on the spec ific  la t t ic e  and in te rac tion  parameters o f
the compound studied.

The generalization o f the theory o f Huber (2)(12) presented in th is  chapter
gives,a f u l l  explanation o f th is  apparent con trad ic tion . I t  is  shown that
the magnetic anisotropy strongly influences the dynamical c r i t ic a l  behavior.
I t  depends now on a combination o f c rys ta l symmetry and anisotropy in the
c r i t ic a l  slowing-down o f the spin fluc tua tion s  which c r i t ic a l  temperature de
pendence w il l  be found. I t  is shown that in the an iso trop ic system the to ta l
c r i t ic a l  temperature dependence cannot be described by a s ingle c r i t ic a l  ex
ponent, although in some temperature region some power-law dependence may
e x is t.

In th is  thesis i t  w il l  be shown tha t the resu lts  o f th is  theory are in perfect
agreement w ith experiment in three d if fe re n t magnetic compounds.

2.5 Relaxation in  the a n ti ferromagnetic state

In studying antiferromagnetic re laxation one has to d if fe re n tia te  between the
temperature region near the Néel temperature where c r i t ic a l  flu c tua tion s  are
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important and the temperature region far below where the relaxation process
is governed by the regular spin-wave fluctuations. The relaxation process in

antiferromagnets can be complicated by the simultaneous occurrence of diffe
rent spin-wave scattering processes. Before going into detail on the theore
tical results we will discuss and compare shortly the different experimental
ways of measuring antiferromagnetic relaxation. We will restrict ourselves to
the easy-axis case where the static field is parallel to the easy-axis. The
most important experimental methods are antiferromagnetic resonance, neutron
scattering, parallel pumping and direct relaxation measurements.

2.5.1 Anti ferromagnetic resonance

The wavevector dependent spin-wave spectrum of an orthorhombic antiferromagnet,
at T = 0 and with the static field H parallel to the easy-axis, is given by

A;-'2- <"E * "»,><h e * V ♦ "2 - <Vk>2
i <<2HE * H». * V 2"2 ♦<"« - H».)2<V k )2-‘,H2(HE V 2>i

(2.82)
H£ is the exchange field, and are the orthorhombic anisotropy fields,

and (1)2 ^ are the spin-wave frequencies at wavevector k.

Y“ gPgli 1 (2.83)

y = exp (il<.7 ) (2.84)nn

where r is the vector which points to one of the nearest neighbors,nn
The orthorhombic anisotropy introduces an energy gap in the spin-wave spectrum
which persists at zero field. The wavevector and field dependence of the spin-
wave spectrum is given in Fig. 2. At non-zero temperature the whole spectrum
is shifted to lower frequencies. For low temperatures the spin-wave gap re
mains unchanged but as T-*T̂  the spin-wave gap is believed to approach zero with
a certain power of the correlation length.
The usual resonance situation is now that at a fixed frequency (k = 0) one in
creases the static field till the resonance conditior|s are satisfied. By vary
ing the static field around the resonance field one measures the field line-
width of the antiferromagnetic resonance lines. See Fig. 2.
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usual
—  resonance

situation

Fig .  2 The spin-wave resonance frequencies o f  an orthorhombic a n ti-
ferromagnet a t  T = 0. The s ta t ic  f i e ld  i s  p a ra lle l to  the
easy-ax is. The broken lin es  g ive the temperature dependence
o f the low branch a t  increasing temperatures.

There a re  several  reasons why AFMR is  not always a good method to determine
the r e l axa t ion  r a t e  of  the magnetic system. From Fig.  2 i t  is  easy to see th a t
with increasing temperature the  low-branch resonance f i e l d  a t  f ixed f requen
cy decreases  (H^p is only weakly temperature dependent ).  When comparing the
experimental temperature dependence of  the resonance l inewidth with th eo re 
t i c a l  r e s u l t s ,  one has to e l imina te  f i r s t  the  i n t r i n s i c  f i e l d  dependence of
the re la xa t io n  process.  This i s  very d i f f i c u l t  and th e re fo re  omitted more
than once.

Suppose f u r t h e r  th a t  the re la xa t io n  process is  due to several  decay processes
with d i f f e r e n t  decay t imes.  In d i r e c t  re la x a t i o n  measurements t h i s  is  e a s i l y
de tec ted  but in the resonance f ie ld -1 in ew id th  these processes broaden simul
taneously and thus a r e  d i f f i c u l t  to  d i s t i n g u i s h ,  e s p e c i a l l y  in the case of
asymmetrical l i n e s .  Furthermore i t  i s  an important experimental f a c t  t h a t  the
re la x a t i o n  of  the  uniform precession is  very s e n s i t i v e  to  c r y s t a l  imperfect ions,
such as c racks ,  which give r i s e  to a temperature independent residual  l i n e -
width.  This broadening e f f e c t  is  d i f f i c u l t l y  accounted for  t h e o r e t i c a l l y ,  one
has to measure a t  s u f f i c i e n t l y  low temperatures* to determine t h i s  residua l
1i newidth.
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2 .5 -2  Neutron s c a tte r in g

Neutron s c a t te r in g  is  u s u a l ly  one o f  the  best experimental methods to  probe

spin  dynamics. In the a n t i fe r ro m a g n e t ic  case however the decay ra tes  tu rn

ou t to  be ve ry  small a t  low temperature and long wave leng ths . For t h i s  rea

son the k = 0 a n t i  fe r rom agne t ic  re la x a t io n  cannot be a c c u ra te ly  observed by

neutron s c a t te r in g  experiments.

2 .5 .3  P a r a l le l  pumping

P a ra l le l  pumping is  based on a n o n - l in e a r  param etr ic  e x c i ta t i o n  o f  spin-waves.

The s t a t i c  and r f  f i e l d  a re  both p a r a l le l  to  the  e a sy -a x is .  Under c e r ta in

c o n d i t io n s  a la rg e  r f  f i e l d  e x c i te s  so many spin-waves o f  a c e r ta in  wavevector

k th a t  the  growth ra te  exceeds the decay ra te .  In th a t  case i n s t a b i l i t y  o f

the p a r t i c u la r  spin-waves occurs which m an ifes ts  i t s e l f  as a sudden increase

o f  the  r f  f i e l d  abso rp t io n  by the sample. Th is  spin-wave i n s t a b i l i t y  was f i r s t

observed by Schlömann e t  a l . (25) in a fe r rom agnet ic  compound in  1960. There

is  more than one way to  c re a te  spin-wave i n s t a b i l i t y  but in an orthorhombic

a n t i fe r ro m a g n e t , a t  frequenc ies  lower than the  z e r o - f i e ld  low-branch s p in -

wave frequency, o n ly  one process is  im portan t.  In th a t  process a photon o f

the  r f  f i e l d  c rea tes  two magnons in the low spin-wave branch. Due to  energy

and wavevector conse rva t ion  and the  symmetry o f  the spin-wave spectrum, these

two magnons have oppos ite  wavevectors and equal energy. Th is im p lies  th a t

oil k  = u /2  (2.85)

is  the k-dependent frequency o f  the low-branch,io is  the frequency o f  the

r f  f i e l d .  The e x c i t a t i o n  process leads to  i n s t a b i l i t y  above a r f  th resho ld

f i e l d  h g iven (26) by

(O,, (0?, - (0?.
h . (k) •  - I j r ---------& -------^ -----------------  r (k )  (2.86)

t  H(HA2-HA1)(2HE+HA1+HA2)

T(k) i s  the decay ra te  o f  the spin-waves w i th  wavevector k. The low and h ig h -

branch f requenc ies ,  ou. and io. ^ ,  a re  g iven by eq. (2 .8 2 ) .  Th is  equation  is

o n ly  v a l id  f o r  s u f f i c i e n t l y  low temperatures. A t h igher temperatures a more

general expression f o r  <o-k and <o-2k should be used.
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The usual s i t u a t io n  is  th a t  a t  H = 0 the c o n d i t io n  w = <a/2 is  not s a t i s f i e d .
1 k

I f  however one increases the s t a t i c  f i e l d  H, the low branch is  s h i f te d  to  lower

frequenc ies  and a t  a c e r ta in  f i e l d  the c o n d i t io n  « k = w/2 is  s a t i s f i e d  f o r

k = 0. So, i f  one increases the s t a t i c  f i e l d  the f i r s t  spin-waves to  become

uns tab le  a re  the k = 0 waves. When s t i l l  inc reas ing  H the  c o n d i t io n  w i l l  be

s a t i s f i e d  f o r  k ^ 0. The s i t u a t i o n  is  v is u a l iz e d  in F ig .  3.

F ig .  3 C re a tio n  o f  two spin-waves o f  h a l f  measuring frequency  a t  non

zero s t a t ic  f i e l d .  The d o tte d  l in e s  re p re s e n t the  low branch

a t  two va lues  o f  the  e x te rn a l s t a t ic  f i e l d .

So by merely changing the s t a t i c  f i e l d  one can s e le c t  spin-waves o f  a c e r ta in

wavevector k. By measuring the th resho ld  r f  f i e l d  the re la x a t io n  ra te  o f  the

p a r t i c u la r  spin-waves can be determ ined.

A negative  aspect o f  t h i s  most promising method is  th a t ,  i f  the r f  f i e l d  is

app l ied  f o r  some t im e, the sample w i l l  heat up co n s id e ra b ly .  Furthermore i t

is  d i f f i c u l t  to  measure a t  low s t a t i c  f i e l d s  where ve ry  h igh  f requenc ies  or

very  h igh r f  powers a re  necessêry to  c re a te  spin-wave i n s t a b i l i t y .  F in a l l y

i t  should be noted th a t  the accuracy f o r  the re la x a t io n  ra tes  depends on the

accuracy w i th  which the m o lecu la r f i e l d s  H£ , and Hft2 are known.

2 .5 . ^  D ire c t  r e la x a t io n  measurements

I t  has been reported  by some au thors  th a t  when one o r ie n ts  both s t a t i c  and

r f  f i e l d  p a r a l le l  to  the  e a sy -a x is ,  a p a r t  from spin-wave i n s t a b i l i t i e s  a t  la rge



rf powers, no absorption will be detected. As it has already been pointed out
by Verbeek (19a), the non-zero value for the static susceptibility in the easy-
axis implies that somewhere in the frequency region a decay process should
occur which relaxates the susceptibility towards zero. In this thesis it will
be shown that, in at least two antiferromagnets of different structure, an ab
sorption corresponding to a single relaxation process is found in the case
where both static and rf field are parallel to the easy-axis. Such an absorp
tion was also detected by Verbeek (19a) in MnF_.
The discrepancy between both results can be explained by the fact that the
earlier experiments have been performed at frequencies much higher than the
typical relaxation frequencies. The relaxation times we find are in excellent
agreement with those derived from parallel pumping experiments for k = 0.

In our opinion regular relaxation times measurements in antiferromagnets be
low T are most promising as there experiments determine directly the k = 0 de
cay process of the spin-waves at arbitrary temperatures and fields. In contrast
to the other experimental methods the temperature and field region are not li-
mi ted.

2.5.5 Theoretical results for the k=0 deoay process

At temperatures wel 1 below the ordering temperature the dynamical properties
of antiferromagnets can be described in terms of spin-wave excitations. The
validity of such a description depends upon, the product of the spin-wave fre
quency and the spin-wave lifetime being much greater than one. In the compounds
we study this will be the case at nearly all temperatures and static fields
outside the critical regions near T„ and the spin-flop field. At intermediate
temperatures, outside the linear spin-wave regime, the decay process arises
mainly from scattering of spin-waves by thermally excited spin fluctuations.
Many authors have derived expressions for the k-dependent spin-wave decay rates
in the different temperature regimes. Apart from the fact that some of these
results do not apply to our k = 0 case, it has been shown by Harris et al . (27)
that some of the results are in mathematical error. In nearly all studies the
possible field dependence of the decay rates is not taken into account, so
these results only apply to vanishingly small fields.
Apart from the two-magnon imperfection scattering which is especially impor
tant to the relaxation of the uniform precession (i.e. uniform resonance) the
relaxation process is governed by multiple-magnon and magnon-phonon processes.
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The va r ious  th e o re t ic a l  re s u l t s  f o r  the k = 0 re la x a t io n  ra te  T( = 1 / t ) are
given in  ta b le  1. For the symbol s in ta b le  1 we have

UA '  9 V 1 " ’ HA

uc = g p j i " 1 H_ = 2zJSh-1t  D t

TA E - h|i 1< V E )*
z = number o f  nearest neighbors

ta b le  1

author r e f . r  (k  = 0) reg ion

Genki n (28) 6 ^ i o E2 k Bh 1 T exp(-TAE/T)
t <<tae

Urushadze (29) , 9 - 2  . -12ü)^ü>_ kgh T
t >>t ae

Kawasaki (30) 8 .5  10 z2S 2wA<i)E^kgh ^T exp(-T  /T )
t <<t ae

s . 5  ioVs-2.foJ«kJrV
t >>t ae

H a rr is (3D 2.919 s " 2« J / 2 (.)’ 5 / 2 k J l " 2 T 2 exp(-TAE/T)
t <<tae

1 -5 4 8  s ' 2 uAwE3 k j* h '3T 3
t >>t ae

A l l  the  r e s u l t s  g iven in ta b le  1 are v a l id  f o r  a n t i fe r rom agne ts  w i th  a x ia l
a n is o t ro p y  a t  i n f i n i t e l y  small s t a t i c  f i e l d s  andT «T . , .

N
H a rr is  e t  a l . (27) re c e n t ly  pub l ished more d e ta i le d  re s u l t s  bu t these con ta in

unknown numerical con s ta n ts .  T h e ir  r e s u l ts  (31) in ta b le  1 are from an i n v e s t i 

g a t io n  o f  the damping in the lowest Born approx im ation  using the Dyson-Maleev

fo rm a l ism , which f o r  small S they be l ie ve  to  be a b e t te r  fo rm a lism  than the

H o ls te in -P r im a k o f f  one.

In the  c r i t i c a l  region below T^ the re la x a t io n  process is  complicated and, apa r t

from the re s u l ts  o f  dynamical s c a l in g ,  r e l a t i v e l y  l i t t l e  is  known t h e o r e t i c a l l y .

The transve rse  f l u c tu a t io n s  o f  the m agnet iza t ion  show w e l l -d e f in e d  spin-wave

e x c i ta t io n s  w h i le  the lo n g i tu d in a l  f lu c tu a t io n s  a re  d i f f u s i v e .  As the tempera

tu re  dependences o f  the damping constan ts  o f  the spin-wave e x c i ta t i o n s  and o f

the lo n g i tu d in a l  d i f f u s io n  constan t are  s t i l l  unknown, no comparison o f  our

experimental re s u l ts  w i th  numerical c a lc u la t io n s  cou ld  be made. On the o th e r

hand the s i t u a t io n  is  too  complex to  d e r iv e  these temperature dependences from
our measurements.
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C H A P T E R  3

EXPERIMENTAL TECHNIQUE

3.1 Equipment

For the  r e l a x a t i o n  and resonance e x p e r im e n ts  d e s c r ib e d  and d is cusse d  in  t h i s

t h e s i s  we used a c a l o r i m e t r i c  method.

The sample is  p laced  in s id e  a q u a r t z  sample h o ld e r  w h ich  is  con ne c te d ,  by a

q u a r tz  c a p i l l a r y ,  w i t h  a p re s s u re  t ra n s d u c e r  o u t s id e  th e  c r y o s t a t .  See F ig .  k .

The sémple h o ld e r  and c a p i l l a r y  a re  f i l l e d  t o  a c e r t a i n  p re s s u re  w i t h  he l iu m

g a s .

The s t a t i c  f i e l d  is  s u p p l ie d  by a w a te r - c o o le d  Newport (4 in ch  type  A) magnet

o u ts id e  th e  c r y o s t a t  w h i le  th e  r f  f i e l d  i s  s u p p l ie d  by a c o a x ia l  Lecher system

in s id e  th e  c r y o s t a t .  The Lecher system has been d e s c r ib e d  by Van de r  Molen (1 0 ) .

The s t a t i c  f i e l d  magnet and th e  sample can be r o ta te d  in d e p e n d e n t ly  ab ou t  th e

same a x i s  ov e r  more than 270° .  In t h a t  way, bo th  r e l a x a t i o n  ( s t a t i c  f i e l d  p a r a l l e l

t o  the  r f  f i e l d )  and resonance ( s t a t i c  f i e l d  p e r p e n d ic u la r  t o  th e  r f  f i e l d )

measurements can be perfo rm ed in  n e a r l y  a l l  d i r e c t i o n s  o f  th e  c r y s t a l  p lane

p e rp e n d ic u la r  t o  th e  r o t a t i o n  a x i s .

capillary

lu| ‘ pressure
transducer

reference
volume

magnet

F ig .  1* C a lo r im e tr ic  system

Due to  th e  r f  energy  a b s o r p t io n  by th e  sample th e  te m p e ra tu re  o f  t h e  sample

and sample h o ld e r  in c re a s e s ,  w h ich  r e f l e c t s  i t s e l f  in  a p re s s u re  in c re a s e  o f  the

h e l iu m  gas in s id e  th e  c lo s e d  c a l o r i m e t r i c  system . The p re s s u re  in c re a s e  is

d e te c te d  by a p re ssu re  t ra n s d u c e r  (S .E . 1 5 0 /20 " )  and co n v e r te d  i n t o  an e l e c t r o n i c

s ig n a l  w h ich  i s  w r i t t e n  on a re c o r d e j j t



During the measurements the sample is isolated from the bath. The static field
is measured using a Hall probe (Siemens FC 3*0 just outside the cryostat while
the rf power is detected by measuring the rf voltage at a given point of the
Lecher system. The rf power is supplied by a high-power oscillator (Airmec type
30*»), push-pull amplifier and (for the highest frequencies) a tripler. The
frequency and static field ranges are given by v = *» - 5*»0 MHz and H = 0 - 8 kOe
respectively.

3.2 Calorimetric system

The calorimetric system can be represented by a volume V. at low temperature
T» and a volume at room temperature T^, see Fig. 5.

Fig. 5 Schematic representation of the calorimetric system.

In equilibrium the pressure of the helium gas is tfie same throughout the system.
At the start of each measurement contact helium gas is let In between the sample
holder and the bath. The sample cooles off to bath temperature TQ and the pres
sure in the system will be pQ. When the bath temperature has been reached the
sample is isolated from the bath by pumping the contact helium gas out.
Due to a small heat input from outside the cryostat the temperature begins to
rise slowly. When the rf power is turned on the energy absorption by the sample
gives a steeper temperature increase. When the rf power is turned off the tem
perature increase returns to its former value. A typical run is given in Fig. 6.

For the schematic model of Fig. 5, the relation between the pressure increase
Ap and the temperature increase AT of the volume is given by

T n(T.)n(T ) Ap
AT - 1 2 _  (3.1)
T fi(T ) P„o o o
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wi th

n( T) = 1 + - 2 —  (3 .2)

V*.Th

T. ahd T- a re  g iven in  F ig . 6 , Tq is  the  bath tem perature and p- is  the  pressure

o f the  ca lo r(m e te r gas a t bath tem pera tu re .

F ig .  6 A ty p ic a l example o f  the temperature increase due to

r f  absorption in  the sample. The curve, which in  fa c t

represents a pressure increase, has been transformed
in to  a temperature increase by using eq. (3 .11 .

By checking eq. (3 .1 )  in d i f f e r e n t  s i tu a t io n s ,w e  found th a t  the schematic model

g iven in F ig .  5 was a p p ro p r ia te  f o r  the rea l c a lo r im e t r i c  system.

AT -  t 2 -  T1 (3 .3 )

The temperature increase dT due to  r f  abso rp t ion  (see eq. (1 .1 8 ) )  is  g iven by

C(T)dT = irvh2 gz x " ( T ) d t  ( 3 . 'O

C(T) is  the t o t a l  heat cap a c i ty  o f  the sample, sample ho lder and helium gas in

volume . v is  the r f  f requency, h the r f  f i e l d  in  the sample and gz the

weight o f  the sample, x "  is  g iven per u n i t  w e igh t .

When T« "  T. is  s u f f i c i e n t l y  small one has

£i (T) T Ap
X"(T) = C(T)--------- -----=— 2------------ (3.5)

Q (T ) irvh g P to o z o
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T = (T.| + w h ile  fu r th e r  C(T) is  given by

C(T) = Csh(T) + Cs (T) + YCHe(T) (3.6)

C , (T) is the heat capacity o f the sample holder, C (T) of the sample and
sh s

C„ (T) of the helium gas.

y is  a co rre c tio n  fa c to r  fo r  the work performed by the gas which is  transported

from V^ to  V. when the pressure increases.

In nearly  a l l  s itu a tio n s  Y can be taken equal to  u n ity .

3. 3  Calibration

The s ta t ic  f ie ld  has been c a lib ra te d  by using proton resonance w h ile  a t the

lowest f ie ld s  a lso  a ro ta tin g  c o il Gauss meter has been used. The magnet showed

a remanent f ie ld  o f about 100 Oe which could e a s ily  be compensated fo r  by a
small reverse c u rre n t. The Hall probe showed i t s e l f  to  be s u f f ic ie n t ly  lin e a r

in  our f ie ld  region up to  8 kOe. The re s t vo ltage a t zero f ie ld  was about
0.20 mV (a t 200 mA cu rre n t) and corresponded to  a f ic t i t io u s  f ie ld  o f about 7 Oe.

This res t vo ltage  was e a s ily  compensated fo r .
The r f  f ie ld  h has been ca lib ra te d  by using the magnetic p rope rties  o f a

o
well-known compound (powdered CuCl2.2H20). V e rs te lle  (32) has found th a t the

frequency dependence o f x" at zero f ie ld  fo r  the powdered sample was very well
described by a Loren tz ian . Using th is  we could c a lib ra te  our r f  f ie ld  hQ as a
fu nc tio n  o f frequency and r f  power. In our measurements on the s in g le  c ry s ta l o f
CuCl .2H20 we found the frequency dependence o f x" to  be Lorentzian in a l l  mag- |

n e tic  axes.
We then re ca lib ra te d  the r f  f ie ld  on the s ing le  c ry s ta l.  This c a lib ra t io n  should

be a few percent b e tte r than the c a lib ra t io n  on the powdered sample as there the

frequency dependence o f x11 cannot be e xac tly  Lorentzian.

C (T) = — —  V^He' '  2 T Io
(3 . 7 )

Y “  y  (2«(To)+ 1) (3.8)
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3. Accuracy of the temperature measurement

The accuracy of our temperature measurement depends strongly on the ideality of
the helium gas in the calorimetric syst.em and on the validity of the model given
in Fig. 5. We found the real'system to be very well described by the schematic
model of two volumes.
The ideality of the helium gas only plays a role at low temperatures below 5 K.
The pressure P q within the isystern was always taken much smaller than the helium
bath pressure at the given temperature. The accuracy was checked by measuring
the value of the Neel temperature of CuCl,.2H20 starting from different initial
bath temperatures T.. The Neel temperature presented itself as a sharp kink in
the temperature increase. The same value was found in every case. We estimate
the relative temperature accuracy to be better than 0.005 K at He temperatures.
The calorimetric method, used for the experiments of this thesis, allows measu
ring at accurately predetermined temperatures.
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C H A P T E R  4

INTRODUCTION TO CuC12<2H20

4.1 General introduction

CuC12.2H20 was fo r a long time one o f  the most thoroughly investigated a n ti-
ferromagnets. Nuclear magnetic resonance experiments by Poulis and Hardeman (34)
as early as 1952 showed that th is  compound exhibited an antiferromagnetic phase
tra n s itio n  Just above He-temperatures. The easy-axis of the an ti ferromagnetic
arangement was found to be the a-axis . Further investigations by the Leiden
group, using the nmr technique, revealed many of the now well-known a n tife rro 
magnetic fèatures, such as the occurrence o f a threshold f ie ld .  I t  was found
that these features could be explained by the molecular f ie ld  model in i t ia l l y
proposed by Néel (35) and extended by Gorter and Haantjes (35a). In la te r years
also much a tten tion  was paid to an ti ferromagnetic resonance as i t  was believed
that th is  would y ie ld  additional inform ation. In general the s ta t ic  resonance
behavior, e.g. the dependence of the resonance f ie ld s  on frequency and tempe
ra ture , could be rather well explained by sophisticated molecular f ie ld  theo
ries such as introduced by Ubbink (36), Nagamiya (37) and Yosida (38). Later
experiments showed the occurrence o f some unexplained new resonance lines which
are probably related to the degree o f col l in e a r ity  of the e lectron spins in the
antiferromagnetic s ta te .
Specific heat measurements by Friedberg (39) showed a sharp X -like  maximum at
a tra n s itio n  temperature which w ith in  experimental e rro r was the same as that
found from resonance experiments. The entropy change in passing from the to ta lly
ordered to thé to ta l ly  disordered state was found to be in good agreement w ith
an e ffe c tive  spin value S = J, the same value also derived from s u s c e p tib ility
measurements by Van den Handel et a l . (40). As about one th ird  o f the to ta l
entropy change occurred above T„ i t  was clear that a considerable degree o f short
range order existed above the tra n s it io n . This re la t iv e ly  large short range
order was confirmed by the s u s c e p tib ility  measurements by Van der Marei (4 l) et
a l.  who found a broad maximum in the uniform s u s c e p tib ility  above the Néel po in t.

Of the investigations on the dynamical behavior of the magnetic system are worth
mentioning the re laxation experiments in an ti ferromagnetic resonance by Yamazaki
and Date (42), the pa ra lle l pumping experiments by Yamazaki (26) and the EPR
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l inewidth measurements in the  c r i t i c a i  region by Zimmermann e t  a i .  (43),  expe
riments to which we sha l l  d i r e c t  our a t t e n t i o n  l a t e r .

In s p i t e  of a l l  these  experiments s t i l l  r e l a t i v e l y  l i t t l e  is known about the real
dynamical behavior of  the  e l ec t ro n  spin system.
As CuC^.Zh^O might be an important t e s t  case to the dynamical th eo r ie s  a t
both high and low temperatures ,  we performed re la xa t io n  and resonance exper i 
ments in the paramagnetic,  c r i t i c a l  and an t i fe r romagnet ic  s t a t e .

4 .2 C rystal structure

The c rys ta l  s t r u c t u r e  of  CuC^.Zh^O is  well known and found to be orthorhombic
with spacegroup P. . The l a t t i c e  parameters a r e  a = 7.38 ,  b = 8.04 and c = 3.72
A. There a r e  two copper ions in the  chemical un i t  c e l l  a t  pos i t io ns  (0,0,0)
and ( i , i , 0 ) .  Each copper ion i s  surrounded by four  ch lo r ine  ions and two water
molecules together  forming an octahedron.  The copper ions a re  subjec t  to  an
orthorhombic c r y s t a l l i n e  f i e l d  which has d i f f e r e n t  o r i e n t a t i o n s  fo r  the corner
and base-center  ions.  The p r in c ip l e  axes of  the  f i e l d  coinc ide  with the body
diagonals  of the  surrounding octahedron.  One of  the pr incipa l  axes is  p ara l le l
to the  b-ax is  while the o ther  two a r e  ro ta ted  about the  b-axis  away from the
a and c axes r e sp ec t iv e ly  by an angle of  -38° f o r  the  corner ions and + 38° fo r
the base-center  ions.  The c r y s t a l  s t r u c t u r e  is  shown in Fig.  7*

0 738 A

Fig.  7 The cry s ta l structure o f CuCl^.2EJ)
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The single crystals used in our experiments were grown from a solution of
CuC^.Zf^O in water to which some alcohol was added (**3a). Single crystals
of up to two grams were obtained in this way. Determination of the crystal axes
is very simple by observing the crystal angles while the exhibition of pleochro-
ism (blue-green) allows one to check on the .orientation found. The direction
of maximum growth is the c-axis. For the experiments we used several single
crystals of different shape and weight while special attention was paid to
assure the absence of macroscopic imperfections such as cracks and inclusions.

1*.3 Magnetic interactions in CuCl^BH^O

As most magnetic interactions can be at least qualitatively determined by stu
dying the static spin structure near or in the antiferromagnetic state, we will
discuss the anti ferromagnetic spin configuration and the magnetic interactions
together.

By examining their nuclear magnetic resonance data, Poulis and Hardeman (3*0
found that below T = *t.33 K CuC12.2H20 behaved as an orthorhombic antiferromag-
net with the a-axis as the first easy direction. To explain their data they pro
posed a spin configuration, shown in Fig. 8, where the electron spins within
an a-b plane were parallel to each other but antiparallel to the spins in adja-
cent~a-b planes. This configuration, which was the most simple but not the
only possible , was later confirmed by the neutron diffraction experiments of
Shirane et al. (*♦**).

Fig. 8 A anti ferromagnetic spin structure introduced by Poulis and
Hardeman (34).

B spin canting in the a—c plane due to antisymmetric exchange
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The most simple interaction model which leads to such a spin structure includes
an antiferromagnetic Heisenberg interaction along the c-axis between nearest
neighbors and a ferromagnetic Heisenberg interaction between next-nearest
neighbors in the a-b plane. Calculations by Van Dalen (45) of the overlap of
orbitals using the MO-LCAO approach proved this model to be realistic from a
theoretical point of view. While these isotropic Heisenberg interactions deter- I
mine the relative orientation of the spins, it is the anisotropic part of the
total interaction which determines the favoring of a certain direction as the
easy-axi s.
Moriya and Yosida (46) showed that dipolar interaction alone could not explain
the experimentally determined orthorhombic anisotropy constants. Further cal
culation in which also anisotropic symmetric exchange was included in the way
suggested by Van Vleck (47)(48) did not significantly improve the results.
One of the previous authors, Moriya (5), suggested in I960 CuC12.2H20 as an
example in which antisymmetric exchange interaction could occur. One of the
important features of this interaction is that, if allowed by crystal symmetry,
it cants the electron spins in the anti ferromagnetic state. In CuCl^.ZH^O this
canting should be in the a-c plane, see Fig. 8. Application of eqs. (2.6), (2.8) I
and (2.9) to CuC12.2H20 shows that only a small part of the antisymmetric ex
change contributes to the spin canting, so this canting will be small (about 1 )
and difficult to detect experimentally. The neutron diffraction experiments by
Umebayashi (49) on CuC12 .2D20 revealed some canting but no exclusive proof could I
be given that antisymmetric exchange was at the origin.

We will now give a more detailed discussion of the magnetic interactions in
CuC12 .2H20. We assume that the effective Hamiltonian of the isolated spin system I
is given by eqs. (2.2)-(2.4). For a description of static phenomena such as
uniform susceptibility and specific heat small anisotropic contributions to the
spin Hamiltonian can be neglected. Several authors tried, using different methods!
to determine the two isotropic Heisenberg exchanges J and J' in CuCl2.2H20.
J denotes the anti ferromagnetic exchange along the c-axis between nearest neigh- I
bors while J' denotes the ferromagnetic exchange with the four next-nearest neighH
bors in the a-b plane. Oguchi (50), Marshall (51), Nagai (52) and Hewson et al. I
(53) started from both the observed broad maximum in the uniform susceptibility
just above the Néel temperature and the value for the Néel temperature itself
while Friedberg (39) and Clay and Stavely (54) evaluated the magnetic contribu
tion to the specific heat. Van Dalen (45) gave a theoretical calculation of the
exchange constants while De Jongh (55) estimated the constants from the satura
tion field below the Néel temperature.
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There is not much agreement between the various resu lts . The value fo r J/k_B
varies from 3*5 tof 11 K while the ra t io  J 1 / J varies from 0.05 to 0.5.
For fu rthe r ca lcu la tion  we selected the J-value o f Clay and Stavely (54) as
we believe that magnetic spec ific  heat ca lcu la tions are more re lia b le  than
molecular f ie ld  approximations and theore tica l ca lcu la tions o f the o rb ita l
overlap. Of the values fo r the ra t io  J '/J  the value 0.131 found by Hewson et al
(53) seems to be the most re lia b le . Using th is  value fo r  the ra t io , one finds

J = -5.45 10‘ 16 erg, J 1 = 0.71 10 '16 erg (4.1)

I t  should be stressed that a d iffe re n t choice fo r the exchange parameters does
not q u a lita t iv e ly  a lte r  the conclusions to be made in the discussion o f the
relaxation and resonance process in CuC12.2H20.

As we study dynamical phenomena even re la t iv e ly -smal 1 an iso trop ic exchange
contributions can be extremely important. In our spin Hamiltonian we include
both anisotrop ic symmetric exchange and antisymmetric exchange; Van Vleck (47)
suggested a way to ca lcu la te  the an iso trop ic symmetric exchange which is of a
pseudo-dipolar form. The ca lcu la tion  is d i f f i c u l t  and crude assumptions have to
be made to get a numerical re su lt. Ryabchenko and Shul'man (56) tr ie d  to deter
mine a symmetric anisotropy from the moments o f the EPR lines in CuC12.2H20.
They found two sets o f values which were in bad agreement w ith  each other. As
was shown by Buluggiu (57) the usual method o f determining the moments is some
times inaccurate and may lead to remarkable e rro rs .
The antisymmetric exchange Hamiltonian is given by the second part o f eq. (2.4)
We shall evaluate the symmetry re s tr ic tio n s  on the axia l vector 6 . . .i J
The symmetry elements o f CuC12.2H20 are given in Fig. 9.

- 4- - — 0 . --------------<

•  Cu
0  0

O  ci
o inversion center

two-fold
rotation axis

Fig. 9 The syrrmetry elements o f  CuC l^ZH^. The figu res  which denote
the copper ions are used in  the te x t.
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There are inversion centers halfway all crystal axes. The inversion center
halfway the c-axis eliminates an antisymmetric component in J while the two-fold
rotation axis halfway the corner and base-center ions restricts the antisymmetric
component of J 1 to the a-b plane. After applying all symmetry elements one gets

nearest neighbors i and j 0 j. * 0
along the c-axis

next-nearest neighbors i and j ^aij ** ®
in the a-b plane P , g

bij T
D ,. = 0cij

°al2 = °al4 = " Dal3 = “ °a!5

Dbl2 “ Dbl3 = °bl4 ■ °bl5

The meaning of the numerical indices 1-5 are given in Fig. 9.
D and D, will be denoted from now on as D and D,. The exact calculationa12 b12 a b
of the numerical values for D and D. is extremely difficult. No experimental
values are known. Joenk (58) estimated D, after comparing the theoretical ex
pressions for both the g-tensor and the 0-vector and found after several
quantitative approximations

Db - (gb - 2)J 1 ('••Z)

The result (4.2) is consistent with eq. (2*9). Comparing (4.2) with (2.9) one
finds the numerical constant a to be equal to about 1.

In the discussion of the relaxation times and resonance linewidths it will be
shown that in CuC12<2H20 antisymmetric exchange is dominant over anisotropic
symmetric exchange. A perfect agreement between theory and experiment will be
found using a value for a which is very near the theoretical estimate of a = 1.

Using gg = 2.189 and gb = 2.045 (43) one gets

Da - 0.189 a J 1, Db = 0.045 a J 1 (4.3)
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C H A P T E R  5

RELAXATION AND RESONANCE EXPERIMENTS ON CUC1-.2H.0

5.1 Paramagnetic re la x a t io n  a t  h ig h  tem peratures

In t h i s  p a r t  o f  chap te r 5 we present and d iscuss  our experimenta l h igh-tempe

ra tu re  re la x a t io n  data on CuC12 .2H20. For these re la x a t io n  data we measured

the r f  abso rp t ion  w h i le  the s t a t i c  and r f  f i e l d  were o r ie n te d  m u tu a l ly  p a r a l l e l .

This in c o n tra s t  w i th  the resonance experiments where s t a t i c  and r f  f i e l d  are

pe rpend icu la r  to  each o th e r .  The re la x a t io n  experiments were performed in  the

temperature reg ion from T = 2 K up to  77 K. At a l l  temperatures we found the

re la x a t io n  process t o  be ve ry  w e l l  described by a s in g le  re la x a t io n  t im e.

As these re la x a t io n  times are temperature independent from about 6 K upwards,

we suppose t h i s  reg ion to  c o in c id e  w i th  the s o -c a l le d  h igh - tem pera tu re  reg ion .

When s tudy ing  re la x a t io n  o r  resonance processes in th i s  temperature reg ion

a p p ro p r ia te  s im p l i f i c a t i o n s  o f  the dynamical theory  can be made.

At hydrogen temperatures the experiments were performed on two s in g le  c r y s ta ls

o f  d i f f e r e n t  shape and w e igh t (0.1 and 0.5  gram). We could  not d e te c t  any d i f 

ference in  x " /x o > a t the same temperature and s t a t i c  f i e l d ,  o u ts id e  the e x p e r i 

mental e r r o r  o f  a few percen t .  In F ig .  10 the frequency dependence o f  the norma

l iz e d  z e r o - f i e ld  abso rp t io n  x " / x  is  p l o t te d .  The Lo re n tz ia n  forms w i th  maxima

o f  0.5 in d ic a te  a process which is  governed by a s in g le  r e la x a t io n  t ime.

100 V Mqfe 500

F ig .  10 The frequency dependence o f  the  no rm a lized , z e r o - f ie ld  a b s o rp tio n

in  the  th re e  m agnetic axes o f  CuCl ,2Ho0 a t  T = 20.4 K.
O
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a-axis

b-axis
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0  1 5 H ----- » -  KOe

F ig .  11 The f i e ld  dependence o f  the normalized absorption in

the three magnetic axes o f  CuCl^.2H^0 a t  T = 20.4 K.

In F ig .  11 the  p a r a l l e l - f i e l d  abso rp t ion  ( s t a t i c  and r f  f i e l d  m u tu a l ly  p a r a l l e l )

is  p lo t te d  f o r  the th ree  magnetic axes o f  CuCl.-Z f^O. Only the a -a x is  shows

some dependence on the s t a t i c  f i e l d .  By p lo t t i n g  the  normalized a b s o rp t io n ,  a t  a

given s t a t i c  f i e l d ,  versus the frequency one gets Lo ren tz ian  curves such as

given in F ig .  10. The corresponding re la x a t io n  times can be determined by using

t = <o . The re la x a t io n  times are g iven in F ig .  12. In the  a -a x is  the re la xa -
top

t io n  process is  weakly speeding up w i th  increas ing  s t a t i c  f i e l d  w h i le  in the b

and c axes the  process is  f i e l d  independent up to  8 kOe.
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F ig .  12 The f ie ld  dependence o f  the re laxation  time in  the
three magnetic axes o f  CuCl ̂ .2UJ) a t  T = 20.4 K.

5.1 .1  Diaaueeion

In t h i s  d iscuss ion  we s h a l l ,  by comparing the experimenta l h igh - tem pera tu re

re s u l ts  w i th  th e o r e t i c a l  c a l c u la t io n s ,  t r y  to  e x t r a c t  in fo rm a t io n  about the

magnetic in te ra c t io n s  in CuC^.ZH.O. We sh a l l  in v e s t ig a te  th ree  in te r a c t io n

models. I t  w i l l  be assumed th a t ,  a p a r t  from the Zeeman and d ip o la r  c o n t r ib u 
t i o n ,  the sp in  Hamilton ian con ta ins

model 1 i s o t r o p ic  Heisenberg exchanges J and J ' .

model 2 Heisenberg exchanges J and J '  w i th  an a n is o t ro p ic

symmetric exchange c o n t r ib u t io n .

model 3 Heisenberg exchanges J and J '  w i th  an an t isym m etr ic

exchange c o n t r ib u t io n .

The c a lc u la t io n  o f  the h igh - tem pera tu re  re la x a t io n  times is  o u t l in e d  in chap te r

2 .3 .  For t h i s  c a lc u la t io n  we w i l l  make the usual assumption th a t  the memory

spectrum is  a sum o f  Gaussian-1 ike  l in e s  centered a t  id = 0 a t  zero s t a t i c  f i e l d .

I t  w i l l  be shown in the d iscuss ion  o f  the f i e l d  e f f e c t  in  the a -a x is  th a t  th i s

-  59 -



Gaussian shape assumption is realistic in the b and c axes while in th^a-axis
some finestructure has to be expected which gives us an explanation of the weak
field dependence.

Using the exchange values given in expression. (4.1), one finds after a labo-
reous calculation that the relaxation times for model 1 are given by (see eqs.
(2.23) and (2.24))

T'1 = (1 + H2/2295)(2.928 exp (-H2/4876) + 32.455 exp (-H2/!775))107 sec"1

t"1 - (1 + H2/2295)(2.951 exp (-H2/4938) + 32.140 exp (-H2/1766))107 sec-1b

t "1 = (1 + H2/2295)(1.158 exp (-H2/6893) + 12.183 exp (-H2/982 ))107 sec"1c

where H is the static field expressed in kOe.

The field dependences are negligibly small in the field region of up to 8 kOe.
Omitting the small field dependence, one gets for the low-field relaxation times

t - 2.83 10"9 sec, t. = 2.85 10 9 sec, r  = 7.50 10 9 seca d c
which should be compared with the experimental values of

7  = 2.6 10"9 sec, tb = 1.23 10'9 sec, - 1.69 10 9 sec

One notes a rather large discrepancy between the theoretical and experimental
values. It should be stressed now that another choice for the isotropic Heisen
berg exchanges (see chapter 4.3) does not significantly reduce this discrepancy
as a change in the isotropic exchange only shifts all relaxation times with the
same factor. It can further be shown that a different value for the ratio J'/J
does not significantly reduce the discrepancy either. This leads us to the con
clusion that the results of an interaction model which contains only dipolar
and isotropic exchange interactions are in disagreement with experiment in
CuC12.2H20.

We will now start a calculation of the relaxation times using the interaction
model 2 which contains anisotropic symmetric exchange. The influence of aniso
tropic symmetric exchange on the relaxation process can be calculated by using
eqs. (2.37), (2.42) and (2.43). As the ratio J'/J is rather small one may rule
out the possibility of an important contribution to the relaxation process from
a symmetric anisotropy in the next-nearest neighbor exchange J'.
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A symmetric anisotropy in the nearest neighbor exchange J yields two adjustable
parameters as the third is determined by eq. (2.37). The two adjustable para
meters can be derived from the experimental values for the relaxation times in two
different directions. At that moment the theoretical result for the relaxation
time in the third direction is fixed. So by comparing the theoretical value for
the relaxation time in the third direction with the experimental value, one gets
information about the consistency of the interaction model 2.
A laboreous calculation yields that whatever adjustment one makes there always
remains a discrepancy of more than a factor two in the third direction.
So our conclusion is that the results of an interaction model which contains
anisotropic symmetric exchange interaction are in disagreement with experiment.

We will,finally turn our attention to the interaction model 3 of which the
antisymmetric exchange is the most remarkable feature. The influence of the
antisymmetric exchange can be calculated by using eqs. (2.9), (2.1*0) and (2.41).
There is only one adjustable parameter a which, as we saw in chapter 4.3, is
theoretically expected to be nearly equal to unity.
Using the values for J and J' given by (4.1) and the D-values given by (4.3),
one finds a perfect agreement with experiment for the value a = 0.90.
One has theoretically for the low-field relaxation times (the field dependen
ces being negligibly small in our field region).

ra = 2.65 10'9 sec, Tb = 1.25 10'9 sec, t =1.66 10"9 sec

These should be compared with the experimental values.

7a = 2.6 10"9 sec, Tb = 1.23 10"9 sec, tc = 1.69 10-9 sec

The experimental value a = 0.90 is very near the theoretical estimate o “ 1.0
by Joenk (58). In the light of this very good agreement between theory and
experiment we conclude that antisymmetric exchange and dipolar interaction
are the most dominant sources of anisotropy in CuC12.2H20.
Strong additional proof will be found in the dynamical critical behavior of
CuC12.2H20. Further, in the next section it will be shown that the weak field
dependence in the c-axis is consistent with the occurence of antisymmetric
exchange in CuC12>2H20.
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5.1.2 Discussion of the field dependence in the a-axis

Because of the large secular interaction in CuCl£.2H,0 the field dependence
of the relaxation process in fields up to 8 kOe should be negligibly small as
long as the Gaussian shape assumption for the memory spectrum holds. The weak
field dependence indicates that in the a-axis this assumption is not justified
in detail. Using the important weak-coupling and high-temperature feature that
the four lines of the memory spectrum shift rigidly with the static field, it
can be shown that the field effect in the a-axis implies, whatever the partition
of the effect over the four lines, a negative undershoot in the memory function
G (t). As an illustration we calculated, using eqs. (1.22) and (2.24), the me
mory functions from our experimental relaxation times assuming the field effect
to occur in the first Larmor lines (k = + 1 in eq. (2.13)) of the a-axis. Fur
ther it has been assumed that the four lines of the memory spectrum are Gaussian
for large io. This last assumption is in agreement with the theoretical notion
that all wavevector dependent two-spin correlation functions are Gaussian for
short times (9). The memory functions are plotted in Fig. 13.

a-axis

b-and c-axis

ii . . . .  .___ i___ i___ i___ i___
0 1 5 t" -------10

Fig. 13 The experimentally determined memory functions 0g(t) in the

three magnetic axes at zero static field• The memory func
tions are normalized by the value at t = 0. The reduced time

t* is defined by t* = t.

-  62 -



To explain the negat ive undershoot in the memory func t ion  in the a - a x is  we wil l
take a c lose  look a t  the f u l l  expression (see eqs.  (2.44) and (2.55))  for  the
memory func t ion .  Gz ( t )  i s  a l i near  combination of  four - sp i n  c o r r e l a t i o n  func
t i o n s .  Using a dynamical Random Phase Approximation and a t ransformation to
the wavevector space we found eq. (2.55) which is  a l i n ear  combination of  wave-
vec tor  dependent two-spin c o r r e l a t i o n  func t io ns .  When a l l  two-spin c o r r e l a t i o n
func t ions a r e  i s o t r o p ic ,  Gz ( t )  is  s em i- de f i n i t e  p o s i t i v e .  So the negat ive
undershoot in the a - a x is  n ecess a r i ly  ind ica tes  an inaccuracy in the Random
Phase Approximation or  an an iso t ropy in the two-spin c o r r e l a t i o n  funct ions  or
both.  As RPA and isot ropy of  the c o r r e l a t i o n  func t ions  a r e  f requent ly  used in
th eo r i es  on the dynamical p ro pe r t ie s  of weakly an i so t ro p ic  magnetic systems,
t h i s  is  an important experimental r e s u l t .

Assuming the RPA to be s u f f i c i e n t l y  accura te  one may wonder why the an isot ropy
of the two-spin c o r r e l a t i o n  func t ions only manifests  i t s e l f  in the a - a x i s .
The explanat ion can be found in the  d i f f e r e n t  sampling over the Br i l l ou i n  zone.
Re s t r ic t i ng  ourselves to the antisymmetric co n t r ib u t i o n  to the q-dependent
wcight ~coeff ïc ïents  in eq. (2.55)> we have

lDa (cl) | 2 “ 16 D2 s i n 2iqga s i n 2i q bb (5

IDb (q)I = 16 °b cos2i q ga cos2i q bb (5.2)

Using eqs.  (2 . 55) ,  (5 . 1) and (5 . 2) and the f a c t  th a t  D2» D 2 (see eq. (4 . 3)) one
e a s i l y  c a lc u la te s  th a t  in the b and c axes most co nt r ibu t io ns  to  the memory
func tion come from in te rmediate q-va lues .  In the a - ax i s  however most co n t r ib u 
t i ons  to the memory func t ion come from low q-values  (q « 0) and high q-va lues (bor 
der of  the  Br i l lou in  zone).

So the occurrence of  the f i e l d  e f f e c t  in only the a - ax is  is c o n s i s t e n t  with an
aniso t ropy  in the two-spin c o r r e l a t i o n  func t ions a t  low or high q-va lues .  I t
should be noted th a t  by the re la xa t io n  experiments descr ibed in t h i s  t h e s i s ,
one measures d i r e c t l y  (s“q . s j ( t ) )  which is propor t iona l  to the r e la xa t io n
func tion $ ( t . H ) .

A r t  '  '
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Our measurements indicate that these relaxation functions are slightly aniso
tropic but certainly not negative at relatively small times. So the field ef
fect in the a-axis most probably indicates an anisotropy in the two-spin corre
lation functions at high q-values.
The fact that the Gaussian assumption for the memory functions in the b and c
axes worked so well is not amazing as theoretical calculations by Blume and
Hubbard (9) on the isotropic simple cubic lattice have shown that the two-spin
correlation functions at intermediate q-values are Gaussian-1ike (see also sec
tion 2.3-1)-

Recapitulating one has two possibilities:

If the two-spin correlation function^ are isotropic at all q then our experi
ments give evidence that in CuC12.2H20 the RPA erroneously eliminates important
contributions which lead to negative values of the memory functions (four-spin
correlation functions) at relatively short times.

If the RPA is sufficiently accurate then our experiments give evidence for im
portant anisotropy in the two-spin correlation functions, even at high tempera
tures. This anisotropy is attached to the correlation functions at low q-values
(q * 0) and/or high q-values (border of the Brillouin zone), of which the aniso
tropy at low q-values is less probable.

5.2 Paramagnetic resonance at high temperatures in CuClg. 2H^0

Recently Tjon and Verbeek (59) derived a general expression for the field depen
dence of the paramagnetic resonance absorption. They started from a low-field
expansion in the Laplace transform of the memory function and found that, at
low frequencies and small static fields, even in the exchange narrowed case
the paramagnetic resonance lines were not exactly Lorentzian. The Lorentzian
form is approached at increasing frequencies. To check on these theoretical re
suits we performed some resonance experiments at hydrogen temperatures in the
three magnetic axes of CuC12.2H20. Assuming that the relaxation processes in the
three magnetic axes can be described by single relaxation times, Verbeek derived
for the resonance absorption

+
"ax" U h)
1

(OT B uO+W^T^")
2
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I

(5.3)
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X"
ü>X„

Hlla - axis rf//b -a : CuCI2.2H20

,90 \ 3 0 0  Mcjs

H//b-axis rf//a-axis

300 Mqb

H//c-axis rf//b-axis

300 Mqfe

100 H

F i g • 1 4 The paramagnetic resonance absorption in  the three magnetic
axe8 o f CuCl^.2HJ) a t T = 20.4 K. The so lid  lines are the
theoretical curves calculated by using eq. (5.3) and our
experimental ze ro -fie ld  re laxation times.

n3 “ V b h"1 H (5.4)

where a, 3 and y denote the three magnetic axes. The index a denotes the direc-
tion of the r f  f ie ld ,  3 the direction of the static  f ie ld  and y the third direc
tion perpendicular to a  and 3 .  t  is the zero-f ie ld  relaxation time.



In Fig. 14 the resonance absorptions at d ifferent frequencies are given for
the three magnetic axes of CuC^.2H-0. The fu l ly  drawn lines correspond to the
absorption values calculated by using eq. (5.3) and the experimental zero-fie ld
relaxation times given in section 5.1. A very good agreement between theory and
experiment is found.
For suff ic ien t ly  high frequencies (to>>x ) eq. (5.3) takes a Lorentzian form
with

(AHi  >B
A _ ( _ L  + _L)
V B  Ta Ty

(5.5)

AĤ  is the fu l l  linewidth at half maximum. From eq. (5.5) i t  is clear that the
linewidth is given by the average of the relaxation times in the plane perpen
dicular to the sta tic  f ie ld  direction. I t  should be noted that eq. (5.5) is
only valid for frequencies much smaller than the exchange frequency.
In table 2 we compare the experimental linewldthsat re la t ive ly  high frequencies
with the theoretical linewidths. In calculating the theoretical linewidths we
used eq. (5-5) and the theoretical values for the relaxation times derived,
using antisymmetric exchange, in chapter 5.1.

table 2

re f. V T (ah J a

1 toh (60) 3.1 300 57 *♦7 54
Ryabchenko (56) 9.3 20 71 49 60
Z i mme rma n (43) 9.6 20 72.5 49 62
Our exp. 0.3 20 72 49 56
theory 73 49 57

GHz K Oe

Once again the agreement is good.
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5.3 Relaxation in the critical region of CuCl0.2Ho0
u a

We performed relaxation measurements on both the paramagnetic and the antiferro
magnetic side of the Neel temperature. In this section we will restrict ourselves
to the paramagnetic side.
Three single crystals were selected for the experiments. We could not detect
any non-linear effects in the rf absorption. Near the Néel temperature the re
laxation of the magnetization M (t) shows a strong speeding-up. At all tempe
ratures, even very near T.., the relaxation process is very well described by
a temperature dependent single relaxation time. To illustrate this we plot in
Fig. 16 the zero-field absorption versus the frequency at different temperatures
near the Néel point. Lorentzian curves with maxima of 0.5 xo are found which
are characteristic for single relaxation processes. This single relaxation cha
racter rs preserved at non-zero static fields. The zero-field relaxation times
in the three magnetic axes of CuC^.ZH.O are given in Fig. 15.

hi 1.0

0.05 0.1 OS 1.0 5 10

Fig. 15 The temperature dependence of the zero-field relaxation

time in phe three magnetic axes of CuClo.2Ho0.
O  tJ
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a - a x i s  C uC I2.2H20  H = 0

4400 K-

4700  K

5.500 K

b -ax is

5.000 K>

4600  K.
44 5 0  K

c -a x is

4 4 0 0  K

4800 K

10 50 100 V------- ►  Mq!s 500 1000

Fig.  16 The frequency dependence o f the zero-field absorption at
d ifferen t temperatures near the Nêel point in the three
magnetic axes o f CuClg. ZĤ O.
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The relaxation process remains independent of the static field in the b and c
axes. The field dependence in the a-axis (see Figs, 11 and 12) appears to
decrease at approaching the transition temperature, but has not vanished com
pletely at as near as 0.05 K from T...
The field dependence of the relaxation time in the a-axis is given in Figs.17
and 18;

. a-axis CuC^-^^O

KOe 5

Fig. 17 The field dependence of the relaxation time in the a-axis

at different temperatures.

It should be noted here that the Néel temperature itself is slightly field
dependent which explains why in Fig. 18 some field effect is persisting at
temperatures very near T.., while in Fig. 17 it appears to vanish altogether.

a-axis CuC!2.2 H20 OKOe

6.5 KOe

16 KOe

Fig. 18 The temperature dependence of the relaxation time in the a-axis

at different static fields parallel to the a-axis. The '16 kOe

measurements are from Van Hoort (61).
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The Néel temperature its e lf is easily observed with the calorimetric method.
As the heat capacity of CuCl^i^O decreases drastically just above the Néel
temperature, the temperature increase of the calorimetric system, due to a
certain constant heat input, w ill change sharply at the transition temperature.
It  is clear that the Néel temperature determined in that way is the transition
temperature of the heat capacity. Within experimental error this temperature
is found to coincide with the magnetic Néel temperature as determined from our
measurements.
At zero static fie ld  the Néel temperature is found to be T,.(0) = 4.35* K while
at a static  fie ld  of H = 6 kOe parallel to the a-axis we found T..(6) = 4.34* K.

N
This fie ld  dependence of the transition temperature is the same as found by
Pouiis and Hardeman (62) although our absolute values are somewhat higher.
To normalize the absorption x" and for the theoretical calculation of the
c ritic a l relaxation times in section 5-3.1, we used values for xQ interpolated
between the results of Van der Marei et a l. (41) at He temperatures and those
of Van den Handel et a l . (40) at hydrogen temperatures.

5.3.1 Discussion

In section 2.4 we derived an expression for the relaxation time of the average
total magnetization Mz (t) in the c ritic a l region. The general idea is that be
low a certain temperature, which is determined by the anisotropy of the magne
tic  system, the c ritica l slowing-down of the spin fluctuations is restricted to
the easy-axis. Such a restriction has been measured directly by Schulhof et a l.
(16) in MnF̂  using the neutron scattering method.
In the derivation of the expression for the relaxation time we assumed that,
although the anisotropy may not be uniaxial, the c ritic a l slowing-down is s t i l l
satisfactorily  described by only two competing correlation lengths Kyy and k . .
For the relaxation tim et at an arbitrary temperature T above the Néel tempe
rature we derived (cf. eqs. (2 .70), (2.75) and (2.81))

1
7TÏT

1
t  (») (a—)t c r it .

wi th

(5.6)

-  70 -



{ | u  (q ) -  U (q ) I 2 F1 xx yy x> 1 + 2K JO I (F, A jx ' c r i  t xy

+ { l Ux z (qo ) l DJ U I  >F.

+*tU„,(O I I D (q ) | Z)F }I v  i n  I Y7yz

The' fa c to r  A is  a c a l i b r a t i o n  constan t and is  g iven by
6 6

9 v*Rk, y /v 2  * 5/ 2 - 1
2 i r ^ i 2 N2 “ q i

/ / */ /  o (5 .8)

For the meaning o f  a l l  the symbols, see se c t io n  2 .4 .  In C u C l . .211^0 the a -a x is

is  the easy'-axis so we g e t ,

These F -  fu n c t io n s  are g iven by eq. (2 .74) o f  se c t io n  2 .4 .  We w i l l  use the

values ca lc u la te d  in chapter 2 .4  and g iven in F ig .  1 o f  th a t  chap te r .

In the  d e r iv a t io n  o f  the  above-mentioned equations we assumed th a t  in the

c o r r e la t io n  fu n c t io n s  are i s o t r o p ic  and th a t  the dynamical Random Phase Ap

p rox im a t ion  is  s u f f i c i e n t l y  accu ra te ,

As we know from our a n a ly s is  o f  the h igh - tem pera tu re  f i e l d  e f f e c t  in the a -a x is ,

t h i s  is  p robably  not t r u e  f o r  a l l  q -va lues and a l l  t imes t .  One can o n ly  hope

now th a t  near the Neel temperature the important c o n t r ib u t io n s  to  the q-sum come

from pa r ts  o f  the B r i l l o u in  zone where the tw o-sp in  c o r r e la t io n  fu n c t io n s  are

s u f f i c i e n t l y  i s o t ro p ic  o r  where the a n is o t ro p y  is  not s i g n i f i c a n t l y  temperature

dependent. In the neighborhood o f  T^ the most im portan t c o n t r ib u t io n s  to  the

q-sum come from the q^ reg ion  where q^ is  the wavevector f o r  the staggered

s ta te .  For CuC^.Zh^O t h i s  v e c to r  is  e a s i l y  determined as (see se c t io n  2 .4 )

Faa = F/ /  / /

F . -  F -  F = F, = F . .  ,ab ac ca ba / / 1 ( 5 .9 )

F, , = F = Fl = F l = Fbb cc be cb 11

hydrodynamical re g io n ,  a pa r t  from the c u t - o f f  e f f e c t  by k^ ,  the two-sp in

s*  ( t ) >  = ( s L .  sI  ( 0 ) f o r  K / / > > K fa (5 .10)

-  71



(5.11)q0 = + (0,0,-ir/c)

In t a b le  3 the  c a lc u l a t i o n  va lues  for  the  q-dependent U and D c o e f f i c i e n t s  of
CuCl^-ZH^O a re  given for  q = q . .

t a b le  3

axi s U - Uxx yy Uxy u xz u
y z

DX D
y

a 132.8 E 21 0 0 0
* b 0

b 133.6 E 21 0 0 0 0 0

c 0.821 E 21 0 0 0
*°b 0

The values for  the c o e f f i c i e n t s  a r e  given in c . g . s .  un i t s  and per ion.
The d ipo la r  sums ar e  extremely slowly converging and specia l  ca re  has to  be
taken to exclude important e r r o r s .  The summation was d i r e c t l y  performed over
about 50.000 ions while the  remainder was ca lc u la ted  by t ransforming the sum
into an i n t e g r a l .  Using eq. (5-7) and the D ev a lu e  given by (4 . 3) ,  one ge ts

(4 > c r i t . a  "  A F e  07630 Fi l  + 3340 F/ / l ) , ° i‘2 ( 5 J 2 )
°  - iv

^ c r i t . b  = A F G 2 07840 F / / i ) l 0 42 (5.13)

°

^ c r i t . c  = A 2 f / / L + 3340 F± i ) 10^2 (5.14)

From eq. (5.14) i t  i s  c l e a r  t h a t  in the c -ax is  the c r i t i c a l  e f f e c t  is nearly
completely determined by the F term which i s  o r i g i n a t i n g  from antisymmetric
exchange. The c o e f f i c i e n t  of  the F . .  term is so small t h a t  i f  there  were no
antisymmetric exchange the  c -a x i s  would not show any re levant  c r i t i c a l  behavior.
So the  experimental c r i t i c a l  behavior in the  c - ax i s  is a d i r e c t  and independent
support  fo r  the occurrence of antisymmetric exchange in CuCl^.ZH.O.
To ge t  the va lues for  the  F- func tions we t ransform the  temperature into

v*//-
In sec t ion  2.4 we est imated (c f .  eq. (2.80))

A , HA1 HA2\V _ - v- —  = (---------------) e
/ /  H

(5.15)
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where Hg is the exchange field and and HA2 the orthorhombic anisotropy
fields in the molecular field model. For the exchange field one has

guBHE = 2zJS (5.16)

Using for J the value derived from the heat capacity measurements of Clay and
Staveley (5**) (see eq. (4.1)), one finds Hg = 54.6 KOe. From anti ferromagnetic
resonance it is known that in CuC12 .2H20 * 3HA2 while the spin-flop field
at J = 0 is found to be H^p = 6500 Oe. Using now that for small anisotropy one
has

4 HSF “ 2HA1HE (5.17)

one gets, using the above-mentioned value for Hg,

* Hftl = 387 Oe, HA2 = 1160 Oe, H = 54.6 KOe. (5.18)

Substituting these values in eq. (5.15) one gets

= (0.0283) ve"v (5.19)
//

where v is the critical exponent of the correlation length parallel to the
easy-axis. Besides the restriction of the critical slowing-down to the easy-axis
below a certain temperature, the magnetic anisotropy also changes the critical
point exponents such as v. In section 2.4.1 we showed however that this change
is expected to be rather small. For the theoretical calculations on weakly
anisotropic CuCl2.2H20 we will use the average value

v = 0.67 (5.20)

This value for v is about 6 percent differing from the isotropic Heisenberg
value. It should be stressed here that our final results for CuC12.2H20 are not
very sensitive to a small variation in v. It will turn out that the cut-off
effect in the critical slowing-down is much more drastically influencing the
critical relaxation process than the small change of a few percent in v. Using
the above-mentioned value for v one gets

^ - =  0.092 e -0-67 (5.21)
“//

The only problem left now is to find the value for A, given by eq. (5.8).
We will Infer it from experiment. Using the relaxation time in the b-axis at
s = 0.025 we find

-  73 -



A = 5-72 10 c.g.s.u. (5.22)-65

This adaption is a loss of generality. As however A is only a calibration factor,
the temperature dependences and the relative differences between the three axes
still allow a thorough confrontation with the theory. Using the values for F given
in Fig. 1 and the theoretical relaxation times at high temperatures, we are able
to calculate the temperature dependent relaxation times in the three different
axes. In the a-axis however some complication arises. At high temperatures we
found the relaxation time to be weakly field dependent which implied a small
negative undershoot in the memory function Gg (t). When calculating the zero-
field relaxation times at lower temperatures one has to count with this effect.
As the field dependence is persisting at low temperatures we tentatively suppose
now that although- the surface under Gg (t) is strongly temperature dependent, the
shape itself will be much less so. This may seem a rough approximation but it is
justified by the experimental fact (see Fig. 18) that the temperature dependence
of the relaxation time is much stronger than the temperature dependence of the
relative field effect. Under the above-mentioned assumption one finds the real
zero-field relaxation times in the a-axis by multiplying the theoretical zero-
field relaxation times by a temperature independent factor. This factor is deter
mined by the relative importance of the negative undershoot in the memory func
tion Gg (t). From our high-temperature measurements in the a-axis we find this
factor to be equal to 1.34.
In Fig. 19 the theoretical values for the zero-field relaxation times are plot
ted together with the experimental results.

In spite of the simplifications in the theory a very good agreement between theory
and experiment is found.
Using eq. (2.24a) and the theoretical values for the relaxation times one can
also calculate the theoretical values for the full linewidth of the critical
EPR line.
Our theoretical results and the experimental results of Zimmerman et al. (43)
are plotted together in Fig. 20. Once again a good agreement is found between
experiment and theory.
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, o o _ ^ — Q

theory

Fig. 19 Comparison o f the theoretical with the experimentally determined
zero-field  relaxation times in the three magnetic axes o f
CuCl . 2H 0.

c-ax is

■theory

a - axis

b -ax is

Fig.  20 Comparison o f the theoretical EPR linewidths with the experi
mental results o f Zimmerman et al. (43).
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Conclusion

It has been shown that the critical relaxation process is strongly influenced
by the anisotropy of the magnetic system. By transforming the magnetic anisotropy»
into an anisotropy in the critical slowing-down of the spin fluctuations, we
were able to derive a relatively simple expression for the relaxation times in thl
critical region. The results of this theory are in perfect agreement with ex
periment in CuCl.*2H.0.

5.4 Relaxation measurements in the antiferromagnetic state of CuCl^.2H^0

Experimentally it has been found by many authors that if one orients both
static and rf field parallel to the easy-axis of an antiferromagnet no absorp
tion will be detected. From our measurements on two copper compounds and those
of Verbeek (19) on MnF_ it is however evident that in the easy-axis a relaxa
tion process takes place at frequencies much smaller than the usual antiferro
magnetic resonance frequencies. As most measurements of the past were perfor
med at frequencies comparable with the AFMR frequencies it is clear why no
absorption was detected.
Our antiferromagnetic relaxation measurements were performed on several crystals
of CuCl-.ZH-O in arbitrary directions in the a-b and a-c plane. The absorption
showed itself to be perfectly linear in the rf field while it was further inde
pendent of the shape of the single crystal. In only one direction a pure relaxa
tion character, described by one single relaxation time, was found. This direc- I
tion was temperature independent and coincided within experimental error with
the direction of the spin alignment.

-  76 -

■



CuCl2 2H20 axis T= 2 31K

a-axis T=300K

a-axis T=i20 K

180 .

O 1 H--------» - KOe 5 8

F • 9 •  2 1  The fie ld  dependence o f the r f  absorption in  the easy-axis
o f CuCl^. S f f g O  a t three d ifferen t temperatures.
The sta tic  and r f  fie ld  are mutually parallel. The absorptions
are normalized by the zero-field  s ta tic  suscep tib ilities a t the
corresponding temperatures.
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5.4.1 Field, and frequency dependence of the absorption in the easy-axis

The rf absorption in the easy-axis of CuC^-Zh^O was found to be strongly
field dependent below the Néel temperature. In Fig. 21 some of our absorption
measurements at three different temperatures are plotted. At all fields the
absorptions are normalized by the temperature dependent zero-field static
susceptibility as determined by Van den Handel et al. (40). At low tempera
tures an anomalous behavior of the absorption at large static fields is found.
The large increase of the absorption at static fields just below 7 kOe
(T = 2.31 K) is due to the spin-flop transition where the static susceptibili
ty is increasing drastically. The anomalous decrease at slightly lower fields
has probably its origin in a small misorientation of the single crystal. As we
will see below, the angular dependence of the absorption sharpens around the
easy-axis at increasing static field. At fields just below the spin-flop field
this angular dependence is so strong that a small misorientation of less than
0.5 explains the anomalous decrease in the absorption.
At higher temperatures the spin-flop field chainges to higher fields while the
angular dependence becomes broader, so at these temperatures the small mis
orientation will not be important any more. We found some indication that the
relaxation time itself is much less dependent on the direction than the absorp
tion, so our values for the relaxation times can be trusted in fields up to
about 6.3 kOe at low temperatures.
In Fig. 22 the normalized absorption is plotted versus the frequency at several
values for the static field and temperature.

The Lorentzian frequency dependence of the normalized absorption indicates a
relaxation process with one single relaxation time. At the lowest temperature
the absorption shows some anomalous behavior at low frequencies. This effect,
which appears to be field independent, may be due to a second relaxation process 1
at lower frequencies while further the possibility of non-magnetic absorption
should not be excluded. If one assumes the anomalous behavior to originate from
a low-frequency relaxation process the matched relaxation time would be in the

-8order of t * 10 sec at T - 2.31 K.
The field dependence of the relaxation time in the a-axis at different temperatures
is given in Fig. 23.
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a-ax is 2.31 K

50 10Ó 500 1000
3.00 K

0 KOe

500 1000

6.5 KOe

50 100 V 500 1000 MHz

Fig. 22 The frequency dependence o f the normalized absorption in the
easy-axis o f CuCl^.2H^0 a t d ifferen t values for the sta tic
fie ld  and temperature.
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T= 2.31 K

2.61 K

3.00 K

3.90 K

4.20 K

KOe 5

Fig. 23 The field dependence of the relaxation time in the easy-axis

of CuClo.2H0 0 at different temperatures.
C, Ci

At sufficiently low temperatures the relaxation process is slowing down at
increasing static field. Near the Néel temperature the field dependence becomes
more complicated as it is influenced by the critical spin fluctuations.

In Fig. 21* we finally plot the temperature dependence of the relaxation time
at different values for the static field. For the relaxation times below
T = 2 K we used some preliminary results from Rutten (63).
The relaxation process is slowing down at decreasing temperature which is in
agreement with the notion that the scattering of spin-waves- by thermally
excited spin fluctuations decreases at lowering the temperature. Near the Néel
temperature a critical speeding up of the relaxation process is seen to occur
while the temperature region in which the relaxation process behaves criti
cally, appears to be field dependent.
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6 5 kOe

OKOe

Fig. 24 The temperature dependence o f the re laxa tion  time in  the easy-
axis o f CuCl„. 2Ho0 a t d if fe re n t values fo r  the s ta t ic  f ie ld .

O  u

5.4.2 Angular dependence o f  the absorption

For an Investigation o f the angular dependence o f the absorption the crysta l
was rotated about an axis which was perpendicular to both r f  and s ta t ic  f ie ld .
The r f  and s ta t ic  f ie ld  were mutually p a ra lle l.  In Fig. 25 the angular depen
dence o f the absorption in the a-b plane a t T = 3-50 K is given.
As the s ta t ic  f ie ld  increases the angular dependence sharpens around the a-axis .
Because o f th is  e ffe c t, re laxation measurements a t or near the sp in -flo p  f ie ld
should be regarded w ith some reserve as a small m isorientation completely
changes the absorption pattern a t th o s e fie ld s . The same sharp angular depen
dence in CuC^.ZH-O has been found by Van Noort (64). The small absorption in
the b-axis is the low-frequency t a i l  o f an anti ferromagnetic resonance lin e .
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The absorpt ion  shows, as expected,  a t e n so r ia l  cha rac t e r  a t  zero f i e l d .
Lowering the  temperature a t  a f ixed value for  the s t a t i c  f i e l d  one observes the
angular  dependence to sharpen,  a f a c t  which may p a r t l y  be due to the decrease
of the  s p in - f lo p  f i e l d .  In our l a t e r  experiments we used the sharp angular  depen-\
dence to o r i e n t  the  s t a t i c  and r f  f i e l d  exac t ly  along the  ea sy-ax is .

CuCI2.2H20 V=90 Mqte T=3.50K

6 KOe

Fig.  25 The angular dependence o f  the absorption in  the a-b plane o f
CuCl .2H.0 a t d iffe re n t values fo r the s ta t ic  f ie ld .  The s ta t ic

u  <u

and r f  f i e ld  are mutually p a ra lle l.

5.4 .3  Discussion

Comparison w ith other experimental work

Yamazaki and Date (42) observed in CuCl2 .2H20 the decay of  the easy-ax is  mag
n e t i z a t i o n  induced by the low- line a n t i  ferromagnetic resonance.  In the tempera
tu re  region from T = 1.4 to  2 K two c h a r a c t e r i s t i c  times were found, one in the

-8 -4order  of  10 sec and the o ther  of  about 10 sec ,  the l a t t e r  being a t t r i b u t e d
to the l a t t i c e - b a t h  energy t r a n s f e r .  These re la xa t io n  times were observed a t
the s l i g h t l y  temperature dependent low- line resonance f i e l d  of  about 5 kOe.
The shor t - t ime  r e s u l t s  a r e  p lo t ted  as (1) in Fig.  26 and should be compared
with the so l id  l i n e  (2) which represen ts  the smoothed values of  our re laxa t ion
times a t  the  same s t a t i c  f i e l d .  Although the temperature dependences look s imi
la r  one s t i l l  notes an important d i f f e r enc e  between the  two experimental r e s u l t s .
An i n t e r e s t i n g  point  is t h a t  the d i f f e r ence  is very near a f a c to r  of 2ir.
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One o f  the prev lóus a u th o rs ,  Yamazaki (2 6 ) ,  determined more re c e n t ly  the  k-de-

pendent spin-wave re la x a t io n  t ime by using the  p a r a l le l  pumping technique des

c r ibed  in sec t ion  2 .5 .3 -  His un i fo rm  (k = 0) r e s u l t s ,  measured a t  s t a t i c  f i e l d s

o f  about 6200 Oe, a re  p lo t te d  as (3) in F ig .  26 and should be compared w i th  our

ex tra p o la te d  experimental va lues (4) a t  the  corresponding f i e l d .  (For the  e x t ra -
■ . 2p o la t io n  we used the H f i e l d  dependence o f  the  re la x a t io n  t ime a t  lower tempera

tu res  w h i le  the  r e s u l t in g  values f o r  x were cross-checked by an e x t ra p o la t io n
-3

based on the T temperature dependence o f  the re la x a t io n  t imes. Good agreement

was found between both e x t r a p o la t io n s ) .  The experimenta l re s u l t s  (3) and (4) a re

in e x c e l le n t  agreement w i th  each o th e r .

2.0 K

F ig .  26 Comparison o f our experimental low-temperature relaxation times
in  the easy-axis o f CuCl^.2H^0 with other experimental results.
(1) The experimental results o f re f. (42) a t H = 5 kOe
(2) Our results a t H = 5 kOe
(3) The experimental results o f re f. (26) a t H = 6.2 kOe
(4) Our extrapolated experimental results fo r H = 6.2 kOe
The drawn lines are the smoothed values for the relaxation times.
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Naiman and Lawrence (65) determined a characteristic time at the spin-flop field
in CuC^.Zi^O. This relaxation time was found to be temperature independent from
2.3 to 2.5 K with a value of t = 0.7 10 sec (H = 7365 Oe). We cannot compare
this value with one of ours as we did not perform measurements at the spin-flop
field. As was remarked before, these kind of experiments should be regarded with
some reserve in view of the enormous anisotropy in the absorption near the spin-
flop field. Their value is about 20 times larger than our relaxation time at
H = 6 kOe and T = 2.4 K.

Comparison with theory

The theoretical expressions for the k = 0 zero-field relaxation rates, given in
table 1 of section 2.5.5, are all valid for systems with uniaxial anisotropy.
In CuC^.ZHjO however the anisotropy is orthorhombic. As no theoretical expres
sions have yet been found for such a case, we will use those of table 1 while
taking some average value for the anisotropy parameter w^.

URUSHADZE

KAWASAKI

EXPERIMENT
S*  H = 0

HARRIS

Fig. 27 Comparison of the theoretical results for the k = 0 spinuave

decay times with our experimental zero~field relaxation times vn

the easy-axis of CuClg. 2E^0.
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For CuClj-ZH^O one has, see sec t ion  5 -3 .1 .  ,

Hft1 = 387 Oe, HA2 -  1160 Oe, H£ = 5^.6  kOe (5-23)

Using the average value

hA = (Ha1 *■ Ha2) / 2  = 774 Oe (5.2i*)

one gets

TAE = ^ B kB1(2HAHE) i  = 1 - 35 K- ( 5 -25)

The th e o r e t ic a l  expressions g iven in ta b le  1 a re e i t h e r  v a l id  f o r  T<<TAg « T ^

or f o r  T„,.<<T«T.,. For a th e o r e t i c a l  es t im a te  in the reg ion  T ==Tfl_ we in te rp o la -
AE N

ted between the th e o r e t ic a l  re s u l ts  f o r  h igh and low temperatures. For t h i s

in te r p o la t io n  we assumed the re la x a t io n  time to  increase m ono ton ica l ly  w i th

decreasing temperature.

In F ig .  27 both the th e o re t ic a l  and experimental va lues f o r  the z e r o - f i e ld  re 

la x a t io n  times a re  g iven .  The re s u l ts  o f  H a rr is  e t  a l . (31) a re in much b e t te r

agreement w i th  our experimental va lues than the  re s u l t s  o f  any o f  the o the r

au tho rs .  The d iscrepancy o f  about a fa c t o r  2 may p a r t l y  be due to  the  a p p ro x i 

mation made by using (5 .2 4 ) .  More measurements a t  lower temperatures should be

necessary to  determine whether the th e o r e t i c a l  expressions o f  H a rr is  e t  a l .

a l s o ^ j i v e  a b e t te r  d e s c r ip t io n  a t  temperatures w e ll  below TA_.

We w i l l  now tu rn  our a t t e n t io n  towards the f i e l d  dependence o f  the re la x a t io n

tim e. In F ig .  28 we re p lo t  the re la x a t io n  t im es , normalized by the correspon

ding z e r o - f i e ld  va lues ,  versus the square o f  the  s t a t i c  f i e l d .

Outside the  c r i t i c a l  reg ion  the  f i e l d  dependence o f  the re la x a t io n  time is  very

w e l l  described by

t (T,H) = t (T ,0) + f ( T )  H2 (5.26)

where f ( T )  is  some temperature dependent f a c t o r .  As a l l  th e o r e t ic a l  in v e s t ig a t io n s

are r e s t r i c t e d  to  i n f i n i t e l y  small s t a t i c  f i e l d s ,  no exp lana t ion  f o r  t h i s  f i e l d

e f f e c t  can be g iven a t  th i s  moment. At low temperatures f ( T )  = T

The temperature dependence o f  the re la x a t io n  time in  the c r i t i c a l  reg ion is  g i 

ven in F ig .  29. The temperature reg ion  where the a n t i fe r ro m a g n e t ic  re la x a t io n

process shows a c r i t i c a l  speeding up becomes la rg e r  a t  inc reas ing  s t a t i c  f i e l d
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along the easy-axis, an e ffe c t which does not occur above T^.The o r ig in  o f th is
e ffe c t may be found in a f ie ld  dependent enhancement o f the longitud inal cross
section o f the flu c tua tion s  in the staggered magnetization.

2.31 K

2.61 K

3.00 K

3.90 K

01 2 7 KOe

Fig. 28 The'relaxation times in  the easy-axis o f CuCl^ZR^ plotted
versus the square o f  the s ta tic  f ie ld .

6.5KOeI

5 KOe

3 KOe

Fig. 29 The temperature dependence o f the re laxation time in  the easy-
axis o f  CuCl^.2HJ) near the N ie l po in t.
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C H A P T E R  6

THE DYNAMICAL MAGNETIC BEHAVIOR OF L i C u C l ^ H ^

6 .1 In troduction

The s t a t i c  magnetic behavior of  LiCuCl, .2H20 is l e ss  well known than th a t  of
CÜCI-.2H2O. The experimental r e s u l t s  reported by d i f f e r e n t  authors d i f f e r  both
in f a c t  and in i n t e r p r e t a t i o n .  The main problem cente rs  on the f a c t  whether the
e f f e c t i v e  spin value is  equal to un i ty  or  to  5 . As the copper ions a r e  d i s t r i b u -
ted as  pa i r s  in the chemical u n i t  c e l l  one expects  in f i r s t  ins tance  S = 1. I t
depends however on the i n t e r p a i r  in te r a c t io n  whether the magnetic behavior can
be descr ibed by an e f f e c t i v e  spin value of  1 or  i .

The heat  capac i ty  of  LiCuCl.^H^O in the temperature range T ■ 2 -  9 K has been
measured by For s ta t  and McNeely (66) .  A X- like anomaly was found a t  a t r a n s i t i o n
temperature T,, = 4.40 K. The magnetic entropy change assoc ia ted  with the t r a n s i 
t io n  agreed within 2% with the th e o re t i c a l  va lue  fo r  the S = i  case .  In c o n t r a s t
to t h i s  r e s u l t ,  heat  capac i ty  measurements by Clay and Stavely (54) showed the
magnetic entropy change to  be very c lose  to the t h e o re t ic a l  value for  the  spin
S = 1 case.

Vossos e t  a l . (67) reported a prel iminary  X-ray and s u s c e p t i b i l i t y  study on
LiCuCl. .2H2O. The s t a t i c  s u s c e p t i b i l i t y  was measured in a temperature range of
2-290 K and was found to be in agreement with a ground s t a t e  t r i p l e t  which implies
S = 1. An extensive  neutron d i f f r a c t i o n  and s u s c e p t i b i l i t y  study by Abrahams
and Williams (68) showed however th a t  the  neutron s c a t t e r i n g  ampl itudes and the
s u s c e p t i b i l i t y  r e s u l t s  were well f i t t e d  by an e f f e c t i v e  spin value of  i .

Although the case is not completely s e t t l e d ,  i t  is  our opinion th a t  more c r e d i t
should be given to the S = i  case .  When S = 1 one expec ts ,  due to  the  s i n g l e t  a t
higher energy l e v e ls ,  a s i g n i f i c a n t  temperature and f i e l d  dependence of the  r e la xa 
t io n  time or  resonance l inewidth a t  s u f f i c i e n t l y  high temperatures .
Furthermore a complicated angular  dependence of  the re la xa t io n  or  resonance
absorpt ion can be expected.  None of  these  have been found experimental ly .
Date and Nagata (69) and Zimmerman e t  a l . (70) found the EPR l inewidth to be
independent of the temperature from T = 15 K up to  300 K. No anomalous angular
dependence of  the  resonance absorpt ion has been found.
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Furthermore our relaxation experiments reveai neither field nor temperature
dependence of the relaxation time outside the critical region. All this is
compatible with S = 1 if one assumes an interaction strength of more than 100 K

2+in the Cu pair. This large value for J/kD is however unrealistic for aD
Cu-Cl-Cu bond (4.61 A) which is expected to be the exchange path within the
pair. So the most probable value for S equals i.

6.2 Crystal struature

The crystal structure of LiCuCl^^HjO is monoclinic with lattice parameters
a = 6.078, b = 11.145, c = 9.145 A and 0 = 108°50'. There are four Cu ions in
the chemical unit ceil. These Cu ions are distributed as pairs, the centers of
the pairs being at positions (0,0,0) and (0,£,i). The internuclear dimeric Cu-Cu
line lies in good approximation in the a-c plane at 35°30‘ from c and 144°18 1
from a. In Fig. 30 an over-ail view of LiCuCl-.21^0 along the a-axis is given.

Cu#
L i ©
0 ^

© • M,

Fig. 30 Over-all view of LiCuCl„.2Ho0 struature along the a-axis.
v  a

There are stacks of CuCl.Li-O- dimers along the a-axis. The space group of the
crystal structure is found to be P2./c.

The orienting of the single crystal from crystal angles alone is difficult as
different combinations of crystal planes lead to nearly the same intersection
angles.
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This might be the reason why there is so much confusion about the direction of
the antiferromagnetic spin alignment. We determined the crystal axes by mea
suring the intersection angles as accurately as possible while the orientation
found was magnetically checked on the g-vaiues given by other authors.

The very deliquescent nature made it necessary to submerse the single crystals
in paraffin to avoid surface contamination.

6.3 Magnetic interactions in LiCuCu,.211̂ 0

The magnetic Hamiltonian of LiCuCl3.2H20 is in good approximation given by

Jf = Jf + Jf, , + Jf (6.1)z dd ex

Jf is the Zeeman, Jf. , the dipolar and Jf the exchange part of the spinZ da “X
Hamiltonian. For the exchange Hamiltonian we will assume that, besides an
isotropic Heisenberg part, only antisymmetric exchange is important.

Jf - - ,5, J,, x ?,) (6-2)ex iTJ i j i J •J ■ J

Clay and Stavely (54) determined the magnetic contribution to the heat capacity
of LiCuCl-.2H20. Using their data, one finds

Z (J../kJ2 = 35.7 K2 (6-3)
J J

Metselaar (71) investigated the static antiferromagnetic behavior of LiCuCl^.2H20.
Several first and second order phase transitions were found of which some could
be ascribed to the occurrence of antisymmetric exchange in this compound.
The introduction of antisymmetric exchange was partially based on some of our
preliminary calculations on the spin-spin relaxation process in LiCuCl,.2H20.
Metselaar investigated extensively the exchange model which could lead to the
supposed antiferromagnetic spin structure. Four different isotropic exchange
parameters were introduced. The distribution of these exchange interac
tions over the chemical unit cell is given in Fig. 31.

Metselaar estimated the exchange parameters from the values for the transition
fields and the Néel temperature. It was found that

J^kg = 22 K, J2/kB = -22 K, J3/kg = -16 K, Jj/kg = 11 K (6.4)
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It is interesting to compare these exchange values with the results from the
heat capacity measurements. Using the exchange values of (6.4) one finds

E (J.,/kD)2 - 1722 K2 (6.5)J J
Comparing (6.3) with (6.5) one notes a very large difference between both
experimental results. In first instance we shall use the exchange model of Metse
laar while, when necessary, we shall discuss the consequences of smaller exchange
parameters.

(A) (B)

Fig. 31 The distribution of the exchange interactions, introduced

by Metselaar (71), over the chemical unit cell of

LiCuCl .2H20

(A) view along the a-axis, (B) view along the b-axis

gm: glide mirror plane,/§/: two—fold rotation axis.

In his further investigations, Metselaar found in LiCuCl,.2 H2 O the flop state-
paramagnetic state transition to be rather broad. From this and the occurrence
of some additional transitions at lower fields, he concluded that antisymmetric
exchange was an important contribution to the spin Hamiltonian in LiCuCl
It was estimated that |D/j| was in the order of 0.1 which is a very realistic
value for such an interaction. At the same time Metselaar performed his expe
riments on the static properties of LiCuCl,.2 H2 O, we started our investigation
on the dynamical phenomena. It was known from the measurements of Zimmerman
et al. (70) that the EPR linewidths were anomalously broad, a fact which could
indicate a large contribution from anisotropic interactions.Some preliminary
calculations we performed, showed that antisymmetric exchange interaction was
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probably at the origin. A detailed discussion of this interaction in LiCuCl-.Zi^O
will be given in the discussion of the high-temperature relaxation times.

6.4 Relaxation at high temperatures in LiCuCl-.2Ho0
O u

We started the experiments at high temperatures by determining the principal
magnetic axes. This is possible by measuring the angular dependence of the rf
absorption at zero static field. The zero-field rf absorption x" has a tensorial
angular dependence with as principal axes, by definition, the magnetic axes.
In Fig. 32 the absorption in the a-c plane is given.

c.g.s.u.

90 Mcjs

150® e

Fig. 32 The angular' dependence of the zero-field rf absorption

in the a-c plane of LiCuCl_. 2H_0 at T = 20.4 K.
X and Z denote the two magnetic axes in the a-c plane.

The three magnetic axes will, conformable to the notation of other authors, be
denoted as X, Y and Z. The X and Z axes lie. in the a-c plane while the Y-axis
coincides with the crystallographic b-axis. Furthermore the X-axis was found to
coincide, within experimental error, with the internuclear Cu-Cu line of the
"pairs" centered around positions (0,0,0) and (0,i,i). The orientation of the
magnetic axes, visualized in Fig. 33, is in agreement with the results of Zim
merman et al. (70), who determined the magnetic axes from their g-value measure
ments.



The high-temperature rf absorption in the three magnetic axes of LiCuCl^^H^O
was found to be independent of the static field in fields up to 8 kOe.
The frequency dependence was found to be perfectly Lorentzian with maxima of
0-5 xQ which indicates a relaxation process with a single characteristic time.
For the normalization of the absorption we used the susceptibility measurements
of Abrahams and Williams (68) corrected for the anisotropy in the g-value.

X

Fig. 33 The orientation of the magnetic axes in LiCuCl2H 0̂.

View along the b-axis.

Fig. 34 The frequency dependence of the zero-field absorption

in the three magnetic axes of LiCuCl^.2H^0 at T = 20.4 K.
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6.4.1 Diseue&ion

In analogy tcf the approach to CuC^.Zh^O, we will compare the theoretical results
of different interaction models with the experimental high-temperature relaxation
times. We restrict ourselves to two interaction models.

model 1 The spin Hamiltonian contains only dipolar and isotropic Heisen
berg exchange interactions.

model 2 The spin Hamiltonian contains dipolar, isotropic Heisenberg
exchange and antisymmetric exchange interactions.

The calculation of the high-temperature spin-spin relaxation times is outlined
in Section 2.3. The normalized traces «3CJC »  and «[Jf ,3f lfïf .X 1 >>k -k sec k -k sec
have been calculated by De Vries (72). Using the isotropic exchange values of
Metselaar, given by (6.4), and assuming the memory function to be Gaussian, one
finds after a laboreous calculation for model 1

t^1= (1+H2/125000)(2.02 exp(-HZ/720000) + 10.39 exp(-H2/185000))106 sec

Ty1= (1+H2/125000)(0.64 exp(-H2/653000) + 35.10 exp(-H2/159000))106 sec

t^1= (1+H2/125000)(2.15 exp(-H2/800000) + 22.91 exp(-H2/l82000))106 sec

H is the static field expressed in kOe.

Omitting the negligibly small field dependence at fields up to 8 kOe, one gets
for the low-field relaxation times

rx = 8.06 10'8 sec, xy = 2.80 10-8 sec, tz = 3-99 10‘8 sec

These theoretical relaxation times should be compared with the experimental
va 1ues

tx = 3-32 10"10 sec, ry = 4.68 10-10 sec, tz = 9.95 10‘10 sec

One notes a very large discrepancy between the experimental and theoretical
results. At first sight, there are several possibilities to explain this large
difference. First, the exchange values of (6.4) may be too large. Secondly, the
Gaussian assumption for the memory spectrum may be wrong. And finally, the
spin Hamiltonian may contain another interaction part which, when included in
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the Hamiltonian, is speeding up the relaxation process.
The first possibility can be ruled out immediately as an adaption of the exchange
values to the experimental relaxation times would lead to unrealistically small
exchange parameters. These small exchange values would give rise to a significant
field dependence of the relaxation times at small static fields, a fact which is
in contradiction to experiment. Moreover, the relative differences of the relaxa
tion times in the three magnetic axes would not be explained in that way.
The second possibility of a non-Gaussian memory spectrum is somewhat more diffi
cult to rule out. As however in the magnetically high-dimensional LiCuCl,.2H20
the contributions to the memory functions come from all parts of the Brillouin
zone, large deviations from the Gaussian shape are not to be expected.
This leaves us with the third possibility. It will be shown now that the intro
duction of antisymmetric exchange (model 2) leads to a perfect agreement between
theory and experiment.

The inversion centers halfway the Cu ions which are coupled by and J^, elimi
nate antisymmetric components in J. and J-. Using further the two-fold rotation
axes, the glide-mirror planes and translational invariance (see Fig. 31), one
finally gets

ft .= ft , ft.. - ft , , ft = f t . , ft = ft
13 25’ 14 26’ 17 82’ 9 11 12 10

DX13 = DX14 ’ °Y13 = -DY14’ DZ13 = °Z14 (6.6)

D m - ■ - D m  - - . D m  = D . D = -DX17 X9 ir  Y17 Y9 11’ Z17 Z9 11

indices are taken from Fig. 31 of section 6.3. The indices X, Y and Z denote
the three magnetic axes (see Fig. 33).

Both and can have an antisymmetric component. Using eq. (2.8) one finds
that only the antisymmetric contribution in leads to a canting of the electron
spins in the antiferromagnetic state. We will assume now that the antisymmetric
contribution to is dominant over the contribution in Ĵ . The justification
of this assumption will be given below. Using eqs. (2.9), (2.23), (2.24), (2.40)
and (2.41) and the g-values of Zimmerman et al. (70)

gx = 2.050, gy = 2.136, gz - 2.224 (6.7)

one calculates, for a = 0.211
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tx = 3.40 10 10 sec, t y = 4.67 10 10 sec, rz = 9.65 10-10 sec

These theoretical low-field relaxation times should be compared with the experi
mental values

tx = 3.32 10‘10 sec, Ty = 4.68 10"10 sec, xz = 9.95 10'10 sec

The agreement between theory and experiment is very good. It should be noted
that the antisymmetric exchange shifts the relaxation times over about a factor
100 while it also rearranges the relative values.
The value a = 0.211 implies |5|/Jj = 0.056 which is in agreement with the inde
pendent estimate 0.05s|tt|/J^O. 1 by Metselaar (71) from the spin canting in the
anti ferromagnetic state.

The fact that the antisymmetric exchange in J, alone explains both the values
for the relaxation times and the spin canting leads us to the conclusion that
the antisymmetric contribution in J, is dominant over the contribution in J,.

i 4

There still is an interesting point to be made. One should not interpret the
perfect agreement between theory and experiment as absolute credit for the
exchange values given by (6.4). Taking for example all exchange values a factor
2 smaller, one gets nearly the same perfect agreement with experiment using the
valuta = 0.298. This value for a leads to |^|/J^ = 0.079 which still is in
agreement with the independently determined value from Metselaar. So although
it Is clear that antisymmetric exchange is the mechanism which is speeding up
the relaxation process, no absolute information about the isotropic exchange
values can be derived for L1CuC1,.2H20.

Using eq. (2.24a) and the theoretical relaxation times, derived with antisymmetric
exchange included in the spin Hamiltonian, one gets for the field linewidth

(/UV x  = 176 0e’ (aV y “ 212 0e> (AH, )z = 260 Oe

These theoretical low-frequency EPR linewidths can be compared with the experi
mental results of Zimmerman et al. (70).

(AH^x = 186 Oe, (AH^)Y = 234 Oe, (AH,)Z = 308 Oe

Once again the agreement, although less perfect than in the relaxation case,
i s good.
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Our final conclusion of this section is that antisymmetric exchange is the most
dominant source of magnetic anisotropy in LiCuClj^H^O.

6.5 Relaxation in the critical region of LiCuClyZH^O

LiCuCl-.ZH^O has been found to be antiferromagnetic below a Néel temperature of
k.hk K at zero static field. Zimmerman et al. (70) performed some resonance ex
periments in the critical region and found a critical broadening of the reso
nance linewidths. EPR linewidth measurements only give information on the ave
rage dynamical behavior in the plane perpendicular to the static field.
As in fact critical processes can be strongly anisotropic, it is clear why im
portant information can be masked in the EPR results. Relaxation measurements
however yield direct information on the dynamical behavior of the magnetization
in one direction. An additional advantage is that relaxation measurements allow
one to determine the intrinsic field dependence of this dynamical behavior.

6.5.1 The direction of the easy-axis

Much disagreement exists between the easy-axis directions given by different
authors. Although the direction of the spin alignment is always found within
the a-c plane, the direction reported varies wildly over this plane. In Fig. 35
the relative positions of some of the results are given.
The difference in the results may be due to the difficult orienting of the single
crystals. Although at first sight the crystal planes are easily determined, a
closer look shows that several combinations of crystal planes lead to nearly the
same intersection angles. We determined the easy-axis by measuring the rf ab
sorption below the Néel temperature while rotating the crystal.
As we know already from CuCl.-Z^O, only in the easy-axis a low-frequency relaxa
tion process occurs. So at low frequencies the easy-axis is easily determined
as the direction in which the absorption reaches its maximum. The easy-axis de
termined in this way coincides with the direction found by Zimmerman et al. (70)
and Metselaar (71)*
The easy direction does not coincide with a magnetic axis. The angle of the
easy-axis with the Z-axis is about 16°. As one expects, when nearing the Néel
temperature, some transition in the angular dependence of the zero-field absorp
tion from the magnetic axes to the easy direction, we also performed rotational
absorption measurements just above the Néel temperature.
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The results, together with the absorption measurements below T^, are given in

Fig. 36.
From these measurements it is clear that at T - = 0.450 K (G ■ 0.1) the
high-temperature magnetic axes still act as principal axes for the magnetic rf

absorption.

e-Zimmerman (70)
Metselaar (71)

e- Date (69)e-Abrahams(68)

Fig. 35 The relative orientation of the easy-axvs in LiCuCl^.8H^0 as

found by different authors. View along the b-axis.

0 KOe

6 KOe.
.6 KOe

Fig. 36 The angular dependence of the rf (v = 180 MHz) relaxation

absorption in the a-o .plane, above and below the Hêel tempe

rature. 0 is the angle between the Z-axis and the rf field.
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6.5.2 Temperature and field dependence of the relaxation process

Near the Néel temperature a critical speeding-up of the relaxation process is
found. This speeding-up is much weaker than in CuC^.Zl^O. At temperatures
where the relaxation frequencies lie well within our frequency region, we find
the relaxation process to be very well described by a temperature dependent sing
le relaxation time. As an illustration the frequency dependence of the zero-
field absorption in the Z-axis is given in Fig. 37. The Néel temperature at zero-
field equals 4.440 K.

4.595 K

5.320 K

Fig. 37 The frequency dependence of the normalized zero-field

absorption in the Z-axis of LiCuCly2H^0

At temperatures where the relaxation frequencies exceed our highest measuring
frequency, we determined the relaxation time by assuming the frequency depen
dence of the absorption to be Lorentzian with maxima of 0.5 Xq .
Near the Néel temperature, the relaxation process is found to be weakly field
dependent in the Y and Z axes. The X-axis shows no field dependence outside the
experimental error of a few percent. The frequency dependence of the relaxation
process at non-zero static fields is equally well described by a single relaxa
tion time as it is at zero field. The relaxation times at a parallel field of
6 kOe are plotted together with the zero-field results in Fig. 38. In the Y and
Z axes the relaxation process is speeding-up in increasing static field. Very
near the Néel temperature the field dependence appears to decrease somewhat.
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0 -6  KOe

OKOe
6 KOe

OKOe

6 KOe

0.001 0.1 E

Fig. 38 The temperature dependence o f  the relaxation times in
the three magnetic axes o f  LiCuCl^.ÈH^O.
T jH  = 0) = 4.440 K and T jH  = 6 KOe) = 4.395 K." N N
e  = ( T -  Tn)/Tn.

8.978

Fig. 39 The f ie ld  dependence o f  the relaxation tim e in  the
Z-axi8 o f  LiCuCl-.2H^0 a t d iffe re n t temperatures.
The relaxation times are normalized by the corresponding
zero -fie ld  values which can be inferred from Fig. 38.
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Comparison of Fig. 38 with Fig. 16 shows that the critical speeding up is weaker
in LiCuCl-.2H20 than in CuC12.2H20. As it will be shown in the discussion of the
critical relaxation process, this difference is in complete agreement with the
theory outlined in section 2.4 of this thesis.

6.5.3 Discussion of the critical relaxation process

In this discussion we will compare our experimental zero-field relaxation times
with the results of the theory outlined in section 2.4 of this thesis.

LiCuCl,.2H20 is a complicated magnetic system. In order to calculate the cri
tical part of the relaxation time, we introduce some simplifying approximations
for the magnetic properties of LiCuCl,.2H20.

Due to the spin canting by the antisymmetric exchange interaction the anti
ferromagnetic spin structure consists of four sublattices. As however the
canting angle is small (about 6°), we assume that in the critical region above
T the antiferromagnetic spin structure is well approximated by a two-sublattice
model. Furthermore, the easy direction of the anti ferromagnetic spins does not
coincide with one of the high-temperature magnetic axes. In Fig. 36 it was shown
that these magnetic axes still act as principal axes for the rf absorption
just above the Néel temperature. We assume now that the magnetic Z-axis coincides
with the direction of the spin alignment. Due to the small angle of about 16
between the Z-axis and the easy-axis, this should not be an unrealistic approxi
mation, Using these approximations, one gets for the F-functions of eq. (2.75)

FZZ = F// //

c _ c . F m c „ F (6.8)
FYZ FXZ FZX ” hZY V / l

fyy = Fxx = fxy = fyx = F1 1
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The U and D c o e f f i c i e n t s  a t  the  wavevector q^ , which ch a ra c te r izes  the staggered

s ta te ,  a re  g iven in ta b le  4. For the c a lc u la t io n  o f  these c o e f f i c i e n t s  we used

the a n t i fe r ro m a g n e t ic  sp in  s t r u c tu re  g iven by Metselaar (71) .

tabe l 4

axi s u -  uxx yy Uxy uxz U
Y z

D
X

D
y

X 48.6 E 21 0 3.65 E 21 0 1.923DZ+0.551DX 0

Y 27.5 E 21 3.65 E 21 0 0 1.923DZ+0.551DX 1.923DX+0.551DZ

Z 76.1 E 21 0 3.65 E 21 0 1.923DX+0.551DZ 0

The values f o r  the c o e f f i c i e n t s  are g iven in c .g . s  u n i ts  and per magnetic  ion .

The d ip o la r  summation was d i r e c t l y  performed over more than 100,000 ions.

Using the  an t isym m etr ic  D-values found in se c t io n  6 .4 .1 ,  one gets

(4>crit.x - A r e T >  0 1 7 9 0  F / / l +  ° - 1 3 3  FL 1 )° a.
^ c r l t . Y  = A ™ e 2 ( ° - 267 F/ /  / /  + 11780 F/ / i + 2700 FL±)1°I,I‘ (6‘ 9)

°

^ c r i t . Z  = A ^ € 2 <2700 F/ / l + 57-9 Fh >1#M

For-an e x p l i c i t  c a lc u la t io n  o f  the  F - fu n c t io n s  we trans fo rm  the temperature

in to  1° sec t ion  2 .4  we estimated ( c f .  eq. (2 .80 ))

k . H .. + H.__L_ = (_Aj___M)ve"v
K/ /  he

(6 . 10)

From the  T = 0 a n t i fe r ro m a g n e t ic  s a tu ra t io n  f i e l d ,  measured by Metselaar (71 ) ,

we es t im a te  th a t  is  about 10% h igher than in  C u C ^ .Z ^ O .  Th is y ie ld s

Hp *  60 KOe

Using the s p in - f l o p  f i e l d  ( H „  « 10.53 kOe a t  T = 0) measured by Zimmerman e t

a l .  (70) one f in d s  from H2 = 2

HA1 = 920 Oe

The orthorhombic a n is o t ro p y  f i e l d  H._ can be der ived  in d i f f e r e n t  ways.
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Zimmerman (73) measured the  temperature gap between the temperature where the
low-branch resonance f i e l d  is zero and the temperature where the high-branch
resonance f i e l d  is  zero.  From t h i s  temperature gap we der ive H../H = 3.0.

A1
This value is in reasonable agreement with the  value 3.^ derived from the angular
dependence of  the resonance f i e l d s .  We suppose the  value HA2^A1 = 1.65,  found
by Zimmerman (73) from the  resonance f i e l d  a t  v = 9.80 GHz and T = 0, to  be in
e r r o r  as the accuracy of  such a d er iv a t io n  is  very small .  A few percent  devia
t ion  in the value for  the resonance f i e l d  would lead to the va lues  quoted above.

Using HA2^HA1 = 3,2 one 9e t s

—  -  (0.06M » ) V V (6.11)
* / /

As the magnetic an iso t ropy  in LiCuCl-.ZHjO is  r e l a t i v e l y  large  and as the c r i t i c a l
exponent v is very s e n s i t i v e  to a small an iso t ropy  (see sec t ion  2 .4 .1)  we wil l
t ake  for  v the  three-dimensional  Ising value v = 0.63.  I t  should be noted th a t
the  f in a l  r e s u l t s  a r e  only weakly dependent on the  choice for  v.
One thus ge ts

—  = 0.180 e “0,63 (6.12)
* / /

Using the  F-values given in Fig.  1 of  sec t ion  2.k  and

A =» 1.69 10 c . g . s . u

infer red  from the  experimental r e la xa t i on  time in the  Z-axis a t  €  = 0.025,  one
f i n a l l y  ge ts  the t h e o r e t i c a l  r e s u l t s  p lo t te d  in Fig.  1*0.
I t  should be noted th a t  the values for  A in CuC^.ZH^O and LiCuCI^^H^O a re  of
the  same o rde r .  This gives addi t io na l  c r e d i t  to the  theory.

In view of the  d r a s t i c  s i m p l i f i c a t i o n s  in the theory and of  the complicated
nature  of  magnetic LiCuC1 . . 2 H2 0 , i t  can be said th a t  a very good agreement is
found between experiment and theory.  Ju s t  as in CuCl.'ZH.O, i t  has been found
t h a t  two c o r r e l a t i o n  lengths ,  connected to each o th er  by the  an isot ropy of  the
magnetic system, do s u f f i c i e n t l y  well explain the c r i t i c a l  behavior of  the re la xa 
t io n  process of  the  to ta l  magnet izat ion M ( t ) .
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•  X-axis
" □ Y-axis

o Z-axis
theory

0.1 e

Fig. 40 The theoretical and experimental critical

parts of the relaxation times in the

three magnetic axes of LiCuCl2H 0̂.

Use of the theoretical high-temperature relaxation times, derived in section
6.4.1, in eq. (2.70)(see also eq. (2.81)) yields the theoretical relaxation
times in the whole temperature region above the Néei point.
Both theoretical and experimental results are given in Fig. 41.
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theory

Fig. **1 The experimental and theoretical zero-field relaxation

times in the three magnetic axes of LiCuCl^. 2H^0.

Using the temperature dependent theoretical relaxation times in eq. (2.24a) one
calculates the low-frequency resonance linewidths. The theoretical values to-
gether with the experimental results of Zimmerman et al. (70) are plotted in
Fig. 1*2.

theory

. □ X

Fig. 1*2 Comparison of the theoretical resonance linewidths with the

experimental results of Zimmerman et al. (70).
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In the resonance case appa ren t ly  less p e r fe c t  agreement between experiment and

theory  is  found than in the re la x a t io n  case. Th is is  p a r t l y  due to  the averaging

o f  the d iscrepancy in  the re la x a t io n  times in the X and Y axes over a l l  th ree

d i r e c t io n s  by using eq. (2 .2 4 a ) .  Furthermore, as shown in F ig .  39, the re la x a t io n

process o f  M ( t )  is  weakly f i e l d  dependent near the Néel temperature. The o r i g in

o f  t h i s  f i e l d  e f f e c t  is  unknown to  us but p o ss ib ly  in d ica te s  e i t h e r  an i n t r i n s i c

f i e l d  dependence o f  the c o r r e la t io n  fu n c t io n s  or an a n is o t ro p y  in the tw o-sp in

c o r r e la t io n  fu n c t io n s  a t  zero f i e l d .  Such a f i e l d  dependence a t  r e l a t i v e l y  small

f i e l d s  o r  an a n s io tro p y  may a lso  in f lu e n ce  the resonant abso rp t io n  and, as i t  is

not accounted f o r  in the  th e o ry ,  may g ive  r i s e  to  d e v ia t io n s  from the th e o r e t ic a l

p re d ic t io n s .  In v iew o f  a l l  t h i s  we cons ider the agreement between experiment and

theory  in the  EPR case to  be s a t i s f a c t o r i l y .

Our f i n a l  conc lus ion  is  t h a t ,  as in  CuCl-.ZH.O, the  c r i t i c a l  dynamical phenomena

o f  L iC u C l . ^ ^ O  a re  very  w e l l  descr ibed by the  r e l a t i v e l y  s imple  theory  o u t l in e d

in se c t io n  2 .4  o f  th i s  th e s is .

6 .6  A n t i  fe rro m a g n e tic  re la x a t io n  i n  L iC u C l-. 2H.0

In CuC l. 'Z i^O  we saw th a t  in  the easy -ax is  (both r f  and s t a t i c  f i e l d  p a r a l le l

to  t h i s  a x is )  a low-frequency re la x a t io n  process occu rs .  In L iC uC l^^h^O  es

s e n t i a l l y  the same phenomenon is  found.

In F ig .  43 the r f  abso rp t ions  in  the easy-ax is  a re  p lo t te d  a t  th ree  d i f f e r e n t

temperatures. The abso rp t ions  a re  normalized by the z e r o - f i e ld  un ifo rm  suscep

t i b i l i t y  as determined by Metse laar (71 ) .  The maxima a t  c e r ta in  f i e l d s  in d ic a te

the s h i f t i n g  o f  the top o f  the abso rp t ion  curves through our frequency reg ion .

A t low temperatures the f i e l d  dependence o f  the abso rp t ion  and thus o f  the re 

la x a t io n  process, is  much s tronge r than a t  temperatures nearer the Néel tempe

ra tu re  (but o u ts id e  the c r i t i c a l  r e g io n ) .  Th is  has a ls o  been found in CuCl_.2H_0.

The frequency dependence o f  the  abso rp t io n  is  g iven in F ig .  44. Lo ren tz ian  curves

w ith  maxima o f  0.5 are  found a t  a l l  s t a t i c  f i e l d s  p a r a l le l  to  the easy -ax is .

These frequency dependences in d ic a te  th a t  the  re la x a t io n  process can be described

by a s in g le  re la x a t io n  t im e . At low temperatures the re la x a t io n  process is  s lo 

wing down a t  inc reas ing  s t a t i c  f i e l d .  Near the  Néel temperature a s t r o n g ly  f i e l d

dependent c r i t i c a l  speeding-up is  found. A l l  t h i s  is  analog to  the dynamical

behavior o f  CuCi.'ZH.O. The angu lar dependence o f  the abso rp t ion  is  g iven in

F ig .  36 o f  se c t io n  6 .5 .1 .
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LiCuCI 3.2 H20 T= 2.326 K

0 1 5 8

180 -

Fig. 43 The fie ld  dependence o f  the normalized r f  absorption
in the easy-axis o f L iCuCI2Ĥ 0. Both r f  and sta tic
fie ld  are parallel to the easy-axis.
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LiCuCI3-2H20 T* 2.326 K

OKOe

75 KOe

T T T 500[ | 1000

, OKOe

75 KOe

I . .

I '  '

75 KOe

U KOe
OKOej

100 V 1000 MHz

F ig .  kk The frequency dependence o f  the  r f  a b s o rp tio n  in  the  easy-

a x is  o f  L iC u C l-,2 H o0. Both r f  and s t a t ic  f i e l d  a re  p a r a l le l
O a

to  the  e a sy -a x is .

We performed some re la x a t io n  time measurements below the X- t r a n s i t i o n  o f  the

He-bath (T = 2.172 K ) . These measurements a re  d i f f i c u l t  to  perform w i th  our

c a lo r im e t r i c  method as the small pressure o f  the c a lo r im e te r  He-gas, necessary

to  get a reasonably ideal gas, l i m i t s  both the s e n s i t i v i t y  and the accuracy.

From F ig .  1*5 i t  is  c le a r  however t h a t ,  i f  spec ia l care  is  taken, these measure

ments can be s u f f i c i e n t l y  accu ra te .
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7.5 KOe

U K

Fig. 45 The temperature dependence of the relaxation time in the

easy-axis of LiCuCl .ZH^O. The static field is parallel

to the easy-axis.

-3
At low temperatures the relaxation time is proportional to T . This temperature
dependence is in agreement with the theory of Harris (31). The same temperature
dependence was found in CuC12.2H2<). The relaxation times in L I C u C l j ^ O  are
smaller than in CuC12.2H20. As it will be shown in the discussion, this experi
mental result Is consistent with the larger magnetic anisotropy in the Li
compound.
In Fig. 46 the field dependent relaxation time is plotted versus the square of
the static field. As in CuC12.2H2<), the low-temperature relaxation times are
well described by

t (T,H) - t (T,0) + f(T) H2 (6J3)

where f(T) is some temperature dependent factor.

108 -



01 2 3 KOe 6

F ig .  46 The f i e l d  dependence o f  th e  re la x a t io n  tim e in  the  easy-

a x is  o f  L iC uC l^.2H ^0. The s t a t ic  f i e l d  i s  p a r a l le l  to  the

e a sy -a x is . The z e r o - f ie ld  va lues  f o r  the  re la x a t io n  tim es

can he in fe r r e d  from  F ig . 45.

6.6 .1  D iscuss ion

In t h i s  sec t ion  we compare our experimenta l z e r o - f i e ld  r e la x a t io n  times w i th

the  th e o r e t i c a l  re s u l t s  f o r  the k = 0 spin-wave re la x a t io n .

Using the  orthorhombic  a n is o t ro p y  va lues H.^ = 920 Oe and = 2950 Oe and

Ha -  (Hft1 + Ha 2) / 2 ,  one gets

wA -  3-75 1010Hz, «ip -  1.17 1010 Hz, TA£ = 2.26 K

The symbols ioA , io£ and T^£ a re  de f ined in  se c t io n  2 .5 .5 .  The th e o r e t ic a l

expressions f o r  the  re la x a t io n  ra te s ,  g iven In ta b le  1, are  e i t h e r  v a l i d  f o r

T <<TA£ o r  f o r  T » T A_. For the  th e o r e t i c a l  r e la x a t io n  ra te s  near TA£ we i n t e r 

p o la te  between both l i m i t  s i t u a t io n s .  As the  express ions f o r  h igh and low tem

pera tu res  lead , around TA£, to  re la x a t io n  ra tes  o f  about the same abso lu te

magnitude, we do not b e l ie ve  th a t  t h i s  i n te r p o la t i o n  in troduces im portan t e r r o r s .
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The experimental and th eo re t i ca l  k = 0 re la xa t io n  times a r e  given in Fig.  1*7.

KAWASAKI 130)

URUSHADZE 129)“

EXPERIMENT

HARRIS 1311

K U

Fig.  1*7 Comparison o f  the experimental ze ro - fie ld  re laxa tion  times
with the th eo re tica l k = 0 spin-ware re laxa tion  r e s u lts .

Both abso lu te  magnitude and temperature dependence of  the z e r o - f i e ld  re laxa t ion
time a r e  in near p e r f e c t  agreement with the theory of Harris (31)•
As in CuC12<2H20, the re la xa t io n  measurements show th a t  a t  zero f i e l d  the
spin-wave approach i s  va l id  for  t emperatures below about 0.5 T^.
Further th e o re t i c a l  inv es t i ga t io n  is necessary to  explain the dynamical behavior
a t  non-zero s t a t i c  f i e l d s .  An i n t e r e s t i n g  experimental r e s u l t  is t h a t ,  apar t

2from the  simple H f i e l d  dependence, the temperature dependence of  the re laxa
t i o n  times appears to  be independent of  the s t a t i c  f i e l d  a t  s u f f i c i e n t l y  low
temperatures (see Fig.  1*5). This implies th a t  a t  low temperatures ,  as in
CuCl2 .2H20, f(T)«T‘3 .
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C H A P T E R  7

DYNAMICAL ASPECTS OF THE LINEAR CHAIN Cu(NH^SO^. H20

7.1 Introduction

In recent years the magnetic linear chain system has been the subject o f many
theoretica l and experimental investiga tions. Formerly o f academic in te res t only,
the magnetic linear chain model has recently been found to describe sa tis fa c to 
r i l y  the (mostly s ta t ic )  properties o f several compounds.
Copper tetrammine su lfa te  monohydrate, denoted from now on as CTS, was one o f the
f i r s t  known magnetic linear chain compounds. The spec ific  heat has been measured
by Haseda and Miedema (74). A broad Schottky type maximum near T = 3 K and a
sharp maximum o f small in te n s ity  a t about T = 0.40 K were found. The broad
maximum pointed to a linea r chain behavior while the sharp peak a t lower tempe
ratures indicated the occurrence o f ,three-dimensional long-range order. As an
ideal linear chain does not e xh ib it such a three-dimensional tra n s it io n , the
sharp peak a t about 0.40 K implies a ce rta in  amount o f in terchain coupling.
Using a two-time temperature dependent Green function technique, Oguchi (75)
estimated from the value fo r the Nëel temperature the ra t io  o f in terchain and
intrachain in te rac tion . Denoting the (supposedly iso trop ic ) in terchain and
intrachain in teractions as J ' and J respective ly , Oguchi found J 1/ J a 0.01.
Watanabe and Haseda (76) measured the s ta t ic  s u s c e p tib ility  in the p rinc ipa l
magnetic axes of CTS. Here also broad maxima a t about T = 3 K were found. Using
the exact computer ca lcu la tions o f Bonner and Fisher (77), G r if f i th s  (78) showed
that the broad maxima in both spec ific  heat and magnetic s u s c e p tib ility  could be
explained by an iso trop ic  an ti ferromagnetic exchange in te rac tion  between neigh
boring spins in a linea r chain o f Cu ions. The intrachain exchange, | j | / k D,B
was found to be equal to 3-15 K.

From these experiments i t  is evident that although the small in terchain exchange
J 1 has a s ig n if ic a n t e ffe c t in u ltim a te ly  producing three-dimensional order,
i t  does not a lte r  the s ta t ic  magnetic behavior a t temperatures well above T .N
The same holds fo r  a smal 1 an iso trop ic component in the intrachain exchange J.

The dynamical behavior o f nearly perfect linea r chain systems is goverhed by
the long-time persistence o f the spin co rre la tions . This persistence, which
is due to the slow rate o f d iffu s io n  in one-dimensional systems, implies a long-
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time tail to the memory function as defined by eq. (1.19) of section 1.1.2.
Such a long-time tail corresponds to a strong anomaly (divergency) at w = 0
in the memory spectrum. Hennessy et al. (79) have shown that, in contrast to
the static properties, the long-time behavior of the spin correlation functions
is drastically influenced by a relatively small interchain interaction. As a
consequence, interchain coupling can be very effective in limiting the one-dimen
sional divergencies at w = 0 in the memory spectrum. A short survey of the
theory will be given in the discussion of the high-temperature relaxation times.

The exact long-time behavior of the correlation functions is usually difficultly
visualized from experiment. In practice, one assumes a certain long-time beha
vior for the correlation functions and calculates its influence on the dynamical
phenomena. One might however look for a possibility to extract the real long-time
behavior straightforwardly from some relatively transparant experiments. Para
magnetic resonance has been shown (80)(8l) to be a valuable tool in testing theo
ries on the long-time persistence of the correlations. The disadvantage however
is that in resonance experiments important information may be masked, as in fact
the resonance line shape stems from the average dynamical behavior in the plane
perpendicular to the static field. A better approach«may be found in paramagne
tic relaxation time measurements. In these experiments, where static and rf field
are mutually parallel, the long-time behavior of the memory function is relative
ly easily determined from the field dependence of the relaxation times or the
frequency dependence of the rf absorption.

At high temperatures we shall use the relaxation time measurements of Van der
Molen (10) and Lieffering (82). We remeasured some of their results and found an
agreement within the experimental error of a few percent. At low temperatures,
down to about T = 2 K, we performed both relaxation and resonance experiments.
At these temperatures an anisotropic speeding-up of the relaxation process has
been found.

7.2 Crystal structure of Cu(NH-)̂ SÔ .Ĥ O

The crystal structure of CTS has been determined by Mazzi (83). The crystal is
found to be orthorhombic with a tetramolecular unit cell of dimensions

a = 7.08 A, b = 12.K» A, c = 10.68 A
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The space group is  Pmcn‘ The c ry s ta l is  composed o f  Cu(NH,)1(,S0jJ and h^O elem ents.

The Cu(NH^)^ group is  p lanar and square w ith  the d is ta n ce  Cu-N equal to  2.05 A.

Each copper ion has two w ater ne ighbors a t  d i f f e r e n t  d is ta n c e s , 2.59 and 3.37 A.

The c ry s ta l s tru c tu re  is  v is u a liz e d  in  F ig . 48.

<XC u t,0^jONH3

F ig . 48 (A) P ro je c t io n  o f  the  u n i t  c e l l  o f  CTS on i t s  b -a  p la n e .

(B) A to n ic  c o n f ig u ra t io n  su rround ing  a Cu io n  in  CTS.

From the  c ry s ta l s tru c tu re  i t  is  probab le  th a t the  in tra c h a in  exchange path is

through the  -Cu-H-O-Cu- bonds. The cha ins o f  Cu ions a re  p a ra l le l  to  the  c -a x is .

For our experim ents we used severa l s in g le  c ry s ta ls  o f  about 0 .5  gram. The dark

v io le t  c ry s ta ls  were o r ie n te d  by measuring the  in te rs e c t io n  angles o f the  d i f f e 

re n t c ry s ta l p lanes. To p reven t decom position , the  s in g le  c ry s ta ls  were submer

sed in  p a ra f f in  (hexadecane). I t  was found th a t a th in  f i lm  o f p a ra f f in  on the

c ry s ta l su rfa ce  was a lre a d y  s u f f ic ie n t  to  p reven t such a decom position .

7 .3  R e la x a tio n  and resonance experim ents i n  Cu(NH-) SO .EJO
3 4 4 2

For a s in g le  re la x a tio n  process the  memory spectrum should be reasonably cons tan t

over a s u f f ic ie n t l y  la rg e  frequency reg ion  around us = 0. Th is  is  e a s i ly  seen

from  se c tio n  1 .1 .2  as such a co n s ta n t p a r t im p lie s  a narrow memory fu n c t io n .

As in  neai p e r fe c t l in e a r  cha in  compounds the  memory spectrum shows a s trong

anomaly around u = 0 , the  re la x a tio n  process o f  the to ta l  m agne tiza tion  M ( t )

is  no t expected to  be described  by a s in g le  re la x a t io n  tim e . In CTS however, the

frequency dependence o f the  re la x a tio n  a b so rp tio n  is  ve ry  w e ll L o re n tz ia n , even

a t frequenc ies  fa r  beyond the  top  frequency (see F ig . 4 9 ).
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This experimental result indicates a relatively large interchain coupling as such
a coupling removes the divergency at u - 0 in the memory spectrum. This is in
agreement with the resonance experiments of Hennessy et al. (79) who found the
EPR lines to be Lorentzian, even at fields far from the resonance field. Conse
quently, the description of the dynamical behavior of CTS is simplified by the
fact that the time evolution of Mz(t) is, in good approximation, characterized
by a single temperature and field dependent relaxation time.

7.3-1 Temperature dependence of the zero-field relaxation times

In Fig. 1*9 the frequency dependence of the zero-field relaxation absorption in
the three magnetic axes of CTS is given at the temperature T = 20.4 K. The c-axis
is the chain direction. The frequency dependence is very well described by the
Lorentzian form

X 11 tot
xo 1+uj2t2

For the normalization of x 1
nabe and Haseda (76).

(7.1)

we used the static susceptibility results of Wata-

I 1 1
CTS 20.4 K

Fig. 49 The frequency dependence of the normalized zero-field

absorption in the three magnetic axes of CTS at 20.4 K

Our zero-field relaxation times at T = 20.4 K.

T =2.15, T. = 2.72, t =8.25 1 o’9 seca D c
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are in good agreement with the experimental resuits of Van der Molen (10) at
the same temperature

t - £.12, t. - 2.78, t = 7.90 10'9 seca o c

We performed absorption measurements, such as given in Fig. 1*9, at temperatures
from 2 K upwards to 77 K. In all three directions and at every temperature the
frequency dependence of the zero-field absorption x 11 was found to be Lorentzian
within our frequency range up to 5*»0 MHz. When normalized by the static suscep
tibility, the top value of the Lorentzian curves was in every case equal to 0.5.
This indicates that, at all temperatures down to 2 K, the long-time decay of the
total magnetization is characterized by a single relaxation time. As an illustra
tion the normalized absorptions in the a-axis are plotted in Fig. 50 at three
different temperatures. The zero-field relaxation process in the a-axis is spee
ding up when lowering the temperature.

a-axis H = 0

20.1* K.

2.360 K
. . .  I

Fig. 50 The frequency dependence of the normalized absorption

in the a-axis of CTS at three different temperatures.

The speeding-up of the relaxation process at lower temperatures is found to be
anisotropic. The relaxation times in the a and b axes show nearly the same
temperature dependence while in the c-axis (the chain axis) no relevant tempe
rature dependence was detected at all. In Fig. 51 the temperature dependence of
the relaxation times in the three magnetic axes of CTS is given. The measure
ments at temperatures between 4 and 15 K were performed by heating the sample
adlabatically using its own rf absorption.
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Every relaxation time given in Fig. 51 has been determined by fitting eq. (7-1)
to the frequency dependence of the absorption at the given temperature. As one
sees from Fig. 50, very good fits are obtained with only a few percent scatter.
Some confusion may exist about the definition of the magnetic axes a, b and c
as the crystallographic axes have been defined by some authors in different ways.
We used the definition of Mazzi (83) throughout. For further information, the
a-axis is the magnetic axis with the smallest g-value (gg = 2.050) while the
values in the b and c axes are equal to 2.123 ar|d 2,184 respectively.

I 11 1 11 i 1 1

50 K 100

Fig. 51 The temperature dependence of the zero-field relaxation

times in the three magnetic axes of CTS.

7.3.2 Field dependence of the relaxation process

The field dependence of the relaxation times at H. temperatures (15-20 K) has
been measured by Van der Molen (10). We remeasured some of his results and
found a good agreement within the experimental error of a few percent. The
field dependence of the relaxation times gives us very important information as
in fact it reflects the low-frequency dependence of the memory spectrum. As al
ready stated before, it is exactly in this low-frequency region that the typical
linear chain anomalies occur. It should once again be stressed that in a near
perfect linear chain it cannot be expected that the relaxation process can be
described by a single relaxation time.
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Even in that case, however, the frequency dependence of the absorption x 11
would give us all the relevant information on the long-time persistence of the
spin correlations. In CTS the problem is simplified by the relatively large intei—
chain coupling.
The field dependences of the relaxation times at T = 20.1* k are given in Fig. 52.

20.4 K

Fig. 52 The field dependence of the relaxation time in the three

magnetic axes of CTS. The open points are from Van der Molen

(10). The black points represent our own measurements.

At lower temperatures down to 2 K the field dependences remain roughly the same,
although at small fields some minor changes occur. In the c-axis the maximum
at small fields becomes' less pronounced while in the a and b axes the field
dependences become slightly stronger. These changes are however small and not
too much attention should be paid to it.

Careful inspection of the field dependence of the relaxation times shows now
why the frequency dependence of the rf absorption x11 was so well described by
a Lorentzian. In field ranges of about 200 Oe around every, arbitrary value
for the static field, the relaxation times are nearly field independent. Assu
ming the well-known weak-coupling feature of rigid line shape for the memory
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spectrum to hold (the four lines of the memory spectrum shift rigidly with the
static field) one finds that the memory spectrum is nearly constant from v = 0
up to at least v = 600 MHz. This, on its turn, implies that the frequency de-
pendence of x 11 should be Lorentzian up to at least 600 MHz, a value far above
the relaxation frequencies.

7.3.3.Resonance experiments in CTS

Most resonance experiments (84)(85) in CTS have been performed at relatively
high frequencies. As in a linear chain compound it has to be expected (86) that
the linewidth is strongly frequency (field) dependent, we performed extensive
measurements of the low-frequency (low-field) resonance linewidth in the three
magnetic axes of CTS. The measurements were performed at a measuring frequency
of v = 300 Mcs which implies a resonance field of about 100 Oe. As already poin
ted out by Hennessy et al. (79), due to the relatively large interchain coup
ling the resonance lines are expected to be Lorentzian, even at fields far from
the resonance field.

150 H

Fig. 53 The paramagnetic resonance tines in the three magnetic

axes of CTS. For atarity the tine in the b-axis has been

shifted over 30 Oe to the right. The sotid tines represent

tea8t-8quare fits of eq. (7.2). In the a-axis the rf fietd

is parattet to the b-axis, in the b-axis parattet to the

a-axis and in the a-axis parattet to the a-axis.
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T=7000K c-axis CTS

O 50 100

T= 3.550 K

50 100

5 ’ T = 2.290 K

300 Oe 40050 100 H

F i g .  5h The resonance lines in  the c-axis o f  CTS a t
three d iffe re n t temperatures. The r f  f ie ld  is
paralle l to the a-axis. The so lid  lines are lea st-
square f i t s  o f  eq. (7.2).
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At zero s t a t i c  f i e l d  the resonance abso rp t ion  is  determined by the re la x a t io n

ra te  in the d i r e c t i o n  o f  the r f  f i e l d .  At inc reas ing  s t a t i c  f i e l d  the re la x a t io n

ra te  o f  the t h i r d  d i r e c t i o n  (pe rpend icu la r  to  both r f  and s t a t i c  f i e l d )  w i l l  a lso

p lay  a ro le .  The re s u l t i n g  l ineshape has been g iven by Verbeek e t  a l .  (19)

( c f .  eq. (5 -3 ) ) 1 2

a
I

.V  1 *
( *— )
xo a

(1+Ü) t )
Y

2 t y  „ 2  . r 1 . _2
8 .  2 2 “11 + t  n B ",1 *

1 T  0)T 0 ) ( 1 +0 )  T  )T a  y

(7.2)
[ h

At higher frequencies (7 .2 )  reduces to a Lorentzian with a f i e ld  linewidth given

by

h(AH, ) „ ------ —  ( J -  + — )
* P V B  Ta Ty

(7 .3 )

AH, is the f u l l  linewidth a t  h a lf  maximum height, a is the d irec t ion  of the

r f  f i e l d ,  8 the d irec t io n  of the s ta t ic  f i e ld  and y the th ird  d irec t ion  perpen

d icu la r  to the other two. t is the z e ro - f ie ld  re laxation  time.

50 K 100

Fig . 55 The temperature dependence o f  the resonance linewidths in  the
three magnetic axes o f  CTS. A/7  ̂ denotes the f u l l  linewidth
a t  h a lf  maximum. The linewidths were measured a t  v = 300 MHz.
The solid  lines are derived from our experimental re laxation

timesj  see Fig. 51, using eq. (7.3) .
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In Fig. 53 the resonance lines in the three magnetic axes of CTS are plotted at
a temperature T = 20.+ K. The solid lines are least-square fits of eq. (7.2) to
the data. The parameters and t are found to be equal, within experimental
error, to the zero-fiejd relaxation times given in section 7.3.1.
Eq. (7.2) has been found to fit the resonance data very well at fields up to
about 8 AH,. Beyond this field the accuracy is too small to allow any conclusion.

We performed the same measurements as given in Fig. 53 at temperatures from 2 K
upwards to 77 K. At lower temperatures a broadening of the linewidth was found
in all directions. This temperature dependence is illustrated in Fig. 5A.
The solid lines are once again least-square fits to the absorption data.
Substituting the parameters and t thus found into eq. (7.3) we were able to
calculate the full linewidth AH,, which is in fact the linewidth at slightly
higher frequencies where the line shape is fully Lorentzian. The temperature
dependence of this resonance linewidth is given in Fig. 55. The solid lines
represent the linewidths calculated using eq. (7.3) and the experimental relaxa
tion times from section 7.3.1. A very good agreement between both relaxation
and resonance experiment is found.
The broadening of the resonance linewidth is found to be more or less isotropic.

Comparison of Fig. 55 with Fig. 51 demonstrates how important information can
be masked in the resonance linewidth. Due to the averaging of the dynamical pro
cess in the plane perpendicular to the static field the broadening of the line-
widths is more or less isotropic. In contrast, the speeding-up of the relaxation
process is strongly anisotropic.

7.k Confrontation of the experimental results at high temperatures with
theory

As already mentioned several times before, the interesting dynamical property of
magnetic linear chain systems is the long-time persistence of the spin corre
lations. It has been shown by many authors, see e.g. refs. (87) and (88), that
in the ideal linear Heisenberg chain these long-time tails lead to divergencies
at a) = 0 in the Fourier transforms of the correlation functions. Such anomalies
were clearly demonstrated by the computer calculations of Carboni and Richards
(86). In their basic work these authors calculated straightforwardly the time
evolution of the two-spin correlation functions in closed and open Heisenberg
linear chains of up to 10 spins. Using the same extrapolation procedure as Bon
ner and Fisher (77) they were able to give reliable estimates for infinite
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1inear chains.
In this discussion we will compare our experimental high-temperature results
with an adapted version of the theory of Hennessy et al. (79) for CTS.

In the DRPA, defined by eq. (2.5*0» the zero-field high-temperature memory func
tion of the relaxation process of Mz (t) is given by (cf. eq. (2.55))

3 4 4
G (t) = y9--- ---  Z |C(q)|2 « S  S (t)»2 (7.4)
Z h2S(S+1)N q "q q

C(q) is a wavevector dependent weight factor which arises from dipolar and other
non-secular interactions. This factor is taken per magnetic ion. In (7.4) use
has been made of the high temperature approximation

j r .a sa (t)
<<S° s“(t)» = -q q = k.T (S° . S“(t)) (7.5)-q q Tr ] B -q q

while further it has been assumed that the two-spin correlation functions are
i sotropic

1
(Sx , S*(t)) = (Sy . Sy(t)) = (S* . Sz (t)) = --- « S  S ( t ) »  (7.6)
-q q -q q q q k T q qV

From eq. (7.4) it is evident that, if all assumptions about DRPA and isotropy
are correct, the memory function is positive semi-definite for all times.

Assuming now, in the spirit of the theory of Hennessy et al., that the two-spin
correlation functions can be approximated by a simple product of the unperturbed
linear chain correlation function and a function $ (t) which depends on the in
terchain coupling, one gets for sufficiently long times

2 „-D q, t
« S  S (t)»-q q jS(S+1) e *q(t) (7.7)

D* is the diffusion constant along the chain axis, the symbol * being intro
duced to eliminate any possible confusion with the antisymmetric exchange D. In
eq. (7.7) it has been supposed that the time evolution of the unperturbed linear
chain correlation function is completely governed by the isotropic intrachain
Heisenberg exchange only. In ref. (79) it has been shown that in the case of
Heisenberg interchain coupling, <f> (t) is given by

3<4q (t)

31

t
- / ♦ (t) <4̂(t —t)dx (7.8)
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wi th

♦,(*>
4S(S+1)

3Nh2

*  9-2D q' t_ cZ e
q' q -q

2

where JnC denotes the interchain exchange interaction.

(7-9)

For the explicit calculation of the q'-sum we will take a look at the crystal
structure of CTS.
Each copper ion in CTS has, within the a-b plane, six neighbors at approximative
the same distance. See Fig. 56.

Fig. 56 (A) Positions of the nearest neighbors in the a-b plane.

(B) The first magnetic Brillouin zone of CTS. For symmetry

reasons the contributions from the rectangle are the

same as from the real Brillouin zone.

For symmetry reasons the exchange interactions between corner and base-center
ions are equal. Although the exchange interactions along the a-axis may be
different we suppose the coupling to be equally strong (J1?^ = Jnc) in all six
directions. Using

nc Z ,nc i q.r..
j Jij e ,J (7 .10)

one then gets

Jnc
q

2 j (cos qga + 2 cos iqga cos iqub) (7.11)
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Substituting eq. (7.11) in (7.9) and transforming the q'-sum into an integral,
one finds for sufficiently long times

o l » r
<1» ( 0  - J  S(S+1)(— 5— J-

8irD*t
(3-cos qga 2 cosiq a cos iq.b) (7.12)3 D

At times which are short compared with the characteristic decay time(s)
d> (t), the integro-differential equality (7.8) may be approximated by

■ ƒ ƒ %  (t)dr dt -/*(t~r)i|i (t)dT
ij> (t) = e 0 ^ = e 0 ^

of

(7.13)

Substituting (7.12) in eq. (7.13) one finds

*q(t)
F(q)

(7 -1 A)
wi th

q 2/3 8ttD* 1/3 Jnc -4/3
t = (— 2--- ) (— =-) (----) (7.15)

32S(S+1) c h

F(q) ■ 3 “ cos q a - 2cos£q a cos£q,b (7.16)3 3 D

Expression (7-1*0 is only valid for times at which 4*̂ t) has not decayed signi
ficantly. To get the behavior at larger times, we solved the integro-differential
equality (7.8) numerically. A typical result is shown in Fig. 57.

eq.(7.U)

0 0.5 1 -----V. 1.5 2ro

Fig. 57 The solution <f> (t) of integro-differential equality (7.8) using
q

kernel (7.12) limited at very short times by convolution with a

Gaussian. (t) is given for the set of q-values for which

F(q) = 4.
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From these computer c a lc u la t io n s  we found t h a t ,  a t  times o f  i n te r e s t ,  « ^ ( t )

is  ve ry  w e l l  described by

- ( f - ) 3 /2F(q)
4> ( t ) ■ e °  .M -  ( J F (q ) )7 /3 ( ^ - ) 7 /2 ] (7 .17)

"  o

Use o f  eq. (7 .7 ) in (7 .4 )  leads to  the memory fu n c t io n

g \ J  S(S+t) , -2D*q2t  ,
G ( t )  ------------=---------  z |C(q) | e <f> ( t )

3h N q q
(7.18)

By fu r t h e r  t rans fo rm ing  the  q-sum in to  an in te g ra l  one g e ts ,  under the  assumption

th a t  C(q) shows no s i n g u la r i t y  a t  o r  near q = 0, the  lo n g - t im e  expression

Gz ( t )

U I t
g Ug S(S+1)

8irD*t

i
) /

“ IT
; 2ir-2 tt |C (x ,y ,o )  | 2 <|>2 ( t ) d x

qbb.

4 8 r V
w ith  x -  q a and

The c o e f f i c i e n t  C (x ,y ,o )  depends on the non-secu la r in te ra c t io n s

t i c  system. There are several reasons why the re  should be, a p a r t

in te r a c t io n ,  another important non-secu la r i n te r a c t io n  in  CTS.

In the  weak-coupling l i m i t  one has (see eqs. (2 .21) and (2 .24 ))

dy (7 .19)

in  the  magne

from d ip o la r

»  + 2«3C2JC »

In « S  »z

«JC2 »
y00 sec
8 <<if2»

1
------- dH
t (H)

(7 .20)

The double brackets  denote normalized t ra c e s .  As a l l  fa c to r s  a re  p o s i t i v e ,  the

le f t -h a n d  s ide  should be la rg e r  than the r ig h t-h a nd  s ide  when the in te g ra l  is

o n ly  extented from zero f i e l d  to  a f i n i t e  maximum f i e l d .  T h e o re t ica l  c a l c u la t io n

o f  the  normalized t ra c e s ,  ta k in g  o n ly  non-secu la r d ip o la r  c o n t r ib u t io n s  in to
18account, y ie ld s  in the a -a x is  f o r  the le f t - h a n d  s ide  9.46 10 c . g . s . u .  From the

re la x a t io n  t ime measurements, g iven  in  F ig .  52, we f i n d  f o r  f i e l d s  up to  7 kOe
18f o r  the  r ig h t-h a nd  s ide  13-4 10 c . g . s . u .  The r ig h t -h a n d  s ide  being la rg e r  than

the  le f t -h a n d  s ide  im p lies  th a t  in  CTS another non-secu lar in te r a c t io n  occurs

which increases the  surface  o f  the  memory spectrum. As i t  has been shown in

t h i s  th e s is  th a t  several copper compounds e x h ib i t  an t isym m etr ic  exchange, we

suppose t h i s  in te r a c t io n ,  as i t  is  a l lowed by c r y s ta l  symmetry, to  be a t

the  o r i g in  o f  the sur face  increase in CTS.

A d d i t io n a l  c r e d i t  f o r  t h i s  assumption is  th a t  the  an t isym m etr ic  exchange in CTS

leads to  a small can t ing  o f  the e le c t ro n  sp ins in  the a n t i  fe r rom agne t ic  s ta te ,

which may be in  agreement w i th  the s u s c e p t i b i l i t y  data reported  by S a ito  (89) .

To be o f  any importance here the an t isym m etr ic  c o n t r ib u t io n  should be found in

-  125 -



the intrachain exchange J. Assuming that the memory spectrum is Gaussian fo r
large u(which is equivalent w ith a Gaussian behavior of the memory function at
short times) we can estimate the antisymmetric exchange parameter from our re
laxation measurements. Using eqs. (2 .9 ), (2.40), (2.41) and the symmetry e le 
ments o f CTS we find  a -  0.1.
This value is small but not u n re a lis tic . I t  can be shown now that the antisym
metric con tribu tion  to the normalized traces in eq. (7.20) is an order larger
than that o f the d ipo la r in te rac tion . We w i l l  adopt now an in te raction  model
fo r CTS which contains, besides the intrachain and interchain exchange in te r
actions, an antisymmetric con tribu tion  in the intrachain exchange J.
As the antisymmetric exchange occurs between copper ions along the c -ax is , one
has

C(x,y,0) = C(0,0,0) (7.21)

Substitution o f eq.

Gz ( t)

U k
g V  S(S+1)

(7.21) in (7.19) y ie lds

2 i

481r2h2
(7 - r )
8itD*

|c(0)| t “* £ f i * x y ( t )  dx dy (7 ‘ 22)

From eq. (7.22) i t  fo llows that the functional time dependence o f the memory
function is  the same in a l l  d irections while the in te n s ity  o f the long-time
ta i l  is proportional to |C(0)| . These theore tica l p red ictions, embodied in
eq. (7.22), w i l l  be confronted w ith  the memory functions as derived from our
re laxation experiments. One has

eo 'v  'v
G ( t)  ■ 4 .ƒ (G . (u) + G _(o>)} cos ti t  du

Z o Z I  Z L (7.23)

Our model w ith only antisymmetric in te raction  as non-secular con tribu tion , im
p lies  that the memory spectrum is completely dominated by 6 . (<o) (see section
2 .3 ).
For tha t case one has

2

^z1 (u ) + ^z2^w  ̂ ~ ®Z1 =

1 «JC »sec
2ttt (H) 3C2»  H = (7.24)

Using the experimental re laxation times in eq. (7.24) and subs titu ting  the re
s u lt in (7.23), one eas ily  calculates the memory function in the corresponding
d ire c tio n . Pathological frequency dependences o f the memory spectrum at high
frequencies are excluded by the Gaussian c u t-o ff assumed above.
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a-axis CTS

theory

b-axis

j»  0.015

c- axis

j* 0.015

F i g .  58 The experimental and theoretical long-time behavior o f the
memory function in  the three magnetic axes o f CTS.
The solid lines represent the theoretical resu lts for two
different values for j  = /J . The open points are calculated
from our experimental relaxation times.
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For the calculation of the theoretical G (t)  from eq. (7.22) we use the d iffusion
constant (90)

2.c J ,
D* = 1.38 -----[ S(S+1)] * (7.25)

For the antisymmetric exchange coeffic ients we found

I ca (0) 12 = pD̂ > |Cb(0 )|2 = pDa2, |Cc (0 )|2 = p(D2+D2), p - -J t  (7.26Ï
9 mB

The value for j  = J / J can be inferred from the Néel temperature which has been
found (91) to be equal to 0.43 K. I t  should be noted that although we included
6 next-nearest neighbors, the result is the same as for a 4 next-nearest neigh
bors orthorhombic unit c e ll.  The value for j  varies, dependent on the decoupling
method in the s ta tic  correlation functions, between 0.007 and 0.015 (79).

The experimental and theoretical memory functions are plotted together in F ig.58.

Comparing theory with experiment one notes two important facts.
F irs t, the long-time behavior of the experimental memory functions is much less
pronounced than should be expected from the interchain coupling derived from the
Néel temperature. We ten ta tive ly  tried  to describe the long-time behavior with
another value fo r j  = Jn /J . I t  was found that the value 0.04 f it te d  the long
time behavior reasonably w ell. Using the Tahir-Kheli (92) decoupling method, th is
value yields T  ̂ = 0.75 K (experimental value 0.43 K).
Secondly, the memory function in the c-axis is negative at intermediate times
(the minimum lies at about 10 b / j ) .  This is an important result as i t  implies
that at those times either the dynamical Random Phase Approximation is inaccu
rate or that the two-spin correlation functions are anisotropic, even at high
temperatures. Both, DRPA and isotropy, are frequently used in theories on the
high-temperature dynamical behavior o f weakly anisotropic magnetic systems.

In CuCl^.ZH.O the memory function in the a-axis also showed a negative under
shoot at intermediate times (see section 5.1.2). I t  was found that in the d irec
tions where the memory functions were positive at a ll times, most contributions
to the q-sum in the theoretical expression of G (t)  (c f. eq. (2.55)) came from
the center (intermediate q-values) of the B rillou in  zone. In contrast, in the
a-axis the contributions from the center were small and most contributions came
from small q-values and from the border of the B rillou in  zone. In the case
of anisotropy of the two-spin correlation functions at certain q-values, this
d iffe ren t sampling could very well explain why only the a-axis showed the anoma-
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lous behavior at intermediate times. We will now investigate if the same diffe
rence in sampling also occurs in CTS.
Due to the fact tfiat the antisymmetric exchange occurs between copper ions along
the c-axis, the coefficients C(q) are independent of qg and q. .

C(qa ,qb.qc) = C(0,0,qc) (7.27)

In Fig. 59 the qc“dependence of |C(q )| is given

2Fig..59 The q^-dependence of the coefficient |C(q )| . It has
been assumed that of the non-secular interactions in

CTS only antisymmetric exchange is important. The coeffi

cient is given in c.g.s. units.

Just as in CuCl_.2H.0, one notes that the direction (c-axis) in which the
negative shoulder in the memory function occurs, shows a strong tendency for
contributions from large and small q-values. Again, in contrast, in the other
two directions most contributions come from intermediate q-values. All this
gives credit for anisotropy in the two-spin correlation functions at either
large or small q-values. The origin of the anisotropy is not clear but may
probably be found in the antisymmetric exchange (and to a lesser extent in
dipolar interaction) itself.
However, in spite of all this the possibility of inaccuracy in the DRPA should
not be ruled out.
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I t  may very well be possible tha t, due to the peculiar character of antisymme
t r ic  exchange, cross co rre la tions such as (S_q, S ^(t)) are unequal to zero
(and negative) a t intermediate times. As both DRPA and isotropy have been used
in the theory exposed in th is  chapter, deviations from i t  may very well occur.
One can only hope th a t, due to the time dependent sampling over the B rillo u in
zone, anisotropy and inaccuracy in the DRPA only play a minor ro le  a t re a lly
long times.

Some f in a l remarks

In theore tica l investigations on the dynamical phenomena in low-dimensional
weakly an isotrop ic Heisenberg systems, usually three basic assumptions are made.

F irs t ,  i t  is  assumed that the time evolution o f the wavevector dependent two-spin
co rre la tion  functions is , a t a l l  times, predominantly governed by the
secular in teractions w ith in  the magnetic system. An analog assumption is found
in the weak-coupling approximation as used in th is  thesis.

Secondly, i t  is  assumed tha t four-sp in  co rre la tion  functions can be decoupled,
using the so-called dynamical Random Phase Approximation, in to  products o f two-
spin co rre la tion  functions w ithout loss o f relevant information.

T h ird ly , i t  is assumed that a t high temperatures the two-spin co rre la tion  func
tions are iso trop ic  a t a l l  values fo r q and t .

Confrontation o f experiment w ith the theory o f Hennessy et a l.  (79) in which these
three basic assumptions are embodied, shows tha t the experimental memory func
tions decay to zero in unexpectedly short times. Although the re la tive  •'Inten
s it ie s "  o f the long-time ta i ls  o f the memory functions in the d iffe re n t d ire c 
tions are in good agreement w ith the theory, a descrip tion o f the behavior at
re a lly  long times requires a ra t io  in tercha in -in tracha in  coupling which is near
ly  a fac to r 3 larger than the largest estimate fo r th is  ra t io  from the Néel
temperature.
This important discrepancy between experiment and theory can be due to a brake
down of the v a lid ity  o f each o f the assumptions mentioned above.

In the case tha t the f i r s t  assumption does not hold, not only the theore tica l
predictions but also our deriva tion  o f the memory functions from experi
ment may be in e rro r as, in that case, the lines in the memory spectrum cannot
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be expected to  s h i f t  r i g i d l y  w i th  the s t a t i c  f i e l d

I f  the weak-coupling approx imation  is  s u f f i c i e n t l y  accu ra te ,  we f in d  s trong

in d ic a t io n  f o r  e i t h e r  a n is o t ro p y  in the tw o-sp in  c o r r e la t io n  fu n c t io n s  o r  gross

inaccuracy in the dynamical Random Phase Approximation a t  in te rm ed ia te  t im es.

Whether these f a c t s ,  a n is o t ro p y  and inaccuracy in the DRPA, f u l l y  e x p la in  the

d e v ia t io n  from the  expected th e o r e t i c a l  t ime behavior a t  r e a l l y  long times is

unknown.

7.5  Discussion o f  the dynamical behavior a t  low temperatures

When lowering the  tem perature, sho r t - range  o rder w i l l  p ro g re s s iv e ly  develop

between spins along the chain  a x is .  Th is  one-dimensional sho r t - range  o rde r leads

to  an enhancement o f  the  c o n t r ib u t io n s  to  the  q-sum o f  eq. (2.55) from q-va lues

near and a t  the staggered plane q ■ (q^ , <1 ̂ » 2 i r / c ) .

A t s t i l l  lower temperatures the in te rc h a in  coup l ing  produces th ree-d im ens iona l

sho rt - range  o rder and u l t im a te ly  long-range o rde r  a t  a temperature unequal to

zero . I t  depends on the a n t i fe r ro m a g n e t ic  sp in  s t r u c tu r e  which p a r t  o f  the

staggered plane p lays the dominant r o le  in t h i s  process.

In f i r s t  ins tance , the  e f f e c ts  o f  th ree-d im ens iona l sho r t - ra n g e  o rde r  a re  ex

pected to  be o n ly  im portan t ve ry  near the Néel temperature (6 < 1 ) .  As the expe

r im en ta l  speeding-up o f  the re la x a t io n  process in  CTS s t a r t s  a t  about

T = 10 K (e  *  20 ) ,  one should expect th a t  t h i s  speeding-up a r is e s  from the

development o f  one-dimensional sho r t - ra n g e  o rde r a long the  cha in .

In CTS the memory fu n c t io n s  decay to  zero a t  times s u f f i c i e n t l y  s h o r t  to  descr ibe

the re la x a t io n  process o f  Mz ( t )  by a s in g le  re la x a t io n  t im e . In th a t  case, we may

use an approach s im i la r  to  th a t  in se c t io n  2 .k  w i th  some adaptions to  the l in e a r

chain case. The a n iso tro p y  o f  the magnetic in te ra c t io n s  w i l l  be neglected as i t

is  small and probably o n ly  p lays a r o le  ve ry  near the Néel temperature.

For the n e a r -p e r fe c t  l in e a r  cha in  compound one gets f o r  the reg ion  o f  one-dimen
s iona l s h o r t  rage o rde r

. 1 1  1 T - i*.5A— -------------- --- -------  oc ----  K
T T (T) t (°» )  X q

where k is  the inverse  c o r r e la t io n

chain i t  has been found (93) t h a t ,

p o r t io n a l  to  the temperature

(7.28)

length  a long the cha in  a x is .  For the l in e a r

a t  s u f f i c i e n t l y  low tem pera tures, k is  p ro -
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K “ T (7.29)

Substitution of eq. (7.29) in (7.28) yields

Ï2- (nX) * T-'*-5 (7.30)
T T

In Fig. 60 the experimental values for the left-hand side of (7.30) have been
plotted versus the temperature.

• a-axis
b-axis

. . I i .
10 K 15

Fig. 60 The experimental9 normalized. crvtvodl parts of the

relaxation rates in the a and b axes of CTS•
The solid line corresponds to the theoretical results

using a linear dependence of the inverse correlation

length on the temperature (see text).

One notes that the experimental temperature dependence does not support, as far
as the dynamical properties are concerned, a purely one-dimensional short-range
ordering along the chain, even at temperatures reasonably far from the Néel
temperature. A possible explanation of this unexpected result will be given be
low.
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At high temperatures we found the experimental memory functions to decay to zero
in unexpectedly short times. This discrepancy between theoretical and experimental
time dependence of the memory function may indicate that in the theory, in which
several approximations are embodied (see the fin a l remarks of section 7.*0,
the interchain coupling, secular and non-secular, is not properly taken into
account. In fac t, the experimental results possibly indicate a more important
role of th is  interchain coupling. There is no reason now why th is should not
equally hold at lower temperatures. As,due to the c r it ic a l slowing-down of the
spin fluctuations, the relevant correlation functions are extending to longer
times, one expects the interchain coupling to be even more important at lower
temperatures. This then leads to a decay rate of the correlation functions (see
eq. (2.57)) which is not only dependent on qc , as i t  is in an ideal linear chain
compound, but also on q and q, . I t  should be stressed that the dependence on

9  D
qg and q^ does not automatically imply a regular three-dimensional short-range
ordering. The s ta tic  and equal-time staggered suscep tib ility  (see eq. (2.66))
may even, in very good approximation, show the normal ideal linear chain beha
v io r. The only point made here is that the time evolution of the spin correlations
is strongly influenced by the interchain coupling.

A calculation analog to that of section 2.A leads then to

.1 T -2.5a— « —  k

T xo
Substitution of (7.29) in (7.31) yields

j - 2 . 5

(7.31)

(7.32)

As is shown in Fig. 60, th is  result is in very good agreement with experiment.

In spite of th is  agreement the explanation above is^only tentative as in the
derivation (7.31) some of the approximations have been used of which we questio
ned the v a lid ity  at higher temperatures. In the c r it ic a l region, however, other
parts of the B riilou in  zone play the dominant role in the dynamical process, so
these approximations may be better at lower than at higher temperatures.
For further investigations on the dynamical properties of non-ideal linear chain
compounds, more experiments should be performed in CTS at lower temperatures.
Especially, neutron scattering experiments should be performed to reveal the
possible q  ̂ and q^ dependence of the relaxation rates of the wavevector depen
dent two-spin correlation functions.
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8 Samenvatting

In dit proefschrift is, zowel experimenteel als theoretisch, het dynamische
gedrag van enkele zwak anisotrope magnetische systemen onderzocht. Het onderzoek
was in het bijzonder gericht op de tijdsevolutie van de totale magnetisatie van
het geïsoleerde elektron spin systeem. Hiervoor werden relaxatie en resonantie
metingen verricht in de paramagnetische, kritische en antiferromagnetische toe
stand van drie verschillende koper verbindingen. Van twee van de verbindingen
CuC12.2H20 en LiCuC1..2H20 is bekend dat ze magnetisch drie-dimensionaal zijn
terwijl de derde, Cu(NH,^S0Jt.H20, één van de eerst bekende magnetische lineaire
keten systemen is.

In de hoge temperatuur limiet is de invloed van anti symmetrische Dzialoshinsky-
Moriya exchange interactie op relaxatie en resonantie onderzocht. Introductie
van deze anti symmetrische interactie in de koperverbindingen leidde tot een per
fecte overeenkomst tussen experiment en theorie. Het interactie model, dat slechts
één aanpasbare exchange parameter bevat, is getest op de onafhankelijke experi
mentele resultaten verkregen in de kritische en antiferromagnetische toestand.
Het model bleek volledig consistent te zijn.

In het kritische gebied dichtbij de Néel temperatuur werd een anisotrope spee-
ding-up van het relaxatie proces gevonden. Gebruik makend van Random Phase
Approximation, ruimtelijk Fourier transforms en dynamical scaling is een theorie
ontwikkeld over kritische relaxatie en resonantie in zwak anisotrope magnetische
systemen. Hierin werd aangetoond dat de dynamische kritische verschijnselen van
een magnetisch systeem sterk kunnen worden beïnvloed door de magnetische aniso-
tropie. Door deze anisotropie te transformeren in een anisotropie in de kriti
sche slowing-down van de spin fluctuaties, werd een relatief eenvoudige uitdruk
king voor de relaxatie tijden (en dus ook voor de resonantie lijnbreedten) ge
vonden. De resultaten van deze theorie die een generalisatie is van de theorie
van Huber (2)(12), zijn in goede overeenstemming met het experiment in zowel
CuC12.2H20 als LiCuCl-.2H20. Dezelfde theorie op de lineaire keten CutNH^SO^.H20
toegepast, geeft als experimenteel resultaat dat de correlatie lengte omgekeerd
evenredig is met de temperatuur.

Beneden de Néel temperatuur is in de easy-axis van de orthorhombische antiferro-
magneten een laag-frequente relaxatie gevonden. Er is aangetoond dat deze relaxa
tie metingen een bruikbare test vormen voor spin-golf verstrooiings theorieën.
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Goede overeenkomst is gevonden met de th e o re t i s c h e  voorspellingen  van Harris  (31).

In de l in e p i r e  keten CTS is  sp e c ia le  aandacht besteed aan het l a n g e - t i jd  gedrag
van de t i jd s a fh a n k e l i jk e  c o r r e l a t i e  f u n c t ie s .  De ia n g e - t i jd  s ta a r te n  van de r e 
l a x a t ie  geheugen fu n c t ie s  z i jn  d i r e c t  berekend u i t  de r e la x a t i e  metingen. De
re s u l ta te n  van deze berekeningen z i jn  vergeleken met een aangepaste v e r s ie  van
de th e o r ie  van Hennessy e t  a l .  (79)• Alhoewel de meeste v e rsc h i jn se le n  kw ali ta 
t i e f  konden worden ve rk laa rd ,  werd gevonden dat de geheugen fu n c t ie s  minder u i t 
gesproken l a n g e - t i jd  gedrag vertonen dan th e o re t i s c h  kon worden verwacht. Uit
de metingen vo lg t  een in d ic a t ie  voor Öf be lan g r i jk e  onnauwkeurigheid in de Ran
dom Phase Approximation öf  een a n iso t ro p ie  in de g o lfv ec to r  a fh a n k e l i jk e  twee-
spin c o r r e l a t i e  fu n c t ie s .
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Op verzoek van de fa c u lte it  der Wiskunde en Natuurwetenschappen vo lg t h ie r een
overzicht van mijn studie.

Na de middelbare schoolopleiding aan het Johannes C alv ijn  Lyceum te Rotterdam,
waar m ijn intéresse voor de exacte vakken werd vergroot door de zeer persoon
l i jk e  w ijze van lesgeven van de heer W. Kors, en na de m il i ta ir e  d ie n s tt ijd  be
gon ik  eind 1962 mijn studie in.Leiden. Interesse voor niet-natuurkundige a c t i
v ite ite n  bracht met zich mee dat ik , naast de voorbereiding van de natuurkunde
tentamens, een groot gedeelte van m ijn t i j d  doorbracht in het land van Marianne

In 1967 legde ik  het kandidaatsexamen (D ') a f, waarna ik  m ij in a p r il 1967 b ij
de relaxatiegroep van Dr. J.C. V e rs te lle  voegde. In het eerste h a lf jaa r ass i
steerde ik  Dr. K. van der Molen en Dr. J .J . Eggermont waarbij de experimentele
fee ling  en nauwkeurigheid waarmee eerstgenoemde werkte op m ij een diepe indruk
heeft achtergelaten. Na deze eerste maanden van in i t ia t ie  begon ik  m ijn eigen
metingen waarbij ik  na zekere t i j d  geassisteerd werd door Drs. E. de Vries en
la te r de heer A.J. Bijlsma. Vanaf 1968 assisteerde ik  op het e lektronisch prak-
t  i kum.

In november 1971 legde ik  het doktoraal examen natuurkunde a f waarna ik , eind
1972, werd benoemd to t wetenschappelijk medewerker.

De goede sfeer in de werkgroep werd voor m ij bepaald door de zeer goede samen
werking met, naast bovengenoemden, Dr. P.W. Verbeek en Drs. H.L. van Noort te r 
w i j l  Dr. J.G.A. H illa e r t  voor een v ro li jk e  noot zorgde door a f en toe g u it ig
een zwaar metalen voorwerp door de lucht te laten vliegen. De hechte samenwer
king met Dr. P.W. Verbeek culmineerde in 1972 in de ontdekking van een nieuw
e ffe c t, het zgn. Kvanndal e ffe c t.

De heer L.J. de Haas assisteerde mij b i j  het verrichten van enige numerieke
berekeningen vermeld in d i t  p ro e fs c h rift.

De tekeningen in d i t  p ro e fsch rift werden op v lo tte  w ijze vervaardigd door de
heer W. R ijnsburger. Het technische gedeelte van het onderzoek werd op sympa

thieke w ijze verzorgd door de heer J. Turenhout en z ijn  medewerkers. De heren
C.J. van K link en L. van As fabriceerden met veel deskundigheid de kwarts ca-
p il la ire n .

-  1l»1
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1 .
De bewering van Joshua dat h i j  op groepentheoretische gronden heeft aangetoond
dat CuCl-.ZHjO een gekantelde spinstructuur hee ft, is o n ju is t.

S.J. Joshua, Phys.Stat.Sol. 38(1970)643

2 .

B ij de con fron ta tie  van de experimentele temperatuurafhankelijkheid van AFMR
lijnbreedtes met theoretische verwachtingen wordt vaak ten onrechte geen
rekening gehouden met de in tr in s ie ke  veldafhankelijkheid van deze lijnb reedtes.

J.P. Kotthaus en V.J. Jaccarino, Phys.L e tt. 42A(1973)361

3.

De w ijze  waarop Hennessy en Richards b i j  hun analyse van de temperatuurafhankelijk
heid van de paramagnetische resonantiel i jnbreedte in (^(NHjJ^SO^.I^O gebruik
maken van de 1ineaire~keten berekeningen van Carboni en Richards, is aanvechtbaar.

M.J. Hennessy en P.M. Richards, Phys.Rev.B 7(1973)4086
F.Carboni en P.M.Richards, Phys.Rev. 177(1969)889

4.

De b i j  m in is te riee l be s lu it geregelde promotie van het Franse wijnkasteel
"Mouton Rothschild" to t premier cru du Médoc is , ze lfs  u i t  propagandistisch

oogpunt, zin loos.

Arrëté du M in istre  de 11A gricu ltu re  -  ju in  1973 * France

5-

Voor meer inz ich t in het dynamische gedrag van n ie t“ ideale 1ineaire-keten
systemen b i j  lage temperatuur, d ien t met neutronenverstrooiing de afhankelijkheid
te worden onderzocht van (S , S_ (t ) ) van de golfVektor loodrecht op de keten-

M H
r ic h tin g .

D it p ro e fsch rift, sectie 7.5

6.
B ij de in te rp re ta tie  van de meetresultaten verkregen met de door R o llins e t a l.
voorgestelde nieuwe methode voor het bepalen van de fluxdichthe idsgradiënt
in irreve rs ibe le  type II supergeleiders, wordt onvoldoende rekening gehouden
met de beweeglijkheid van de fluxdraden in de pincentra.

R.W. R o llins , H. Kupfer en W.Gey, J.Appl.Phys. 45(1974)5392



7 .
B ij de voor de bergsport geb ru ike lijke  indeling van bergpassages in m oe ilijkhe ids
graden» d ient men te bedenken dat de moeilijkheidsgraad van sommige van deze
passages een func tie  is  van de afmetingen van de bergbeklimmer.

Guide du Massif des Ecrins - Arthaud - Paris

8 .
De bewering van Manson en Sjolander dat boven het overgangspunt Random Phase
Approximation in Heisenberg systemen geen z in vo lle  resultaten geeft voor de dyna
mische verschijnselen, is in z ijn  algemeenheid o n ju is t.

M. MSnson en A. Sjolander, Phys.Rev.B 11 (1975)4639

9.

U it de in het temperatuurgebied van 14 to t 20 K geconstateerde discrepantie
tussen.de IPTS - 68 temperatuurschaal en de magnetische temperatuurschalen
vo lg t dat de IPTS - 68 schaal n ie t voldoende nauwkeurig is en gecorrigeerd d ient

te worden. „  The |nternationa l P ractical Temperature Scale o f 1968 " ,
Metrologica 5(1969)35

10.

De grafische voo rs te lling  van een Chebyshev polynoom is een Lissajous fig u u r.

'< Theory and problems o f numerical analyses " ,  Francis Scheid,
McGraw-Hill Book Company, New York

11.

Recente onderzoekingen waarbij gebleken is dat voor de mens carcinogene stoffen
in bepaalde bacteriestammen (Salmonella typhlmurium) over het algemeen veel meer
mutaties veroorzaken dan niet-carcinogene s to ffen , moeten ook in Nederland aan
le id ing  z i jn ,  mede gezien het f e i t  dat een s to f in twee dagen kan worden onder
zocht, het w e tte li jk  te verp lichten elke in ons m ilieu  kunstmatig geïntroduceer
de s to f op mutagene eigenschappen te laten onderzoeken en de lozing en het ver
werken in voedsel van sterk mutagene s to ffen te verbieden.

B. Commoner, Report to the Environmental Protection Agency
(USA), j u l i  1975

Zie ook de pub lika ties van de te r gelegenheid van het
400-ja rig  bestaan van de Leidse u n iv e rs ite it  to t eredoctor
bevorderde Dr. Charlotte Auerbach.
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