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Chapter  I

INTRODUCTION AND SUMMARY

For more than t en y ea r s  i t  has been known t h a t  the  isomorphous compounds

K j C u C l ^ l ^ O ,  ( N H ^ C u C l ^ H j O ,  R b ^ u C l ^ H j O  and ( N H ^ C u B r ^ H j O  o r d e r
f e r r o m a g n e t i c a 1ly a t  a t e mpera tu re  o f  about  1 K. The s p e c i f i c  h e a t ,  suscep-

l ?)t i b i l i t y  and magn e t i za t io n  measurements o f  Miedema e t  a l .  ’ and Wiei inga

e t  a l .  i n d i c a t e  t h a t  the  magnet i c behaviour  o f  th es e  four  s a l t s  i s  e q u i v a l e n t .
Ail th e  s p e c i f i c  hea t  curves  could be b rought  to  c o i n c i d e  us ing  a reduced tem

p e r a t u r e  s c a l e .  The thermodynamic and c r i t i c a l  behaviour  o f  th es e  compounds

has been exp la ined  us ing v a r io u s  t h e o r e t i c a l  models f o r  th e  3-dimensional
4 5)b . c . c .  Heisenberg fer romagnet  wi th  S = i  * The n e a r e s t  neighbour  and ne x t -

n e a r e s t  neighbour  superexchange i n t e r a c t i o n  c o n s t a n t s  J .  and J 2 could be c a l 

c u l a te d  from the  exper imenta l  va lu es  f o r  th e  Cur ie-Weiss  t empera tu re  8,  the

o r d e r in g  t empe ra tu re  T , and the  t empera tu re  dependence o f  th e  s p e c i f i c  h ea t .
The main purpose o f  th e  work p r ese n te d  in t h i s  t h e s i s  i s  to  extend th e  knowledge

concerning  t h i s  s e r i e s  o f  isomorphous Heisenberg f e r r o m a g n e t s , i nc lud ing

Cs2CuC1j(*2H20 and Rb2CuBr^*2H20,  by p r ov id ing  i n s i g h t  in th e  magnet i c  p r o p e r t i e s
from a mic roscop ic  po in t  of  view. To t h a t  aim the  magnet i c  and e l e c t r i c  hyper -

f i n e  i n t e r a c t i o n s  o f  a i l  nuc l e i  ( except  those  o f  the  oxygen ions)  have been
determined us ing nu c l ea r  r e sonance t e ch n i qu e s .  From the  n u c l ea r  i n t e r a c t i o n s ,

in format ion  is  ob ta in ed  concern ing the  c ov a le n t  bond fo rmat ion  o f  the  o u te r

va le nc e  e l e c t r o n s  o f  both the  d iamagne t ic  and magnet i c  ions .  The t r a n s f e r  o f

unpai red  sp in  from the  magnet i c copper  ions towards the  va r io u s  d iamagne t i c

l ig ands  can then be c a l c u l a t e d  us ing a molecu la r  o r b i t a l  approach.  The change

of  the  unpai red  sp in  d e n s i t y  d i s t r i b u t i o n  on s u b s t i t u t i o n  o f  th e  d iamagne t ic
h a l i d e  and a l k a l i  Ions p rov ides  in fo rmat ion about  th e  v a r io u s  sp in  t r a n s f e r
mechan i sms.

The sp in  t r a n s f e r  c o e f f i c i e n t s  can be r e l a t e d  to  th e  magnitude o f  the  super

exchange i n t e r a c t i o n s  between the  copper  ions .  There fo re  the  mentioned e x p e r i 
ments a l s o  y i e l d  a q u a l i t a t i v e  e s t i m a t e  o f  th e  magnitude o f  the  v a r io u s  super

exchange cou p l ings  in the  s i x  d i f f e r e n t  compounds. This  i s  th e  more i n t e r e s t i n g

as  no s imple r e l a t i o n  between the  u n i t  c e i l  dimensions  and the  exchange c o n s t a n t s ,

as  determined from the  macroscopic q u a n t i t i e s ,  i s  found to  e x i s t .
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The nuclear resonance experiments also allow to determine the direction of the
spontaneous magnetization in the ferromagnetic state in zero field, which is
found to be different for the chlorine and the bromine compounds. From the ex
tremely large difference between the values for the nuclear interaction para
meters of one of the chlorine ions in the paramagnetic state and those in the
ferromagnetic state, a possible origin of this different preferred direction
of magnetization is suggested.
The temperature dependence of the spontaneous magnetization very near Tc has
been measured. Because of very favourable conditions, especially in the bromine
compounds, the value of the critical exponent B, which describes the exponential
behaviour of the spontaneous magnetization just below the Curie temperature,
has been determined much more accurately than is possible with macroscopic
methods.

In chapter 2 a short review of the macroscopic magnetic properties of the
3-dimensional Heisenberg ferromagnet is presented. Especially the relations
between nearest and next-nearest neighbour super exchange interactions and
macroscopically observable quantities are given. Also the influence of aniso
tropy on the magnetic properties is discussed.
The theoretical concept of covalent bond formation of a 3d-metal ion in an
octahedral environment is outlined extensively in chapter 3- A simplified mole
cular orbital approach is employed to obtain- expressions for the electron or
bitals Involved. The influence of the unpaired spin transfer from the magnetic
ion towards the ligands on the crystal field splitting and the spin-orbit coup
ling of the magnetic ion is discussed. Expressions for the ligand hyperfine
interactions due to the spin transfer are given. Also an approximate relation
between the magnitude of the super exchange interaction and spin transfer coef
ficients for a very simple case is derived.
In chapter A the properties of the Cu ion in the considered compounds are
treated. The electric crystal field at the copper ion has tetragonal symmetry
with important rhombic distortions. First of all the expressions for the elec
tronic g tensor, the hyperfine interaction tensor and the electric field
gradient tensor, all correct to second order in the spin-orbit coupling, are
derived for the situation of purely ionic bonding. These expressions are then
modified according to the molecular orbital approach outlines in the preceding
chapter to account for a partly covalent bonding of the copperion.
In chapter 5 the nuclear spin Hamiltonian will be discussed. The various con
tributions to the total magnetic interaction of the nucleus are given. We will
enter into the analysis of nuclear resonance spectra for a value of the nuclear
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spin I = 3/2, which is appropriate for most of the nuclei in these compounds.
Apart from perturbation theory expressions for the resonance frequencies, which
cannot be applied in all occurrent situations, also the generally valid analysis
following the method of Brown and Parker will be outlined. The experimental set
up is described shortly, the crystal structure of these compounds is presented.
From the point symmetry of the various nuclear sites in the unit cell the num
ber of expected resonance spectra is obtained. The local directions within a
copper octahedron are defined and a notation for the zero field spectra in the
ferromagnetic state is given. This chapter ends by some comments with respect
to specific aspects of nuclear resonance in ferromagnetic substances.
The results of the experiments in the paramagnetic state are treated in chapter
6. Successively we deal with the determination of the crystal field splittings,
the electronic g-tensor and the values of the Curie-Weiss temperatures 0 for
all compounds. Thereafter the determination of the directions of the principal
axes of the frequency shift and electric field gradient tensors of all nuclei,
and the values of their components are described.
The nuclear resonance spectra observed in the ferromagnetic state in zero field,
and the information which can be obtained from them, will be reported in chapter
7. Also the results on the temperature dependence of the spontaneous magnetiza
tion just below Tc will be given here.
Ultimately, in chapter 8, the results on the nuclear interaction tensors will
be analyzed to yield the spin transfer coefficients for the various diamagnetic
Ions. From the variation of these coefficients on substitution of the halide
and alkali ions, information about the spin transfer mechanisms is obtained.
A qualitative discussion of the exchange interaction in relation to the spin
transfer coefficients will be presented.

The major part of the experimental work discussed in the chapters 6 and
6 7 8)7 of this thesis has already been published in Physica ’ ’ . Moreover two

short notes have been published in the proceedings of international conferences
9,10)
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Chapter 2

EXCHANGE INTERACTION IN A 3-DIMENSIONAL b .c .c . HEISENBERG FERROMAGNET

I t  Is well known that the magnetic properties, especia lly those o f insula
ting  substances, can be described th e o re tic a lly  very well by introducing an
in te raction  between the unpaired electron spins o f the form

- ft Ju V*j (2 . 1)

J is called the exchange in te raction  between the spins ?. and S . This in te r-•ij - • ! • ', 2 ) J
action , as introduced o r ig in a lly  by Heisenberg ’ 1 and discussed by Dirac ,
contains only the ordinary Coulomb in te rac tion . This "d ire c t exchange in te r
action is very strongly dependent on the distance between the magnetic ions, and
so the exchange constant J . j  has only an appreciable value i f  i and j  are d ire c t
neighbours. This d ire c t exchange in te rac tion  leads to a ferromagnetic in te rac
tion  between the spins as the exchange constant J j . is always pos itive .
Kramers has introduced the concept o f super exchange in te rac tion , i.e .  exchange

I f )
in te raction  between two magnetic ions via one or more diamagnetic ions . The
sign o f the exchange integral J { . can be pos itive  or negative, depending on the
deta iled e lectron ic  s tructure  o f the intermediate ions.

In th is  chapter we w il l  give a short review concerning some important
thermodynamic and magnetic properties o f a magnetic insu la tor in re la tio n  to
the super exchange in te rac tion . Especially the methods to obtain the exchange
constants from experiments w il l  be discussed. Moreover, a tten tion  w il l  be paid
to the theore tica l re la tions  between exchange in teractions and magnetic proper
tie s  as have been derived by several authors, using exact series expansion c a l
cu la tions. The microscopic aspects o f the super exchange and its  re la tio n  to
spin transfer e ffec ts  w il l  be dealed w ith  in chapter 3-

As i t  has been found from the experiments by Miedema et a l."* ’ ^ that the
magnetic properties o f the series o f compounds w ith the K-CuCl j| *2H20 structure
can be explained fa i r ly  well by the theore tica l models fo r  the 3-dimensional
body centered cubic Heisenberg ferromagnet, we w il l  deal w ith th is  model only.
The influence o f weak anisotropy w il l  be discussed.



2.1. b.c.e. Heisenberg ferromagnet with nearest neighbour interaction. The
appropriate exchange hamiltonian for this ferromagnet is

N
- E

ij
J,j?, -Sj (2.2)

where J. J if i and j are nearest neighbours, otherwise J. 0. The summa -'iJ “ "  ' J ■-» —  jj
tion runs of ail N electron spins. The exchange constant J can be obtained from
the following four experimental quantities.

a) The Curie-Weiss constant 6, which determines the high temperature zero
field susceptibility x “ C/(T - 0), where C is the Curie constant C =
Ng2S(S + 1)y2/3k.

" 2
b) The quantity C (T)T /R which can be determined from the magnetic speci

fic heat at high temperatures.
c)

from the specific heat results: E'
The total energy E gained by magnetic ordering, which can be obtained

f°°C (T)dT.m
d) The experimental value of 8 (T)T 3^2 which describes the specific heat

in the low temperature (spin wave) region.
The express ions reiating J to these parameters are

e - 2zs(s + i)J/3k (2.3)

E/R = zS2 |j|/k (2.4)

C (T)T2/R = 2zS2 (S + 1)2J2/3k2m (2.5)

C (T)t ‘3/2 - 5.68 x l<f2 (J/k)'3/2 (2.6)

z is the number of nearest neighbours; z = 8 for a b.c.c. structure. The numeri
cal constant in eq. (2.6) is the first coefficient in the Dyson expansion for
the heat capacity, appropriate for a b.c.c. structure^. Moreover, experimental
quantities can be obtained for the critical energy and the critical entropy
defined by

Eoo Ec
kTc

1
k C (t)dtm (2.7)

S00
k

Sc 1
k

C (t)in (2.8)
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where t = T/T , the reduced temperature. Because both quantities do not depend
on J, they have to be the same for all 3-dimensional b.c.c. nearest neighbour
Heisenberg ferromagnets.
The experimental value of J calculated from eq. (2.3) “ (2.6) and the value for
the critical energy and critical entropy can be compared with the theoretical

o \
values as calculated by Domb et al. for the quantities (2.7) and (2.8) and
the critical parameter kT /J. These theoretical values are given in table 1.

C p
The experimental results of Miedema et al. ’ ' on four of the six copper com
pounds have been interpreted originally on the basis of this model. A rather
good agreement between Domb's theoretical values and the values derived experl-

9)mentally has been found. Afterwards Wood and Dalton obtained a much better
agreement by introducing also next-nearest neighbour interactions between the
magnetic ions.

2.2. b.c.c. Heisenberg ferromagnet with nearest and next-nearest neighbour

interaction. The exchange hamiltonian for this case is equivalent to that given
in eq. (2.2) but now: J .. = Jj if i and j are nearest neighbours and J {j ■ J2
if i and j are next-nearest neighbours, otherwise J.j *• 0. The number of nearest
and next-nearest neighbours for a b.c.c. crystal is = 8  and z2 = 6 respective
ly. The equation (2.3) - (2.5) can easily be modified, according to Wood and

qV>Dalton*^, to

6 - (4Jj + 3J2)/k (2.9)

E/R - (AJj + 3J2)/2k (2.10)

C T2/R - 3AJ? + 3J~)Ak2 (2.11)ITldQ I t-

The values for z. , z2 and S_ = i are already substituted. The theoretical values
for the critical energy, critical entropy and kT /J. as a function of thec I g\
parameter a = J2/Jj for 0 s a S 1 as obtained by Wood et el. are given in
table 1. Other calculations concerning the dependence of kTc/J| on a have been
performed by Wood et al'^ and Cooke" \  Their results agree rather well and
can be described approximately by

kTc( « ) kT (0)
— ---  (1 + ba)

J 1
(2.12)
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Table  1

T h e o r e t i c a l  e s t i m a t e s  o f  the  c r i t i c a l

pa rameter s  f o r  a b . c . c .  Heisenberg fer romagnet

° = V Ji 0 0.1 0 .2 0 .3 0 .4 0 .5 0 .6 0 .7 0 .8 0 .9 1.0

(E» - Ec>/kTc 0.460 0.438 0.419 0.404 0.393

LAC
OCAO

0.378 0.372 0.367 0.363 0.357

(V sc)/k 0.235 0.234 0.229 0.225 0.223 0.219 0.218 0.216 0.213 0.211 0.210

kTc / J i 2.55 2.86 3.05 3.28 3.46 3.81 4.03 4.25 4.48 4.71 4.94

n 0 0.1 0 .2 0 .3 0 .4 0 .5 0 .6 0 .7 0.8 0 .9 1.0

E -E /kT 0.169 0.169 0.170 0.175 0.184 0.201 0.222 0.252 0.295 0.335 0.460
00 c C

kTr / J 3.18 3.17 3.16 3.14 3.11 3.06 3.01 2.94 2.85 2.74 2.55

The v a l u es  f o r  b and kT ( 0 ) / J ,  va ry  f o r  the  d i f f e r e n t  a u t h o r s  between b =
C I 12 )

O.94 -  1 .00 and kT ( 0 ) / J j  = 2.55  -  2 .64 .  Swendsen has r e c e n t l y  c a l c u l a t e d

the  a n a l y t i c a l  ex p re ss i on

2
kT / J j  -  bQ + bjOi + b2a

where bQ -  2 . 603; bj -  2 .445 and b2 = -0 .107  f o r  a b . c . c .  s t r u c t u r e  wi th

0 S a S 1.
All c a l c u l a t i o n s  on the  low temp era t u re  behaviour  ag re e  in s o f a r ,  t h a t  i t  is
found t h a t  the  s p e c i f i c  hea t  a s  well as  th e  spontaneous  m a g n e t i z a t i o n ,  on a

reduced t em per a t u re  s c a l e  T/T^,  a r e  independent  o f  o.

2 . 3 .  Simple a n iso tro p ic  b .c .c .  Heisenberg ferrom agnet w ith  n ea res t neighbours
in te r a c tio n  o n ly • Although the  p r o p e r t i e s  o f  the  copper  compounds can be ex

p l a i ned  ve ry  well on th e  b a s i s  o f  the  models fo r  an i s o t r o p i c  Heisenberg f e r r o 

magnet ,  i t  i s  known from E.S.R.  and m ag ne t i z a t ion  measurements on (NH^)2CuBiV

2H20 by Suzuki e t  a l . ' ^ ’ ' 1* t h a t  a small a n i s o t r o p i c  i n t e r a c t i o n  is  p r e se n t  in
t h i s  compound. The a n i s o t r o p y  f i e l d  i s  determined to  be about  270 Oe a t  T -  0 K,

which i s  o f  the  o r d e r  o f  U  o f  the  ( i s o t r o p i c )  exchange f i e l d .  Another  i n d i c a 
t i o n  o f  th e  p resence  o f  a n i s o t r o p y  i s  found by Velu e t  a l .  from the  measured

low tempe ra tu re  spontaneous  m a gne t i za t io n  o f  the  two bromine compounds. They
f ind  t h a t  the  exper imenta l  cu rve s  ag re e  much b e t t e r  wi th  t h e o r e t i c a l  c a l c u l a t i o n s

i f  an a n i s o t r o p y  f i e l d  o f  abou t  300 Oe i s  supposed.

14



Dalton and Wood '^  have c a l c u l a t e d  th e  in f lu e n ce  o f  a u n ia x ia l  a n i s o t r o p y  on

the  p r o p e r t i e s  o f  a b . c . c .  f er romagnet  by co n s id e r in g  a ham i l ton ian  o f  the  form

so t ropy  pa ramete r  q can have the  va lu es  0 £ n s  1. For the  ext reme values
n = 0 and 1 eq.  (2.14) reduces  to  th e  f a m i l i a r  I s ing  and Heisenberg hami l ton ian

r e s p e c t i v e l y .  The va lu es  f o r  (E^ -  Ec ) /kTc and kTc / J  as  a f u n c t i o n  o f  n as

ob ta ine d  from high t e mpera tu re  s e r i e s  expansion a r e  g iven in t a b l e  1.
The c a l c u l a t e d  c r i t i c a l  exponent  y f o r  the  ze ro  f i e l d  s u s c e p t i b i l i t y  j u s t  above

T seems to  e x h i b i t  an anomalous behaviour  a t  i) :  1. That  may ex p l a in  perhapsC jyj
t he  exper imen tal  va l ue  y = 1.31 found by de Jongh e t  a l .  ' f o r  (NHr).CuBr^*
2H.0 which i s  s u r p r i s i n g l y  small compared to  th e  t h e o r e t i c a l  e s t i m a t e  y  =

^  1 o \
1.43 ' f o r  an i s o t r o p i c  Heisenberg fer romagne t .  Fu r th e r  Dalton and Wood show

t h a t  the  spontaneous  magne t i z a t ion  in the  sp in  wave reg ion  depends on n ,  whi le
the  c r i t i c a l  exponent  3 f o r  the  m ag ne t i z a t ion  nea r  T p robably is  independent

o f  weak a n i s o t r o p y .

2.4.  P ossib le  o rig in e  o f  a n iso tro p ic  in te ra c tio n .  Because most e x p r e ss io n s  fo r

the  he re  mentioned a n i s o t r o p i c  i n t e r a c t i o n s  a r e  ve ry  compl ic a te d ,  and so a

q u a n t i t a t i v e  c a l c u l a t i o n  o f  t h e i r  magnitude is  ou t  o f  o r d e r ,  on ly  a ve ry  sh o r t
r eview o f  the  type o f  i n t e r a c t i o n  w i l l  be g iven.

a)  Anisot ropy o f  th e  d i p o l a r  i n t e r a c t i o n .  The d i p o l a r  f i e l d  a t  the  copper

s i t e  due to  a i l  su r round ing magnet i c moments can be c a l c u l a t e d  s t r a i g h t  f o r -
13) 19)wardly.  Suzuki e t  a l .  and Wiei inga have found t h a t  th e  a n i s o t r o p y  f i e l d

o r i g i n a t i n g  from t h i s  mechanism is  l e s s  than 1 Oe a t  T ■ 0 K and can t h e r e f o r e

be n eg l ec te d .
b) S ing le  ion a n i s o t r o p y  need not  be con s i de r ed  as  i t  i s  ze ro  f o r  the

case  S "  i .
20 21 )c) Dzya losh inski -Mor iya a n i s o t r o p i c  exchange i n t e r a c t i o n  ’ . The

ground s t a t e  o f  the  magnet ic ion is  pe r tu r bed  in second o r d e r  by the  combined
e f f e c t  o f  the  s p i n - o r b i t  coup l ing  and the  exchange i n t e r a c t i o n .  This  y i e l d s  an

a n i s o t r o p i c  i n t e r a c t i o n  o f  the  form D(?j x 5 . )  where D is  o f  th e  o r d e r  o f  Ag*J
(Ag is  the  d e p a r t u r e  o f  th e  e l e c t r o n i c  g va l ue  from the  f r e e  sp in  value  and J

i s  the  i s o t r o p i c  exchange i n t e r a c t i o n ) .  As th e r e  i s  no c e n t r e  o f  symmetry
between neighbouring copper  ions in th e  K-CuCK^HjO s t r u c t u r e ,  t h e r e  may e x i s t

such an i n t e r a c t i o n .

Hex = - z j.,[sfs* + n(s?s? + sYsY)]i j  i J i J i J i J (2.14)

J i f  i and j  a r e  n e a r e s t  ne ighbours  and Jwhere J 0 o th e rw is e .  The a n i -
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d) B iquadra tic  exchange22 o f the form J (? j 'S 2) , which is  a second order
p e rtu rb a tio n  term inc lud ing  on ly the exchange in te ra c tio n , vanishes id e n t ic a lly

fo r  S -  i .
e) Pseudo-dipolar exchange in te ra c tio n 23* . A th ird  order pe rtu rba tion  in 

vo lv ing  again the s p in -o rb it  coupling and the exchange in te ra c tio n . The in te r 

a c tion  is  approxim ately o f the form .E.C j . (Sj .Sgj) ( • »j  = X«Y«Z)« where C is  o f
the order o f (Ag)2J. This mechanism can be approximated to  g ive  an anisotropy
f ie ld  which agrees in order o f magnitude w ith  the value observed experimen

t a l l y ' 9* .
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Chapter 3

MOLECULAR ORBITAL APPROACH OF COVALENT BONDING

3.1. Introduction. To calculate the properties of a magnetic ion from a micro
scopic point of view, it is necessary to find the appropriate wave functions
describing the unpaired electrons of the magnetic ion. The crystal structure of2+
the here considered compounds shows that the magnetic ion (Cu ) is surrounded
by a distorted octahedron of negatively charged ligands. Therefore we start
with a general description of the wave functions of the unpaired electrons of
a positively charged magnetic ion M in a perfectly octahedral surrounding of
six equivalent negatively charged ligands X. It will be supposed that the un
paired electrons of the magnetic ion are in 3d orbits, and that the ligands
have closed outer s and p shells. All properties of the magnetic ion and the
ligands will be derived for this ideal situation. Afterwards the proper modi
fications will be made to account for the distortion of the octahedron and the
inequivalency of the six ligands. The adaptation of the derived formulae to the
actual situation will be described, as far as the ligand hyperfine interaction
is concerned, in chapter 7 in connection with the analysis of the experimental
data. Above all the experimental data will provide the directives for the neces
sary modifications to be made.

There are three main approaches to the calculations of the microscopic
properties of a magnetic ion.
a) Crystal field method: the properties of the d electrons on M in the elec
trostatic field of the ligands X, are calculated. As no electrontransfer from
X to M is included, this method cannot be expected to account adequately for
most of the experimental results.

1 2 t
b) Configuration interaction method ’ ’ : In this method electrontransfer is
allowed for by adding to the normal ionic configuration an admixture of con
figurations in which an electron has been transferred.
c) Molecular orbital method ’ electrontransfer is taken into account by
letting the wave function of each electron be a linear combination of atomic
orbitals (LCAO) belonging to M and X.

The last two methods yield to equivalent results if no approximations are made.
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We w i l l  use  here  a s i m p l i f i e d  molecu lar  o r b i t a l  me thod ^  , in the  sense

t h a t  we w i l l  g iv e  a d e s c r i p t i o n  in terms o f  o n e - e l e c t r o n  o r b i t a l s .  On d e r iv i ng
th e  ex p r e ss io n  f o r  th e  molecu la r  o r b i t a l s  we w i l l  on ly  use  the  o u t e r  pure s

and p o r b i t s  o f  the  l i ga nds  and the  3d o r b i t a l s  o f  the  metal ion.  I t  must how
ever  be mentioned t h a t  t h i s  model does not  exc lude  the  e x i s t e n c e  o f  hybr id ized

o r b i t a l s .  T he i r  e x i s t e n c e  s imply can be inc orpora ted  in the  admixture c o e f 

f i c i e n t s .  The in f lu e n ce  o f  the  u n f i l l e d  4s and 4p o r b i t a l s  o f  the  metal  ion and

the  f i l l e d  inner  s and p o r b i t a l s  o f  the  l igand wi l l  be n eg l ec te d .
The s e t  o f  molecula r  o r b i t a l s  wi l l  be de r ived  by c on s id e r in g  f i r s t  t he

a p p r o p r i a t e  wave f u n c t i o n s  f o r  a two-atom system M-X which poss es se s  on ly  one

bond. Next ,  i f  we can n e g l e c t  any c o r r e l a t i o n  e f f e c t s  between the  s i x  bonds in

the  o c t ah e d ra l  complex,  th e  " independent  bonding m o d e l" ' '  can be ap p l i e d  to

deve lop  the  wave f u n c t i o n s  f o r  the  complete system.

2 .2 . M olecular o r b i ta ls  in  the  M-X system . The e l e c t r o n  o r b i t a l s  o f  i n t e r e s t

a r e  f o r  th e  metal  ion

f i l l e d  or , 2  2 2 23z -  r  ; x -  y (e ) (a)
M(3d"):

p a r t l y  f i l l e d xy;  yz;  xz ( t 2g) (IT)

and f o r  th e  l igand

X(s^p^) ; f  i l  led
px* py ’ Pz

s

(a o r  it)

(a)

th e  type o f  o r b i t  i s  a o r  it , where th e se  symbols d e s i g n a t e  ze ro  o r  u n i t

an gu la r  momentum about  th e  M-X bonding a x i s  r e s p e c t i v e l y .  In f i g .  1 some o f

th e s e  o r b i t s  a r e  shown. The p o r b i t  o f  th e  l igand c o n t a i n s  two e l e c t r o n s  wi th

o p p o s i t e  sp in  d i r e c t i o n  (++) and i s  in a t y p ic a l  ca se  abou t 10 eV lower in

energy than the  3d o r b i t  o f  the  M Ion which c o n t a in s  one unpai red  e l e c t r o n

wi th  sp in  up (+) .  The co v a le n t  bond fo rmat ion involves  t r a n s f e r  o f  the  p e l e c 

t r on  wi th  sp in  down (+) to  the  3d o r b i t .
We now c o n s id e r  the  a p p r o p r i a t e  l i n e a r  combinat ions  o f  the  atomic o r b i t a l s

p and d ( fo r  s and d ana logous  e x p r e ss io n s  can be de r ived)  which y i e l d  the  new

molecula r  o rb i  t a l  s a n d  f o r  the  two ions r e s p e c t i v e l y .
A D

$ = N.(d -  Ap) a n t i  bonding
A A

(3.D
= N_(p + Bd) bonding

D D
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wmtè*

Fig.  1. Angular  dependence o f  some o f  the  M and X e l e c t r o n  o r b i t a l s .

A and B a r e  small admix tu re c o e f f i c i e n t s ,  and N. and N„ a r e  normal i z ing con-
A D

s t a n t s  which can be deduced from the  o r th o n o rm a l i ty  r e l a t i o n s  f o r  and $g.

<*a I®a> “ <®b I®r> “  ' so th a t

n"2 -  1 -  2AS + A2 (3.2)

-2  2N_ -  1 -  2BS + B
D

<• I* > -  0 - B - A  + S -  ABS

where S = <d|p> is  the  ov e r l a p  i n t e g r a l .  When the  small term ABS is  neg lec ted
we f ind  the  r e l a t i o n  between the  admixture c o e f f i c i e n t s

A -  B + S (3.3)

The admix tu res  occur  because the  o n e - e l e c t r o n  Hami ltonian h f o r  the  system has

a ma t r ix  el ement  between p and d ,  <p|h |d>
o v e r l a p ,  th e  p e r t u r b a t i o n  th eo ry  ex p r e ss io n  f o r  the  admixture is

a^ . I f  we n e g l e c t  the  terms in

adc

E .-Ed p

(3.4)

where and E a r e  the  e n e r g i e s  o f  th e  pure d and p o r b i t  r e s p e c t i v e l y ,  and

I t  i s  assumed t h a t  a .  «  E.-E .dp d p
With the  same approximat ions  th e  s h i f t  in ene rgy o f  the  molecula r  o r b i t a l s

wi th  r e s p e c t  to  the  pure p and d o r b i t s  i s
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2
(3 . 5)AE „  _ 4 £ _  = B2 (E -E )

E.-E Pd p

I f  terms in  ove r la p  are not neglected i t  is  argued by Anderson^ th a t  the c o r 

re c t  expression f o r  the energy s h i f t  becomes

AE -  A2 (E .-E  ) {3 .6 )d p

Thus, a f t e r  bonding, the d o r b i t a l  becomes $A and is  ra ised in energy by AE,

w h i le  the  p o r b i t  becomes $ B and is  lowered by the same energy AE. Since there

are two e le c t ro n s  in p and o n ly  one in d , the re  is  a net s t a b i l i z a t i o n  energy

o f  the bond o f  AE.
As f a r  as the magnetic p ro p e r t ie s  are  concerned the cova len t e f f e c ts  o f  the

bond ing -an t i  bonding p a i r  o f  e le c t ro n s  w i th  sp in  + cance l,  s ince  equal amounts

o f  e le c t ro n  (N2B2) are t ra n s fe r re d  in both d i r e c t i o n s ;  on ly  ove r lap  e f f e c ts  are

observab le . The o n ly  measurable e le c t ro n t ra n s fe r  e f f e c t  is  th a t  assoc ia ted  w i th

the  bonding e le c t ro n  w i th  sp in  +, o r  a l t e r n a t i v e l y ,  w i th  the an tibond ing  hole

in $ w i th  sp in  +. The sum o f  t h i s  t r a n s fe r  admixture  B and the ove r lap  admix

tu re  S g ives  a t o t a l  adm ix ture  B + S = A, and hence an unpaired sp in  d e n s i ty

on the l igand  o f

f  = N2 A2 {3 .7 )

Th is  va lue  o f  f  equals the  amount o f  p e le c t ro n  N2A t ra n s fe r re d  from the p

in to  the d o r b i t .  So the d i s t r i b u t i o n  o f  unpaired sp in  d e n s i ty  can be described

by the adm ixture c o e f f i c i e n t s  o f  the an t ibond ing  o r b i t a l

3 .3 . M o le cu la r o r b i ta ls  in  an o c ta h e d ra l complex. By v i r t u e  o f  the " independent

bonding model" the bonding in an octahedra l complex can be t re a te d  analogous to

a s in g le  bond in the M-X system. However i t  is  more convenient to  cons ider the

m olecu lar o r b i t a l s  f o r  the  complete complex MX6< To set up the a p p ro p r ia te  mole

c u la r  o r b i t a l s  one has to  take l in e a r  combinations o f  the s and p o r b i t a l s

belonging to  the s ix  l ig a n d s ,  which trans fo rm  as the va r ious  i r r e d u c ib le  rep re 

sen ta t ions  o f  the oc tahedra l group. These can then be admixed to  the ce n tra l

ion o r b i t a l s  which trans fo rm  as the  same i r r e d u c ib le  re p re s e n ta t io n .  As the

magnetic p ro p e r t ie s  are described by the  a n t i -b o n d in g  o r b i t a l s  analogous to  eq.

(3 .1) which s p e c i fy  the d i s t r i b u t i o n  o f  the unpaired sp in ,  o n ly  these o r b i t a l s

w i l l  be d iscussed .
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I f  the six equivalent ligands numbered by 1, 2, 3, 4 , 5, 6 are situated at
respectively the x , y, z ,  -x ,  -y ,  -z  axes of the octahedron, the antibonding
o rb ita ls  arq given by

* (3 z 2 -  r 2) -  Na{d(3z2 -  r 2) -  + 2z6 + x, -  Xj, #  y2 -  y? )

’  ^12 2̂s3 + 2s6 sl s2 ’  s4 s5 ^

$(x2 -  y2 ) = Na(d (x2 -  y2) -  ioigC-x, + X|, + Y2 * Yj)

-  i« s (s l + s4 " s2 '  s5) }

«(xy) -  N^{d(xy) -  i a j y ,  -  + x£ -  x j )  (3 . 8 )

4 (yz )  -  N^{d (yz) -  -  z$ + y3 -  y6) }

* (z x )  = N^fdfzx) -  i a ^ x ,  -  x^ + Zj -  z^)}

The normalization constants are given by

N 2 = 1 * 4a S •  4a S + a2 + a2a a a s s a s

N 2 = 1 '- 4a S + a2
IT  "FT IT  IT

Where the overlap integrals are defined as

S0  "  " < d ( * ƒ  ■ y 2 ) l x i > . Ss -  <d(x2 -  y2) | s j > ,  -  < d (x y ) |y j >

The experimental results  are most times expressed in terms of the fra c t io n  f

o f unpaired electron transferred to a ligand o r b i t .  For s ingly occupied d o r
b its  these fractions  are from eq. (3*8)

1 ..2 2
r r  N a3 a a

u2 2N a
IT  IT ; f . • i2 2N aa s

These are exactly  the same q uantit ies  as defined in eq. (3 .7 ) .

I t  must be noted however that in the copper compounds under consideration
the copper ion is surrounded by six  not equivalent ligands in a d is torted  octa
hedral arrangement. For an adequate description of the molecular o rb ita ls  of

th is  complex, to each of the three pairs o f equivalent ligands a d i f f e re n t  set

of parameters (a^, oi^, <*s , S^, S^, Sg) has to be ascribed. Furthermore, in

f i r s t  order, only the x2-y2 o rb ita l  Is singly occupied for the copper ion. The

other ( f i l l e d )  3d o rb ita ls  admix in the x -y 2 o rb ita l  only in second order via

the sp in -o rb it  coupling and the rhombic d is to r t io n  of the octahedron. As has
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a l r e a d y  been ment ioned,  the  nec es sa r y  m o d i f i c a t i o n s  to  accoun t  f o r  th es e  d e v i a 

t i o n s  w i l l  be made in connec t ion  wi th  the  experimental  r e s u l t s .

3.4. Influence of covalency effects on some properties of the magnetic ion.
3.4.1. Crystal f ie ld  splitting . The c r y s t a l  f i e l d  s p l i t t i n g  A deno tes  the

energy d i f f e r e n c e  between the  two e^ o r b i t a l s  and the  th r e e  t 2g o r b i t a l s .
According to  the  s imple ion ic  model,  t h i s  energy d i f f e r e n c e  occurs  because the

3z2- r 2 and th e  x2-y2 o r b i t s  have lobes p o in t i n g  towards the  l ig ands  and a r e

t h e r e f o r e  l e s s  s t a b l e  than the  xy,  yz and xz o r b i t s  which avoid th e  l ig a n d s .

Apart  from t h i s  ion ic  p a r t  o f  th e  c r y s t a l  f i e l d  s p l i t t i n g  Ej o n , which can be
c a l c u l a t e d  , a l s o  co v a le n t  admixture g ive s  a c o n t r i b u t i o n  to  the  t o t a l  energy

s p l i t t i n g  Et o t .
We saw t h a t  the  e f f e c t  o f  co v a le n t  bonding in the  s imple two-atom system was to

2
r a i s e  the  energy of  the  an t i bon d in g  d o r b i t  by an amount AE s A (E^-E^) . There

i s  t h e r e f o r e  a l s o  a c o n t r i b u t i o n  E to  the  t o t a l  c r y s t a l  f i e l d  s p l i t t i n g ,  c o r 

respond ing  to  th e  d i f f e r e n c e  between the  a n t i  bonding energy s h i f t s  f o r  the  a
, 9)and it o r b i t a l s

In terms o f  th e  admix tu re c o e f f i c i e n t s  o f  eq.  (3.8)  f o r  an o c t ah ed ra l  complex,

we then deduce

AE - AE ,  (a2 - a2)(E . - E ) + a2(E - E )a ir a it a - p s a  s (3.9)

Although t h i s  ex p r e ss io n  can on ly  be r egarded as  ve ry  approximate ,  i t  i l l u 

s t r a t e s  some o f  the  f a c t o r s  a f f e c t i n g  Ec q v .
The t o t a l  c r y s t a l  f i e l d  s p l i t t i n g ,  as  measured by o p t i c a l  a b s o r p t i o n ,  can thus

be g i ven by

^ to t  m ^ion + cov

3.4.2. Orbital magnetic moment and spin-orbit coupling. The i n t r o d u c t i o n  of

co v a le n t  bonding in to  an ion ic  complex l eads  to  a r ed uc t io n  o f  the  o r b i t a l

magnet i c m o m e n t ^ o f  the  magnet i c ion.  On a very s imple p i c t u r e  t h i s  re
d uc t i on  a r i s e s  because o f  the  t r a n s f e r  o f  a f r a c t i o n  f  o f  unpai red sp in  to  the

l i g a n d s ,  l eav ing  a f r a c t i o n  ( 1 - f )  in the  c e n t r a l  d o r b i t .  Roughly th e r e  is a

red u c t io n  k « (1 - f )  in the  o r b i t a l  magnet i c moment o f  M.

Formally the  r ed u c t io n  f a c t o r  k . j  i s  de f ined  by

<4. | l | 4 j>

k , j  < d , | l | d j >
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where I  Is the o r b i t a l  angu la r momentum o p e ra to r ,  the  $ 's  the m olecu lar o r 

b i t a l s  o f  eq. (3 .8 ) and the d 's  the corresponding pure d o r b i t a l s .  There are

two reduc t ion  fa c to r s ,  k (w i th in  the t .  o r b i t s )  and k (between the  e andTiTi zg air g
l 2g o r b i t s ) -  These can be c a lc u la te d  from the above g iven m a t r ix  elements to  be
approx im ate ly

k -  N2 (l -  ka S + i a 2)ITU IT TT IT * IT
(3 . 10)

k = N N (1 -  2a S -  2a S -  i a  a )air a i r  a a ir ir 2 i r a /

where in k the s c o n t r ib u t io n  has been neg lected .

Apart from a reduc t ion  o f  the o r b i t a l  momentum, a ls o  a reduc t ion  o f  the
s p in - o r b i t  coup l ing  parameter X w i l l  o c c u r '2 .

The o n e -e le c tro n  s p in - o r b i t  H am ilton ian  f o r  the  octahedra l complex can be
1 i )w r i t t e n  as 3

#  „  = \ t . ï  + X i t .  • ss .o .  d P i *

where Xd and X are the s p in - o r b i t  cou p l in g  constan ts  f o r  re s p e c t iv e ly  the

ce n tra l  d and the l igand  p o r b i t s ;  and It. are the angu la r momentum opera to rs

centered about the c e n tra l  nucleus and the l igand  nuc le i  r e s p e c t iv e ly .  The
summation runs over a l l  l ig a n d s .

The e f f e c t i v e  s p in - o r b i t  coup l ing  constan ts  X . .  f o r  the c e n tra l  ion can be

ca lc u la te d  analogous to  the c a lc u la t io n  o f  the reduc t ion  fa c to r s  k and k
, mr a ir ’1eadi ng to

X „  = N2 (X. + i a 2X )wir ir a * ir p

X *  N N (X . “  i a  a X )air a i r x d a  ir p '

3.S . Ligand, t ra n s fe r re d  h y p e rfin e  in te ra c t io n .  As a r e s u l t  o f  the sp in  t r a n s fe r

from the magnetic ion to  the l ig a n d s ,  the re  w i l l  be an in te r a c t io n  between the

l igand  nuc le i  and the unpaired sp in  o f  the magnetic ion ; the s o -c a l le d  t r a n s 

fe r re d  h yp e r f in e  in te ra c t io n  , | n so fa r  as the magnetic p a r t  o f  t h i s  In te l—
a c t io n  is  concerned, the in te ra c t io n  can be w r i t t e n  as

f f i (3 .12)

where f .  is  the f r a c t i o n  o f  unpaired sp in  in the

the hyp e r f in e  s t r u c tu re  constan t o f  th a t  l ig a n d ,

and s = i  is  the unpaired e le c t ro n  sp in .  The sum

l igand  i th  o r b i t a l ,  A? is1
I is  the l igand  nuc lear sp in

is taken over a l l  o r b i t a l s  o f
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the ligand which possess a fraction of unpaired spin.
If the ligand nuclear spin I > i the spin transfer to the ligand p orbits will
also contribute to the nuclear electric quadrupole interaction.
In the regular octahedron the transferred hyperfine interaction is equivalent
for ali six ligand nuclei. We choose ligand number 3 on the positive z axis
(see section 3.3) of the octahedron to calculate this interaction. The ligand
nuclear transferred hyperfine interaction Hamiltonian, containing only the terms
due to the spin transfer effects with the centra) ion, must have axial symmetry
about the z axis, and can be written as

1i gand AS I +z z B(S I + S IJ' x x y y + Pq{3i z id + D l (3.13)

A and B represent the sum of the spin transfer contributions, as given in eq.
(3.12), and the dipolar interaction. The last term in eq. (3-13) represents
the ligand nuclear quadrupole interaction.
We will now calculate the contribution from each of the ligand orbitals to A,

B and P .
q

3.5.2. Magnetic contribution of the b orbits. There can be a fractional
occupation f of unpaired spin in the ligand s orbit if unpaired electrons in
e orbits of the magnetic ion are present. The hyperfine interaction due to a
singly occupied ligand s orbit is given by the usual isotropic Fermi-Dirac
contact term

A°?-t (3-,1°s
where

a° - -y- *gneen l * ( ° ) I2
is the hyperfine structure constant for an s electron. Here g p is the nuclear
Lande factor, B and B are the Bohr and nuclear magnetons respectively and
$(0) is the value of the considered s wave function at the nucleus. In the
simple case, where for the metal ion an orbital singlet lies lowest and s - i
(which exactly fits for Cu2 + ) the contribution to A and B in eq. (3-13) is
equal, and given by

A * f A° (3.15)s s s
3.5.2. Magnetic contribution of the p orbits. The ligand P^ orbit, in this
case p , which has lobes pointing along the bond axis, will contain a fraction
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of unpaired spin if unpaired eg electrons are present at the magnetic ion.
Similarly the p orbits p and p will each contain a fraction f if unpaired' it x y ir
t. electrons are present. The transferred hyperfine interaction, corresponding2g 15)
for instance to the p orbital is, according to Abragam and Pryce given by

2A S I - A (S I + S I ) - k'?*ta z z a x x yy (3.16)

where A ■ f A° and A° is the hyperfine structure constant of the p orbit,
° . o p. P , lo

qiven by A = 5-q 68 <r 3> . <r 3> is an average over the ligand p orbit.3 ' p 5 n n p P
The isotropic term in k 1 is due to the polarization of the core s electrons
the fraction of unpaired spin in the p orbits, and can formally be given by

by

k' = f k = 2g 66 <r'3> K«fa 3n n p a
K is an empirical constant which is presumably much smaller than unity.
So the contribution to A and B of eq. (3.13) of p is respectively

2A = 2f A° and -A = -f A0 (3-17)
a a p a a p

while the corresponding contributions from the combined effect of p and p arex y
respect ively

-2A = -2f A° and A = f A° (3.18)TT TT p  TT TT p

In addition there is an isotropic term

-(f + 2f )k (3.19)O ÏÏ

which is usually much smaller than A^ of eq. (3*15) and in general cannot be
distinguished from the total isotropic term.

3.5.3. The magnetic dipolar interaction. This is the classical interaction
between the magnetic dipole moment v>j of the unpaired electron at the magnetic
ion with the nuclear magnetic moment y. °f The ligand. For point dipoles lying
on the z axis and separated by a distance R, the interaction is

R~3 (v, *U2 - 3p1zV2z)

With u, = - g6^ and = g 6 T this reduces toI 2 n n

2A.S Id z z • A.(S I + S I )d x x y y (3.20)
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“  ̂
where A, = gg 63 R .d 3:,n n
The c o n t r i b u t i o n s  o f  t h i s  d i p o l a r  i n t e r a c t i o n  to  A and B a r e  then 2 A, and -  A.d d
r e s p e c t i v e l y .

Summarizing,  i t  i s  seen t h a t  A and B o f  eq.  (3.13)  a r e  g iven by

A = A + 2 (A. + A -  A )s d a ir

B = A -  (A . + A - A )s d a ir

where we have omi t t ed  the  small i s o t r o p i c  term as  g iven in eq.  (3•19)•

( 3 . 21)

3.5 .4 .  Ligand nuclear quadrupole in te ra c tio n .  This  i n t e r a c t i o n  is  p r op o r t i on a l

to  the  e l e c t r i c  quadrupole  moment Q o f  the  nucleus  and to  the  e l e c t r i c  f i e l d

g r a d i e n t  a t  t he  nuc le us .  The l a t t e r  depends on the  e l e c t r o n  cha rge d i s t r i b u t i o n ,
and in t h a t  r e s p e c t  d i f f e r s  from the  magnet ic hy pe r f in e  i n t e r a c t i o n  which only
depends on the  d i s t r i b u t i o n  o f  unpai red  sp in .  There w i l l  t h e r e f o r e  be c o n t r i 

b u t io ns  to  the  e l e c t r i c  f i e l d  g r a d i e n t  from the  p a r t l y  f i l l e d  an t ib ond ing  o r 

b i t a l s  a s  well  a s  from the  f i l l e d  bonding o r b i t a l s .  The s o r b i t s  o f  the  l igands

w i l l  not  c o n t r i b u t e  to  p o f  eq.  (3• 13) s i n c e  th e se  o r b i t s  a r e  sp h e r i c a l  sym

m e t r i c  and t h e r e f o r e  g ive  no e l e c t r i c  f i e l d  g r a d i e n t .  Fol lowing Abragam and

Pryce^"^ , a s i n g l e  ho le  in the  p^ o r b i t  c o n t r i b u t e s  to  p^ as

4 2 .  -3— e Q<r >5 P
4 1 (21 - 1)

( 3 . 22)

Q is  th e  nu c l e a r  e l e c t r i c  quadrupole moment and e the  cha rge on the  e l e c t r o n .

A s i n g l e  ho le  in the  p o r  p o r b i t  c o n t r i b u t e s  -£ t imes t h i s  q u a n t i t y .  Thusx y
a f u l l y  f i l l e d  p sh e l l  g iv es  a van i s h in g  c o n t r i b u t i o n  to  the  quadrupole  i n t e r 

a c t i o n ,  as  would be expec ted .

I f  we assume t h a t  admixture o f  th e  c e n t r a l  ion 4s and 4p o r b i t a l s  in to  the
l igand  p o r b i t a l s  can be neg le c t ed  and t h a t  the  admixture,  c o e f f i c i e n t s  in the

bonding and an t ibo nd ing  o r b i t a l s  a r e  equal (A -  B in eq.  ( 3 . 1 ) ;  so a ne g l e c t  o f
9the  ov er l a p  S ) , i t  fo l lows  from eq.  (3.22)  t h a t  f o r  a 3d^ c o n f i g u r a t i o n  o f  the

2+c e n t r a l  ion (Cu ) P is  g iven by

Pq

4 2 .  -3•=■ e Q<r >5 P
41(21 -  1)

(f V (3.23)

By a n a ly s i ng  the  exper imental  r e s u l t s  on the  l igand  t r a n s f e r r e d  hy per f in e
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in te ra c t io n  in terms o f  the expressions g iven above, i t  must be noted th a t

these expressions o n ly  hold f o r  a s in g le  m e ta l- l ig a n d  bond. M o d i f ic a t io n s ,  apa r t

from those concerning the a l ready  mentioned d i s t o r t i o n  o f  the octahedra l s u r 

rounding o f  the metal ion and the  inequ iva lency  o f  the  l ig a n d s ,  are needed to

account f o r :

a) magnetic hyp e r f in e  in te r a c t io n s w i t h  o th e r  nearby magnetic ions.

b) d ip o la r  in te ra c t io n s  w i th  more magnetic ions and w i th  l igands  which a lso

possess an amount o f  unpaired sp in .

c) the e l e c t r i c  f i e l d  g ra d ie n t  a t  the nucleus caused by a l l  o th e r  io n ic  c h a r

ges in the c r y s ta l  and any o th e r  cova len t bonds o f  the  l ig a n d .

3.6.  R e la tion  between oovalenoy and super exchange in te ra c tio n . Most o f  the

proposed super exchange mechanisms in in s u la to r s  agree in being s t r o n g ly  r e l a 

ted to  covalency e f f e c t s .  A lthough the re  does not e x i s t  a t  the  moment a r i g o 

rous theory  which, in a general case, enables to  c a lc u la te  q u a n t i t a t i v e l y  the

magnitude o f  super exchange in te r a c t io n s ,  the re  are enough s i m i l a r i t i e s  between

the va r ious  approaches to  t h i s  problem to  fo rm u la te  some sem i-em p ir ica l  ru le s .

These are the s o -c a l le d  Goodenough-Kanamori r u l e s ' ^  ^  , which a lso  have been

discussed by Anderson^ .

I .  I f  two magnetic ions can t r a n s fe r  unpaired sp in  in to  the same l igand  o r b i t ,

these spins w i l l  t r y  to  couple a n t i p a r a l l e l  by P a u l i ' s  p r i n c ip l e ,  so the re  is

an a n t i fe r ro m a g n e t ic  c o n t r ib u t io n  to  the exchange i n te r a c t io n .  The magnitude

is  p ro p o r t io n a l  to  the p r o b a b i l i t y  o f  f in d in g  these spins s im u ltaneous ly  in the

l igand  o r b i t ,  i . e .  p ro p o r t io n a l  to  the product o f  the re le va n t  sp in  t r a n s fe r

c o e f f i c i e n t s .

I I .  I f  two magnetic ions can t r a n s fe r  unpaired sp in  in to  d i f f e r e n t  o r b i t s  on

the same l ig a n d ,  the spins w i l l  t r y  to  couple p a r a l le l  by Hund's ru le  and so

there  is  a fe r rom agnet ic  c o n t r ib u t io n  to  the exchange in te r a c t io n .  As be fo re ,

the magnitude is  p ro p o r t io n a l  to  the p r o b a b i l i t y  o f  f in d in g  these spins s im u l

taneous ly  on the l ig a n d ,  i . e .  p ro p o r t io n a l  to  the product o f  the re le v a n t  sp in

t r a n s fe r  c o e f f ie c ie n t s .

To i l l u s t r a t e  the dependence o f  the super exchange in te r a c t io n  on the sp in

t r a n s fe r  c o e f f i c i e n t s ,  we w i l l  d e r iv e  f o r  the a n t i  fe r rom agne t ic  case the ap

proximate expression f o r  the super exchange in te r a c t io n .
2+  -  2+  -  2+We cons ider two metal ions M separated by a l igand  X : M. -  X -  , w i th

each one unpaired sp in  in the an tibond ing  o r b i t a l s  $ . and $£• ' n the c o n f ig u 

ra t io n  in te ra c t io n  approach (see se c t io n  3<1) sp in  t r a n s fe r  in such a complex

is  described by the admixture in to  the g roundsta te  o f  exc i te d  c o n f ig u ra t io n s ,
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in which one e l e c t r o n  is  hopped from one ion to  a n o t h e r .  As po in ted  out  by

Anderson2^ the  e x c i t e d  c o n f i g u r a t i o n  M* - X -  M^*, ' n w^ ich  an e l e c t r o n  is
hopped from M2  t o  Mj , g ive s  the  l a r g e s t  c o n t r i b u t i o n  to  the  exchange i n t e r a c 

t i o n .  Only t h i s  c o n f i g u r a t i o n  w i l l  be co n s id e r ed .

I t  can be seen t h a t  in t h i s  e x c i t e d  s t a t e  the  two "u n pa i r ed"  e l e c t r o n s  on M.
have to  be a n t i p a r a l l e l  accord ing  to  P a u l i ' s  p r i n c i p l e .  There a r e  two, e n e r 

g e t i c a l l y  e q u i v a l e n t ,  g r o u n d s t a t e s ; one wi th  the  unpa i red sp in s  a t  Mj and M2

p a r a l l e l ,  and one wi th  the  sp in s  a n t i p a r a l l e l .  The o n e - e l e c t r o n  Hami l tonian h

is s p in - i n d e p e n d e n t , and thus  can mix the  e x c i t e d  s t a t e  on ly  in to  the  " sp ins

a n t i p a r a  11 e l "  g r o u n d s t a t e .  The r e l e v a n t  m a t r ix  el ement  f o r  t h i s  mixing being

o f  the  form

b -  IhI®2>

b is  c a l l e d  the  t r a n s f e r  i n t e g r a l .
In second o r d e r  p e r t u r b a t i o n  theo ry  t h i s  " a n t i p a r a l l e l "  g r o u nd s t a t e  i s  t h e r e 

f o r e  depressed  r e l a t i v e  to  the  " p a r a l l e l "  g r o u n d s t a t e  by an energy o f  ap pr ox i -
0

ma te iy b /U,  where U is  the  energy d i f f e r e n c e  between g r o u n d s t a t e  and ex c i t e d

s t a t e .  U can be e s t im a ted  from i o n i z a t i o n  p o t e n t i a l s .  A more r i g or ou s  c a l c u l a -

t i o n  l eads  to  an energy s h i f t  o f  kb /U. This  lowering in energy o f  the  a n t i 

p a r a l l e l  g r o u n d s ta t e  means t h a t  t h e r e  i s  an a n t i  f e r ro ma gne t i c  i n t e r a c t i o n

To d e r i v e  the  r e l a t i o n  between J and the  sp in  t r a n s f e r  c o e f f i c i e n t s  we have

to  r e a l i z e  t h a t  the  t r a n s f e r  i n t e g r a l  b i s  e s s e n t i a l l y  the  ma t r ix  el ement  o f

h conne c t ing  the  o r b i t s  d.  and d 2  v i a  the  l igand p^ o r b i t ,  so t h a t

< d i | h | p > < p | h | d 2>
b = < $ . | h |$ _ >  s ■■■-----

E, -  Ed p

Using the  ex pr e ss io n  <d |h |p>  s A(E£|-Ep) as  given in eq.  (3. k) we ge t  b ;
A2 (E.-E ) :  f  (E.-E ) ,  where f  i s  the  unpai red  sp in  d e n s i t y  in th e  l igand pd p o d p a °
o r b i t  due to  one metal ion.
The super  exchange i n t e r a c t i o n  can thus  be approximated by

So f a r  we have on ly  cons id e red  " d e l o c a l i z a t i o n "  super  exchange;  th e r e  a r e
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three o ther co n tr ib u tio n s  to  the to ta l exchange in te ra c tio n .
a) C o rre la tion  super exchange, which involves the simultaneous tra n s fe r o f

two e lectrons from the ligand to  the two magnetic ions. This in te ra c tio n
shows a s im ila r  dependence on the spin tra n s fe r c o e ff ic ie n ts  o f the ligand
o rb it  as does the d e lo c a liz a tio n  super exchange, although the magnitude

2 2in c e rta in  cases can be o f the order o f b /U .

b) Exchange p o la r iz a t io n ; a lso  p ropo rtiona l to  the product o f the spin tra n s 
fe r  c o e ff ic ie n ts ,  but most times much sm aller than d e lo c a liz a tio n  super
exchange.

c) True Heisenberg exchange, i .e .  the sum o f o rd ina ry  e le c tro s ta t ic  exchange
in teg ra l s between the two magnetic ions. This c o n tr ib u tio n  Is always fe r ro 
magnetic, but in our case probably very small because o f the large  d istance

21)between the magnetic ions. According to  Nesbet '  the to ta l exchange in te r 

a c tion  is  fhé sum o f the in d iv id u a l co n tr ib u tio n s  o f the various mechanisms.
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Chapter A

THE PROPERTIES OF THE Cu ION IN A CRYSTALLINE ELECTRIC FIELD
OF CUBIC SYMMETRY WITH TETRAGONAL AND RHOMBIC COMPONENTS

2+In this chapter the specific properties of the Cu ion in the presence
of spin transfer effects will be presented. The expressions for the relevant
parameters of a 3d - metal ion - the electronic g tensor, the magnetic hyper-
fine interaction tensor A and the electric field gradient tensor at the
nucleus - strongly depend on the electron configuration in its 3d shell.
Therefore it has no sense to derive expressions in a generalized form for all
Iron group ions.
From the known crystal structure of KjCuCl^*2H20 and the isomorphous compounds
(see section 5-5) it can be concluded that the crystal field at the copper
site will have cubic symmetry with tetragonal and rhombic distortions.

4.1. Ionia model.

The groundstate of the free Cu^ ion (electron configuration 3d^) is to a2
good approximation D. In the solid state the crystalline field arising from
the surrounding Ions causes an energy splitting of the orbital levels (see
fig. 2).
A crystal field of cubic symmetry splits the orbital levels in a lower degene-
rate e doublet and a higher degenerate t- triplet . The e doublet lies9 2g g
lowest because we deal with a hole in the closed 3d shell rather than with an
unpaired electron. The tetragonal component of the crystal field splits the
eg doublet into two orbital singlets and the t2 triplet into one doublet and
a singlet. The orbital degeneracy in the upper t2g doublet Is removed by the
presence of a rhombic distortion of the crystal field and/or by the spin-orbit
coupling. In the case of the compounds considered here, the tetragonal distor
tion of the octahedral surrounding of the copper ion is due to the elongation
of the octahedron along one axis. (This axis is therefore the z axis of the
coordinate system which will be used to describe the various interaction

2 2tensors.) That means that the (x -y ) orbit will have the lowest energy of the
two e orbits.9
The cubic crystal field causes a complete quenching of the orbital magnetic
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free ion + cubic + tetragonal + rhombic field

2+
F ig . 2. O rb i ta l  energy le v e ls  f o r  a Cu ion in a c r y s ta l  f i e l d  o f  cub ic

symmetry w i th  te t ragona l  and rhombic d i s t o r t i o n s .

moment assoc ia ted  w i th  the (x2-y 2) o r b i t ,  so th a t  the magnetic p ro p e r t ie s  o f

the copper ion are e n t i r e l y  due to  the  sp in  degeneracy (Kramers doub le t)  r e 

maining in t h i s  g rounds ta te2* .  The e f f e c t  o f  the  te t ragona l  component o f  the

c ry s ta l  f i e l d  is  to  admix, v ia  the s p in - o r b i t  c o u p l in g ,  the e xc i te d  t 2g o r b i 

t a l s  in to  the g rounds ta te . Because o f  the unquenched o r b i t a l  magnetic moments

assoc ia ted  w i th  the t 2 o r b i t a l s ,  t h i s  y ie ld s  c o n t r ib u t io n s  o f  these o r b i t a l s

to  the e le c t r o n ic  g tensor and the copper nuc lear hyp e r f in e  in te ra c t io n  tensor

t .  These c o n t r ib u t io n s  w i l l  have a x ia l  symmetry about the  te t ragona l ax is  o f

the  octahedron. Moreover the rhombic component o f  the c r y s ta l  f i e l d  g ives r i s e

to  an adm ixture o f  the  (3z2- r 2) o r b i t  in to  the g rounds ta te , lead ing  to  ex tra

c o n t r ib u t io n s  to  g and A which do not have a x ia l  symmetry about the  te tragona l

a x is .  The departu re  o f  a x ia l  symmetry o f  the g and A can thus be considered as

a measure f o r  the rhombic d i s t o r t i o n  o f  the octahedron.

Fo l low ing  the work o f  Bleany e t  a l . ' * ,  the wave fu n c t io n s  o f  the two

components o f  the g roundsta te  Kramers doub le t a re  given by

|+> = i / 5  N f ( r ) { (a x 2+by2+cz2+ iy x y ) |+ > + ( ia y z -B zx ) | -> )

2 2 2 I
| ->  = i / 5  N f( r ) { ( ia y z + B z x ) |+ > + (a x *+ b y  +cz - i y x y ) | - > }

|+> and | ->  are the two sp in  fu n c t io n s  f o r  the sp in -up and spin-down s ta te s ;
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f ( r )  is  the ra d ia l  p a r t  o f  the wave fu n c t io n s .  N is  a no rm a liz ing  fa c t o r  g iven

by

n” 2 ■ i + (o2 + e2 + y2) /12

The values o f  a , b and c are r e s t r i c t e d  by the co n d i t io n s

a + b + c = 0

a2 + b2 + c2 = 6
(4 .2)

2 2i f  we denote the energy d i f fe re n c e s  between the t£g le v e ls  and the (x -y  )

le ve l  by E , E^z and E z (see f i g .  2) the adm ixture c o e f f i c i e n t s  a ,  8 and y

can be expressed in a, b, c ,  the  s p in - o r b i t  coup l ing  constan t X and these

energy d i f fe re n c e s .

■ f < b
yz

» , . . 2 /  c-ac) + iX  (E Eyz xz

a-b \
E E ’yz xy

(4 .3)

8 and y are  obta ined from a  by c y c l i c  perm uta tion  o f  (a ,b ,c )  and (E z>E ,

E ) ..Xy , * *I t  can be shown th a t  f o r  rhombic symmetry the g and A tensors  are symmetric

tensors and th a t  the d i r e c t io n s  o f  t h e i r  re sp e c t ive  p r in c ip a l  axes co in c id e

w ith  the x ,  y and z axes to  which the angu lar dependence o f  the 3d o r b i t s  is
3)

r e l a t e d ^ . '  The same holds f o r  the  e l e c t r i c  f i e l d  g ra d ie n t  tensor a t  the nucleus.

The tensors are thus f u l l y  described by t h e i r  components a long the x ,  y and z

axes. As we deal e s s e n t ia l l y  w i th  tensor components, they w i l l  be la b e l le d  by
a double index.

From the  wave fu n c t io n s  g iven in eq. (4 .1 ) the components o f  the tensors g and

A can be ca lc u la te d  to  be

gxx -  2.0023 + j a ( b  -  c) -  j ( 6 2 + 8y + y 2) (4 .4 )

Axx “  23n88n<r ^ > ^ [ - ( 1  "  ^ (B 2 + Y2) ) k + j o  (b -  c) -  j  By +

+ y { 2 a 2 -  4 + yc -  6b + g-(82 + y 2) + j o  (6 + y) -  ^ a 2 (o2 + 6 2 + y2) ) ]

(4 .5)
The y and z components can be obta ined by c y c l i c  pe rm uta t ion . The numerical

fa c to r  k in eq. (4 .5 ) represents  the e f f e c t  o f  the p o la r iz a t io n  o f  the copper

core s e le c t ro n s .  The expressions f o r  g . .  and A . ,  are  c o r re c t  to  second o rder

in the c o e f f i c i e n t s  a, 6, y and thus a lso  c o r re c t  to  second o rde r in X/E.
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The components of the nuclear electric quadruple interaction tensor, due to the
unpaired hole in the 3d shell, are given by

2 -3e Q<r 3>. . ,
P - --------21 (a2 - 2), etc. (4.6)
xx 71(21 -  1)

From the experimental values of the components of the g tensor the values
of a, b, c, a, 6, y, X/Ex , X/Eyz and X/Exz can be calculated by successive
approximations. This can be done unambiguously because the parameters involved
are related to each other in such a manner as to leave only three independent
parameters.

4.2. Covalent model. To account for spin transfer effects in the copper complex
we have to use instead of the pure 3d orbitals, the appropriate molecular orbi
tals as given in eq. (3.6), to form the wave functions of the two components
of the groundstate. We will not give here the correct wave functions but only
the correct expressions for the components of the interaction tensors.

As outlined in section 3.4.2, covalent bond formation causes a reduction
of the values of the spin-orbit coupling constant X and the orbital magnetic
moments associated with the t_ orbits. Therefore in the calculation of the

29 * .contribution of the admixed
has to be used. If also the
is included in the reduced 1

X
o  2= N N  X, -cov o i o

where
N'2 =1 (1 - ka Sa o a
n'2 -■ (1 - Aa SIT IT IT

as given in eq. (3.8). X i
orbitals.
To derive this expression f

i V V V  0 ‘  2 “ A  '  2a a S a  ‘  i V 1r ) (4.7)

cov have made two assumptions. First it is
supposed that the a spin transfer coefficients and overlap integrals of the

2 2four ligands which interact with the copper (x -y ) orbital (i.e. oxygen and
halide ions) are equal. We feel this is not too bad an approximation. Secondly
the difference between the ir spin transfer coefficients and overlap integrals
for the six ligands is neglected. As will be seen experimentally the it covalency
effects are relatively small and thus the neglect of any differences in the



c o e f f i c i e n t s  does not a f f e c t  the value o f  X s e r io u s ly .cov '
I t  must be mentioned th a t p o s s ib ly  a fu r th e r  re d u c tio n  o f  the  va lue  o f  the

s p in -o rb i t  co u p lin g  cons tan t may occur because o f  the  v i r tu a l  expansion o f  the
l x )

copper )&  o r b i t a l s  as proposed by Marshall e t  a l .  . There fore  we cannot expect

the  va lue  o f  X which can be c a lc u la te d  from eq. (4 .7 ) to  be the same as th a t

determ ined from the  experim enta l data on the  g te n s o r. X has thus to  be3 cov
tre a te d  as an a d ju s ta b le  param eter.

As is  common use in MO-LCAO c a lc u la t io n s ,  the  c o e f f ic ie n ts  a , b and c from

eq. (4 .1 ) w i l l  be described by one pa ram etric  ang le  <j>, which is  a measure fo r

the rhombic d is to r t io n  o f the  oc tahedron^ ’ ^ '  . From the  c o n d it io n s  o f  eq.

(4 .2 ) i t  is  e a s i ly  seen th a t a , b and c can be w r it te n  as

a ■ cos if -  s in  $

b "  cos $ -  s in  $ (4 .8 )

c "  2 s in  $

♦ ■ 0 i f  no rhombic d is to r t io n  is  p re se n t.

I f  we express the  c o e f f i c i e n t s  a , 8 and y a lso  in the same parameter * ,  we

o b ta in  the more convenient expressions f o r  g . . ,  c o r re c t  to  second o rde r  in X/E:

2X X
gxx -  2.0023 -  -=S2ï.(cos<(. + s in * ) 2 -  ( -— ) 2 [ (cos* + /3  s in * ) 2 + 3 ]

yz
2X X

g -  2.0023 -  - ^ ( c o s *  -  v j  s in * ) 2 -  ( - ^ l ) 2 [ ( Cos* -v T  s in * ) 2 + 3 ]
yy xz L

8 X A
gzz -  2.0023 -  —_£22£. COs2*  -  ( - ~ ) 2 (4cos2*  + 3) (4 .9 )

xy

where E is  the average va lue  o f  E , E and Eyz xz xy
In the same way we can now a ls o  d e r iv e  the  components o f  the copper h y p e rfin e

in te ra c t io n  te n s o r, c o rre c t to  second o rd e r in  X/E, to  be

A = 2g 66 < r [ - (1 -6  ) k+ I -  Ag W- ■rir(4g +Ag )W -xx n n 3d x 7 xx  14 3yy 3zz '

~ Y  N2+ y ( fT c o s * - s in * ) 2N2 + ex )

-9 D I (4 .10)
Ayy “  29ne6n< r >3dt " ( , 'V * CfT  A9yyW" i V (A9xx+Agzz )W '

-  y  N2+ y  ( /3 c o s *+ s in * )2N2 + e ]
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A = 2g BB <r >̂ . [- (I -6 )k+ — Ag W--n-(Ag +Ag )W -zz un n 3d1 v z 7 zz T1* 3xx syy'

4
Here K is the core polarization factor
W"1 = (1 - 2a S - 2a S - ia a )TT ÏÏ 0 0 O  IT
Ag.. = 9 j j(exp) - 2.0023
N2 is given in eq. (4.7)
6, and e, are small terms of second order in X/E given byi i

6 - (^)2 { 1 + i(fT cos<|> - sin$)2}

6y = ( ^ ) 2 { 1 + 4(1̂ 3” cos$ + sin$)2}
S2 » (^)2 { 2 - cos2<|>}

e » (»)2{ y  (cos2ifi - vT sin2<f>) + 3)X u /
Ey = (•g)2{ y (cos2î  + Sf sin2$) + 3)
e z  -  ( ^ ) 2 { -  y -  c o s 2 i(i +  3 )

The components of the quadrupole interaction tensor are also modified: the two
parameters describing the nuclear quadrupole interaction are, according to
eq. (4.6).

e Q<r 2v = P » ------ —  • 2 N cos2<(>
q zz 71(21 - I)

n „ 1 Pyy" .pg| - /3 |tg 2*1
pzz

(4.11)

where n is the so-called asymmetry parameter.
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Chapter 5

NUCLEAR RESONANCE IN CRYSTALS WITH THE K^uCl^ 2 » 20 STRUCTURE

Introduction. In the preceding chapters  the r e l a t i o n  between spin t r a n s f e r ,
e l e c t r o n i c  g t ens o r ,  c rys ta l  f i e l d  s p l i t t i n g ,  ( t r ans fe r r ed )  hyper fine i n t e r 
ac t io n  and super exchange in te ra c t io n  has been discussed.  This chapter  wil l
deal with the  methods to determine the ( t r an s f e r re d )  hyperfine and e l e c t r i c
quadrupole in te ra c t i o n  parameters of  the nuclei  o f  both the magnetic and non
magnetic ions,  using nuclear  resonance techniques.  F i r s t  the nuclear  spin
Hamiltonian wil l  be d i scussed ;  a t t e n t i o n  wi ll  be paid to the  ana ly s i s  of  the
exper imental ly  observed nuclear  resonance s pe c t r a .  Next the experimental equip
ment and some special  f ea tu res  concerning nuclear  resonance experiments in
ferromagnet ic substances wil l  be t r ea te d  success ive ly .  We wil l  conclude th i s
chapter  with the d i scuss ion  of  the c rys ta l  s t r u c t u r e  of  the copper compounds
and the s i t e  symmetry of  the var ious nuclear  po s i t io n s .

5.1. Nuclear epin Hamiltonian. In a nuclear  resonance experiment in c r y s t a l s
containing  paramagnetic ions only those nuclear  in te ra c t i on s  a re  r e le vant ,
which a re  r e l a te d  to the magnetic d ipo le  and the  e l e c t r i c  quadrupole moment
of the nucleus.  The nuclear  spin Hamiltonian can th erefore  be divided into two

p a r t s :

H m + *5,1n Q m

B descr ibes  the in te r a c t io n  of  the nuc lear  e l e c t r i c  quadrupole tensor  t  with
the e l e c t r i c  f i e l d  gr ad ien t  t ensor  vE a t  the nucleus which has the form

Both ^  and Vt a r e  symmetric second rank tensors .
I t  can be shown'* th a t  the e l e c t r i c  quadrupole tensor  can simply be described
by the sc a la r  nuclear  e l e c t r i c  quadrupole moment eQ.
The Cartesian  elements of  the e l e c t r i c  f i e l d  grad ien t  t ensor  (EFG) a re

Vij

62V

s o t :  (v xj ‘ x *y ’z)1 J
(5.3)
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where V denotes the electrostatic potential at the nucleus due to all surroun
ding charges. The EFG tensor is a symmetric one, so we can choose the cartesian
coordinate system (X,Y,Z) so as to have all non-diagonal elements in eq. (5.3)
equal to zero. X,Y,Z are then the principal axes of the EFG tensor, where the
usual convention |Vzz| i |vyyI * lvxxl is followed. As all charges are situated
outside the nucleus ZV.j = 0, so the EFG tensor can be represented by only two
parameters:

V - V
eq ■ Vzz and n - -22L---(0 s n £ 1)

zz

The electric quadrupole interaction Hamiltonian can now be written as

2
H --- S_a2--(31J - t(| + 1) + i„(|2 + ,2)} (5.11)
Q 41(21 - I) 2 +

I is the nuclear spin and I and I_ are the usual step-operators 1 * 1  ± il .— x y
H ^ describes the interaction of the nuclear magnetic dipole moment with

the total local magnetic field H at the nucleus.

Y is the gyromagnetic ratio of the nucleus. H is given by the vector sum of
the various magnetic fields

<S> H.. +d i p HL- + H . +dem (5.6)

*0TA <S>
Y

H,.d i p
+
HL

H ,dem

is the external applied magnetic field.

is the (transferred) hyperfine field as discussed in section 3.5. Here
the time averaged value of the electron spin ? is used, as the electron
spins very rapidly reorientate due to the exchange Interaction. The
nuclear spins see therefore only the time averaged value <S>.
is the classical dipolar field die to all surrounding magnetic moments
(including the transferred magnetic moment at the ligands),
is the Lorentz field + -y-M, where M is the magnetization per unit
volume of the crystal.
is the shape dependent demagnetizing field where ^  is the de
magnetizing factor.
stands for the direct or indirect interactions between the nuclear
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moments (nuclear dipole-dipole interaction, indirect nuclear exchange
interaction^’̂ ) .

Concluding, the appropriate Hamiltonian to describe the nuclear spin inter
action is

B  - - ♦ — 2-aa---(Jf* - »(1 + I) + in(l| + •?)> (5.7)
n 1 ill (21 - 1) z

In general the eigenvalue problem for this Hamiltonian can not be solved
analytically; only if one of the interactions vanishes It is soluble in certain
cases. If one of the two interactions is much smaller than the other one, first
and second order perturbation theory can be applied to obtain analytical ex
pressions for the nuclear spin energy levels.

5.2. Analysis of experimentally observed nuclear resonance spectra. In the
series of isomorphous copper compounds all atomic nuclei, except the nucleus
of the only abundant oxygen isotope ' 0, possess a nuclear magnetic moment.
The nuclear spin has the value I = 3/2 for most nuclei. The only exceptions
are: 1 H( I =1/2), ’Sl(l- 1), 85Rb(l = 5/2) and 133Cs (I = 7/2). Therefore
especially the shape of the resonance spectra of nuclei with I = 3/2 will be
considered.

Although from Hamiltonian (5-7) no analytical expressions for the nuclear
m

spin energy levels can be derived, Brown and Parker obtained analytical re
lations between the experimental resonance frequencies and the parameters in
volved in (5.7). These relations do not give information about the form of the
resonance spectrum, but only enable to calculate from the (21 + 1) independent
resonance frequencies, after the construction of the energy level scheme, the
values for the parameters

v = 3eV---
q 21 (21 - l)h

n and \  “ 2^lHtl •

In short these Brown and Parker relations can be derived as follows.
From the experimentally determined resonance frequencies the appropriate energy
level diagram is constructed. A reference level is fixed, such as to have the
sum of the frequency differences between the levels and the reference level
equal to zero, I.e.

Zv, = 0 i = 1,2.........  (21 + 1) (5.8)
i i
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(see fig . 3c for the case I = 3 /2 ). With the v . , npw known from the experiment,
the "experimental" secular equation can be formed

(v - Vj)(v -  v2) .............. (v - vp) -  0 (5.9)

n -  21 + 1

(The roots of this equation evidently are the experimentally determined energy
levels). Eq. (5*9) can be written as a polynomial

vn ♦ a,vn 1 ♦ ..............+ a ■ 0 (5.10)1 n
with

a. ■ -  I v , '■ 01 T 1

a2 “ iJj v ivj  ^  < ^  (5.11)

a3 “ '  ijk ViVJVk (i *= J *  k)
etc.

I f  we work with the sums of powers of the roots of eq. (5-9) we obtain

S. = Ev. = a, = 01 j i 1
S, = Ev? = -2a, (5.12)2 J i 2
S, -  Evf -  -3a,3 i 1 3
etc.

By constructing the theoretical secular equation for Hamiltonian (5.7) in an
I representation, we obtain a similar polynomial as that of eq. (5*9). The
coefficients of this polynomial can be expressed in the parameters of Hamil
tonian (5*7). As the roots of both polynomials are identical, also the coeffi
cients have to be identical. By equating the coefficients of both polynomials,
we obtain the following expressions for S.

S. “ Ev, ■ 0
'  2

S2 -  Zv* -  PjV  ̂ + P2Vq(l + y -)  (5.13)

Sj -  Ev? *  PjVqV^(3cos^0 - 1 + nsin^0cos2$) + p^v^(1 -  n )

etc.
6 and <f> are the polar coordinates which describe the direction of ft in the
coordinate system of the principal axes of the EFG tensor. The values for the
coefficients p. for d ifferent values of I are given in table 2.



Table 2

Values for the coefficients p. in form. (5.13).

1 I 3/2 5/2 7/2

P1 2 5 35
2 42

P2 1/6 1 28
3

35
2

p3 1/2 3 28 105
2

p4 1/36 0 40
9 48

The expressions (5-13) can always be applied if the necessary (21 + 1) indepen
dent nuclear resonance transitions are observed.
In this analyzing method the only problem consists in the construction of the
proper level scheme from the experimentally determined resonance transitions.
In the crystals investigated often a large number of resonance transitions,
belonging to different nuclei, appears in the same frequency range. In such a
situation the study of the variation of the resonance frequencies when mag
nitude and direction of the applied magnetic field and temperature are altered,
can be very helpful to accomplish the identification of the observed transitions.
Moreover the knowledge of the approximate energy level schemes can be necessary.
Therefore we will present a short review concerning the shape of the resonance
spectra in those situations in which analytical expressions for the resonance
frequencies can be obtained from Hamiltonian (5-7) using perturbation theory.
We will restrict ourselves to resonance spectra of nuclei with I = 3/2.
a) “ 0. This situation is met for nuclei with a cubic surrounding, as in
that case the electric field gradient at the nucleus vanishes. Also for nuclei
with I ■ 1/2 the quadrupole interaction equals zero, because the scalar qua-
drupole moment eQ = 0. The resonance frequency is simply given by

v = (5-14)

b) H  = 0, ï 0. These are the circumstances in a pure quadrupole resonancem Q
experiment in a paramagnetic substance where the external magnetic field is
zero. According to Das and Hahn^ the energy levels for I = 3/2 are doubly
degenerate (see fig. 3a) with a frequency splitting given exactly by
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(5.15)V
2 ,

n \ iV , + ¥

Vq

2
e qQ

2h

From th i s  pure quadrupole resonance frequency (PQR) e v id e n t ly  i t  i s  not pos

s ib le  to  ge t separate in fo rm a t io n  about and h- When both values are  re q u i re d ,

experiments in small app l ied  magnetic f i e l d s  are necessary.

± 1/2 . +V2 .

^ ( 1

1

-Va_E

'L=

“1 fT T
I ®2 P2 P)

+ 3b  1 1 1 ,_3/2= 3= r
VL«  v^,

______  +3/2 _

* - r   1/  v ’iv 2 + 72 _L

f - i t V 2 _1V*  -3/2 _

FT
VL«V̂ p vL»v >̂

a b c d

F ig . 3. Nuclear energy leve l  schemes f o r  I ■ 3 /2  f o r  d i f f e r e n t  r a t io s  o f  the

magnetic and e l e c t r i c  quadrupole in te r a c t io n .

c) H «  H-,  The tw o fo ld  degeneracy o f  the energy le v e ls  is  removed by the
m Q

small Zeeman in te r a c t io n  (see f i g .  3b). For I = 3 /2  exact f i r s t - o r d e r  p e r t u r 

ba t ion  theory  expressions can be obta ined f o r  the leve l s p l i t t i n g s ' *  . Depending

on the d i r e c t io n  o f  the  t o t a l  magnetic f i e l d  and the ra d io  frequency f i e l d ,  in

p r i n c ip l e  a l l  s i x  po ss ib le  t r a n s i t io n s  can be observed. In t h i s  s i t u a t i o n  the

m. *  + 1/2 and -  1/2 le v e ls  m ix, as do a lso  the m( ■ + 3 /2  and -  3 /2  l e v e ls ,

which makes the Am. » 2,3 t r a n s i t io n s  not s t r i c t l y  fo rb id d e n .  I f  the d i r e c t io n

o f  H w i th  respect to  the  p r in c ip a l  axes system o f  the EFG tensor is  de f ined

by the po la r  coo rd ina tes  0 and as has been done a l ready  in eq. (5*13)» the

s ix  resonance frequenc ies  are g iven by

v -  v (1 + ±O j ,a ,  q 3 1 2

ve , ,e 2 \ vq °  + T } i ±  (vi + v2>

V1/2  “  V1

V3/2 "  V2

-* +

-*■ +

(5.16)

43



where
( 2 )

V
( I )

l ) 2 cos2e +

2
+ { (I  + —) 2 + ± (1 + —) — cos2<j>}sin20 ]^

P p2 P P

This spectrum c o n s is ts  o f  k resonance 1 ines sym m etr ica l iy  s i tu a te d  about the

PQR frequency (o f te n  c a l le d  a and g t r a n s i t i o n s ) ,  and two resonance l in e s  a t
much lower frequency.

d) Hm >> H-.  The spectrum can now be ca lc u la te d  by assuming the quadrupoie

in te r a c t io n  to  be a small p e r tu rb a t io n  o f  the magnetic in te ra c t io n  . The

spectrum o n ly  c o n s is ts  o f  the th ree  a l lowed Am. = 1 t r a n s i t io n s  ( f i g .  3d).

In f i r s t  o rde r t h e i r  f requenc ies  are g iven by

v2

.3 WL 1 Y  v (3cos 6 -  1 + ns in 6cos2$)
( 5 . 17)

e) H^  x H-.  For t h i s  s i t u a t io n  the energy leve l scheme g e n e ra l ly  can o n ly  be

derived  by very  h igh o rde r p e r tu rb a t io n  theory  c a lc u la t io n s  which tend to  become

very com p l ica ted . However f o r  the case 0 = <|> = 0, th a t  means f o r  1 Ï . / /Z ,  the
6) 8secu la r  equation  can be solved e x a c t ly  , lead ing  to  the energy le v e ls  (given

in frequency u n i ts )

where P

e < 4 )
1

■ " 2 v {P ( l
q

-  2R~) -  r’ >

E (+ j) V {P (1
q

-  2R+) -  R+ )

E ( - I ) 1
"  "  2 Vq{P ( l -  2R") + R~)

E ( " j ) vq{P ( l + 2R+) + R+)

y M ^ I 1
V - and R- -  {1 + i n ^(2P ± 1)

q

(5.18)

For a i l  o the r  s i t u a t io n s  we have obta ined the in fo rm a t ion  about the shape o f

the resonance spectrum by numerical c a lc u la t io n  on an IBM 360 computer o f  the

e igenva lue  o f  the H am il ton ian . In tabu la ted  form the resonance frequenc ies  o f

a l l  s i x  po ss ib le  t r a n s i t io n s  have been ca lc u la te d  as a fu n c t io n  o f  the para-



meters v . / v  and n f o r  the magnetic f i e l d  p a r a l le l  to  the X and Y axes o f  the
L d

EFG tenso r .  Using these tab les  complicated experimental resonance p a t te rn  can

be recognized. A f t e r  the so performed i d e n t i f i c a t i o n  o f  the resonance l in e s  the

method o f  Brown and Parker can be app l ied  to  c a lc u la te  the in te ra c t io n  para

meters a c c u ra te ly .

The tab les  prove a lso  to  be very  use fu l in the  case th a t  not the necessary

th ree  t r a n s i t io n s  to  app ly  the Brown and Parker method are observed. Using

these tab les  the resonance frequenc ies  o f  not ye t  observed t r a n s i t io n s  can be

p red ic ted  from the temperature o r  f i e l d  dependence o f  one o r  two a 1 ready detected

t r a n s i t i o n s .  The knowledge o f  the approximate resonance frequenc ies  f a c i l i t a t e s

very  much the search f o r  the supplementary resonance l in e s .

5.3.  The experim ental set-up.
5 .3 .1 .  Sample preparation . The c r y s t a ls  a re grown by slow evapora t ion  o f  a

sa tu ra ted  s o lu t io n  o f  the components. The s o lu t io n  is  kept a t  a constan t temper

a tu re  o f  approx im ate ly  0 °C to  avoid the  fo rm a tion  o f  c r y s t a ls  w i th  a d i f f e r e n t

s t r u c tu re .  Th is is  found to  be e s p e c ia l ly  important in growing the compounds

C s . C u C a n d  F ^ C u B r^ ^ H jO .  In th i s  way s in g le  c r y s t a ls  o f  about y  -  1 cm^

are obta ined w i th  n i c e ly  developed c r y s ta l  faces . The c r y s t a ls  are po l ished  in

a c y l i n d r i c a l  o r  e l l i p s o id a l  shape w i th  approximate dimensions o f  5 x 5 x 10 mm.

In most cases a c r y s ta l lo g ra p h ic  [110] a x is  is  chosen as the  long a x is  o f  the

sample.

5.3 .2 .  Mounting o f  the sample. For the experiments in the temperature range

between 300 K and 1.2 K the c r y s ta l  is  placed in a sample ho lder in s id e  the

c ry o s ta t .  Th is sample ho lder can be ro ta ted  from o u ts id e  the c r y o s ta t  over 40°

about two mutual pe rpend icu la r  axes, as to  be ab le  to  o r ie n ta te  the c r y s ta l

p e r f e c t l y  in the des ired  d i r e c t io n  w i th  respect to  the ex te rna l  magnetic f i e l d

The e lectromagnet can be ro ta ted  over 180° in the h o r iz o n ta l  p lane. Before the

experiment s ta r t s  the c ry s ta l  is  always o r ie n ta te d  a t  He temperatures by ob

serv ing  the nuc lear resonance spectrum o f  the protons o f  the waters o f  hydra

t i o n .  With the magnetic f i e l d  r o ta t in g  in the [110] plane o f  the c r y s t a l ,  two

o f  the fo u r  p ro ton resonance 1ines co in c id e  fo r  a l l  d i r e c t io n s  o f  the magnetic

f i e l d  in th a t  p lane (see f i g .  7 ) .  I f  the plane o f  r o ta t io n  o f  the magnetic

f i e l d  is  not p e r f e c t l y  p a r a l le l  to  the [110] p lane, these two proton l in e s

s p l i t  up because o f  the d i f fe r e n c e  in d ip o la r  i n te ra c t io n  w i th  the copper ions

By o r ie n ta t in g  the c ry s ta l  so as to  observe f o r  each d i r e c t i o n  o f  the magnetic

f i e l d  o n ly  one resonance l in e  f o r  these two p ro tons , the [1 )0 ] plane o f  the



c ry s ta l  can be made p a r a l le l  to  the plane o f  r o t a t io n  o f  the magnetic f i e l d  to

w i t h in  less than 1°.
. 3For the  experiments a t  He temperatures the c r y s ta l  is  placed ins ide  a small

g lass  dewar, connected to  the c losed ^He system. The c ry s ta l  is  o r ie n ta te d

v i s u a l l y  by observ ing  the d i r e c t i o n  o f  one o r  more c r y s ta l  faces , which are

l e f t  i n ta c t  f o r  t h i s  purpose, and f ix e d  by a small amount o f  Apiezon-N grease.

The accuracy o f  th i s  method o f  o r ie n ta t io n  is  approximated to  be not b e t te r

than w i t h in  ± k ° . A l l  de te rm ina t ions  o f  the hyp e r f in e  in te ra c t io n  tensors have

th e re fo re  been c a r r ie d  ou t a t  He temperatures.

5 .3 . 3 .  Measurement and c o n tro l o f  the  tem pera ture . Temperatures between

13 K and 20 K a re  obta ined by us ing l i q u id  hydrogen; the temperature is  d e te r 

mined from the vapour pressure and c o n t r o l le d  by s t a b i l i z i n g  the vapour pressure

mechanical 1 y.
4

In the He temperature range the  temperature is  measured using a Speer r e s i s to r

(100 n o m in a l ly ,  1/4W) which is  p a r t  o f  an a .c .  Wheatstone b r idge .  The re s is to r

is  emerged in the  helium f l u i d .  The va lue o f  the  res is ta n ce  is  c a l ib ra te d  ve ry

a c c u ra te ly  versus the  temperature ( f o r  1.7 K < T < 1.3 K in  i n te r v a ls  o f  5 mK),

which is  determined from the vapour pressure . For temperatures below 2 K (super

f l u i d  s ta te  o f  helium) d i f fe re n c e s  in temperature can be measured w i th  an
-4

accuracy b e t te r  than 10 K. The exactness o f  the  temperature de te rm ina t ion  a t

the abso lu te  temperature sca le  is  about ± 0.01 K. The unbalance o f  the a .c .

Wheatstone b r id g e ,  ope ra t in g  a t  30 Hz, is  used to  d r iv e  a d .c .  c u r re n t  through
4

a heater r e s i s t o r  (500) in the  He bath , to  s t a b i l i z e  the  temperature. Using

the s trong temperature dependence o f  the resonance frequency o f  a bromine

resonance l in e  in one o f  the bromine compounds a t  T - 1.7 K i t  has been found

e x p e r im e n ta l ly  th a t  the sh o r t - te rm  temperature s t a b i l i t y  a t  th a t  temperature

range is  b e t te r  than 10 ^K. In the  ^He c ry o s ta t  the temperatures are der ived

d i r e c t l y  from the vapour pressure reading o f  an o i l  manometer f o r  T ;  0.7 K.

Below t h i s  temperature the pressure in d ic a t io n  o f  a NRC A lpha tron , c a l ib ra te d

a g a ins t  the s u s c e p t i b i l i t y  o f  Cerium Magnesiumnitra te , is  used to  determine

the temperature. Besides the  temperature measurements are performed using the

Wheatstone b r idge .  A 100 nom ina l ly  yg- W A l le n  and Bradley r e s is to r  and a 3000

heater r e s i s t o r  a re t i g h t l y  bound to  the c r y s t a l .  The heat con tac t  is  ensured

by the Apiezon-N grease between c r y s ta l  and r e s i s to r s .  The whole is  emerged in

the ^He f l u i d .  Near the Curie  temperatures o f  the  va r ious  c h lo r in e  compounds
-4

(0.7  K -  1.0 K) the temperature s t a b i l i t y  is  found to  be 10 K, w h i le  the
-4

accuracy o f  the  de te rm ina t ion  o f  temperature d i f fe re n c e s  is  about 2.10 K.



The lowest obtainable temperature in this He system is 0.26 K without, and
O.32 K with the resistors bound to the crystal.

5.3.4. Electronic equipment. The resonance experiments are performed using
a set of modified Pound-Watkins oscillators, which can be frequency modulated,
for frequencies from 0.1 MHz up to kO MHz. For the frequency range kO MHz -
150 MHz a transistorized Col 1 pits-type oscillator is used, while the experi
ments at still higher frequencies, up to 300 MHz, are carried out with a
hybrid-T bridge spectrometer.
The resonance signals in the paramagnetic state in external magnetic field are
detected using 300 Hz field modulation and first or second harmonic phase
sensitive detection which yield the first and second derivative of the absorp
tion signal respectively. The measurements in zero external field in the para
magnetic state (pure quadrupoie resonance) as well as in the ferromagnetic state
are performed with frequency modulation for frequencies below 40 MHz. Second
harmonic detection is then always necessary as to get rid of the spurious am
plitude modulation of the high frequency oscillator voltage which always ac
companies the frequency modulation. For frequencies above 40 MHz the use of
frequency modulation is not possible as it causes too large spurious signals
to be able to detect the resonance lines. Therefore 300 Hz field modulation and
second harmonic detection has been applied for the experiments above 40 MHz.
All measurements have been performed by sweeping the frequency of the oscillator
at fixed magnetic field.
The external magnetic field is produced by a Varian 9 inch rotating base magnet
with a 5 cm pole gap. The maximum obtainable field is about 11 kOe. The field-
strength is measured with a Collpits type oscillator acting as a proton magnetic
resonance magnetometer. With the aid of a set of radiofrequency coils containing
water probes, magnetic fields from 0.1 kOe up to 11 kOe can be measured. The de
termination of fields smaller than 100 Oe, and especially the compensation of
the remanent field of the magnet to obtain exactly zero field, has been performed
by observing the electron resonance line of the free radical compound D.P.P.H..

5.4 Nuclear resonance absorption in a ferromagnetic material. Nuclear resonance
excitation in ferromagnetic materials takes place indirectly through the
response of the sample magnetization rather than by the radio frequency field
acting directly on the nuclear moments. For this reason the character of the
resonant response depends on the magnetization process in the materia). In
multi domain ferromagnetic insulators (zero field) and in saturated ferromag-

3
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n e t ic  in s u la to rs  (ex te rna l  f i e l d )  the p r in c ip a l  m agnetization process a t  radio

frequencies  is by m agnetization  r o t a t io n .  In a very simple p ic tu re  i t  can be

understood th a t  t h is  y ie ld s  an enhancement o f  the e f f e c t i v e  r . f .  f i e l d  a c t in g

on the n u c le i .  In the l i m i t  th a t  the e le c tro n  and nuclear spins are  decoupled

the e f f e c t  o f  a transverse  radiofrequency f i e l d  Hj on a homogeneously saturated

ferromagnet is to  turn  the e le c tro n  m agnetiza tion  M through an angle Hj /H q +

(see f i g .  4 ) ,  thus e s ta b l is h in g  a transverse e le c tro n  magnetization

H0 + HA
(5 .19 )

where is  the s t a t i c  a n is o t ro p y  f i e l d ,  which is  chosen fo r  s i m p l i c i t y  p a ra l le l

to  the ex te rn a l  s t a t i c  magnetic f i e l d  Hg. I f  we suppose the nuc lear t ra n s fe r re d

M

F ig . 4. NMR enhancement in a ferromagnet.

h yp e r f in e  f i e l d  H to  be i s o t r o p ic ,  the nuc le i  see the to t a l  t ransverse  f i e l d

*1 * T  -  « * ĥ T ĥ  S. I5'20>

The t r a n s i t i o n  p r o b a b i l i t y ,  and thus the abso rp t ion  ra te ,  w i l l  then be enhanced

by the f a c t o r  (1 + Hn/Hg + H^) . E s p e c ia l ly  f o r  the zero f i e l d  experiments in

the  fe r rom agne t ic  s ta te  the enhancement o f  the abso rp t ion  ra te  w i l l  be very

la rg e ,  as the a n is o t ro p y  f i e l d  in these compounds is  o f  the  o rde r o f  on ly

200 0e^’ ^  , w h i le  the h y p e r f in e  f i e l d s  can be o f  the o rder o f  10 -  100 kOe.

To o b ta in  in fo rm a t io n  about the shape o f  the nuc lear resonance l in e s  we

cannot use t h i s  simple p i c tu r e .  We have to  re a l iz e  th a t  the nuc lear and e le c 

t r o n ic  spins are coupled by the hyp e r f in e  in te r a c t io n .  We can descr ibe  the



sample r esponse in terms o f  a uniform magne t i z a t ion  ft and regard the  nuc le a r

magn e t i za t io n  as  uniform too and r e p r e s e n t  i t  by in. The t r a n s v e r s e  p a r t s  o f  the
™  q )

nuc le a r  and e l e c t r o n i c  magne t i z a t ion  a r e  given by '

* t  “  *n (fil + Hn V M)

i  *  + (5.21)
Mt  "  *e <H, + Hnfflt /M)

*
where xn and x .  a r e  the  nu c l ea r  and e l e c t r o n i c  s u s c e p t i b i l i t y  t e n s o r  r e s p e c t i v e 
ly .  The r a t e  o f  energy a b s o rp t i o n  is  g iven by

P = j  Re{ iuft. • (ft + m ) } ( 5 . 22)

where u is  a f r equency c l o s e  to  the  resonance f r equency o f  the  n u c l e i .  By

s e p a r a t i n g  the  e l e c t r o n  and n u c l ea r  ma g ne t i za t io ns  and r e t a i n i n g  only the
lead ing  te rms,  we o b ta in  f o r  the  a b s o rp t i o n  r a t e

P -  j u x ^ 1 ♦ 2x é (V M)2xn}Hf  +

+ r < (* ;Hn/M)2Hf

(5.23)

From t h i s  ex p re ss i on  i t  can be concluded t h a t  the  resonance lo ss es  not  on ly

involve the  imaginary p a r t  o f  th e  nu c l ea r  s u s c e p t i b i l i t y  x"> but  a l s o  the  r eal
p a r t  x^ through a modula t ion o f  the  e l e c t r o n i c  l o s s e s  xM- Because o f  the  en 
hancement o f  the  d r i v i n g  r . f .  f i e l d ,  i t  i s  p o s s i b l e  to  s a t u r a t e  the  nu c l ea r

a b s o rp t i o n  x^« so t h a t  on ly  the  term in x ‘ r emains .  In t h a t  ca se  a nu c l ea r
resonance l i n e  wi th  a d i s p e r s i o n  shape w i l l  be obse rved.  In genera l  most

resonance l i n e s  observed in th e  f e r ro ma gne t i c  s t a t e  in ze ro  f i e l d  in th es e

compounds a r e  found to  have a shape which is  a mix tu re  o f  an ab s o r p t i o n  and a
d i s p e r s i o n  shape.

5 .5 . C rysta llograph ic  s tru c tu re .  The c r y s t a l  s t r u c t u r e  o f  n e a r l y  a l l  compounds
which a r e  isomorphous to  I^CuCl^^fLO has been s tu d ie d  by v a r io u s  a u t h o r s ,
us ing  X-ray d i f f r a c t i o n  t e c h n i q u e s ' 0 ,11 ,12) ; on ly  f o r  Rb^uBr^^H^O no c r y s t a l 

logr aph i c  da ta  a r e  known. In our a t t e m pt  to  extend the  s e r i e s  o f  isomorphous
compounds, we have been su cc es s fu l  in growing the  compound wi th  the  s t r u c t u r e

formula Rb2 CuBr^- 2 H2 0 , which has not  been mentioned in l i t e r a t u r e  u n t i l  now.

The r e s u l t s  on the  nu c l ea r  r esonance exper iment s  and the  va lu es  o f  th e  e l e c -



t r o n ie  g tensor components f o r  th i s  compound are analogous to  those o f  the

well-known compound (N H j^ 'C u B r^ 'Z i^ O .  As a lso  the ex te rna l  shape o f  the c ry s ta l

corresponds to  th a t  o f  the ammonium compound, i t  can be concluded unambiguously

th a t  R b jC u B r j^ l^ O  is  isomorphous to  (N H j^C u B r^^H jO .

The X-ray d i f f r a c t i o n  experiments p rov ide  the data concerning the p o s i t io n s  o f

a l l  atoms in the u n i t  c e l l ,  a pa r t  from those o f  the hydrogen atoms. I toh  e t
I T)a l .  have determined the p o s i t io n s  o f  the hydrogen atoms by s tudy ing  the

p ro ton -p ro ton  d ip o la r  in te r a c t io n  w i th  nuc lear resonance techn iques. Th is ex

periment y ie ld s  the d i r e c t i o n  and leng th  o f  the l in e  connecting the two protons
\ M

w i t h in  a water molecu le . Recently  Chidambaram e t  a l .  have c a r r ie d  ou t a

s t r u c tu re  a n a ly s is  o f  I^CuCI^»2H20 using neutron d i f f r a c t i o n .  T he ir  r e s u l ts

co n f i rm  the e a r l i e r  data from X -ray  work and proton magnetic resonance, and

y ie ld  a re f inem ent o f  the  atomic p o s i t io n s .

A l l  compounds have te t ra g o n a l  symmetry w i th  space group"PA./mnm, w i th  two

formula u n i ts  in the u n i t  c e l l .  The c r y s ta l lo g ra p h ic  c a x is  is  o n ly  about 5%

longer than the a axes. In f i g .  5 the u n i t  c e l l  o f  K2CuC1.*2H20 is  shown.

a-axis

Fig . 5. Crystal s tructure  o f K2CuC1^*2H20 .

The copper ions are situated a t the corner (0 ,0 ,0 )  and body center
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p o s i t io n s  o f  the u n i t  c e i l ;  both s i te s  have inve rs ion  symmetry. The copper ion

a t  (0 ,0 ,0 )  is  surrounded by fo u r  c h lo r in e  ions and two water molecules in a

d is to r t e d  oc tahedra l arrangement. The c h lo r in e  ions form a rhombohedron in the

(a-a) p lane, w i th  two ions a t  a la rge  d is tance  to  the copper ion , denoted by

Cl ( I ) ,  and two a t  a sho r t  d is ta n ce ,  which w i l l  be re fe r re d  to  as Cl ( I I ) .  The

water molecules are s i tu a te d  a long the c a x i s ;  the l i n e  connecting the two

protons o f  the water molecule is  d i re c te d  p a r a l le l  to  the Cu—C1(11) bond. The

octahedron about (4 ,4 ,4 )  is  re la te d  to  th a t  about (0 ,0 ,0 )  by a r o ta t io n  o f  90°

in the (a-a) plane. The potassium ions are s i tu a te d  in the (a -c )  planes a t  the

fo u r - f o l d  screw axes, which are p a r a l le l  to  the c a x is .

In ta b le  3 the u n i t  c e l l  dimensions f o r  the d i f f e r e n t  compounds are g iven ,

toge the r w i th  the p o s i t io n s  o f  the atoms in K.CuCl. *2H.0 as determined by

neutron d i f f r a c t i o n .

Table 3

U n it  c e l l  dimensions and atomic p o s i t io n s

compound a (A) c(A) Atomic p o s i t io n s  in
14)I ^ C u C l^ H jO  ;

K_CuCK *211,0^
L 1 io \

(NH4) 2CuCl4 -2H20 ' ^
7.477
7.60

7.935

7.95

Cu

Cl (1)

(0 ,0 ,0 )

(±0 .274,±0.274,0)

Rb2CuCl. ^ H jO 12) 7.60 8.04 c i ( l l ) (±0 .216,*0 .216 ,0 )

Cs2CuC11|*2H20 12)

(NHA) 2CuBr4 -2H20n )

7.92

7.98

8.24

8.41

0

H

(0 ,0 ,±0 .248)

± (±0 . 074, ^ 0 . 074, 0 . 318)

Rb2CuBr^‘ 2H20 - - K ( 0 , i , 4 ) , ( 4 ,0 ,4 )

The p o s i t io n s  o f  the atoms belonging to  the octahedron about (4 ,4 ,4 )  are r e l a 

ted to  the g iven p o s i t io n s  by the symmetry ope ra t ions  o f  the f o u r - f o i d  screw

a x is  4 . .

From the c ry s ta l  s t r u c tu re  i t  can be seen th a t  the potassium ion is  surrounded

by a d is to r t e d  cube c o n s is t in g  o f  fo u r  C1 ( I ) and fo u r  Cl (I I) ions a t  a p p ro x i 
m ate ly  the same d is ta n ce .  The watermolecule is  t r i a g o n a l l y  coo rd ina ted . There

are two e q u iv a le n t  bent 0-H.........C l ( I )  hydrogen bonds, w h i le  the " lo n e  p a i r "

c o o rd in a t io n  is  o f  type D, i . e .  the b is e c to r  o f  the lone p a i rs  is  d i re c te d

towards the copper i o n ' ^ .  The H-0-H angle o f  109.7° is  s i g n i f i c a n t l y  la rg e r

than the va lue  o f  104.5° determined f o r  the f re e  water molecule.
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Table k

In te ra tom ic  d is tances  and bond angles in K.CuCl^*211-0

The Cu octahedron

2 x Cu -  0 1.971 A o . : .Cu . . . C l  (1) 90.0°

2 x Cu -  Cl (1) 2.895 0 . . .C u . . . C l ( l l ) 90.0°

2 x Cu -  Cl (1 1) 2.285 C l ( 1 ) ..Cu . . . C l  ( I I ) 90.0°

The K polyhedron (cube)

A x K -  C l (1) 3.315 A C l ( l ) . . . K . . . C 1 (1) 106.3°

k x K -  Cl (11) 3.325

The water molecule and the hyd rogen bond

0 -  H 0.966 A H-O-H 109.7°

H -  H 1.580

0 .. .C 1  (1) 3.116 Cl (1 ) . . . 0 . . . C 1 (1) 100.3°

H...C1 (1) 2.165 H -0 . . . Cl (1) w » .7 *

F u rthe r d iscuss ions  concerning the d e ta i le d  surrounding o f  the va r ious  atoms

w i l l  be g iven in connection  w i th  the experimental r e s u l ts  on the magnetic

hyp e r f in e  and e l e c t r i c  quadrupole in te r a c t io n  o f  t h e i r  n u c le i*

5 .6 . N uc lear resonance s p e c tra . The nuc lear resonance experiments have to

produce the d i r e c t i o n s  o f  the p r in c ip a l  axes o f  the In te ra c t io n  tenso rs , and

the va lues o f  t h e i r  components, o f  the nuc le i  o f  the d i f f e r e n t  atoms in the

u n i t  c e l l .  Because o f  the com p lex ity  o f  the to t a l  spectrum, i t  is  use fu l to

d iscuss  the number o f  d i f f e r e n t  resonance spectra  which can be expected to  be

observed in v iew o f  the c r y s ta l  symmetry. Th is knowledge w i l l  f a c i l i t a t e  the

i d e n t i f i c a t i o n  o f  the la rge  amount o f  resonance l in e s .
From the c r y s ta l  s t r u c tu re  i t  can e a s i ly  be seen th a t  a l l  a l k a l i  ions are

che m ica l ly  as w e ll  as m a g n e t ica l ly  e q u iv a le n t .  We w i l l  thus always observe on ly

one a l k a l i  resonance spectrum, except in the rub id ium compounds where, due to
Q  r  Q -y

the presence o f  two w e ll  abundant isotopes Rb and Rb which have d i f f e r e n t

values f o r  I ,  y and Q, two resonance spectra  appear. As the  a l k a l i  ions are

s i tu a te d  a t  the f o u r - f o l d  screw axes, i t  can be concluded th a t  the t ra n s fe r re d
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hyp e r f in e  as w e ll  as the quadrupole in te ra c t io n  tensors w i l l  have a x ia l  sym

metry about the c r y s ta l lo g ra p h ic  c a x is .

As the copper s i t e  is  an in ve rs io n  c e n te r ,  the atoms centered about (0 ,0 ,0 )  are

chem ica l ly  and m a g n e t ic a l ly  e q u iva le n t  in p a i r s .  So, from the fo u r  h a l id e  atoms

in one rhombohedron, o n ly  two resonance spec tra ,  a pa r t  from a doub ling  because

o f  the presence o f  two iso topes, w i l l  be observed. The two p a i rs  o f  h a l id e

atoms centered about ( i , i , i )  are ch e m ica l ly  e q u iv a le n t  to  the corresponding

ions near ( 0 ,0 ,0 ) ,  i . e .  the values o f  the corresponding components o f  t h e i r

nuc lear in te ra c t io n  tensors  are  e q u iv a le n t .  The d i r e c t i o n  o f  the p r in c ip a l

axes o f  these tensors  however are ro ta ted  90° in the (a-a) p lane w i th  respect

to  the corresponding axes o f  the ions centered about ( 0 ,0 ,0 ) .  T he re fo re , f o r

an a r b i t r a r y  d i r e c t i o n  o f  the ex te rna l  magnetic f i e l d  w i th  respect to  the

c ry s ta l  axes, the h a l id e  nuc le i  about ( i , i , i )  w i l l  g ive  r i s e  to  two resonance

spectra  which are d i f f e r e n t  from those o f  the h a l id e  nuc le i  about ( 0 ,0 ,0 ) .

There w i l l  thus be observed In general fo u r  d i f f e r e n t  h a l id e  resonance spec tra ,

w i th  a doub ling  o f  the number because o f  the presence o f  two isotopes r ^ C l

and 37C1; ^ B r  and ^B r) .  Only f o r  the ex te rn a l  f i e l d  p a r a l le l  to  the a and c

a x is ,  the fo u r  resonance spectra  co in c id e  in p a i r s .

The same arguments a lso  hold f o r  the copper ions and f o r  the  protons o f  the

waters o f  h y d ra t io n .  Two copper resonance spectra  are expected to  be observed,
6*ï

w ith  a doub ling  due to  the isotopes JCu and ">Cu. A l l  hydrogen atoms are

chem ica l ly  e q u iv a le n t ,  but not m a g n e t ic a l ly .  Because o f  the  symmetry r e la t io n s

between the proton s i t e s ,  in general fo u r  p roton resonance l in e s  w i l l  be ob

served. Each o f  these l in e s  shows a f i n e  s t r u c tu re  due to  p ro to n -p ro to n  d i 
p o la r  i n te r a c t io n .

To o b ta in  a unique d e f i n i t i o n  o f  the d i r e c t i o n  o f  p r in c ip a l  axes o f  i n t e r 

a c t io n  tensors o f  the nuc le i  belonging to  an octahedron, in f i g .  6 the two

c ry s ta l lo g ra p h ic  [110] axes are d is t in g u is h e d  by denoting  them by y and y 1. We

w i l l  always re la te  the p r in c ip a l  axes to  these y and y 1 d i r e c t io n s  to  o b ta in

a d i r e c t  connection  w i th  the s i t e  symmetry o f  the n u c le i .

The resonance experiments in the fe r rom agnet ic  s ta te  in zero f i e l d  In d ic a te

th a t  in the bromine compounds the d i r e c t i o n  o f  the spontaneous m agnet iza t ion

w i th in  the Weiss domains is  p a r a l le l  to  the c a x is .  So o n ly  one resonance spec

trum per set o f  chem ica l ly  e q u iv a le n t  atoms is  observed. In the c h lo r in e  com

pounds however the Weiss domains are  magnetized along the [110] o r  [ lTo ]  axes,

and two spectra per se t o f  chem ica l ly  e q u iv a le n t  atoms w i l l  be de tec ted . To

d is t in g u is h  these zero f i e l d  resonance spec tra ,  in f i g .  6 the atoms belonging

to  the two d i f f e r e n t  octahedra are  la b e l le d  by A and B. The nuc lear resonance
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Fig. 6. P ro ject ion  o f  the two magnetically non-equivalent octahedra on the

(a-a) plane. The d ire c t io n  o f  the y and y '  axes are given, together w ith  the

nota tion  fo r  the zero f i e ld  spectra.

spectra o r ig in a t in g  from the nuclei belonging to the octahedra fo r  which the
magnetization m points along the y '  ax is  are denoted by A, while  the spectra

from the nuclei fo r  which m//y are denoted by B.
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Chapter 6

EXPERIMENTS IN THE PARAMAGNETIC STATE

In this chapter the results of the experiments which yield the (trans
ferred) hyperfine interaction and the quadrupole interaction tensors of the
various nuclei will be presented. As the used experimental techniques and the
methods to analyse the resonance spectra have been discussed already in the
preceding chapter, in general little attention will be given here to these
subjects. Only in those cases where the analysis of the spectrum deviates from
the normal procedures as given in section 5*2 the used method will be outlined.
From the nuclear resonance experiments the values for the quadrupole interac
tion constants v and T), the direction of the principal axes of the interaction
tensors and the total internal field at the nuclei can be determined. The in
ternal field is found from eq. (5*6) to be

t Ho 2lr9̂ - + 1.9eT d1P + *L + dem + Hnn

The value of |lï - Hq | clearly depends on the temperature and the magnitude
of the external field, as the first four terms depend on the value of the time
averaged magnetic moment of the paramagnetic ions, which is proportional to
<S>. To be able to determine from an experiment at finite temperature and in
a finite external field the value of the components of A, we need to know the
value of <S(T,H)> and the components of g. The latter can be measured in an
electron resonance experiment. The value of <S(T,H)> for temperatures well
above the transition temperature can be determined graphically from a Brioullin
curve for S = i if the Curie-Weiss temperature 0 is known. For the experiments
at lower temperatures where this method of determination of <S(T,H)> cannot be
used, a different procedure has been followed. The internal field at a nucleus,
from which the resonance spectrum can be observed at all temperatures - for
instance a hydrogen or alkali nucleus - is determined at a temperature Tj and
a field H. for which <S(T1.H,)> can be calculated with the Brioullin curve.
The internal field at the nucleus, if corrected for Hnn, is proportional to
<S>, provided that the direction of the external field is fixed. So by compa
ring the internal field at that nucleus for the desired temperature and
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f i e l d  H2 w ith  th a t  f o r  T j , H ] the va lue  o f  <S(T2 ,H2)> can be obta ined r e a d i ly .

From symmetry c o n s id e ra t io n s  as w e ll  as from the  experimental data presented

h e re a f te r  i t  can be deduced th a t  f o r  a l l  n u c le i ,  except f o r  the p ro tons , the

d i r e c t io n s  o f  the p r in c ip a l  axes o f  the h y p e r f in e ,  d ip o le  and quadrupole i n t e r 

a c t io n  tensors  co in c id e  w i th  the (110), (110) and c a x is  o f  the c r y s t a l .  The

p r in c ip a l  axes o f  g a lso  are p a r a l le l  to  these axes. The used c r y s ta l  samples

have always ro ta t io n a l  symmetry about one o f  these th ree  axes. There fore  w i th

H p a r a l le l  to  the  (110), (110) o r  c a x is  a l l  c o n t r ib u t io n s  to  the  t o t a l  i n t e r 

nal f i e l d  ÏÏ s imply  add s c a la r l y .  As the magnitudes o f  ÏÏL , f idem and l?nn fo r

these f i e l d  d i r e c t io n s  can be ca lc u la te d  e a s i l y ,  we can o b ta in  the values f o r

the components o f  the frequency s h i f t  tensor r ,  which are de f ined  by

Fi i  “  ^ ~ <S>Ai i  + 2tT *Hd ip *  i i^T-O.HflO ^  “  X ,Y ,Z*

The ind ices  i w i l l  always r e fe r  to  the  coo rd in a te  system set up by the p r i n 

c ip a l  axes o f  the EFG tensor o f  the  nucleus in q ues t ion ,  g . .  is  the component

o f  the e le c t ro n ic  g - te n so r  o f  th a t  copper ion w i th  which the nucleus has a

hyp e r f in e  in te r a c t io n .  I t  must be noted th a t  th e re fo re  the coo rd in a te  systems

o f  two d i f f e r e n t  nuc lear s i t e s  need not be e q u iv a le n t .

In chap te r 8 the d ip o le  in te r a c t io n  tensors w i l l  be c a lc u la te d ,  making use o f

the approximated unpaired sp in  d e n s i ty  a t  the l igand  ions by means o f  an

i t e r a t i o n  procedure. T h e re a f te r  the components o f  the t ra n s fe r re d  hyp e r f in e

in te r a c t io n  tensors  can be c a lc u la te d  which y ie ld  the sp in  t r a n s fe r  c o e f f i c i e n t s

fo r  the d i f f e r e n t  l igand  o r b i t a l s .

6 .1 . E le c tro n ic  g -va lu e s  and c r y s ta l  f i e l d  s p l i t t i n g s  E. From the  c r y s ta l

s t r u c tu re  i t  can be concluded th a t  the  g tensor o f  the copper ion a t  (0 ,0 ,0 )

is  re la te d  to  th a t  a t  ( i , i , i )  by a r o t a t i o n  over 90° about the c - a x is .  Symmetry

c o n s id e ra t io n s  show th a t  the p r in c ip a l  axes o f  the ^  tensor have to  be p a ra l 

l e l  to  the y ,  y 1 and c axes. As the surrounding o f  the  copper ion has no ro 

ta t io n a l  symmetry about The c - a x is ,  the g -va lue  in the  (a-a) plane w i l l  be

a n is o t ro p ic .  There fore  in general in an E.S.R. experiment one expects to  ob

serve two e le c t ro n  resonance l in e s  when the ex te rna l  f i e l d  ro ta te s  in the (a-a)

p lane, However due to  the exchange in te r a c t io n  between the two d i s s im i la r

copper ions the two resonance l in e s  coalescence i f  2Jj z |Ag|ugHo , where Ag

is  the d i f fe r e n c e  in g -va lue  between the two d i s s im i la r  copper ions f o r  the

g iven d i r e c t i o n  o f  the ex te rna l f i e l d  1Ïo
Only f o r  K2CuCl^*2H20 and (NHi() 2CuBrj| *2H20 e le c t ro n  resonance experiments have
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been reported until now. Especially on the potassium compound a large number
of E.S.R. experiments have been performed. The most important of these are

2) 3) 4)those by Okuda et al. , Seidel et al . and Kennedy et al. who all studied
the temperature dependence of the electron resonance line at different micro-
wave frequencies. At high temperatures (T > 250 K) for frequencies above 30 GHz
they observe two resonance lines for the magnetic field along the (110) axis.
To lower temperatures and/or lower frequencies these two lines coalescence.
From the temperature at which the coalescence occurs for different frequencies
a strong temperature dependence of the exchange interaction Jj between dissimi
lar copper ions could be determined. The problem of the anomalous temperature
dependence of the nearest neighbour exchange interaction, together with the
information which can be obtained from it, will be dealed with extensively in
chapter 8. The results on the g tensor components at high temperature and high
frequency are: g = 2.06, g = 2.35. g . =2.12 according to Kennedy**^ and

c y y 2)g = 2.06, g = 2.32 and g , = 2.10 according to Okuda . The amalgamated g-c y y
value in the (a-a) plane is found to be g = i(g + g ,) independent on temper-a Y Y
ature. The ground state wave function for the copper ion has been argued to be
2 2(x - y ) with a small rhombic component with Z//y, Y//c and X//y'. Van Santen

et al . have measured the components of the amalgamated g tensor at a fre
quency of 9.5 GHz for all six isomorphous compounds at liquid nitrogen temper
atures. Their results are given in table 5. The values for ^CuCl^^HjO and

Table 5
Electronic g-values and crystal field splittings E.

compound3 9a 9c E (cm ')

KC1 2.215 2.047 11.900
NH^Cl 2.219 2.052 12.050
RbCl 2.208 2.044 12.050
CsCl 2.208 2.051 -
NH. Br 2.193 2.041 12.580
RbBr 2.193 2.044 12.420

a In all tables from now on the compounds will be
characterized only by the indication of the alkali
ion and the halide ion.

(NHit)2CuBri)-2H20 agree rather well with those given in references 2 and 4.
In table 5 also the data on the crystal field splittings E are given as
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determined by Reedijk et al. . The E values have been obtained from a powder
spectrum at roomtemperature. Therefore only the mean value of the three pos-
sible crystal field transitions could be measured. Because of the very rapid
dehydration of the caesium compound it appeared to be impossible in that case
to determine the crystal field splitting. From the values of g , g and E the

* . cvalues of the components of the true g tensor and the spin-orbit coupling con
stant X will be calculated, using the expressions for the g components givencov
in eq. .9).

6.2. Resonance spectrum of the protons of the water of hydration. This resonance
spectrum is rather important as the angular dependence of the resonance pattern
provides a perfect tool to obtain the necessary information concerning the
orientation of the sample (see section 5.3*2). In fig. 7 a typical rotational
diagram of the proton spectrum for C s ^ C u C l i s  shown. The external field
H rotates in the crystallographic (110) plane. When Hj|c-axis all protons

Fig. 7. Rotational diagram in the (110) plane of the proton spectrum in
Cs.CuCli*2H.0. H =1.94 kOe, T = 1.2 K.2 4 2 0

are magnetically equivalent as is required by crystal symmetry. For H along
the (110) axis two pairs of resonance lines are observed. The proton-proton
dipolar splitting App which is not shown in the figure enables us to identify
the resonance lines?»®). For the highest frequency line (with 1Ï || (110)) the
dipolar splitting is A = 84 kHz, while for the low frequency resonance
transition A = 4 2  kHz. This leads to the conclusion that the high frequency

59



resonance l in e  o r ig in a te s  from the protons belonging to  the copper octahedron

f o r  which the ex te rna l  f i e l d  is  d i re c te d  a long the y* a x is  (Ht  is  approx im ate ly

p a r a l le l  to  the p ro to n -p ro to n  connection l in e  w i t h in  the water m o lecu les) . The

low frequency l in e  o r ig in a te s  from the water molecules f o r  which H l ly .  Foro
the l a t t e r  p ro tons the ex te rna l  f i e l d  ro ta te s  in the (y -  c) plane which is  a

m i r ro r  p lane f o r  the water molecule in ques t ion . There fore  these protons are

m a g n e t ic a l ly  e q u iv a le n t  f o r  each d i r e c t i o n  o f  H in th a t  p lane, which exp la ins

the obse rva t ion  o f  o n ly  one resonance l i n e  f o r  these p ro tons . This symmetry

p ro p e r ty  o f  t h i s  resonance l i n e  has been used to  o r ie n ta te  the c r y s ta l  whenever

placed in the sample h o lde r .  The ro ta t io n a l  diagrams o f  the  proton spectrum in

a l l  o th e r  compounds are  com ple te ly  e q u iva le n t  to  the one shown in f i g .  7- No

a ttem pt has been made to  determine the t r a n s fe r re d  hyp e r f in e  in te ra c t io n  tensor

f o r  the  p ro tons . F i r s t  o f  a l l  the major p a r t  o f  the in te rn a l  f i e l d  a t  the

proton s i t e  is  o f  d ip o la r  ch a ra c te r  and th e re fo re  ve ry  accurate  c a lc u la t io n s

o f  the d ip o la r  in te r a c t io n  tensor would be necessary to  o b ta in  a reasonable

es t im a te  f o r  the t r a n s fe r re d  hyp e r f in e  in te r a c t io n .  So we cannot co n f in e  o u r 

selves to  simple p o in t - d ip o le  c a lc u la t io n s  as the sp in  d e n s i ty  d i s t r i b u t i o n

o f  f o r  instance the copper ion is  f a r  from s p h e r ic a l l y  symmetric. Secondly we

have no in fo rm a t ion  a t  present about the unpaired sp in  d e n s i ty  a t  the oxygen

ion. As the 0-H d is tance  is  less than 1 A the in f lu e nce  o f  unpaired sp in  a t

the oxygen ion on the proton d ip o la r  f i e l d  w i l l  be very la rge .  We d o n ' t  th in k

we can o b ta in  r e l i a b le  values f o r  the to t a l  d ip o la r  i n te ra c t io n  and thus fo r

the proton h yp e r f in e  in te r a c t io n  by a d ju s t in g  the sp in  d e n s i ty  on the oxygen

ions so as to  o b ta in  the best agreement between ca lc u la te d  and experimental

angu la r dependence o f  the proton resonance f requenc ies .

The temperature dependence o f  the low frequency proton l i n e  f o r  H ||(110)

has been used to  determine the Curie-Weiss temperature 6 in a l l  compounds.

From symmetry con s id e ra t io n s  i t  can be argued th a t  the in te rn a l  f i e l d  is  essen

t i a l l y  p a r a l le l  to  the ex te rna l f i e l d .  The frequency s h i f t  o f  t h i s  resonance

l in e  is  th e re fo re  p e r f e c t l y  p ro p o r t io n a l  to  the m agnet iza t ion  o f  the c r y s t a l .

Inspec t ion  o f  the t h e o r e t i c a l l y  determined reduced m agnet iza t ion  as a fu n c t io n

o f  f i e l d  and temperature shows th a t  f o r  T > 28 and H < 1 . 5  kOe the temperature

dependence o f  the m agnet iza t ion  in a constan t magnetic f i e l d  is  p ro p o r t ion a l

to  the temperature dependence o f  the zero f i e l d  s u s c e p t i b i l i t y  x • Th is zero

f i e l d  s u s c e p t i b i l i t y  f o r  T > 20 is  g iven by the Curie-Weiss expression xQ =

C/T -  6. So by p lo t t i n g  the inverse frequency s h i f t  o f  the mentioned proton

resonance l in e  versus the temperature the value o f  0 can be obta ined a f t e r

c o r re c t io n  f o r  the demagnetiz ing f i e l d .  For the c h lo r in e  compounds these
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measurements have been performed in the temperature range 29 < T < 4.2 K in
a field of 1.25 kOe. For the bromine compounds however a different method has
been used as 20 z 5 K and it was not well possible to measure in the temperature
interval 5 K - 10 K. Besides, as will be shown in section 6.6 possibly measure
ments at liquid hydrogen temperatures can lead to a wrong value of 6. The fact
is that we have observed a change of the quadrupole interaction of the rubidium
nuclei between 20 K and 4.2 K, which may indicate that there are also changes
in the magnetic interactions in that temperature range. Actually from measure
ments for 13 K < T < 20 K we have obtained for Rb.CuBr.*2H,0 a value for 9Z A Z ^
which is about 0.35 K lower than the value determined at T = 4.2 K. At He
temperatures 6 has been determined as follows. For T - 1.2 K and H - 10 kOe the
magnetization of the bromine crystals is found to be saturated within the ex
perimental accuracy. By comparison of the frequency shift of the mentioned
proton line at this temperature and field with that at T = 4.2 K in a large
external field where the magnetization is far from saturation the value for 6
can be determined graphically from the Brioullin curve. In table 6 the Curie-
Weiss temperatures are given together with the Curie temperatures T for com
parison.

Table 6
Paramagnetic (6) and ferromagnetic (T ) Curie temperatures

compound 9(K) Tc00

KC1 1.16 0.877
NH.C1 0.87 0.701
RbCl 1.24 1.017
CsCl 0.90 0.753
NH. Br 2.44 1.836
RbBr 2.54 1.874

It must be noted that as the 0-values are obtained from a high temperature
extrapolation these values are much less accurate than the values for T .c
The error in the 0-values is estimated to be ± 0.02 K.

6.3. Chlorine (I) and bromine (I) ions. In chapter 5 in the discussions of the
number of resonance spectra which is expected to be observed in the paramagnetic
state, it has been mentioned already that there are two chlorine isotopes "Cl

37
and Cl both with a nuclear spin I = 3/2 with a natural abundance of respec
tively 75-4% and 24.6%. As it is found experimentally that from the resonance
spectra of both isotopes exactly the same information is obtained concerning
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the direction of the principal axes of the interaction tensors and the spin
transfer coefficients, only the interaction parameters of the most abundant
isotope ^C) will be presented. From the two bromine isotopes which are about

79equally abundant the interaction parameters of Br will be given.
In zero field in the paramagnetic state for temperatures below 4.2 K In

each compound one pure quadrupole resonance (PQR) transition per isotope for
O C

the halide (I) nuclei has been observed. The PQR frequencies for the J3C1(I)
79nuclei in the chlorine compounds and for the '^Br(l) nuclei in the bromine

compounds are given in table 7< The PQR frequencies are found to be independent
of temperature for T Ï 4.2 K within the experimental accuracy ( ± 0.2 kHz for
35C,(,) and ± 1 kHz for '°Br(l)). The ratio of the frequencies of the pure

35 37PQR transitions of the two chlorine isotopes Cl and Cl in the same compound
is determined to be 1.2693 (4) which agrees perfectly well with the ratio of

9) • ;the scalar quadrupole moments as given in literature The width of the
9 C
JJC1(I) resonance line is approximately 5 kHz, nearly independent of temper
ature down to the Curie temperature. Although we searched for it, we have not
observed a clear critical broadening of the resonance line near T^ as predicted
by Moriya'^ . This is probably due to the fact that the components of the
frequency shift tensor ? are very small. The ratio of the corresponding PQR
frequencies for the ^ B r and ®^Br isotopes in the bromine compounds is 1.197

, 9)which also agrees with the ratio of the quadrupole moments . The ljne width
of the PQR transitions at T = 4.2 K is about 20 kHz and increases to lower tem
peratures to a value of 80 kHz very near Tc. It is not surprising that these
resonance lines do exhibit a critical broadening as it can be seen from table 7
that the components of the frequency shift tensor for the bromine nuclei are
about an order of magnitude larger than for the chlorine nuclei.

Experiments in small external fields indicate that for all compounds the
F.. values are much smaller than the quadrupole interaction constant v . Thei i ± 9
determination of the principal axes of the EFG tensor and of F, together with
the values of their components have been performed in small external fields.
Because F.. << v we always deal in that case with the situation v »  v. whichII q q L
facilitates very much the analysis of the resonance spectra. For T *■ 4.2 ICthe
angular dependence of the resonance spectra have been measured with an external
field ÏH of the order of 100 Oe rotating in the (a-a) plane and in the (110)o
plane. For this temperature and field strength the magnetization of the crystal
is very small so the interna) fields at the nuclei are nearly zero, which pro
vides that mainly the effects due to the anisotropy of the EFG tensor are ob
served. In fig. 8 two of such rotational diagrams for (NH^JjCuCIĵ H jO are shown.
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F ig . 8. R o ta t iona l diagram o f  the a - t r a n s i t i o n s  o f  1(1) in  the (a-a) and

(110) planes f o r  (NH.).CuCl, •2H„0. H = 100 Oe, T -  k .2  K.4 Z 4 L O

Only the s o -c a l le d  a - t r a n s i t i o n s  have been de tec ted ; the 8 - t r a n s i t i o n s  are

m ost ly  to  weak to  be observed. The a n a ly s is  o f  the  angu la r dependence y ie ld s

the d i r e c t i o n  o f  the p r in c ip a l  axes o f  the EFG tensor and the value o f  the

asymmetry parameter p. For a l l  c h lo r in e  as w e ll  as bromine compounds the  d i r e c 

t i o n  o f  the p r in c ip a l  axes has been c a lc u la te d  to  be: X||c and Y and Z p a r a l le l

to  the (110) axes. These re s u l ts  a re com patib le  w i th  the p o in t  symmetry o f  the

h a l id e  ( I )  ions. Although i t  is  impossib le  to  r e la te  the Y ans Z axes to  the

locaT y and y 1 d i r e c t io n s  from the  experimental r e s u l t s ,  i t  w i l l  be argued in

chap te r 8 th a t  i t  is  most probable th a t  the  Z a x is  is  re la te d  to  the y d i r e c 

t i o n  and the Y a x is  to  the y 1 d i r e c t i o n .  The ca lc u la te d  values f o r  v and p
q

are l i s t e d  in ta b le  7.

For (NH^^CuClj^ 'Z^O o n ly  one p a i r  o f  a - t r a n s i t i o n s  is  observed as is  shown in

f i g .  8 , a lthough two p a i r s ,  o r i g in a t in g  from the  two d i s s im i la r  C l ( I )  s i t e s ,

should be expected. For these C1 ( I ) nuc le i  however p = 1.00 as can be seen in

ta b le  7. That means th a t  the Y and Z axes o f  the EFG tensor a re e q u iv a le n t .  As

in an ex te rna l f i e l d  o f  100 Oe a t  T ■ k .2  K the in te rn a l  f i e l d s  are p r a c t i c a l l y

ze ro , the two p a i rs  o f  a t r a n s i t io n s  c o in c id e  f o r  a l l  f i e l d  d i r e c t i o n s .

From the  experiments in small ex te rna l  f i e l d s  a t  lower temperatures where the

in te rn a l  f i e l d s  are o f  the same o rde r  o f  magnitude as the  app l ied  f i e l d ,  the

d i r e c t io n  o f  the p r in c ip a l  axes o f  the frequency s h i f t  tensors and the value

o f  the components F ..  have been determined. In f i g .  9 a ty p ic a l  ro ta t io n a l

diagram fo r  the  a - t r a n s i t i o n s  in I^CuC l^ 'Z l^O  is  shown; Hq ro ta te s  in the (110)

plane. The two sets o f  a resonance l in e s  can be c le a r l y  d is t in g u is h e d .  The

(a-a) plane [110] plane

1 1 1 1
(110) (110) (110) c
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Table 7

35 79 t '\I n te ra c t io n  parameters f o r  the C l ( I )  and B r ( l )

nuc le i  in  the paramagnetic s ta te

PQRa^ n V q
Fb^

X X
Fvv

Fzz
KC1 1.9508 0.91 1 .7 2 5 - 0 .0 3 5 +0 .5 5 0 - 0 .1 2 6

NH. Cl 1.4240 1 .00 1 .2 3 7 +0 .0 1 7 +0.673 - 0 .1 0 2

RbCl 2.2707 0.71 2.101 +0.184 +0.876 +0 .0 1 0

CsCl 2.3666 0.44 2 .2 9 4 +0.509 +1.050 +0 .2 0 0

NH. Br 8.345 0.92 7 .3 7 5 +0.84 +3.55 +0 .2 9

RbBr 14.342 0.63 13.483 +1.43 +4.77 +1.18

a )a l 1 in te ra c t io n s  are given in  MHz, unless otherw i se

in d ic a te d .

b^the ind ices  r e fe r  to  the EFG tensor coo rd ina te  system.

X ||c ;  y | |y ‘ ; Z | |Y

1950

1900

O 30 60 90 120 150 180

F ig . 9. R o ta t iona l diagram o f  the  ^ C l ( l )  a - t r a n s i t i o n s  in the (110) plane

f o r  K,CuCl1|*2H,0. Ho = 160 Oe, T -  1.2 K.

p r in c ip a l  axes o f  f  are  ca lc u la te d  from t h i s  type o f  diagram to  be p a r a l le l

to  the c ,  (110) and ( l T o )  axes f o r  a l l  h a l id e  ( I )  s i t e  nuc le i  in a l l  compounds.

Using the f i r s t  o rde r  p e r tu rb a t io n  theory  expressions from eq. (5.16) the

frequency s h i f t  components have been c a lc u la te d ;  the values are l i s t e d  in

ta b le  7-
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6.4. Chlorine (II) and bromine (II) ions. In the paramagnetic state in zero
field no pure quadrupoie resonance transition for the Cl (I I) and Br(II) nuclei
could be detected using a frequency modulated Pound-Watkins oscillator. Also
the search for these transitions using spin-echo techniques to obtain a better
signal to noise ratio have been unsuccessful. In Appendix A it will be shown
that, apart from the occurrence of a fine structure on the Cl (I I) resonance
lines in external field, the width of both the Cl(I I) and Br(ll) resonance
lines increases strongly with decreasing field strength. This low field broaden
ing probably points to the presence of a Suhl-Nakamura interaction between
nuclear spins''*'^ . It is reasonable to suppose that therefore the linewidth
of the PQR transitions of the Cl(I I) and Br(II) nuclei can be very large com
pared to that of the Cl(I) and Br(I) nuclei. Moreover the presence of chlorine
impurities in the bromine compounds causes a notable increase of the Br(ll)
resonance iinewidths (see Appendix B). It can thus be concluded that probably
the failure to observe these PQR transitions is due to a too large width of the
resonance lines which causes the resonance signals to be very weak.

The information concerning the frequency shift tensor and the EFG tensor
has been obtained therefore from experiments in large external fields. The
direction of the principal axes of both the frequency shift and EFG tensors are
deduced from rotational diagrams of the Ani| » -ty -^-transitions. In fig. 10
such a diagram for H in the (110) plane is shown for K,CuCl. *2H,0; also a1 3 , ° ,  Z A 2
Ani| = +y +y trans 11 ion has been observed. The resonance lines originate from
those Cl(I I) nuclei for which the magnetic field rotates in the (y - c) plane.
The resonance transitions for the other Cl (l I) nuclei for which H rotates in

Fig. 10. Rotational diagram of the "Cl(ll) resonance lines in the (110) plane
for K2CuClij«2H20. Hq = 7-5 kOe, T -  1.2 K.
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the (y ‘ - c) plane can only be observed for ÏÏ nearly parallel to the c-axis.
I f  ?f is  ro ta te d  from the c -a x is  towards the  ( l lO ) - a x is  the  s igna l in te n s ityo h. 0
o f  th is  second spectrum decreases d r a s t ic a l ly ,  so th a t f o r H Q about 10 from

the  c -a x is  these resonance l in e s  cannot be de tected  anymore. The same holds fo r

the  bromine compounds, where however o n ly  the  (+ y  -*■ -y )  t r a n s it io n  can be ob

served. In a l l  compounds th is  resonance spectrum can be de tected  again  i f  the

a p p lie d  f ie ld  is  p a ra l le l  o r n e a rly  p a ra l le l  to  the  y 1 d ir e c t io n ,  but w ith  a

ve ry  low s ig n a l in te n s i ty .  From the  ro ta t io n a l diagrams to g e th e r w ith  the  f ie ld

dependence o f  the resonance frequency o f  the  (+ y  •+• -y )  t r a n s it io n s  i t  is  deduced

th a t the p r in c ip a l axes o f  both the  EFG and ?  tensors  a re  p a ra l le l  to  the  (110 ),

(H O ) and c a x is .  For the  EFG te n so r i t  is  found th a t the  Y -ax is  is  p a ra l le l  to

the  c a x is  and th a t the  X and Z axes a re  d ire c te d  a long the  (11Ö) and (110)

axes. Because the  Cl ( I  I)  and B r ( l l )  ions a re  s tro n g ly  bonded to  the  copper ion

along the  y ' a x is  i t  can be concluded unambiguously th a t ,  due to  the  expected

la rg e  a sp in  t r a n s fe r ,  Z 11y1 and X ||y .
The va lue  fo r  v has been determ ined from the  spectrum w ith  H 11y1. In the

*1 °
c h lo r in e  compounds a t  T ■ 0 .3  K a l l  th re e  a llow ed t r a n s it io n s  (Amj = 1) can be

d e te c te d , which y ie ld s  d i r e c t ly  the  va lue  o f  v ^ . In the bromine compounds fo r

T = 1.2 K o n ly  two a llow ed t r a n s it io n s  have been observed. Due to  the  fa c t  th a t

H llz and th a t the  asymmetry parameter is  found to  be s m a ll, an accu ra te  d e te r -
°  -

m in a tio n  o f  v can be ob ta ined  from  these two resonance fre q u e n c ie s . The va lue
q

o f n fo r  the  C l( I  I )  n u c le i has been determ ined from the  r a t io  o f  the  frequenc ies

o f  the  two observed t r a n s it io n s  fo r  H | |y ,  and fo r  the  B r( I I )  n u c le i from the

f ie ld  dependence o f  the (+y- -*■ -y )  t r a n s i t io n  fo r  Hq 11Y • I*1 both cases the

computer ta b le s , which have been mentioned in  chap te r 5 .2 , have been employed.

They have a ls o  been used to  de term ine the  components o f  F from the  resonance

fre quenc ies  o f  the  (+4- ■+• -y) t r a n s it io n s  in  a l l  compounds. The in te ra c t io n

param eters a re  g iven  in  ta b le  8.
The experim ents fo r  the  d e te rm in a tio n  o f  the  h a lid e  ( I I )  In te ra c t io n  parameters

have been performed a t v a rio u s  tem peratures fo r  v a rio u s  magnitudes o f  the  ap

p lie d  f i e l d .  A lthough we have been prepared fo r  i t ,  we have not found a c le a r

in d ic a t io n  th a t the  in te ra c t io n  parameters a re  tem perature o r  f i e ld  dependent.

From the va lues o f  the components o f  the  frequency s h i f t  tenso r i t  can now

be understood why the  Cl ( I  I)  and B r ( l l )  resonance spectra  cannot be detected

fo r  the  magnetic f i e ld  in  a d ir e c t io n  between the c-and y '- a x is .  From ta b le  8

I t  can be seen th a t in  a l l  compounds F^z (H0 IIY ' )  >> ^ y y ^ o ^ C^" There fo re
ft p o in ts  in  a d ire c t io n  between the  c -  and y ' - a x is ,  the magnitude and d ire c 

t io n  o f  the  in te rn a l f i e ld  a t  the  n u c le i are  m a in ly  determ ined by the  Z
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Table 8

In te ra c t io n  parameters o f  the  * * C i ( l l )  and ^ B r ( l l )

nuc le i  in the  paramagnetic s ta te

V
q n Fa)

X X
F
yy

Fzz
KC1 9.465 0 . 1 9 8 +3 . 0 7 + 3.94 + 27.42

NH^Cl 9.430 0 . 2 5 0 +3 . 7 2 + 4. 51 + 2 7 . 7 4

RbCl 10.300 0 . 1 5 5 +3 . 1 0 + 3.99 + 2 7 . 4 5

CsCl 11.150 0.168 +2. 71 + 3.75 + 2 7 . 3 5

NH^Br 75.88 0.31 +6 . 9 8 +10.48 +1 2 9 .3

RbBr 8 1 . 8 0 0.22 +6 • 04 + 8 . 2 2 +126.2

a ) x | | y ;  Y||c ; z | |y '

component o f  F. So H -  ft is  approx im ate ly  p a r a l le l  to  the y 1 d i r e c t i o n .  At

the low temperatures a t  which the experiments have been performed to  o b ta in  a

s u f f i c i e n t l y  la rge  s igna l i n t e n s i t y ,  the in te rn a l  f i e l d  is  then much la rg e r

than the ex te rna l f i e l d  ftQ, and thus ft is  about p a r a l le l  to  the y 1 d i r e c t i o n .

As the 600 Hz modulation f i e l d  which is  used to  d e te c t  the resonance s ig n a ls ,

in our experimental se t-up  is  always p a r a l le l  to  ft , t h i s  modulation f i e l d  is

not a t  a l l  p a r a l le l  to  H . The modulation th e re fo re  becomes very  in e f f e c t i v e

w i th  as a r e s u l t  a rap id  decrease o f  the s igna l i n t e n s i t y  i f  f t  is  ro ta ted
o

away from the  c -a x is .

A second e f f e c t  which a ls o  causes a decrease o f  the s igna l i n t e n s i t y  is  the

angu la r dependence o f  the enhancement o f  the rad io  frequency f i e l d  a c t in g  on

the n u c le i .  I f  the expression (5 .20) f o r  the enhancement o f  the r . f .  f i e l d  f o r

an i s o t ro p ic  hyp e r f in e  in te ra c t io n  is  m od if ied  f o r  the case o f  a s t r o n g ly

a n is o t ro p ic  hype r f ine  i n te r a c t io n ,  i t  can e a s i ly  be seen th a t  f o r  the h a l id e

( I I )  nuc le i  the r a t i o  o f  the e f f e c t i v e  r . f .  f i e l d s  f o r  ftQ||c and ft0 | |y '  is  ap

p rox im a te ly  F ^ / F  . Th is leads to  a s igna l i n te n s i t y  f o r  ft | | y 'w h ic h  is  o n ly

about 1/40 from th a t  f o r  Hq | |c . These two e f f e c t s  toge the r e xp la in  the anoma

lous behaviour o f  the s igna l i n te n s i t y  o f  the h a l id e  ( I I )  resonance spectrum

fo r  the ex te rna l  f i e l d  r o ta t in g  in the ( y ' -  c) p lane. I t  w i l l  be seen in the

next sec t ion  th a t  an analogous s i t u a t io n  occurs f o r  the copper spectrum.

6 .5 . Copper io n s .  A lso f o r  the copper nuc le i  in zero f i e l d  in the paramagnetic

s ta te  no pure quadrupole resonance t r a n s i t io n s  have been de tec ted . Th is is  most

probably due to  the same e f f e c t s  as have been discussed f o r  the case o f  the
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Cl (I I )  and B r ( 11) PQR t r a n s i t i o n s .  From r o ta t io n a l  diagrams o f  the (+^- - j )

t r a n s i t i o n  f o r  both copper isotopes a t  T = 1.2 K and the f i e l d  dependence o f  the

resonance frequenc ies  f o r  p a r a l le l  to  the (110) and c a x is  i t  has been conc lu -

ded th a t  the  Y a x is  o f  the EFG tensor p o in ts  a long the c -a x is  w h i le  the X -ax is

is  p a r a l le l  to  the (110) a x is .  A ty p ic a l  r o ta t io n a l  diagram f o r  Hq in the (110)

plane is  g iven in f i g .  11 f o r  R b ^ u B r ^ i ^ O .  Analogously to  the h a l id e  ( I I )

resonance spectrum a lso  here o n ly  the resonance t r a n s i t i o n  f o r  th a t  copper s i t e

f o r  which the  ex te rna l  f i e l d  ro ta te s  in the ( y 1 -  c) p lane ( i . e .  X-Y plane o f

the EFG tenso r)  can be observed f o r  between the  (110) and c a x is .  The spec

trum f o r  the  ex te rna l  f i e l d  a long the  Z a x is  o f  the  EFG tensor could be de tec

ted in the  bromine compounds a t  T = 1.2 K. In the c h lo r in e  compounds th i s

F ig . 11. R o ta t iona l diagram o f  the  (+y  -*• - j )  t r a n s i t io n s  o f  both copper

isotopes in R b .C u B r ^ i^ O  in the (110) p lane. Hq = 8.05 kOe, T = 1.2 K.

spectrum, even a t  T *  0.3 K could  not be observed. Th is  spectrum has on ly  been

detected a t  T = 0.3 K in zero f i e l d  in the fe rrom agnet ic  s ta te ,  where the

spontaneous m agnet iza t ion  m is  d i re c te d  along the (110) a x is .

For rhombic p o in t  symmetry o f  the magnetic copper ion i t  can be deduced th a t

the p r in c ip a l  axes o f  g, t  and the EFG tensor c o in c id e '3* .  Moreover from the

expressions f o r  the components o f  these tensors as g iven in chapter k,  i t  can

be seen th a t  the d i r e c t io n s  o f  maximum g -va lue  and maximum hyp e r f in e  in te ra c 

t i o n  always co in c id e  w i th  the Z -ax is  o f  the EFG tenso r .  According to  Okuda e t

a l .  the d i r e c t i o n  o f  the maximum g-component gzz is  p a r a l le l  to  the y a x is .

So i t  can be concluded th a t  f o r  the  d i r e c t i o n  o f  the p r in c ip a l  axes o f  the EFG

tensor holds Z | |y ,  Y11c and X11y'.
The quadrupole in te r a c t io n  constan t v has been determined from the spectra
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f o r  which Hq re s p e c t iv e ly  ins are  p a r a l le l  to  the  Z a x is  where a l l  th ree  a l 

lowed t r a n s i t io n s  have been detected using the hyb r id  T spectrom eter . Consequent

l y  f o r  the c h lo r in e  compounds vq has been determined in zero f i e l d  in  the f e r r o 

magnetic s ta te .  For the sake o f  completeness these values are g iven in ta b le  9

too . As f o r  Hq ||Z the resonance frequenc ies  are o n ly  ve ry  s l i g h t l y  dependent on

the  va lue o f  the asymmetry parameter, n had to  be c a lc u la te d  from the f i e l d  de

pendence o f  the (+y-*- -4-) t r a n s i t i o n  o f  the ^3Cu iso tope f o r  ÏÏ l lx .  The so ob-
L  L  O

ta ined  values f o r  n are not very  accura te  (± 15$), but as n is  ra th e r  small in

a l l  compounds^ th i s  e r r o r  in troduces o n ly  an e x tra  u n c e r ta in ty  o f  about ± 1$
in the values f o r  F and Fxx yy

Table 9

In te ra c t io n  parameters o f  the Cu nuc le i  in the paramagnetic s ta te

V
q

n
XX

F
yy

F
z z

KC1 46.25 ^0.20 - 2 5 .3 -  8 . 5 - 2 2 9 .0

NH^Cl 43.60 MJ.20 - 3 1 .0 -11 .7 - 2 3 7 .0

RbCl 43.71 0.16 -20.1 -14.1 -228.0
CsCl 38.60 M5.20 - 1 9 .0 - 1 7 .7 - 2 2 9 .O
NH^Br 41.30 0.20 - 4 5 . 9 - 3 2 .8 -268.2
R b B r 40.80 0.17 - 3 9 .8 -36 .2 - 2 6 5 . I

a ) X ||y ' . Y||c, z | |y . Frequencies in MHz

The obse rva t ion  o f  the copper resonance l in e s  in the paramagnetic s ta te  is

s e r io u s ly  hampered by the f a c t  th a t  the  in te rn a l  f i e l d  a t  the nucleus is  la rge

and o p p o s i te ly  d i re c te d  to  the app l ied  ex te rn a l  f i e l d .  Because o f  the negative

in te rn a l  f i e l d  i t  does occur many times th a t  f o r  c e r t a in  temperature and f i e l d

in te r v a ls  f o r  Hq | |x o r  Hq ||Y the t o t a l  f i e l d  a t  the copper nucleus is  nearly,

f i e l d  independent, due to  the c a n c e l la t io n  o f  the increase o f  the ex te rna l  f i e l d

by the increase o f  the nega tive  in te rn a l  f i e l d .  The w id th  o f  the resonance l in e s

is  too  la rge  to  be ab le  to  d e te c t  the resonance s ig n a ls  w i th  frequency modula

t i o n ,  which im p lies  th a t  f i e l d  modulation has to  be used. As the t o t a l  f i e l d

Hj. sbout f i e l d  dependent i t  is  not po ss ib le  in th i s  s i t u a t io n  to  observe the

resonance l in e s .  There fore  m ost ly  a la rge  number o f  experiments f o r  d i f f e r e n t

temperatures and f i e l d  s t reng ths  has been necessary to  f i n d  the resonance l in e s

fo r  the des ired  d i r e c t i o n  o f  the ex te rna l  f i e l d .

The w id th  o f  the ( - ^  -*> -y )  t r a n s i t io n s  o f  the 63Cu isotope in the c h lo r in e  com

pounds is  found to  be about 120 kHz f o r  ft p a r a l le l  to  the X and Y axes, and
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500 kHz for Ïï ||Z for the K, Rb and Cs compounds and 200 kHz and 1 MHz res
pectively for the NH. compound. The explanation for the larger linewidth in the
NH. compound will be given in the next section while discussing the spectra of
the NH^ molecule. In the bromine compounds the linewidths for Hq ||X and Y are
somewhat larger, probably due to the presence of chlorine impurities.

6.6. Alkali ions. In chapter 5 in discussing the crystal structure we have al
ready mentioned that all alkali ions in the unit cell are chemically as well as
magnetically equivalent. Because the ions are situated at four-fold screw axes
which are parallel to the c-axis, all interaction tensors must have rotational
symmetry about the c-axis. Essentially this is what we have observed experimen
tally in all compounds. As all Interactions are isotropic within the (a-a)
plane, all information concerning the magnitude of the interaction can be ob
tained from one rotational diagram in the (110) plane. All experiments have been
performed in large external fields because the quadrupole interaction constants
for all alkali nuclei are found to be too small to be able to carry out pure
quadrupole resonance experiments. The resonance spectra are always characterized
by v »  v and have therefore been analyzed using first and second order per
turbation theory expressions for the resonance frequencies. These analytica^
expressions are readily available as the asymmetry parameter n equals zero

Potassium. In fig. 12 the angular dependence of the resonance frequencies of the
three allowed transitions of the only abundant potassium isotope K(l - 3/2)
is shown for the external field in the (110) plane. The frequency difference
between the outermost resonance lines (±j -*■ ±y) is described exactly by the
angular dependence Av - v (3 cos20 - 1) with 6 - 0 for fijc. From eq. (5-17)
it can be seen that then the asymmetry parameter equals zero and that the
Z-axis of the EFG tensor is parallel to the c-axis, which confirms the theoreti
cal predictions. The width of the resonance lines is only 3 kHz. The signal in
tensity however is so small that only experiments for T S 4.2 K could be perfor
med. The values for the quadrupole interaction constant and for the compo
nents of the frequency shift tensor are given in table 10.

Rubidium. For the two rubidium compounds the spectra of both the Rb(l ■ 5/2)
and 87Rb(I = 3/2) isotopes have been detected at ^He temperatures. As the in
formation deduced from the spectra of the two isotopes is found to be complete
ly analogous, only the interaction parameters for the experimentally more con
venient 87Rb isotope will be discussed. In fig. 13 the rotational diagram of
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F ig . 13. R o ta tio n a l diagram o f  the 87Rb resonance spectrum fo r  Rb2CuBrl j *2H 0
in  the  (110) p lane. H = 6 .0  kOe, T = 4 .2  K.
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the  ®7Rb resonance spectrum in  I^ C u B r^  2 ^ 0  fo r  H0 In the  (110) plane is  shown.

The angu la r dependence o f  the  c e n tra l l in e  (+ y  -*■ - j  t r a n s it io n )  is  due to  the

combined e f fe c t  o f  the a n is o tro p y  o f  the  frequency s h i f t  tenso r and the  second

o rd e r quadrupole s h i f t .  The in te ra c t io n  parameters fo r  both compounds a re  l is te d

in  ta b le  10.
As the  s ig n a l to  no ise  r a t io  o f  the  ° 7Rb resonance l in e s  is  ve ry  la rg e , a ls o  an

accu ra te  tem perature dependence o f vq cou ld  be determ ined. In f i g .  14 the  re s u lts

o f  these measurements fo r  both compounds from T = 4 .2  K up to  room tem perature

are  shown, i t  can be seen th a t e s p e c ia lly  fo r  the  c h lo r in e  compound vq very

3050

3010

2970

Rb C l

Rb Bp

10 100 1000 K0.1 T 1

F ig . 14. Temperature dependence F ig . 15. R o ta tio n a l diagram o f  the

o f  the  ^ 7Rb quadrupole in te ra c t io n  ^ C s  resonance spectrum fo r  Cs2CuCl^*
2H20 in  the  (110) p lane. Hq -  5.44 kOe,

T -  77 K.

s tro n g ly  depends on tem pera tu re ; even between 20 K and 4 .2  K the  va lue  o f vq

s t i l l  changes 0.7%. From 4 .2  K down to  0 .3  K no change o f  the quadrupole in 

te ra c t io n  cons tan t in  e x te rn a l f i e ld  has been de tected  to  w ith in  the experim en

ta l  accuracy o f  about 0 .3  kHz. We w i l l  show in  chap te r 8 th a t from th is  s trong

tem perature dependence o f  the  quadrupole in te ra c t io n  e s s e n tia l in fo rm a tio n  can

be ob ta ined  concern ing the anomalous tem perature dependence o f the  exchange

in te ra c t io n  and the  id e n t i f ic a t io n  o f  the p r in c ip a l axes o f  the  C l( I )  and B r ( l )

EFG te n s o r.
A t ^He tem peratures i t  has been observed th a t th e re  e x is ts  a small d if fe re n c e

between the  va lue  fo r  vq measured w ith  along the (110) a x is  and the va lue
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f o r  ff l ie .  For Rb„CuCl,* H.O we have determined v = 799.5 kHz f o r  H l |c  and
O 2 ** 2 q O '

v = 796.3 kHz f o r  Ho | | ( 110) .  In the bromine compound th i s  d i f fe r e n c e  is  some

what s m a l le r :  v = 808.O kHz f o r  ff ||c and v = 806.8 f o r  H _ | | (110) .  We th in kq o "  q o "
th a t  these d i f fe re n c e s  have to  be re la te d  to  small m a g n e to s t r ic t io n  e f f e c t s .

1 3 3 /Caesium. In f i g .  15 the ro ta t io n a l  diagram o f  the JJCs (I = 7/ 2) spectrum is

presented, again f o r  H in the  ( 110) p lane. The w id th  o f  the  resonance l in e s  is

o n ly  1.5 kHz and th e re fo re ,  a l though the quadrupole in te r a c t io n  is  ve ry  small

due to  the la rge  sp in  va lue  and the small quadrupole moment, a ls o  f o r  these

nuc le i  a temperature dependent va lue  f o r  has been de tec ted . For T = 77 K i t

is  found th a t  v = 13 .50 kHz w h i le  f o r  T S 4 .2  K v = 13.16 kHz which represents
q q

a change o f  2 . 6% over th a t  temperature i n t e r v a l .  S im i la r  to  the Rb quadrupole

in te ra c t io n  the va lue  f o r  v increases to  h igher tem peratures.

Table 10

In te ra c t io n  parameters o f  the a l k a l i

nuc le i  in the paramagnetic s ta te

nucleus Vq n F -Fa^xx yy
F

z z

KC1 39k 0.057 0 -0 .070 -0.107

NH.Cl 0.0050 0 -0 .020 -0 .120

0.0083 0 -0 .070 -0 .170

RbCl 00 0.7995 0 -1 .220 -1 .530

CsCl ,33Cs 0.01316 0 -0 .880 -1 .070

NH.Br .’V 0.0053 0 -0.033 - 0.084

'S 0.0075 0 - 0.147 - 0.206

RbBr 8?Rb 0.8080 0 - 1.330 - 1.700

a X and Y in the (a-a) p lane, Z | |c .

Armonium. From the X-ray d i f f r a c t i o n  s tu d ie s  the  o r t e n ta t io n  o f  the ammonium

molecules cannot be ob ta ined ,  but i f  the o r i e n ta t io n  o f  the molecules in  the

u n i t  c e l l  is  in accordance w i th  the c r y s ta l  symmetry, i t  Is  c le a r  th a t  a l l

n i t ro g e n  nuc le i  w i l l  be e q u iv a le n t .  Because o f  the  cub ic  arrangement o f  the
14protons around the N Ion, the fo u r  p rotons do not c o n t r ib u te  to  the EFG tensor

a t  the n i t ro g e n  nucleus. So e q u iv a le n t  symmetry co n s id e ra t io n s  as f o r  the EFG

tensor o f  the a l k a l i  nuc le i  p re d ic t  th a t  the EFG tensor a t  a l l  n i t ro g e n  nuc le i

w i l l  be e q u iv a le n t  and th a t  t h i s  tensor w i l l  have a x ia l  symmetry around the c -

a x is .  To determine the quadrupole in te r a c t io n ,  r o ta t io n a l  diagrams o f  the
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nitrogen resonances were made at T = A.2 K with an external field rotating in
the (110) plane and the (a-c) plane. As the nitrogen nuclear spin is I = 1 one
expects to observe two resonance lines.

The observed nitrogen spectrum in both compounds consists of two separated
groups of resonance lines, with resonance frequencies which are lower than the
free resonance frequency in that applied field. The fine structure in each
group originates from the proton-nitrogen dipolar interaction, which is appre
ciable as the proton-nitrogen distance is about 1 A. As there are four protons
surrounding each nitrogen ion, this fine structure is very complicated. The
resonance lines within each group are of unequal intensity and overlap each
other frequently in the rotational diagram which makes It hard to analyze the
angular dependence of the resonance frequencies.

However, with the field in the direction of the a-and c-axes this compli
cated structure of the two groups of resonance lines reduces to only two separa
ted doublets. By observing the temperature dependence of the resonance frequen
cies of these doublets, it is apparent that they belong to two magnetically in
equivalent N sites. Clearly this is not expected from the crystal symmetry,
which leads to the conclusion that the symmetry of the N sites does not reflect
the symmetry of the rest of the unit cell.

As the nitrogen spectra by their complexity are not suitable to give enough
information about the two crystallographic sites and the orientations of the
NH. tetrahedra, the spectrum of the protons of the NH^ group has been studied.

In quite the same way as the study of the proton-proton dipolar interaction
between the protons of a water molecule can give the information about the direc
tion of the proton-proton connection line, the angular dependence of the much
more complicated proton-proton splittings of the resonance lines from the protons
of the NH. group yields the orientation of the proton tetrahedra The best pro
cedure would be to study the resonance spectrum at high temperatures where the
induced magnetization is negligible compared to the proton-proton interaction.
At room temperature and at T = 77 K, however, only one intense resonance line
with a linewidth of about 20 kHz, without fine structure, was observed. This is
due to reorientations or torsional motions of the NH^ group with frequencies
much higher than the Larmor frequency of the protons, which lead to motional
narrowing of the resonance spectrum. However, at T = 20 K the fine structure of
the NH. proton resonance line can be observed, and the angular dependence of the
spectrum has been studied. With the external field in the direction of the a-
axis and of the c-axis the observed spectra are equivalent. This spectrum con
sists of five resonance lines with equal spacing of 20 kHz and an intensity



ratio of 1:2:2:2:1 (see fig. 16). By a simple calculation it can be deduced
from this spectrum that the three two-fold rotational axes of the NH. group are
parallel to the c- and a-axes of the crystal. From the value of the splitting
the H-H distance is calculated to be 1.65 A while the N-H distance is 0.99 A.

H o//a,c

A =_i X  He
2 2It p3

Fig. 16. The orientation of the NH^ molecule in the unit cell and the schema
tic proton spectrum for HQ ||a or c at T = 20 K.

There are then two possible orientations for the NH. tetrahedra: first of all
the protons can be directed towards the nearest Cl(I) or Br(l) ions. Secondly
the protons can be directed towards the Cl (I I) or Br(II) ions (see fig. 3k for
the surrounding of the alkali ions),

kAt He temperatures the magnetic interactions of the NH^ protons are studied
to get information about the two possible orientations of the tetrahedra with
respect to the nearby Cu ions. For the field along the c-axis all the protons
appear to be magnetically equivalent as only the above-mentioned quintet has
been observed, shifted to lower frequency.

The spectrum with the field along the a-axis, however, splits up by the
magnetic interaction into two separate groups of resonance lines. It can be
calculated that, if the NH^ tetrahedra at the various crystal sites were orien
ted according to the crystal symmetry, all the protons would have equivalent
magnetic interactions when the magnetization is directed along the a-axis.
So we have to conclude that both possible orientations of the NH^ tetrahedra
are present In the unit cell.

The magnetic and electric interactions of the NH. tetrahedra with the sur
rounding halide ions and water molecules will be different for these two orien
tations. This will lead to different magnetic interactions for the NH^ protons
in the two orientations. Because of the distortion of the NH^ tetrahedron by the
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surrounding ions, and because o f  covalency e f f e c t s ,  which w i l l  a lso  be d i f f e r e n t

f o r  the two o r ie n ta t io n s ,  a lso  the magnetic and e le c t r ic -q u a d ru p o le  in te ra c t io n s
1 4o f  the  N nuc le i  w i l l  be d i f f e r e n t  f o r  the two o r ie n ta t io n s ,  lead ing to  two

n it ro g e n  spec tra .

Using the determined o r ie n ta t io n s  o f  the NH^ proton te trahed ra  the observed

n i t ro g e n  spectra  a t  He temperatures can now be analysed.

With the magnetic f i e l d  along the c -  and a-axes the N-p d ip o la r  in te ra c t io n

is  c a lc u la te d  to  be zero , so a l l  the observed s p l i t t i n g s  o f  the N spectra

fo r  those d i r e c t i o n s ,  have to  be due to  magnetic and/or e l e c t r i c  quadrupole

in te r a c t io n s .  The two doub le ts  which are observed fo r  the ex te rna l  f i e l d  p a ra l 

l e l  to  the a - and c-axes are o f  equal i n t e n s i t y ,  which in d ica tes  th a t  both

o r ie n ta t io n s  o f  the NH^ te t ra h e d ra  are e q u a l ly  abundant. The s p l i t t i n g s  o f  both

doub le ts  which are  o f  the o rd e r  o f  10 kHz are temperature and f i e l d  independent

and have thus to  be due to  e l e c t r i c  quadrupole in te r a c t io n .  A lthough no complete

r o ta t io n a l  diagram o f  the doub le t s p l i t t i n g s  can be determined because o f  the

complicated N-p d ip o la r  s p l i t t i n g s ,  i t  is found th a t  f o r  the ex te rna l f i e l d  a t

55° from the  c -a x is  the quadrupole s p l i t t i n g s  f o r  both n i t ro g e n  spectra  equals

zero . As f o r  HQ||a the re sp e c t ive  doub le t s p l i t t i n g s  are h a l f  the va lue  o f  those

f o r  H lie i t  can be concluded th a t  the EFG tensor a t  both n i t ro g e n  s i te s  ( ino "
the c h lo r in e  as w e l l  as in the bromine compound) has a x ia l  symmetry about the

c - a x is .  From the experiments w i th  along the a - and ( l lO ) - a x i s  i t  is  deduced

th a t  a lso  the frequency s h i f t  tensors f o r  both n i t ro g e n  s i te s  have ro ta t io n a l

symmetry about the c - a x is .  The in te r a c t io n  parameters determined from both

resonance spectra  are g iven in ta b le  10.

I t  appears to  be po ss ib le  to  conclude whether the  two poss ib le  o r ie n ta t io n s  o f

the NH  ̂ molecules are d i s t r i b u te d  randomly o r  whether they are d i s t r i b u te d  sys

te m a t ic a l l y  over the c r y s t a l .  Carefu l examination o f  the proton resonance spec

trum o f  the waters o f  hyd ra t ion  demonstrates th a t  the  h igh frequency resonance

doub le t f o r  H ||(110) (see f i g .  7) in  the ammonium compounds is  not a s in g le  one

as observed in a l l  o th e r  compounds. At low temperatures and h igh f i e l d  where

the m agnet iza t ion  is  near i t s  s a tu ra t io n  va lue  i t  appears th a t  t h i s  t r a n s i t i o n

c o n s is ts  o f  two d oub le ts ,  each w i th  a p ro to n -p ro to n  d ip o la r  s p l i t t i n g  o f  84 kHz.

The d i f fe r e n c e  o f  the mean Larmor frequenc ies  o f  the two doub le ts  is propoi

t io n a l  to  the reduced m agnet iza t ion  m(T,H). For m(T,H) ■ 1 th i s  d i f fe re n c e  in

both compounds is  o n ly  about 70 kHz. I t  is  c le a r  th a t  t h i s  small d i f fe re n c e  in

magnetic in te r a c t io n  f o r  the o the rw ise  s im i la r  protons has to  be due to  the

presence o f  the two d i f f e r e n t  o r ie n ta t io n s  o f  the NH  ̂ te t ra h e d ra .  As the p ro ton -

proton s p l i t t i n g  f o r  both doub le ts  has the maximum va lue  o f  84 kHz, the to t a l
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magnetic field at the two protons within one water molecule (for which Hq 11y 1)
have to be equal, as otherwise for these two protons the maximum value of A

2 , 7 )  PPwould only be j  x 84 kHz = 56 kHz . So there have to be two magnetically
different types of water molecules for which H (ly1, l.e. is parallel to the
proton-proton connection line-within the water molecule. However the two protons
belonging to the same water molecule are magnetically equivalent. It will not
be reasoned here because of the complexity, but it can be shown unambiguously
that only one special configuration of the two orientations of the NH, mole
cules in the unit cell can lead to the experimentally observed spectrum of the
waters of hydration. All ammonium molecules must have the same spatial orien
tation independent of the orientation of the surrounding copper octahedra.
Naturally the three two-fold rotation axes of the NH^ tetrahedra are directed
along the a- and c-axis, as has already been determined from the spectrum of
the ammonium protons. As this configuration of orientations is in contradiction
with the crystal symmetry PAj/mnm also two nitrogen spectra have to be observed.
The local symmetry at each of the two nitrogen sites however is still so as to
have rotational symmetry about the c-axis for the nuclear interaction tensors.
In principle all other resonance spectra in these ammonium compounds have to
be two-fold too. Only for the protons of the waters of hydration and for the
NH. protons this doubling has been observed actually. For all other resonance
spectra this break-down of the crystal symmetry is reflected by an increase of
the width of the resonance lines with respect to the linewidths in all other
compounds. (See section 6.5 for the width of the copper resonance lines.)
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Chapter 7

EXPERIMENTS IN THE FERROMAGNETIC STATE

The ferromagnetic state is characterized by the existence of a non-zero
time averaged value of the magnetic moments of the copper ions in zero external
field. The direction of these magnetic moments depends on crystal anisotropies
and/or anisotropy of the exchange interaction. The crystal sample is divided
into a large number of domains which are magnetized alternately in opposite
direction. This yields a decrease of the total magnetostatic energy of the
crystal because the larger part of the magnetic flux circuit is completed within
the crystal. Within each (Weiss) domain the magnetic moments are all directed
along the preferred direction, or easy axis, producing a local spontaneous mag
netization M (T). In describing the experiments, we will always use the value
of the reduced spontaneous magnetization mg(T), defined by mg(T) =Mg(T)/Ms(T=0),
i.e. 0 i m (T) i 1 for T i T * 0, where T is the ferromagnetic transitions c  c
temperature. The Weiss domains are separated from each other by the so-called
Bloch walls. The direction of the magnetic moments within these walls changes
gradually from the direction of the magnetic moments in the one domain to that
in the other domain.
For these compounds the magnetization per volume unit is rather small because
of the small number of magnetic ions per volume unit (M (0) z ^5 Oe). Therefore
the total volume which is occupied by the Weiss domains is much larger than
that occupied by the Bloch walls. Although the n.m.r. signal enhancement (see
chapter 5) for nuclei inside Bloch walls is larger than for nuclei within
domains- , the much larger number of nuclear spins within the domains does cause
the signal intensity of the n.m.r. transitions from these nuclei to be much
larger than those originating from the nuclei inside walls. Moreover the
resonance signals of the wall nuclei are expected to be much broader due to the
combined effect of the strong anisotropy of the frequency shift and EFG tensors
of the nuclei and the gradual change of the direction of the magnetic moments
in the Bloch wails. As a result, apart from one Cl(I I) resonance line, only
n.m.r. transitions originating from nuclei within the domains have been detected.
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7.1. Determination of the Curie temperature and the anisotropy field. In zero
external field various criteria can be applied for the determination of the
temperature at which the transition from the paramagnetic into the ferromagnetic
state occurs. This "Curie" temperature can be determined from the maximum in
the specific heat versus temperature curve, from the temperature of maximum
susceptibility, or from the occurrence of spontaneous magnetization. We have
used the last two criteria to obtain an accurate value for in ail six
compounds.
The temperature at which ms(T) springs up can be determined by observing the
PQR transition of the halide (I) nuclei as the temperature is lowered. For
T < Tc the single PQR line splits up by the magnetic interaction. Also by fitting
the temperature dependence of the spontaneous magnetization just below T to the

a c
scaling law expression m (T) = A(1 - T/Tc) ,  the value of,. can be obtained.
For the determination of T from the maximum of the susceptibility only rela-c
tive values of x(T) are needed, therefore such an experiment can be performed
using a normal n.m.r. oscillator. The inductance L of the r.f. coil around the
crystal depends on the temperature because of the temperature dependence of the
crystal susceptibility: L(T) = L(»>){1 + **irfx(T)}> where L(“>) is the coil induc
tance for T = “ , i.e. for x(T) = 0, and f is the effective filling factor of
the coil. If the capicitor of the LC circuit is fixed, the temperature depen
dence of the oscillator frequency is thus given by v(T) = v(«°)[l + 4irfx(T)] .
So the minimum of the oscillator frequency can be related to the maximum of the
susceptibility of the crystal, occurring at the transition temperature. A second
method to measure Tc from the maximum in the susceptibility is given by the
possibility to observe the electron resonance line with a normal n.m.r. oscil
lator. For low frequencies, v of the order of some Megahertz, the e.s.r. line
can be observed for H = 0  with a small modulation field. As the signal inten-o
sity of the e.s.r. line is proportional to the electronic susceptibility, the
temperature at which the maximum of the signal intensity is observed equals
the transition temperature.
The values for T obtained using the various methods are found to agree withinc
the experimental accuracy of about ± 0.2 mK; they are given in table 11.
From the observation of the temperature dependence of the resonance field of the
e.s.r. transition at low frequencies in the ferromagnetic state, the value of2)the anisotropy field can be calculated. According to Suzuki et al, the
resonance condition for the electrons in a spherical sample for an external
field perpendicular to the easy axis of magnetization is given by
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(<»/Ye)2 “ Hq(Ho - Ha)

where HA = (Ay - Aj)Ms(T). A|| and Aj^are the anisotropy molecular field con
stants. It Is clear that for u/ye s 0, which holds fairly well for an oscillator
frequency of some MHz, the e.s.r. line will be. observed for H s H^. The aniso
tropy fields, extrapolated to T * 0 K, have been determined by this method to
be about 200 Oe for the chlorine and 300 Oe for the bromine compounds. The
value óf H. for the bromine compounds agrees with that determined by Suzuki et

2) A 3)al. and Renard et al. .
By applying in the ferromagnetic state an external field perpendicular to the
easy axis of magnetization, the magnetic moments of the ions within the Weiss
domains will rotate into the direction of the external field, by that way produ
cing a macroscopic magnetization of the sample. The apparent susceptibility,
originating from the field dependence of this macroscopic magnetization, can be
observed on the change of the frequency of the oscillator, as has been outlined
already. For that field for which all magnetic moments are aligned along the
field direction, the value of the apparent susceptibility will drop drastically
to the small value of the normal paramagnetic susceptibility at that temperature
and field. For larger fields the Weiss domain structure has disappeared and the
crystal behaves in principle as a paramagnetic substance. The magnitude of
H for which this "transition" occurs is found to be equal to the magnitude ofo

as determined by electron resonance at low frequency. The anisotropy field
can thus be related to the transition from the ferromagnetic into the paramag
netic state for T < T .c

7.2. Proton spectrum: the direction of the spontaneous magnetization in the
Weiss domains.

7.2.1. Bromine compounds. In both bromine compounds only one resonance line
from the protons of the water molecules has been observed in the ferromagnetic
state in zero field. This resonance line shows a temperature independent fine
structure which, after careful examination, is found to be six-fold. The mean
Larmor frequency of this sextet at T = 0.3 K, where ms(T) si, is about 6.4 MHz
in both compounds. From the rotational diagram of the proton lines as given in
fig. 7 it can be shown that a frequency shift of a proton line for m(T,H) z 1
can only be expected for the external field, and thus the magnetization, direc
ted along the c-axis. Together with the observation of only one resonance
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sextet, this indicates that the spontaneous magnetization in the ferromagnetic
state has to be parallel to the crystallographic c-axis. This conclusion is
confirmed by the analysis of the resonance spectra of ail other nuclei in the
bromine compounds. This direction of the spontaneous magnetization agrees with

Mthat determined by Wielinga ' from macroscopic magnetization measurements in
(NH^CuBr^Hj,!).
Although we searched for it carefully, no extra proton resonance lines showed
up at lower frequencies. That proves that there are no "closure" domains which
are magnetized perpendicular to the c-axis. This has been confirmed again by the
analysis of the other resonance spectra which indicates that always only one
spectrum per set of chemically equivalent ions is observed. These two bromine
compounds thus behave like uniaxial ferromagnets.
The static six-fold fine structure of the proton resonance line has not yet
been understood. There are several possible explanations for this fine structure.
a) The internal fields at the two protons belonging to the same water molecule
are equal In magnitude but have different directions. For such a situation
Hardemann^ has derived an expression for the proton-proton dipolar interac
tion for protons within a water molecule. However the maximum number of obser
vable transitions is always four instead of the six observed transitions. More
over, as the internal fields at the protons in both compounds are found to be
nearly equal one would expect the fine structures for both resonance lines, if
due to this effect, to be about equal. In table 11, where the frequency dif
ferences between the successive fine structure lines is given, it can be seen
that there is a large difference between the splitting patterns in both compounds.
b) Interaction with the two protons from the nearby water molecule. It can
be calculated that the distance between the protons belonging to the water
molecule at approximately (0,0,0.25) and those from the H„0 at (0,0,0.75) is
small enough as to have a discrete dipolar interaction between them. The number
of possible fine structure lines can be larger in this situation, as we deal
now essentially with a four-particle system. As this interaction has to be
present in the paramagnetic state too, we have examined the proton resonance
transition for H lie at T = 20 K. For that temperature the magnetic interactiono1
with the copper ions is very small, and therefore mainly static dipolar inter
actions will be observed. The detected resonance transition consists of four
lines with a ratio of the signal intensities of about 2:1:1:2. The frequency
differences are approximately 13»26;13 kHz slightly different for the two
compounds. The calculations show however that the dipolar interaction between
the protons from different water molecules is too small to be able to explain
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the observed fine structure splittings in both the paramagnetic and the ferro
magnetic state.
c) The dipolar interaction of the protons with the nearby Br(I) nuclear mag
netic moments has been found to be too small to produce the observed splittings
too. It must be mentioned that also in the chlorine compounds in the paramag
netic state this four-fold fine structure of the proton line for ÏÏ lie has beeno "
observed. The search for the origin of these fine structures is one of the in
teresting problems which we will try to solve in the near future.

Table II

Larmor frequencies and fine structure splittings of the protons of the
water molecules in the ferromagnetic state at T= 0 K

TC (K) v^(MHz) A (kHz)PP
KC1 0.877 3-65 82
NH. Cl 0.701 3.73 84

3-79 84
RbCl 1.017 3.71 90
CsCl 0.753 3-79 84
NH, Br 1.836 6.43 16- 7-22- 7-16
RbBr 1.874 6.46 10-11-14-11-10

7.2.2. Chlorine compounds. In all four chlorine compounds originally one
proton resonance line, originating from the protons of the crystal waters, has
been detected. The resonance frequency is about 3.5 MHz at T = 0.3 K. The
proton-proton dipolar splitting has about the theoretically maximum value of
84 kHz, which proves unambiguously that in these compounds the spontaneous
magnetization within the Weiss domains has to be parallel to the (110) direc
tion (see the discussion in section 6.2). At low temperatures the H.0 proton
doublet in the NH^ compound splits up into two doublets, each with a proton-
proton splitting of 84 kHz. This is due to the two possible orientations of the
NH, molecules, as has already been outlined in section 6.6. The proton doublet
which would be expected for the second H2O for which m^ is perpendicular to
its proton-proton connection line (ms ||y) has not been observed. It can be cal
culated from the proton experiments in external field that the internal field
at this proton site in the ferromagnetic state is less than 100 Oe. The resonance
frequency of this transition is therefore too low to be able to observe this
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d o u b le t .

From the study o f  the proton doub le t a t  T = 0.3 K in  small ex te rna l f i e l d s

in the d i r e c t i o n  o f  the ( l lO ) - a x i s ,  w i th  the r . f .  f i e l d  along the c - a x is ,  i t

can be concluded whether the c h lo r in e  compounds are u n ia x ia l  ferromagnets or

n o t .  In f i g .  17 the s p l i t t i n g  p a t te rn  o f  the proton doub le t f o r  a weak f i e l d

3800

3600

3400

30 Oe

F ig .  17. K-CuCl ^ l ^ O .  F ie ld  dependence o f  the s p l i t t i n g  o f  the  zero f i e l d

proton doub le t f o r  1Ï | |(110) a t  T = 0.3 K.

p a r a l le l  to  the ( l lO ) - a x i s  is  shown. The volume o f  the Weiss domains which are

magnetized p a r a l le l  to  the app l ied  f i e l d  w i l l  increase a t  the cos t o f  the do-

mains which are magnetized a n t i p a r a l l e l  to  H w i th  increas ing  magnitude o f  Hq .

There fore  the magnetic f l u x  in both types o f  domains w i l l  become d i f f e r e n t ,

which re s u l ts  in a d i f f e r e n t  t o t a l  magnetic f i e l d  a t  the protons w i t h in  the

two types o f  domains. The zero f i e l d  p roton doub le t is  thus expected to  s p l i t

up in to  two doub le ts  in ex te rna l  f i e l d .  Th is s p l i t t i n g  a c tu a l l y  is  observed;

however a lso  a t h i r d  doub le t w i th  a n e a r ly  f i e l d  independent resonance frequen

cy has been de tec ted . The ex is tence  o f  th i s  t h i r d  doub le t can on ly  be exp la ined

by assuming th a t  the re  a lso  e x i s t  Weiss domains which are magnetized perpendicu

la r  to  the ex te rna l  f i e l d ,  i . e .  along the ( l ï o ) - a x i s .  As these pe rpend icu la r

magnetized domains are mutual m a g n e t ica l ly  e q u iv a le n t ,  no s p l i t t i n g  o f  the

resonance doub le t o r i g in a t in g  from the protons w i t h in  these domains w i l l  occur

by the app l ied  f i e l d .  Th is proves th a t  the c h lo r in e  compounds are not u n ia x ia l ;

the domains are magnetized along the ( 1 1 0 )  and ( l T o )  re s p e c t iv e ly .  The occurrence



of these two preferred directions however will not influence the number of
resonance spectra observed in zero field.

From the behaviour of these proton resonance lines and also of the Cl(I I)
resonance lines at T * 0.3 K for an external field in different crystallo
graphic directions, it can be concluded that the a-axes are the hard directions
of magnetization. It proves to be not possible to rotate the spontaneous mag
netization into the direction of the a-axis by applying an external field of
100 Oe along this axis. If Ho is applied along the c-axls however, the direction
of the spontaneous magnetization within the domains deviates already appreciably
from the (llO)-axis for H = 20 Oe.o

In all compounds the temperature dependence of m (T) can be determined
straight forward from the temperature dependence of the proton resonance fre
quency, as this frequency is proportional to m (T). The so determined magneti
zation curves have been used to facilitate the analysis of the very complicated
resonance spectrum of the other nuclei.

7.3. Halide (I) spectra.

7.3.1. Bromine compounds. In both crystals in the ordered state at T - 0.3 K
all six possible resonance transitions per isotope of the Br(I) site nuclei
are observed. The linewidth of the +3/2 + -3/2 transition is about 10 kHz,
while the width of all other resonance lines is 20' kHz. The lineshape of all
transitions is that of a perfect absorption line, which indicates that the
nuclear absorption susceptibility for these ions is not yet saturated by the
enhanced radio frequency field. From the six resonance frequencies the appro
priate energy level scheme can be constructed easily. In fig. 18 the temperature
dependence of the resonance frequencies of the transitions of both isotopes in
Rb2CuBri)-2H20 is shown. As the intensity of the (±i + ±1) transitions was rather
small, no attempt has been made to measure the temperature dependence of their
resonance frequencies extensively.
The resonance spectra resemble the type of spectrum discussed in section 5.2.c
for the case << v^. However, due to a second order frequency shift the 3
transitions are not situated symmetrically with respect to the PQR frequency.
Therefore to analyze these spectra the Brown and Parker method has been applied.
These BP calculations confirm that the direction of the spontaneous magnetiza
tion points along the c-axis. It is found that the values of the quadrupole
interaction parameters deviate from those determined in the paramagnetic state,
(see table 7). Moreover and n are slightly temperature dependent.. We think
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F ia . 18. Rb.CuBr,«2H-0. Temperature dependence o f  the B r ( I ) resonance spectra
3 2 *♦ 2 7Q a 8l

in the fe r rom agne t ic  s ta te .  O o r ;  ^  B r .

th a t  th i s  e f f e c t  p o in ts  to  the presence o f  minor spontaneous m a g n e to s tr ic t io n
7Q

e f f e c t s .  The values o f  the in te ra c t io n  parameters o f  the B r ( l )  n u c le i ,  which

have been ex tra p o la te d  to  T = 0 K, are g iven in  ta b le  12. The va lue o f  F®.

g iven in the  ta b le  is  de fined by F®, = v L (T)/ms (T ) ,  where the  ind ices  I In d ica te

the p r in c ip a l  a x is  o f  the EFG tenso r ,  a long which the spontaneous m agnet iza t ion
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Table 12

Interaction parameters of the halide (I) nuclei in
the ferromagnetic state at T**0 K (^Br and ^Cl)

spectrum vg (l+ri2/3)* Vq n F°

KC1 Bb> 1.9527 1.720 0.93 0.071
NH.C1 B 1.1(261 1.235 1.00 0.023
RbCl Aa) 2.2731 2.103 0.71 0.948

B 2.2718 2.093 0.73 0.107
CsCl A 2.3715 2.300 0.44 1.100

B 2.3688 2.301 0.42 0.298
NH. Br c) 8.33^ 7.A00 0.897 0.967
RbBr 1A.3^9 13.1(59 0.640 1.568

a)Ss//Y; b)m s// z ; c ) iSs//X

di rected.
i signal to noise ratio of the 3 resonance 1 ines at T = 0,,3 K is about

Because of their large intensity these lines are appropriate to search accurate
ly for any other transitions originating from these Br(I) nuclei, which would
indicate the existence of closure domains magnetized in a direction perpendicu
lar to the c-axis. As has already been mentioned in section 7.2 no such tran
sitions have been detected.
In section 7.7 it will be shown that the difference in resonance frequency of
the two B transitions Av^ is always exactly equal to two times the Larmor
frequency. Therefore from the temperature dependence of Av. the critical bell
haviour of the spontaneous magnetization near Tc has been determined. The
results of these measurements will be discussed in section 7.7.

In the course of the experiments it has been observed that in the bromine
compounds a notable amount of chlorine impurities can be present. The influence
of these impurities on the Br(I) resonance spectrum will be discussed in
Appendix B.

7.3.2. Chtorine 'compounds. As the spontaneous magnetization within the Weiss
domains is directed along the (llO)-axls in the chlorine compounds, we will
expect to observe two resonance spectra per chlorine isotope. According to the
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n o t a t i o n  f o r  th e  ze ro f i e l d  s p e c t r a  in the  f e r ro ma gne t i c  s t a t e ,  as  int roduced

in ch a p t e r  5«6, th es e  two d i f f e r e n t  s p e c t r a  a r e  denoted by C l ( I ) A and C l ( I ) B.

The C l ( I ) A spect rum o r i g i n a t e s  from those  nucle i  f o r  which the  spontaneous
magn e t i za t io n  i s  p a r a l l e l  t o  the  y 1 d i r e c t i o n ,  which is  the  Y-axis  o f  the

C1CI) EFG t e n s o r .  The C1(I)B spect rum o r i g i n a t e s  from the  nucle i  f o r  which

ms 11y 1, I .®,  p a r a l l e l  to  the  Z-a x i s  o f  the  EFG te n s o r .

MHz

0.6  K 0 .7  Tc0 .3  T 0 .4

Fig.  19. CSjCuCl^'ZHjO. Temperature dependence o f  the  J Cl ( l )A  resonance

spectrum in the  f e r ro ma gn e t i c  s t a t e .

C l ( I ) A .
In f i g .  19 the  t empera tu re  dependence o f  the  f r e q u en c ie s  o f  the  ^ C l ( I ) A

resonance t r a n s i t i o n s  in CS2CUCI^'2H„0 is  shown. The s igna l  i n t e n s i t y  of  th es e
resonance l i n e s  i s  r a t h e r  sma l l ,  which p r ev e n t s  an a c c u r a t e  de t e r m in a t io n  o f

th e  t empera tu re  dependence nea r  T . The energy l evel  diagram however can be

c o n s t r u c te d  e a s i l y .  Also in the  Rb compound the  C l ( I )A spectrum has been d e t e c 

t e d ,  a l though  the  s igna l  i n t e n s i t y  o f  the  resonance l i n e s  i s  very sma l l .  In

the  K and NH. compounds, s u r e l y  due to  s t i l l  sma l l e r  s igna l  i n t e n s i t i e s ,  t he

C l ( I ) A sp e c t r a  could not  be obse rved .  For the  Rb and Cs compound the  va lu es  o f

the  i n t e r a c t i o n  pa ramete r s  e x t r a p o l a t e d  to  T = 0 K a r e  g iven in t a b l e  12. By
comparison o f  the  va lu es  g iven in t h i s  t a b l e  wi th  those  of  t a b l e  7 i t  can be
concluded t h a t  the  quadrupoie  i n t e r a c t i o n  parameter s  c a l c u l a t e d  from the  C l ( I )A

s p e c t r a  d i f f e r  from those  determined in the  paramagne tic  s t a t e .  This  d i f f e r e n c e ,
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like for the Br(I) nuclei in the bromine compounds, has to be due again to
spontaneous magnetostriction effects.
The resonance lines have an absorption shape with a width of about 10 kHz.

Cl(I)B.
In all four chlorine compounds the Cl(I)B spectrum for both isotopes has been
observed. The spectrum consists of two intense a transitions and two very weak
0 transitions. In fig. 20 the temperature dependence of the a resonance frequen
cies in the rubidium compound is shown, together with the energy level diagram.
At T = 0.3 K in the Rb and Cs compound the +y -» transitions have also been
detected at respectively 295 kHz and 836 kHz. In the Cs compound even the
+1-*. -1 transition at a frequency of 267 kHz has been observed with a good
signal to noise ratio.
The interaction parameters for T ■ 0 K are given in table 12. It is seen that
also for these spectra the quadrupole Interaction constants differ from those

2400

2300

2 200

Fig. 21. Rb2CuCl1>-2H20. Shape
of the Cl(I)B resonance lines.

or
Fig. 20. Rb2CuCl.*2H20. Temperature dependence of the 3C1(I)B spectrum in
the ferromagnetic state. Only the a transitions are shown.

determined in the paramagnetic state and even from those calculated from the
Cl(I)A spectra. It must be noted that the separate values for v and n can be

o  1  ■
determined less accurately than the value of v (1 + h /3) • Therefore these
differences in the EFG between paramagnetic and ferromagnetic state, attributed
to spontaneous magnetostriction effects, can be demonstrated the best by
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2 i
comparing the  values f o r  v ^O  + n / 3 ) s f o r  the  d i f f e r e n t  zero f i e l d  spectra

w ith  the PQR frequency. I t  can then be seen th a t  in the c h lo r in e  compounds th i s

va lue in the  fe r rom agne t ic  s ta te  is  always h igher by a few kHz than in the

paramagnetic s ta te .

Because the l ineshape o f  the a and B t r a n s i t io n s  in a l l  fo u r  compounds Is

very  p e c u l ia r ,  in f i g .  21 a recorder t ra ce  o f  the second d e r i v a t i v e  o f  the

e xp e r im e n ta l ly  observed spectrum in Rb2CuCl. -2H-0 a t  T = 0.3 K is  shown. For

the obse rva t ion  o f  the B resonance l in e s  a ten times la rg e r  s e n s i t i v i t y  o f  the

lo c k - in  a m p l i f ie r  has been used than f o r  the a l in e s .  The shape and phase o f

the a. resonance l in e  agrees w i th  the shape o f  the proton and C l ( I ) A resonance

l in e s  and is  th e re fo re  e v id e n t ly  an example o f  a normal abso rp t ion  l i n e .  The

d is p e rs io n  shape o f  the a_ l in e  ( in  the Cs compound even a l l  th ree  zero passages

o f  the second d e r i v a t i v e  can be observed) undoubtedly Is caused by the sa tu ra 

t i o n  o f  the nuc lear abso rp t io n  s u s c e p t i b i l i t y  v "  f o r  the Am. t r a n -
n 1 2  2

s i t i o n ,  because o f  the enhancement o f  the r . f .  f i e l d .  As has been o u t l in e d  in

chap te r  5 -^ ,  in such cases a resonance l in e  w i th  a d is p e rs io n  shape can be

de tec ted . The observed s a tu ra t io n  o f  x "  f o r  the a ,  t r a n s i t i o n  w i l l  be due to
1 -the f a c t  th a t  the re la x a t io n  o f  the m( « - r  leve l  towards lower le v e ls  is  very

bad.

The l in e  has an abso rp t ion  shape which is  180° ou t o f  phase w i th  the a.

s ig n a l ;  a po ss ib le  exp la na t io n  f o r  t h i s  shape can be g iven as fo l lo w s .  By

r a d ia t in g  a t  a frequency near the g. resonance frequency on ly  a. t r a n s i t io n s
• ' l lare induced, which is  po ss ib le  by the s trong m ix ing  o f  the +y  and - j -  le ve ls

(see f i g .  20 ). The Bj t r a n s i t i o n  is  a fo rb idden  one. The + y  leve l is  not sa tu 

ra ted  which can be concluded from the  abso rp t ion  shape o f  the a. resonance l in e .
1 1  * 1

I f  the + y  leve l not o n ly  re laxes  to  the +y  but a lso  p a r t i a l l y  to  the  - y  leve l

due to  the s trong m ix ing ,  th i s  - y  leve l  probab ly  is  overpopula ted w i th  respect
3 1to  the +2 leve l  as the re la x a t io n  o f  the - y  leve l  was found to  be very  bad. By

changing the o s c i l l a t i o n  frequency to  the g. resonance frequency a s t im u la ted

emission w i l l  o ccu r,  lead ing  to  the observed shape o f  the  g. l i n e .  From the
1 1obse rva t ion  o f  a normal abso rp t ion  shape f o r  the  Am̂  -  + y  -*• - j -  t r a n s i t i o n  in

the Cs compound i t  can be concluded th a t  the re  Is Indeed a good re la x a t io n  from

the +y  le ve l  towards the  le v e l .  When the  am p litude o f  the r . f .  f i e l d  is

increased, the in te n s i t y  o f  the 8̂  resonance l in e  increases w i th  respect to

th a t  o f  the a. l i n e .  Th is is  in accordance w i th  the change in i n te n s i t y  r a t i o

which can be expected f o r  t h i s  mechanism.

The 180° ou t o f  phase d is p e rs io n  shape o f  the 82 t r a n s i t i o n  cannot be exp la ined

using s im i la r  arguments. We th in k  th a t  th i s  shape is  caused by cross, re la x a t io n
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between the sa tur a t ed  «2 l in e  and the  ^  l i n e ,  but even a q u a l i t a t i v e  explana
t ion of the shape of  ' s not ye t  po ss i b le .
From the temperature dependence of  the  d i f f e r en ce  in resonance frequency of  the
two a t r a n s i t i o n s  Av , the  temperature dependence of  ms (T) near has been
determined in the  Rb and Cs compound (see sec t ion  7-7)•  Because of  the  too smail
value for  Av in the K and NĤ  compounds no at tempt  has been made to measure
m (T) near T i n  these  compounds, as overlap of  the resonance l in es  near Tc wil l
hamper the accura te  determina tion of  A v .

7.4.  Halide ( I I )  sp ec tra .

7.4.1.  Bromine compounds. Or ig ina l ly  in the two bromine compounds in the
fer romagnetic s t a t e  only one B r ( l l )  resonance l in e  per isotope has been de tected
a t  approximately 20 MHz a t  T ■ 1.2 K. The width of  t h i s  resonance l in e  is  about
200 kHz; the signal  to no ise  r a t i o  with which the  resonance l i n e  a t  T ■ 1.2 K

h
is de tec ted is est imated to be of  the order  of  10 . From the  value of  the  Y
component of  the frequency s h i f t  t ensor  toge ther with the va lues  of  the quadru-
poie in t e r a c t i o n  parameters as determined in the paramagnetic s t a t e ,  i t  could
be ca l cu la te d  th a t  the  observed resonance t r a n s i t i o n  had to be the (+i  -J)
t r a n s i t i o n .  Although the resonance f requencies  of  the expected o and B t r a n 
s i t i o n s  could be ca l cu la ted  qu i te  accura te ly  i t ' app ea red  to be impossible to
de tec t  any o ther  bromine resonance l in e  up to a frequency of 100 MHz. Careful
examination of  the only observed resonance t r a n s i t i o n  pointed out  th a t  a large
number of  much less  intense resonance l in es  showed up cente red around the same
frequency.  These ex t ra  resonance l in es  a r e  found to  be due to the presence of
ch lo r ine  impur i t i es  a t  the bromine s i t e s  as wil l  be di scussed in Appendix B.
I t  can be argued th a t  the ch lo r in e  impur i t ies  not only lead to d i s c r e t e  ex t ra
resonance spec tra  but a l s o  to a broadening of  the B r ( l l )  resonance l i n e s .
Espec ial ly  the a and B t r a n s i t i o n s  for  which the  resonance frequency is  mainly
determined by the quadrupole in t e r a c t i o n ,  wil l  be very much influenced by these
impur i t i es .  In the c r y s t a l s  with much less  ch lo r in e  impur i t i es  which have been
grown af te rwards ,  the a and B t r a n s i t i o n s  have been observed.  Field modulation
has to be used as the width of  these  resonance l in e s  is  approximately 1.5 MHz,
which is much too large  to observe these  s i gna l s  with frequency modulat ion.  In
f i g .  22 the temperature dependence of  the resonance spectrum in the NH. com
pound is  shown., The an a ly s i s  of  the  Br ( l l )  spec t ra  in both compounds show th a t
the in t e r a c t i o n  parameters for  the Br ( I I )  nuclei  in the fer romagnet ic s t a t e
a re  about equal to those in the paramagnetic s t a t e .  I t  must be noted th a t  due
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Tc 2 0  K ,

Fig. 22. (NH^JjCuBr^^HjO. Temperature dependence of the Br(II) resonance
spectrum in the ferromagnetic state. 0 T̂Br; ^ ^ B r .

to the very large linewidth of the a and 3 transitions the interaction para
meters in the ferromagnetic state cannot be calculated very accurately. For the
same reason it has not been possible to decide whether any temperature depen
dence of the quadrupole interaction, which would point to magnetostriction
effects, exist. The interaction parameters are listed in table 13.

7.4.2. Chlorine compounds. As expected from the direction of the spontaneous
magnetization, two Cl (I I) resonance spectra per isotope have been observed. The
Cl(I I)A spectrum originating from those chlorine nuclei for which the spon
taneous magnetization is directed parallel to the local y'-axis (Z-axis of
the Cl(I I) EFG tensor) and the Cl(I I)B spectrum for the nuclei for which
m //y (X-axis).

Cl(II)A. The Cl (I I) A spectrum consists of the three allowed Ani| = 1 tran
sitions. The temperature dependence of the resonance frequencies in the
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Table 13

Interaction parameters of the * *C l ( l l )A ,  * *C l ( l l )B
79and '■'Br(ll) nuclei In the ferromagnetic state at T=0 K

spectrum V
q n F?.

KC1 Aa) 9-^65 0.20 27-50
Bb) 5.94 0.56 4.61

NĤ Cl A 9-430 0.25 27.74
B 5.43 0.63 4.76

FtbC 1 A 10.300 0.16 27.45
B 6.62 0.53 4.23

CsCl A 11.150 0.17 27.35
B
c)

6.62 0.57 3.46
NH. Br 75-5 0.31 10.93
RbBr 81.6 0.22 9.30

a) ms//Z ; b) ms//X ; c) ms//Y

rubidium compound is shown in f ig .  23. The quadrupole interaction parameters
and the component of the frequency sh ift  tensor for these nuclei in a l l  four
compounds are determined to be exactly equal to those measured in the para
magnetic state. The value for v is found to be temperature independent within
the experimental accuracy of about ± 10 kHz in the considered temperature in ter
val. The resonance lines have an absorption shape with a width of kO kHz when
detected using a very weak r . f .  f ie ld .  I f  the amplitude of the r . f .  f ie ld  is
increased the shape of the resonance line changes gradually from an absorption
to a dispersion shape. This c learly  demonstrates the influence of saturation
effects on the iineshape as discussed in chapter 5-4. In the near future a
study of these relaxation effects w il l  be made.

C K ID B . In the frequency interval 1-40 MHz only those chlorine resonance lines
are considered for the Cl (I I ) B spectrum from which the temperature dependence
of the resonance frequencies are plotted in f ig .  24. In fact there is one more
line with a frequency equal to the sum of v. and v^. This resonance line ,
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Fig. 23. Rb.CuClj^^O. Temperature dependence of the "'C1 (I I)A spectrum
in the ferromagnetic state.

however, is only determined at a few temperatures because of the low signal
intensity. The resonance lines 2, 3 and the sum transition have an absorption
shape with a width of about 50 kHz for the "Cl isotope. Line 1, however, has
a dispersion shape and also a width of 50 kHz, while the linewidth of transition
1* is about 100 kHz and the shape is a mixture of absorption and dispersion
character. The observation of the mentioned sum transition indicates that v.
and Vi are transitions within the same energy level scheme, and this fixes the
relative position of three of the four levels. It appears to impossible to
construct an energy-level diagram, starting with v. and v^, so that both V2
and v, belong to the same level scheme. So one of the resonance lines Vj or
does not belong to the Cl(I I)B spectrum. To determine the level scheme, the
following procedure has been used.

We start with the 3 levels determined by v. and v^. Next all twelve pos
sible level schemes using Vj or v, as third transition have been constructed
for both isotopes. By using the Brown and Parker method the interaction para-
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F ig . 24. R b j C u C l Temperat ure dependence o f  the " C 1 ( I I ) B  resonance

t r a n s ! t ións r in the  fe r rom agne t ic  s ta te .

meters f o r  a i l  twe lve schemes have been c a lc u la te d .  The o n ly  assumption made

is  th a t  the  magnetic in te r a c t io n  is  p a r a l le l  to  one o f  the EFG p r in c ip a l  axes.

The so determined parameters (v , 1» v^ , p r in c ip a l  a x is )  are used f o r  a com

pu te r  c a l c u la t io n  o f  ,the resonance spectrum which belongs t h e o r e t i c a l l y  to

each set o f  parameters. For on ly  one leve l scheme the experimental and c a lc u la 

ted spectrum are i d e n t i c a l ,  which in d ica te s  the phys ica l  re levance o f  o n ly  th a t

scheme. A l l  o the r  ca lc u la te d  spectra  d i f f e r  ve ry  much from the experimental

spectrum. The so determined leve l diagram w i th  v* as t h i r d  t r a n s i t i o n  is  g iven

In f i g .  24. The in te rn a l  magnetic f i e l d  is  found to  be p a r a l le l  to  the X a x is

o f  the EFG tenso r ,  as expected, but the quadrupole in te ra c t io n  parameters d i f f e r

la rg e ly  from those c a lc u la te d  from the Cl ( I  I ) A spectrum in zero f i e l d  (see

ta b le  13). Moreover, v and n are  s t r o n g ly  temperature dependent as is shown in

f i g .  25. The frequency s h i f t  tensor component F” ^ -  v .(T=0) is  o n ly  ve ry  s l i g h t 

l y  temperature dependent but does d i f f e r  much from the  va lue  F determined inxx
the paramagnetic s ta te .  The temperature dependence o f  the resonance frequenc ies

has been checked in the a l ready  mentioned way by computer c a lc u la t io n s .  The

experimental and re ca lcu la te d  spectrum are always id e n t ic a l  w i t h in  10 kHz. From
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F lg .  25. R b -C u C l^ H jO .  The ” C 1 ( I I )B  quadrupole in te r a c t io n  parameters as

a fu n c t io n  o f  the  reduced spontaneous m agnet iza t ion  m .

the p lo t  o f  v and n versus the  reduced spontaneous m agnet iza t ion  mg i t  seems

as i f  these parameters f o r  m ->-0 i . e .  T +  T do not e x t ra p o la te  to  the valuess c
found f o r  the  C i ( l l )  spectrum in the paramagnetic s ta te .

To get more in fo rm a t io n  about the  C l ( l l ) B  spectrum e s p e c ia l ly  w i th  regard

to  po ss ib le  m a g n e to s t r ic t io n  e f f e c ts  an ex te rna l f i e l d  in the  (110) d i r e c t i o n

has been ap p l ie d  a t  T = 0.3 K. Only l in e  2 can be observed in a la rge  ex te rna l

f i e l d .  The in te n s i t y  o f  the o th e r  C l ( l l ) B  resonance l in e s  decreases very  sharp

ly  w i th  inc reas ing  f i e l d ;  the l in e s  d isappear com ple te ly  f o r  f i e l d s  above about

300 Oe.
I t  appears th a t  the f i e l d  dependence o f  a t  T = 0.3 K cannot be exp la ined

making use o f  the  z e r o - f i e ld  va lues f o r  v , n and F°x o f  the C l ( 11) B spectrum,

a lthough  the m agnet iza t ion  a t  th a t  temperature is  nea r ly  sa tu ra te d ,  and th e re 

fo r e  no app re c ia b le  change o f  these parameters is  expected. For Hq > 2 kOe the

f i e l d  dependence o f  V j can o n ly  be described t h e o r e t i c a l l y  when we assume th a t

the quadrupole in te ra c t io n  parameters as determined f o r  the C l ( I  I ) A spectrum

w i l l  a lso  be a p p ro p r ia te  f o r  the C l ( I  I ) B spectrum in s trong f i e l d .  Moreover,

a d i f f e r e n t  va lue f o r  the frequency s h i f t  tensor component is determined.

I t  can thus be concluded th a t  the d i s t o r t i o n  o f  the c r y s ta l  l a t t i c e  which has
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to be the origin of the large change of the interaction parameters for the
Cl(I I)B—site nuclei, is present only in the ferromagnetic state in zero (or smal 1)
external field. Moreover, this distortion probably disappears discontinuously
at the transition temperature. A mechanism which can account for this sponta
neous magnetostrictive distortion has been treated by Kanamori^’^  for the ex
planation of the structure transformation in CoO at its transition temperature
and the difference in direction of spontaneous magnetization in CoO with respect
to that in the isomorphous compounds FeO and NiO. Kanamori shows that the ani
sotropy constants related to the unquenched part of the orbital moment, in
contrast with the anisotropy constants of the pure spin moment, strongly depen
dent on lattice distortions. Therefore it is possible that at the Curie temper
ature the anisotropy constants of the residual orbital moment, enlarged by a
favourable lattice distortion, determine the direction of the spontaneous mag
netization via the spin-orbit coupling. However, in not too small external
fields for T < Tc the distortion disappears as the magnetic field energy over
comes the energy gain of the lattice distortion. Our experimental data on the
Cl(11)B resonance spectrum strongly suggests the occurrence of such spin-orbit
distortions in these chlorine compounds. The difference in direction of the
spontaneous magnetization in the chlorides with respect to the bromides also
indicate such a mechanism.

The origin of transition Vj is not yet clear. The ratio of the frequencies
of the two resonance lines belonging to the two isotopes is about that of the
gyromagnetic ratios. As a function of increasing temperature this resonance
frequency v, decreases slightly faster than the spontaneous magnetization. It
is not possible to get more information about the origin of this resonance by
applying an external field in the direction of the (110) axis, as also for this
resonance line the signal intensity decreases too fast with increasing field
so that for H > 300 Oe the signal cannot be detected anymore.
There are several possible origins for this resonance line. The resonance trans
ition can originate from nuclei inside closure domains which are magnetized
along the c-axis or from nuclei within domains at the edges of the crystal
sample. Also possibly it can be a transition from nuclei inside a Bloch wall.
Because of the two preferred directions in the crystal we can distinguish two
types of Bloch walls: a 90° wall between two domains magnetized along the (110)
and (110) axis respectively and a 180° wall between two antiparallel magnetized
doma i ns.

It can be excluded that is a resonance transition from nuclei inside a 90°
Bloch wall, because for such a transition a resonance frequency of about 15 MHz
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has to be expected in view of the values for the frequency shift components
as determined in the paramagnetic state.
By applying an external field of 150 Oe in the direction of the c-axis, all
Cl (I I) resonance frequencies including v, change about 1 MHz, due to the rotation
of the magnetization in the Weiss domains. So it is not likely either that this
extra chlorine resonance originates from small closure domains magnetized along
the c axis. For such a line from a closure domain one should expect a nearly
field independent resonance frequency.
Careful examination of the Cl (I I)A spectrum shows that all three resonance
lines of fig. 23 have a weak satellite line shifted about 100 kHz to lower fre
quency (T * 0.3 K). The temperature dependence of this extra set of resonance
lines is equal to that of the main spectrum. We think that these extra resonance
lines originate from nuclei inside domains at the edges of the crystal or from
nuclei inside single-domain particles in enclosures inside the crystal. These
nuclei inside such domains do feel a demagnetizing field, unlike nuclei in re
gular domains, which results in a somewhat smaller total magnetic field at these
nuclei. The spontaneous magnetization in these deviating domains can also be a
little smaller because of the demagnetizing field. The frequency difference of
100 kHz between the main lines and the satellites can be estimated quantitative
ly to be caused by these effects. In the Cl(I I)B spectrum also an extra resonance
line has been detected, but only for the (+i ■+■ -i) transition (vj), the frequency
difference agrees approximately with a decrease of the Larmor frequency of about
100 kHz. So it is not likely that the origin of transition v. can be explained
by this type of effect.

We think that, after the exclusion of the mentioned possible origins of
the extra chlorine resonance transition, this resonance line may be due to
nuclei inside 180° Bloch walls. The time-averaged magnetic moments of the copper
ions in the middle of such wails are parallel to the (110) axis. Therefore it
is very well possible that is the (+i -i) transition of the Cl(ll)B spectrum
from chlorine nuclei in these wails. The value of the time-averaged magnetic
moment of Cu ions within a Bloch wall will be somewhat smaller than that for a
Cu ion within a normal domain at the same temperature. Together with the presence
of demagnetizing fields inside the Bloch wall this yields a smaller internal
field at the chlorine nuclei in the walls. Furthermore it can be expected® that
the Larmor frequency of these nuclei decreases faster with increasing temperature
than the spontaneous magnetization in the domains. Both effects are observed
for the v, resonance line. As the fractional r.f. energy absorption for nuclei

3 1)
in Bloch walls is about a factor 50 larger than for nuclei within the domains ,
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the small amount of nuclei inside the walls still can give an observable
resonance signal. The observed intensity ratio of the Cl(I I)B and signals
is larger than 50.

7.5. Copper spectra.

7.5.1. Bromine compounds. In both compounds two resonance transitions per
isotope have been observed. One rather intense resonance line with a dispersion
shape and a width of 1.5 MHz at about 50 MHz (T = 1.2 K) and one weak transition
with an absorption shape and a width of approximately 2 MHz at 100 MHz. From
the temperature dependence of these two transitions, shown in fig. 26 for the
Rb compound, it has been calculated that these resonance lines originate from
respectively the (+j -j) and (+j -*■ j) transitions. The quadrupole interaction

1.2 T 1.8 Te K

Fig. 26. Rb2CuBr^*2H20. Temperature dependence of the copper resonance trans
itions in the ferromagnetic state. ©  °^Cu; A ^ C u .

constants and the value for the frequency shift tensor component have been
calculated from these two resonance lines using the computer tables. As the
width of the lines is very large no accurate determination of these interaction

99



parameters Is possible. By comparison of the values for and F given in
table 9 for the paramagnetic state with those for the paramagnetic state in
table 14, it can be seen that within the experimental accuracy no difference
between the interaction parameters in the ferromagnetic and paramagnetic state
has been observed.

7.5.2. Chlorine compounds. Also for the copper ions two spectra per isotope
are expected in the ferromagnetic state. First of all the Cu(A) spectrum origi
nating from those copper nuclei for which m is parallel to the X axis of the
EFG tensor. In all four compounds only one resonance transition of this spectrum
has been observed. For T - 0.3 K this very broad resonance line has been detec-
ted at approximately 35 MHz; it appears to be the composition of the JCu and
”^Cu +i •+ -i transitions. Indications have been found from other transitions
of this spectrum, but because of the overlap of the resonance lines from both
isotopes, the signals are very broad and therefore too weak to be observed
properly.

Table 14

Interaction parameters of the ^Cu nuclei in the
ferromagnetic state at T=0 K

spectrum Vq n F°i

KC1 Aa) - - -v 2 7

Bb) 46.25 - 2 2 9

NH^Cl A - - 'V 3 0

B 43.60 - 237
RbCI A - - -v 19

B 43.71 - 228
CsCl A - - <v 1 9

B 38.60 - 229
NH. Br c) 41.3 0 . 2 0 3 2 . 2

RbBr 41.0 0 . 1 7 36.4

a  ̂ ins//X; b) in//Z; c) m //Y.s
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The second spectrum, Cu(B) (ms//Z), has been observed easily In all four com
pounds. Because of the high frequencies involved, the resonance lines have been
detected with a hybrid T spectrometer using field modulation. Both the 83Cu and
Cu spectra can be observed nicely. For the 63Cu isotope the resonance frequency

at,T “ °'3 K of the "*■ ~J> transition is found to be about 220 MHz. The two
(*2"" *¥ transitions are observed at 220 ± 40 MHz. The width of these resonance
lines is 500 kHz in the K, Rb and Cs compounds, while in the NH. compound the
llnewidth is found to be 1 MHz. This larger llnewidth in the ammonium compound
again reflects the loss of crystal symmetry due to the two orientations of the
NH1* molecules. From this Cu(B) spectrum the quadrupole interaction constant v
can be calculated easily, as the spontaneous magnetization and thus the internal
field is directed along the Z axis of the EFG tensor. The frequency difference
between the (-^ ■* +j) and the (-j -*■ -j) transitions exactly equals 2v . The
value of the asymmetry parameter n however cannot be determined from this spec
trum; the dependence of the resonance frequencies on the value of n for n s
0 .2  is only of the order of 30 kHz. In view of the llnewidth of 500 kHz these
small differences cannot be detected. Because of problems with radio frequency
heating of the crystal, the temperature dependence of the spectrum has not
been determined.

7.6. Alkali epeetra. In the ferromagnetic state in zero field only the rubidium
and caesium resonance spectra have been observed. Although we have searched for
it, we could not detect any potassium or nitrogen resonance lines. From the
values of the interaction parameters for these nuclei as determined in the
paramagnetic state (table 10) it can be calculated that the resonance frequencies
of all potassium and nitrogen transitions in the ferromagnetic state in zero
field will be lower than 200 kHz. As the used n.m.r. oscillators are not sen
sitive enough at the low frequencies, it is understandable that these K and N
resonance lines, with the low signal to noise ratio as they have normally,
could not be detected.

7.6.1. Rubidium. In the bromine compound, where the magnetization is direc
ted along the Z-axis of the rubidium EFG tensor only two 8?Rb resonance lines
have been observed. From the temperature dependence of the resonance frequencies
the resonance lines have been determined to be related to the (+j -—) and
the (+y -► +y) transitions. Although from these two resonance frequencies the
frequency for the missing (-j -*■ -~) transition can be calculated accurately,
even no indication of a resonance signal at the calculated frequency has been
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F ig . 27. Rb2CuBr^*2H20. Temperature dependence o f  the  observed 7Rb and Rb

resonance t r a n s it io n s  in  the fe rro m a g n e tic  s ta te .

found. The quadrupole in te ra c t io n  cons tan t vq is  determ ined to  be e x a c tly  equal

to  the va lue  ob ta ined  from the  experim ents in  the param agnetic s ta te . Th is  in 

d ic a te s  th a t the small m a g n e to s tr ic t iv e  e f fe c ts ,  which a re  probab ly  the  o r ig in

o f the  tem perature dependence o f  the B r( I ) quadrupole in te ra c t io n ,  do not in

flu e n ce  the Rb quadrupole in te ra c t io n .  In f i g .  27, a p a rt from the  tem perature

dependence o f the two observed 87Rb resonance l in e s ,  a lso  th a t o f  the Rb

(+i- -*■ - —) t r a n s i t io n  is  shown.
In the c h lo r in e  compound p le n ty  o f  rub id ium  resonance lin e s  have been observed.

The resonance s ig n a ls  a re ra th e r in te n se ; the  l ln e w id th  is  about 10 kHz fo r  the

87Rb and 5 kHz fo r  the 85Rb t r a n s it io n s .  Because o f the  com p lex ity  o f  the  to ta l

resonance p a tte rn , o n ly  by the  d e te rm in a tio n  o f  an e x te n s ive  tem perature de

pendence o f a l l  resonance fre q u e n c ie s , i t  appears to  be p o ss ib le  to  id e n t i fy

a l l  resonance t r a n s it io n s .  For the  sake o f c l a r i t y  the tem perature dependence

o f the  87Rb and the  8^Rb spectra  a re  shown se p a ra te ly  in  f ig s .  28 and 29
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Fig. 28. Rb2CuCl^H-O. Temperature dependence of the ®^Rb spectrum in the
ferromagnetic state.

respectively. The quadrupole interaction constant for ”^Rb is calculated from
this spectrum to be v - 802 kHz which is slightly different from the value In
the paramagnetic state. As in the bromine compound this difference has not been
observed, it is probable that this change of the Rb quadrupole interaction is
related to the magnetostrictive distortion, which is assumed to be the origin
of the large difference of the Cl(ll)B quadrupole interaction in the ferromag
netic state, rather than to the distortion which leads to the small changes in
Cl (I) and Br(I) quadrupole interactions.
In fig. 29 It can be seen that for the ®"*Rb isotope the spectrum consists of
two sets of "a" transitions. Apart from the here shown transitions, also the
(+T ■* +f‘) could be detected at low temperatures.

7.6.2. Caesium. The '^Cs resonance spectrum has been observed over a large
temperature range. The spectrum consists of the seven allowed transitions
(Am! = 1). The frequency difference between successive resonance lines is only
6.6 kHz. Because of the small llnewidth, only 1.5 kHz at T = 0.3 K, the signals
are very well separated. For temperatures near T however, T - T S 50 mK, thec c
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Fig .  29. Rb C u C l ^ l ^ O .  Temperature dependence o f  the  3Rb resonance spectrum

in the  f e r rom agn e t i c  s t a t e .

Table 15

I n t e r a c t i o n paramete r s  o f the a l k a l i  nucle i

in the  f e r ro ma gne t i c s t a t e a t  T-0 K

V
q

n N
O

 
N

Li_

87RbCl 0.802 0 0.900

,33CsCl 0.0132 0 0.710

^R bB r 0.808 0 1.475

resonance l i n e s  s t a r t  t o  ov e r l a p  each o t h e r  due to  the  c r i t i c a l  broadening of

the  s i g n a l s ,  which causes  a very r ap id  dec re as e  in s igna l  i n t e n s i t y .  The qua-
d rup o le  i n t e r a c t i o n  is  found to  be equal to  t h a t  in the  paramagnet ic  s t a t e .  I t

must be mentioned however t h a t  f o r  th e  ' 33Cs nucle i  a r e l a t i v e  change of  the
va l ue  o f  v , as  obse rved f o r  th e  8?Rb nuc l e i  in RbjCuCl/f-2H20, cannot  be d e t e c 

t ed because o f  the  exper imental  accu racy .  T here fo r e  i t  cannot  be excluded th a t
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also for the caesium nuclei a small influence of magnetostrictive effects on
the quadrupole interaction exists.

7.7. Temperature dependence of the spontaneous magnetization near T^. As only
very few low temperature insulating ferromagnetic compounds are known, it is
very interesting to Investigate the temperature dependence of the spontaneous
magnetization very near the transition temperature. The critical decrease of
m (T) for T -*■ T is expected to be described by the scaling law expressions c

m (T) - A(1 - T/T )PS w

where B is the critical exponent for the spontaneous magnetization. From a
theoretical point of view the value of B is of interest as this value, following
the scaling hypothesis8', has to be related to the critical indices for the
specific heat, the susceptibility, and the induced magnetization for T - T..
Wiel inga already determined the value of B in (NH^JjCuBr^^i^O by means of
macroscopic magnetization measurements**^. The large disadvantage of this method
however originates in the necessity to apply an external magnetic field to
allow the determination of the magnetization with all Weiss domains aligned
It is not well known experimentally whether the value of the reduced magnetiza
tion is influenced by the applied field, apart from the increase due to a
finite susceptibility. We think it is preferable to use magnetic resonance
techniques to determine the value of 6* The advantages are very clear: the ex
periments can be performed in zero field where the true ferromagnetic ordering
is preserved. For this n.m.r. determination no theoretical relations, which
depend on the temperature, have to be assumed to relate the measured macroscopic
magnetization in external field to the value of the spontaneous magnetization
in zero field, as necessary in the case of macroscopic methods. Moreover the
accuracy of a nuclear resonance determination of the temperature dependence
of m (T) is larger by an order of magnitude.
The halide (I) spectra in the ferromagnetic state can be used extremely well
to study the critical behaviour of m (T). The magnetic interactions of both the
Br(l) and Cl (I) nuclei are relatively small, which ensures that only a very
small critical broadening of the resonance lines, if any, will occur very near
the transition temperature. Moreover the resonance frequencies of the Br(I) B
transitions and the Cl(I)B a transitions extrapolate to the finite PQR fre
quency if the spontaneous magnetization tends to zero. Therefore the resonance
lines can always be observed properly, which would not be the case for for
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instance a proton resonance line  fo r which the resonance frequency goes to
zero i f  m (T) -*■ 0.s
From the numerical computer ca lcu la tions i t  has been found that fo r the B r(l)
spectrum the frequency d iffe rence between the two 3 tra n s itio n s , Av„, exactly

3
equal two times the bromine Larmor frequency. The frequency d ifference Av

Fig- 30. (NH^J^CuBr^.ZHjO. Temperature dependence o f the spontaneous magneti
zation near T , p lotted on a double logarithm ic scale.

between the a resonance lines fo r the Cl ( I ) B spectrum also equals 2 v .. So
the value o f ms (T) at each temperature is given straightforward by m (T) =
AVg(T)/Av (0) and ms (T) = A\>a (T)/Ava (0) fo r the bromine and chlorine compounds
respectively.

The temperature dependence o f the quadrupole in teraction  parameters in
the ferromagnetic state o f the halide ( I)  nuclei as discussed in section 7. 3.
does not influence a t a ll  the re la tions  between Av„, Av and m . I t  would be3 o s
possible however that these changes o f the quadrupole in teraction  are accom
panied by temperature dependent changes o f the magnetic in teraction  parameters
F?. .  By comparing the temperature dependence o f the Br( I ) and C l( I ) B Larmor
frequencies w ith that fo r the proton and a lk a li Larmor frequencies in corres
ponding compounds, i t  has been concluded that fo r mg > 0.5 w ith in  the experimen-
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Fia 31. Rb-CuBr,*2H„0. Temperature dependence of the spontaneous magnetiza-s' ' 2 A 2
tion near T , plotted on a double logarithmic scale.

tal accuracy no temperature dependence of the halide (I) frequency shift com
ponents occurs. It Is therefore very likely that also for 0 < mg < 0.5 the
Influence of a temperature dependence of F ® j, if any, on the determination of
the value of the critical exponent will be far within the experimental accuracy.

The transition temperatures In the various compounds have been measured
from the maximum In the susceptibility, using the methods outlined in section
7.1. The exactness of the determination of Tc on a relative temperature scale
is better than 0.2 mK. In section 5-3.3. the determination and stabilization
of the temperature has already been discussed.
In figs. 30, 31 and 32 the temperature dependence of the spontaneous magnetiza
tion In respectively (NH^CuBr^-2^0, Rb^uBr^i^O and R b ^ u C l ^ ^ O  are
shown. The value of mg(T) Is plotted versus (1 - T/Tc) on double logarithmic
scale. It can be seen that the temperature dependence of mg(T) is described
very well by the expression mg(T) - A(1 - T/T.)8. The values for A and B are
listed In table 16. The values for 6 are determined from the experimental points
for l O 3 < 1 - T/T < 50.l O 3 In the bromine compounds and for 2.10 < 1 - T/Tc <
50.10~3 In the chlorine compounds. For K^CuCl^^H^O and (NHj^CuClj^i^O no
accurate temperature'dependence of ms(T) near Tc could be measured as, due to

107



F ig . 32. f ^ C u C l j ^ H - O .  Temperature dependence o f  the spontaneous magnetiza

t i o n  near T , p lo t te d  on a double lo g a r i th m ic  sca le .

Table 16

Curie temperatures and the values o f  the

sea l ing  law parameters

TC(K) A

RbCl 1.017 1.39 0.346(10)

CsCl 0.753 1.37 0.354(10)

NH. Br 1 .8 36 1.47 0.369(3)
R b B r 1.874 1.44 0.367(3)

the very  small frequency d i f fe r e n c e  between the a t r a n s i t i o n s ,  the resonance

l in e s  do ove r lap  each o the r  f o r  temperatures c lose  to  T . Moreover the i n te n s i t y

o f  the a resonance s ig n a ls  in these compounds is  much less than in the Rb and

Cs compound. In the two bromine compounds the observed m agnet iza t ion  ve ry  near

Tc is  found to  be la rg e r  than th a t  expected from the  e x t ra p o la t io n  o f  the

s ca l in g  law. Th is  is  not due to  the measuring accuracy, but is  caused by a not
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sharply-defined transition temperature for the entire crystal. Impurities in
the crystal such as chlorine ions, and also stresses, will influence the super
exchange interaction and will cause a finite transition region in which parts
of the crystal are still ferromagnetic while other parts are already in the
paramagnetic state. The Curie temperature, as determined by a susceptibility
method is a mean value taken over the entire crystal. While observing the
resonance lines in the ferromagnetic state very near T , those signals associated
with nuclei in the parts of the crystal which have a transition temperature which
is higher than the mean f , will have relatively the largest signal intensity
in combination with the smaller linewidth. Clearly near the resonance fre
quencies of these dominant signals will be measured, leading to too large a
value for the spontaneous magnetization if correlated to the mean Curie temper
ature. The existence of a transition region as discussed has been confirmed
experimentally by the observation of the 6 transitions together with the PQR
transition at the same temperature over a temperature range of less than 0.5 mK
on both sides of f . In that temperature range the observed (5 resonance lines
are asymmetrical; both lines have a broad tail at the "lower-frequency splitting"
side, indicating the existence of the effect above discussed.
The same effect has been observed for the a transitions in the two chlorine
compounds.
The values for the critical exponent in the chlorine compounds compare rather
well with the theoretical value 6 = 0.35 for a Heisenberg ferromagnet with
S ■ i . The difference between the theoretical value and the values deter
mined for the bromine compounds, however, are far outside the experimental ac
curacy. It is however hard to say which is the origin of this discrepancy.
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Chapter 8

ANALYSIS OF THE EXPERIMENTAL RESULTS AND
DISCUSSION OF THE SPIN TRANSFER EFFECTS

8.1. Electronic g-teneor. In chapter 6.1 we have presented the results of the
e.s.r. experiments In all six compounds. As outlined there, because of the
large exchange interaction between dissimilar copper ions, it proved to be im
possible to measure the true g tensor components. Instead, only the values for
g = q and q = X(q + q ) could be determined. However to be able to cal-3c *yy 3a z'3xx azz
culate the transferred hyperfine interaction tensors of the diamagnetic ions
we need to know the values of the three principal g components.
In chapter 4 the expressions for the components of the g tensor, which are ap
propriate for a copper ion in a rhombic environment with covalent bonding, are
given. From eq. (A.9) it can be seen however that three out of the five para
meters involved - X , E , E , E and 6 - have to be known to calculatecov xy yz xz
the values of g.. from the experimental values for g and g . This is clearlyI i 3 C
impossible as from the crystal field splitting experiment only a mean value of
E , E and E is known. Because no detailed crystal field splitting deter-xy yz xz
mination of copper ions in a rhombic crystal field have been performed as far
as we know, it is not possible to obtain reliable information about the relative
values of E , E and E . Therefore we decided to make the approximationxy yz xz
E “ E = E = E, where E is the experimental value for the mean splittingxy yz xz
as given In table 5* For the Cs compound, for which E could not be measured, we
assumed that the value for E is equal to that of RbjCuCl ̂ ^HjO.
With this approximation we can now make a reasonable estimate of the values of
the g components. From the expressions for g ■= i(g + g ) and g “ g (see3 xx zz c yy
eq. (I*.9)) the two unknown parameters, X oy/E and the rhombic distortion para
meter <|>, can be calculated directly. Because E is known, these calculations
also yield the value of X .In section 8.6 this experimental value of X' cov cov
will be compared with the value calculated from eq. (4.7) using the experimental
spin transfer coefficients.
The rhombic distortion parameter in table 17 has been denoted by 4 , to indicate
that its value has been calculated from the electronic g-tensor. The analysis
of the copper hyperfine interaction (section 8.5) will also yield a value for



Table 17

Calculated g~tensor components and the values for the parametric
angle <t and for the9 spin-orblt coupli ng constant Acov

*9
(degrees)

Acov
(cm *) 9 wXX g

yy ®zz

KC1 7.0 -4 90 2.115 2.047 2.316
NH. Cl 6.0 -507 2.112 2.052 2.324
RbCl J.k -480 2.113 2.044 2.304
CsCl 5.7 -487 2.105 2.051 2.311
NH. Br 7.2 -467 2.104 2.041 2.283
RbBr 6.6 -464 2.102 2.044 2.286

<|>, denoted by This distinction in $ and <J>A has to be made as it will appear” 9 ^  i
that it is not possible to describe both the g and A tensor by a single value
<|>. This discrepancy will be discussed in section 8.6.

8.2. Halide (I) ions.

8.2.1. The principal axes of the EFG tensor. Before we can analyse the
results on the halide (I) frequency shift tensors, we have to justify the choice
of the direction of the principal axes of the EFG tensor - Z//y and Y//y‘ - as
made in section 6.3.. The justification cannot be obtained from simple point
charge calculations of the EFG tensor. These calculations lead to completely
wrong values of the quadrupole interaction constants as have been reported

] \  2)recently by Choh et al. and Gupta et al. . Their calculations yield that the
Z-axis of the EFG tensor should be parallel to the y 1 direction.2)Choh et al. have found from their n.m.r. experiments on K-CuCl^'ZHjO that the
Cl(I) value of strongly decreases, while the n value increases, if the tem
perature increases from 4 K to 300 K. For the Cl(I I) site nuclei the value of
Vq does not change in this temperature region, while the asymmetry parameter
shows a siight increase with decreasing temperature. The magnitude of the temper
ature dependence of the Cl (I) quadrupole interaction parameters Is much too
large to be caused by volume effects.
Choh et al. have explained the anomalous behaviour of the Cl(I) EFG tensor by
assuming the existence of a low frequency torsional motion of the CuCl.'ZhLO
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F Ig . 33- Part o f  the CuCl^'Zh^O octahedron. The p r in c ip a l  axes o f  the EFG

tensors  o f  the va r ious  nuc le i  are in d ic a te d .

octahedron about the y ' - a x i s .  They c a lc u la te  th a t  f o r  such a to rs io n a l  mode
I  o

w ith  a frequency o f  about 3-10 Hz the temperature dependence o f  the C l ( I )

and C i ( l l )  EFG tensors can be exp la ined  very  w e ll  from the  temperature depen

dence o f  the  ro o t  mean square am p litude o f  the o s c i l l a t i o n s ,  i f  a l l  c a lc u la t io n s

are normalized to  the room temperature da ta . The e s s e n t ia l  c o n d i t io n  however

is  th a t  the Z -a x is  o f  the Cl ( I )  EFG tensor is  d i re c te d  along the Cu -  Cl ( I )

bond ( y ) .  With the Z -a x is  p a r a l le l  to  the y 1 d i r e c t i o n ,  the temperature depen

dence o f  the  C l ( I )  EFG tensor can o n ly  be exp la ined by assuming a to rs io n a l

o s c i l l a t i o n  about the c - a x ls .  In th a t  case however the C l ( l l )  quadrupole i n t e r 

a c t io n  constan t v has to  show a lso  a s trong temperature dependence, which is
q

in c o n t r a d ic t io n  w i th  the experimental r e s u l t s .

These arguments p rov ide  the j u s t i f i c a t i o n  o f  the choice o f  the d i r e c t io n  o f  the

Z -a x is  o f  the h a l id e  ( I )  EFG tenso r .  The ex is tence  o f  the proposed to rs io n a l

motion o f  the octahedron about the y ' - a x i s  is  s t r o n g ly  supported by our d e te r 

m ina t ion  o f  the temperature dependence o f  the rub id ium quadrupole in te ra c t io n

in the paramagnetic s ta te .  (See f i g .  14, se c t io n  6 .6 . )  As can be seen in f i g .  34

the Rb ions a re  surrounded by fo u r  Cl (I I )  and fo u r  C l ( I )  ions in a nea r ly  cub ic

arrangement* The re fo re , i f  no o s c i l l a t i o n s  o f  the octahedra are p resen t ,  these

nearby c h lo r in e  ions do g ive  o n ly  a very  small c o n t r ib u t io n  to  the EFG tensor

o f  the Rb nucleus. By in t ro d u c in g  a to r s io n a l  motion o f  the octahedra about the

y ' -  o r  c - a x is ,  the c o n t r ib u t io n  o f  the c h lo r in e  ions to  the Rb quadrupole i n t e r -
3)a c t io n  w i l l  become much la rg e r .  Gupta e t  a l .  have ca lc u la te d  the EFG tensor

f o r  the Rb n u c le i  in Rb2CuC1^*2H20 fo r  a s t a t i c  arrangement o f  the ions; the

Z component o f  the e l e c t r i c  f i e l d  g ra d ie n t  is  found to  have a p o s i t i v e  va lue .

Very s imple co n s id e ra t io n s  lead to  the  conc lus ion  th a t  the c o n t r ib u t io n  o f  the
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c h lo r in e  ions to  the Z component o f  the Rb EFG tenso r ,  due to  a to r s io n a l  motion

o f  the octahedra about the  c - a x is ,  is  nega t ive . The c o n t r ib u t io n  to  v f o r  a
Q

to rs io n a l  o s c i l l a t i o n  about the Y l - axis however is found to  be p o s i t i v e .  As the

r .m .s .  am plitude o f  the o s c i l l a t i o n s  increase to  h igher temperatures, the e x p e r i 

mental l y  observed increase o f  the  Rb quadrupole in te r a c t  ion can on ly  be exp la ined

by the ex is tence  o f  a to r s io n a l  mode about the Y ‘ " ax i s * The sm a l le r  increase

o f  Vq w i th  inc reas ing  temperature, observed in the bromine compound, w i l l  be

due to  a la rg e r  moment o f  i n e r t i a  o f  the CuBr. *2H20 octahedron than th a t  o f  the

CuCl^'ZHjO octahedron. There fore  a t  the same temperature the r .m .s .  amplitude

o f  the to rs io n a l  o s c i l l a t i o n s  in the bromine compound w i l l  be sm a l le r ,  leading

to  a sm a l le r  p o s i t i v e  c o n t r ib u t io n  o f  the nearby bromine ions to  the Rb quadru

po le  i n te ra c t io n  cons tan t .

The neutron d i f f r a c t i o n  experiments on K.CuCl.*2H,0 do not in d ic a te  the
• M  ^  2 r \

ex is tence  o f  the assumed to r s io n a l  motions . However Mathieu e t  a l .  s tud ied

the Raman spectra  in I ^ C u C l^ H jO ,  ( N H ^ C u C l ^ H ^  and Rb2CuCl1)*2H.0. Although

they can not ass ign a s p e c i f i c  Raman l in e  to  the to r s io n a l  motion o f  the o c ta 

hedron about the Yl - ax i s ,  they conclude th a t  the frequency o f  t h i s  to rs io n a l
12 « 1 2o s c i l l a t i o n  has to  be between 2.10 Hz and 4.10 Hz. The agreement between

th i s  frequency and the frequency assumed by Choh e t  a l . to  f i t  t h e i r  experimen

ta l  data is  s u r p r i s in g ly  w e l l .

We th in k  th a t  a l l  these arguments p rov ide  a s trong evidence f o r  the co rrec tness

o f  the assignment o f  the Z -ax is  o f  the  h a l id e  ( I )  EFG tensor to  the y d i r e c t i o n .

The d iscrepancy between the ca lc u la te d  and observed magnitude o f  v is  probably

due to  the in f lu e nce  o f  the  hydrogen bonds which is  not taken in to  account in

the c a lc u la t io n s .

8 .2 .2 . Determ ination o f  the spin tra n s fe r c o e ffic ie n ts . From the d e f i n i t i o n

o f  the components F . .  o f  the frequency s h i f t  tensor g iven in chapter 6 .3  i t  is

found th a t  the components o f  the ( t ra n s fe r re d )  hyp e r f in e  in te ra c t io n  tensor A

can be c a lc u la te d  from the expression

A ,,  = —  [F . .  -  (H .. ) . . ]i 1 g j |  I I  '  d i p ' I i J

The values o f  g . .  f o r  a l l  compounds are l i s t e d  in  ta b le  17- The computation o f

the d ip o la r  in te r a c t io n  tensor f o r  a l l  nuc lear s i te s  has been performed making

use o f  the estimated unpaired sp in  d e n s i ty  on the l ig a n d s .  Because o f  the lack

o f  data on the oxygen hype r f ine  i n te r a c t io n ,  any unpaired sp in  d e n s i ty  on these

oxygen ions has been l e f t  out o f  c o n s id e ra t io n .  The c o n t r ib u t io n  to  the d ip o la r
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in te r a c t io n  o f  a l l  ions w i t h in  a rad ius  o f  40 A has been c a lc u la te d .  We have

r e s t r i c t e d  ourse lves  to  a s imple  p o in t - d ip o le  computation.

With these c a lc u la te d  values o f  the d ip o la r  in te r a c t io n  components the t r a n s fe r -

ed hyp e r f in e  in te r a c t io n  tensor can be determined. The separate c o n t r ib u t io n s

o f  the d i f f e r e n t  e le c t ro n  o r b i t s  to  the t o t a l  % tensor can be deduced from the

expressions g iven in eq. (3 .2 1 ) .  I t  must be noted however th a t  these expressions

have been der ived  f o r  the case o f  one magnetic ion surrounded by s ix  equ iva le n t

l igands  in an oc tahedra l arrangement. As the ac tua l s i t u a t io n  is  q u i te  d i f f e r e n t ,

these expressions have to  be m o d i f ie d .  F i r s t  o f  a l l  the d ip o la r  in te ra c t io n  term

A. in eq. (3 .21) has a l ready  been inc luded in the computed d ip o la r ,  in te ra c t io n

tensor H.. , and th e re fo re  can be l e f t  ou t o f  co n s id e ra t io n .  Secondly the con-
d i p ’ +

t r i b u t io n s  o f  the two p o r b i t a l s  to  A in general w i l l  be d i f f e r e n t  and th e re 

fo re  have to  be denoted by two d i f f e r e n t  q u a n t i t i e s .

The c a lc u la t io n  o f  the sp in  t r a n s fe r  c o e f f i c i e n t s  f  is  ra th e r  t r i v i a l  (see

chapter 3-5 f o r  the  requ ired  formulae) and i t  is  th e re fo re  confus ing to  l e t

i t  be accompanied by a la rge  amount o f  tabu la ted  data . Consequently we w i l l

not p resent the values o f  the hyp e r f in e  in te ra c t io n  components A . ,  and the

separate c o n t r ib u t io n s  o f  the va r ious  e le c t ro n  o r b i t a l s  A^, A^j and A ^

the t o t a l  h yp e r f in e  in te r a c t io n .  Only the sp in  t r a n s fe r  c o e f f i c i e n t s  f  w i l l

ta b u la te d .
To ge t an o v e ra l l  idea concerning the o rde r o f  magnitude o f  the d ip o la r  i n t e r 

a c t io n  tensors  f o r  the d i f f e r e n t  n u c le i ,  in ta b le  18 ty p ic a l  values f o r  these

tensors  are  g iven . Because o f  the d i f f e r e n t  gyromagnetic r a t io s  f o r  the c h lo r in e

to

be

Table 18

Typ ica l  va lues o f  the components o f  the d ip o la r  in te ra c t io n  tensors

Ha)
XX

(kOe)

H
yy

H
z z

Cu

Halide ( 1 )

+0.20

-0 .19

-0 .10

-0 .34

-0.11

+0.58

Halide ( I D -0 .60 -0 .53 +1.16

A lka l  i +0.044 +0.044 -0.079

a) The ind ices  r e fe r  to  the  p r in c ip a l  axes o f  the  resp e c t ive  EFG

tensors

and bromine nuc le i  and f o r  the va r ious  a l k a l i  nuc le i  the d ip o la r  in te ra c t io n



has been expressed In kOe. For the ac tua l c a lc u la t io n s  o f  the sp in  t r a n s fe r

c o e f f i c i e n t s ,  the d ip o le  tensors computed f o r  the s p e c i f i c  compound have been

used n a tu r a l l y .

From f i g .  33 and the known d i r e c t io n  o f  the p r in c ip a l  axes o f  the h a l id e

( I )  EFG tensor i t  can be concluded th a t  the c o n t r ib u t io n s  o f  the va r ious  e le c 

t ro n  o r b i t a l s  to  the h a l id e  ( I )  t ra n s fe r re d  h yp e r f in e  in te ra c t io n  tensor are

given by

A « A + 2A -  A -  Azz s a irx iry

A - A  -  A -  A + 2 Ayy s a irx iry

A = A -  A + 2A - Axx s a irx iry

A is  the c o n t r ib u t io n  from the p o r b i t a l ;  A and A are the c o n t r ib u t io n sa z irx iry
from the ir o r b i t a l s  p and p re s p e c t iv e ly .  The ind ices  x ,  y and z r e f e r ,  asx y
always, to  the p r in c ip a l  axes system o f  the EFG tenso r .  I t  can be seen from

these expressions th a t  i t  is  impossib le  to  c a lc u la te  the values o f  a l l  fo u r

c o n t r ib u t io n s  s e p a ra te ly .  The summation o f  the th ree  A . . va lues d i r e c t l y  y ie ld s

the va lue  o f  A , but to  ge t in fo rm a t io n  about the values o f  the th ree  p compo

nents c e r ta in  assumptions have to  be made. I f  s trong o bonding is  p resen t ,  as

is  the case f o r  the h a l id e  ( I I )  ions, A^ d e f i n i t e l y  w i l l  be the lead ing p term,

and can th e re fo re  be ca lc u la te d  e a s i ly  by assuming th a t  the  two ir terms are

approx im ate ly  zero . For the h a l id e  ( I )  ion however in f i r s t  o rde r no a bonding
2 2

is  p resent as i t s  p^ o r b i t  is  d i re c te d  towards the copper (3z -  r  ) o r b i t  which

in f i r s t  o rde r  does not possess unpaired sp in  d e n s i ty .  Only in second o rd e r ,
2 2\ 2 2due to  the m ix ing  o f  the copper (x -  y ) and (3z -  r  ) o r b i t a l s  a small a

spin d e n s i ty  w i l l  occur.  As a lso  the presence o f  unpaired sp in  d e n s i ty  in the

p^ o r b i t a l s  is  due to  a second o rde r  e f f e c t ,  probably the pa and p^ c o n t r ib u 

t io n s  to  the hyp e r f in e  in te r a c t io n  w i l l  be o f  the same o rde r o f  magnitude.

To get in fo rm a t ion  about the approximate sp in  t r a n s fe r  c o e f f i c i e n t s  anyhow, we

have assumed th a t  the r a t i o  o f  the  sp in  d e n s i ty  in the p o r b i t  and th a t  in the

s o r b i t ,  both due to  the a bonding, is  equal to  the r a t i o  ca lc u la te d  f o r  the

h a l id e  ( I I )  ions. From ta b le  20 i t  can be seen th a t  th i s  r a t i o  is  23 f o r  the

c h lo r in e  ions and 30 f o r  the bromine ions. The sp in  t r a n s fe r  c o e f f i c i e n t s  c a l 

cu la ted  under th i s  assumption are g iven in ta b le  19. The values f o r  the hyper

f i n e  in te ra c t io n  cons tan t used, are A°(3s) = 6800 MHz^ and A°(3p) = 205 MHz7^

f o r  35C1 and A0 (4s) = 31500 MHz6  ̂ and A°(4p) = 884 MHz7  ̂ f o r  79Br.

A lthough p o ss ib ly  the magnitudes o f  the p^ and p^ sp in  t r a n s fe r  c o e f f i c ie n t s
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Table 19

Spin t r a n s fe r  c o e f f i c i e n t s  f o r  the h a l id e  ( I )  ions

f s U ) f  (%)Try f  (%)TTX

K C 1 +  3 . 7  l o " 3 + 0 . 0 8 + 0 .4 1 + 0 .2 1

N H ^ C l +  5 - 3  1 0 " 3

+ 1 0 . i o " 3

+ 0 . 1 2 + 0 . 4 7 + 0 . 2 4

R b C  1 + 0 . 2 3 + 0 .6 1 + 0 . 3 8

C s C l + 1 6 . l o " 3 + 0 . 3 7 + 0 . 7 4 + 0 . 5 6

N H .  B r

R b B r

+  9 . 4  I O - 3

+ 1 2 . 10 - 3

+ 0 . 2 8

+ 0 . 3 6

+ 0 . 5 8

+ 0 . 7 7

+ 0 . 3 8

'  + 0 .5 1

are not a l l  c o r r e c t ,  we are o f  the op in io n  th a t  the Increase o f  the sp in  t r a n s fe r

c o e f f i c i e n t s  w i th  inc reas ing  u n i t  c e l l  dimension ( i . e .  on s u b s t i t u t io n  o f

heav ier a l k a l i  ions) does r e f l e c t  the ac tua l s i t u a t i o n .  Th is increase o f  cova len t

bonding is  confirmed by the increase o f  f  which va lue has been c a lcu la ted

s t ra ig h t fo rw a rd  w ith o u t  any assumption.

We can use another assumption to  be ab le  to  c a lc u la te  a l l  fo u r  sp in  t r a n s fe r

c o e f f i c i e n t s .  The a n a ly s is  o f  the experimental re s u l ts  on the e le c t r o n ic  g tensor

y ie ld s  the values o f  the rhombic d i s t o r t i o n  parameter <(> and o f  the s p in - o r b i t

coup l ing  constan t X . Using these va lues , the parameters a, 8 and y from eq.

(4 .3 )  which a sc r ib e  the adm ixture o f  resp. the Cu + ( y z ) , (xz) and (xy) in to

the (x2 -  y2) o r b i t a l  can be c a lc u la te d .  The unpaired sp in  d e n s i t ie s  in these
2 2 2

t „  o r b i t a l s ,  due to  t h i s  adm ix tu re , have the r e l a t i v e  values a , 8 and y . By
2g . .. j.

assuming th a t  the cova len t bonding between the h a l id e  ( I )  p and the copper yz

o r b i t a l  is  o f  equal s t re n g th  as th a t  between the h a l id e  ( I )  p and the copper xz

o r b i t a l  i t  can be seen th a t  the sp in  t r a n s fe r  c o e f f i c i e n t s  a re  re la te d  to  each

o th e r  by f  / f  -  a2/ 8 2 . The c a lc u la t io n s  o f  the h a l id e  ( I )  sp in  t r a n s fe r  coe f-
t tx  T ry

f i c l e n t s  based on t h i s  assumption y ie ld  nega tive  values f o r  f g , f ^  and f  which

are equal f o r  a l l  c h lo r in e  compounds. C le a r ly  th i s  r e s u l t  is  not a t  a l l  co n s is 

te n t  w i th  the p o s i t i v e  va lue  o f  f  and w i th  the s trong  dependence o f  f # on the

compound. There fore  we have to  conclude th a t  t h i s  second assumption is  t o t a l l y

1r r e le v a n t .

8 .3 . H alide ( I I )  ions. The a n a lys is  o f  the h yp e r f in e  in te ra c t io n  tensors f o r

the h a l id e  ( l I )  nuc le i  is  much less com p l ica ted . The c o n t r ib u t io n  to  % due to
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the s trong a bonding is  much la rg e r  than th a t  from the two tt o r b i t a l s .  The

c o n t r ib u t io n  o f  the d i f f e r e n t  h a l id e  e le c t ro n  o r b i t a l s  to  the Ï  tensor are  g iven

by e x a c t ly  the same expressions as those der ived  f o r  the h a l id e  ( I )  ions

A = Ae + 2A -  A - Azz s a irx iry

A = A -  A -  A + 2 A
yy s (j irx iry

A = A -  A + 2A -  Axx s a irx iry

From f i g .  33 i t  can be seen th a t  the c o n t r ib u t io n s  Ag and A are due to  the sp in

t r a n s fe r  from the Cu2 3d (x2 -  y2) o r b i t  towards the h a l id e  ( I I )  s and p o r b i t s

re s p e c t iv e ly .  Because the unpaired e le c t ro n  o f  the copper ion is  s i tu a te d  in
/  2 2

t h i s  3d(x ■ y ) o r b i t a l ,  the sp in  t r a n s fe r  c o e f f i c i e n t s  f  and f  w i l l  be

r e l a t i v e l y  la rge .  A ^  and A are re la te d  to  the sp in  t r a n s fe r  between the

Px anc* o r b i t a l s  and between the p^ and 3d(xy) o r b i t a l s  re s p e c t iv e ly .

Table 20

Spin t r a n s fe r  c o e f f i c i e n t s  o f  the h a l id e  ( I I )  Ions

* , < * >
f  - f

O  7TX
f  - f

i r y  ttx
vq (MHz)

KC1 +0.32 +7.31 +0 .3 8 9.47
NH^Cl +0.33 +7 .2 4 +0 .3 7 9.43
RbCl +0.32 +7.33 +0 .3 9 10.30
CsCl +0.32 +7.45 +0.40 11.15
NH. Br +0 .2 9 +8 .7 0 +0.32 75.88
RbBr +0.28 +8 .5 5 +0.22 81.80

In ta b le  20 the sp in  t r a n s fe r  c o e f f i c i e n t s  c a lc u la te d  f o r  these ions are l i s t e d .

For the p t r a n s fe r  c o e f f i c i e n t s  o n ly  d i f fe re n c e s  can be g iven .

As the cova len t bonding o f  these h a l id e  ( I I )  ions w i th  the copper ion is  much

s tronger than th a t  o f  the h a l id e  ( I )  ions , s u re ly  the magnetic p ro p e r t ie s  o f

the h a l id e  ( I I )  ions can be described much b e t te r  by the fo rm alism  o u t l in e d

In chapter 3 than those o f  the h a l id e  ( I )  ions. There fore  we expect to  o b ta in

a r e l i a b le  es t im a te  o f  the r a t i o  o f  the magnitudes o f  f ^  and f  f o r  the h a l id e

( I I )  ions from the c a lc u la t io n  o f  the admixture c o e f f i c i e n t s  o f  the 3d(xy) and

3d(xz) o r b i t a l s  fo l lo w in g  the same arguments as g iven in  sec t ion  8 .2  f o r  the
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h a l id e  ( I )  ions. For a ty p ic a l  va lue  o f  the rhombic parameter <|> and the  s p in -

o r b i t  coup l ing  A qv we compute th a t  the r a t i o  o f  the values o f  y (which d e te r 

mines the admixture  o f  xy in to  the ground s ta te )  and 6 (xz) is  about 2 .2  That

means th a t  r a t i o  f  / f  can be estimated to  be o f  the o rde r  o f  5> I t  can thus
ivy irx

be concluded th a t  p robably  f  can be neg lec ted , even w i th  respect to  f wy, so

th a t  in ta b le  20 we can s a fe ly  read f g and f  instead o f  f g -  f ffx and f ^  -

f  re s p e c t iv e ly .
irx  , ,

For comparison in ta b le  20 again the e x p e r im e n ta l ly  determined quadrupole

in te r a c t io n  constants  are l i s t e d .  As the t o t a l  va lue  o f  vq can be w r i t t e n  as

the sum o f  the c o n t r ib u t io n s  o f  a l l  surrounding ions and o f  the cova len t bonding

i t  is  expected th a t  the quadrupole in te ra c t io n  can y ie ld  analogous in fo rm a tion

about the sp in  t r a n s fe r  c o e f f i c i e n t s  as does the magnetic hyp e r f in e  in te r a c t io n .

Choh e t  a l . ^ '  ca lc u la te d  the io n ic  c o n t r ib u t io n  to  v o f  Cl ( I  I )  in I ^ C u C l j ^ l^ O

to  be approx im ate ly  6 .6  MHz. For the o the r  c h lo r in e  compounds fo r  which the

u n i t  c e l l  dimensions are la rg e r  the va lue  o f  v ( io n )  s u re ly  w i l l  be sm a l le r .

Fo llow ing  eq. (3.23) the cova len t p a r t  o f  the quadrupole in te ra c t io n  is  g iven

by

v (cov)
q l»l ( 2 l - l ) h

( f  -  f  )

There fore  the increase o f  the t o t a l  va lue  o f  v which accompanies the increase

o f  the u n i t  c e l l  dimensions o f  the c h lo r in e  compounds has to  r e f l e c t  the in 

crease o f  ( f  -  f  ) .  The estimated d i f fe r e n c e  between the  values o f  v (cov)
O ÏÏ  ̂ ^

o f  the Cl ( I  I )  nuc le i  in the potassium and caesium compound is  about 2 .7  MHz.

Using the va lue  o f  110.6 MHz fo r  j  e2< r ' 3> M l  (21 -  l ) h  determined experimen

t a l l y  f o r  the 35C1 nucleus7  ̂ i t  is  found th a t  in the  Cs compound the va lue  o f

( f  -  f  ) would be about 1 M  la rg e r  than in  the K compound. However from the

re s u l t s  on the magnetic h yp e r f in e  in te ra c t io n  tensors i t  has been concluded,

as shown in ta b le  20, th a t  w i t h in  the se r ies  o f  c h lo r in e  compounds the sp in

t r a n s fe r  c o e f f i c i e n t s  are n e a r ly  cons tan t .  Th is apparent d iscrepancy w i l l  be

discussed in sec t ion  8 .6 .

8 .4 . A lk a l i  ions. In f i g .  31* the surrounding o f  the a l k a l i  ions is  shown. As

can be seen, these ions w i l l  not have a d i r e c t  in te r a c t io n  w i th  the copper ions

There are two poss ib le  o r ie n ta t io n s  f o r  the o u te r  p o r b i t a l s  o f  the a l k a l i  ions

F i r s t  o f  a l l  the th ree  p o r b i t s  can be d i re c te d  along the c -a x ls  and a p p ro x i

mately a long the two ( l lO ) -a x e s  re s p e c t iv e ly .  (This cannot be the s i tu a t io n  fo r
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the n i t ro g e n  ions, as because o f  the NH. m olecu le , the o u te r  e le c t ro n  o r b i t a l s

have to  be h yb r id ized  spJ o r b i t a l s  e s s e n t i a l l y . )  In th a t  case the o r b i t  d i r e c 

ted a long the c -a x is  w i l l  be the p o r b i t ;  i . e .  the e le c t ro n  o r b i t  p a r a l le l  to

the z -a x is  o f  the a l k a l i  EFG tenso r .  The p e le c t ro n s  w i l l  i n te r a c t  w i th  the

nearest h a l id e  e le c t ro n s ,  v i z .  w i th  the h a l id e  ( I )  p and the h a l id e  ( I I )  p
y x

e le c t ro n s .  As we have a lready  ca lc u la te d  th a t  the re  e x is ts  an unpaired spin

d e n s i ty  in these ha t ide  o r b i t a l s ,  t h i s  in te r a c t io n  w i l l  lead to  the the occu r

rence o f  a f r a c t i o n  o f  unpaired sp in  in the a l k a l i  p o r b i t a l .  Analogous the

a l k a l i  p^ and p^ o r b i t a l s ,  which are e q u iv a le n t  because o f  the  c r y s ta l  symmetry,

w i l l  con ta in  an amount o f  unpaired sp in ,  due to  the in te r a c t io n  w i th  the h a l id e
( I )  p and the h a l id e  ( I I )  p o r b i t a l s .

x y

C/2

a

•  Cuï+  3  Cl, Bp”  9  Alkali ion H20

F ig . 3A. Surrounding o f  the a l k a l i  ions.

The components o f  the t ra n s fe r re d  hyp e r f in e  in te r a c t io n  tensor a re represented
by

A *  A + 2A -  2Azz s pz px

A = A = A  -  A + Ayy xx s pz px

where we have made use a lready  o f  the f a c t  th a t  A = A . In ta b le  21 the
P * PY

values o f  the sp in  t r a n s fe r  c o e f f i c i e n t ,  c a lc u la te d  from these r e la t i o n s ,  are

l i s t e d .  For the p o r b i t s  on ly  the d i f fe r e n c e  f  -  f  can be computed n a tu r a l -
pz px

l y .  A lso the hyp e r f in e  in te ra c t io n  constants  A° and A° f o r  the va r ious  a l k a l i
s Pions are included in th a t  ta b le .

I t  can be seen th a t  f o r  a l l  nuc le i  the va lue  c a lc u la te d  f o r  f  is  o n ly  a p p ro x i 

mately a fa c to r  3 sm a l le r than f o r  ( f  -  f  ) .  On the analogy o f  the h a l id e
P^ P*sp in  t r a n s fe r  c o e f f i c i e n t s ,  a lso  f o r  the a l k a l i  ions i t  is  expected th a t  the

sp in  t r a n s fe r  c o e f f i c i e n t s  f o r  the p o r b i t a l s  w i l l  a t  le a s t  be an o rde r o f

magnitude la rg e r  than f o r  the s o r b i t a l .  There fore  probab ly  f  and f  are both
pz px
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Table 21

Spin t r a n s fe r  c o e f f i c i e n t s  and hyp e r f in e  in te ra c t io n

constan ts  f o r  the a l k a l i  ions

f t W f  - fpz px A “ (MHz ) A°
P

C1-39K -0.068 -0 .17
C

O£C
M 6 ,0 9^

-0.007 -0.043 1560 93 .6 ,0)

V -0.013 -0.045

-0.072 -0 .17 Va
) £ 0
0

0

84 .89)

,33Cs -0.077 -0 .24 2298®̂ 50.99)

Br- 'V -0.006 -0.015

1 N -0.020 -0.026

8Vb -0 .079 -0 .24

la rge  compared to  the ca lc u la te d  d i f fe re n c e  f  -  f  . I t  proves to  be verypz px
hard to  argue whether the values o f  f  and f  w i l l  be p o s i t i v e  o r  nega t ive ,pz px
because o f  the ve ry  complicated mechanism o f  the sp in  t r a n s fe r  from the ha l ide

ions towards the a l k a l i  ions. The negative  va lue  f o r  the sp in  t r a n s fe r  coe f-

f i c i e n t  f  can be due to  a nega tive  sp in  t r a n s fe r  as w e ll  as to  a core p o i a r i -

z a t io n  because o f  the unpaired sp in  in  the p o r b i t ,  as discussed in sec t ion  3.5*

A second p o s s i b i l i t y  f o r  the ou te r  a l k a l i  e le c t ro n  o r b i t a l s  is  th a t ,

because o f  the n e a r ly  te t ra h e d ra l  arrangement o f  the fo u r  nearby h a l id e  ( I )

ions as w e ll  as o f  the h a l id e  ( I I )  ions, the th ree  p o r b i t a l s  and the s o r b i t a l

admix as to  form hyb r id ized  o r b i t a l s .  These fo u r  sp o r b i t a l s  can then be d i r e c 

ted towards the fo u r  h a l id e  ( I )  ions o r  towards the fo u r  h a l id e  ( I I )  ions.

A lthough the d is tances  between the a l k a l i  ion and both types o f  h a l id e  ions is
• t

nea r ly  equa l,  as can be seen in ta b le  4, most probably the sp o r b i t a l s  w i l l  be

d i re c te d  towards the h a l id e  ( I )  ions. The reason f o r  th i s  is  th a t  the negative

e l e c t r i c  charge a t  the h a l id e  ( I )  ions is  much la rg e r  than a t  the h a l id e  ( I I )

ions due to  a much weaker cova len t bonding w i th  the copper ion . For the n i t rogen

ions however i t  has been concluded a lready in chapter 6 .4  from the obse rva t ion

o f  two n i t ro g e n  resonance spectra  th a t  the sp3 o r b i t a l s  o f  successive n i t rogen

ions are d i re c te d  towards the h a l id e  ( I )  and h a l id e  ( I I )  ions a l t e r n a t e ly .

The fo u r  p r e fe c t l y  te t r a h e d r a l l y  coord ina ted  sp o r b i t a l s  are g iven by the ex

pressions
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SP̂  » i(s  + Px + Py + PZ)

o  rSP2 - i(S + Px " Py - Pz)

sp3 = ±(s * px + py " pz>

sp  ̂ = i(s  - Px - Py + Pz)

The contribution from the three p orbitals to the transferred hyperfine inter
action cancel identically in that case, and only the isotropic s contribution,
due to the spin transfer and/or core polarization w ill be detected. The experi
mental observation of anisotropy of the hyperfine interaction indicates that,
i f  we are dealing here with spJ hybridized orb itals, these orbitals have no
prefectly tetrahedral coordination. As we cannot conclude from the crystal
structure which w ill be the exact form of the hybridized orb ita ls , i t  is not
possible to calculate from the magnitude of the anisotropic part of the trans
ferred hyperfine interaction the spin transfer coefficients of the p orbitals.
The only quantity we can calculate again is (f  -  f  ) ,  which naturally yieldspz px
the same values as those listed in table 21.

Although it  cannot be concluded from the nuclear resonance experiments,
which is the appropriate bonding scheme for the a lkali ions, we think that the
formation of hybridized orbitals is the most probable one because of the energy
gain due to a stronger covalent bonding with the nearby halide ions. This is
confirmed by the fact that the normal a lkali ions can be substituted easily by
the tetrahedral NĤ  molecules, without the occurrence of changes of the crystal
structure.

8.5. Copper ions. The experimental values of the components of the copper
hyperfine interaction tensor have been analysed using the expressions for A.,
given in eq. (4.10). As can be seen, to calculate theoretically A., from these
expressions, the value of a large number of parameters has to be known.
For Ag.. the values of the g-tensor components as given in table 17 have been
used. For the computation of the parameters 6. and e. we have used the experi
mental value of E (table 5) and the calculated value of X (table 17). Although
from the analysis of the experimental g values the magnitude of the rhombic
distortion parameter <|> has been deduced, i t  proved to be impossible to use
this value of 1(1 in the analysis of the hyperfine interaction. Therefore the

121



angle <)> has been treated as an adjustable parameter. The reduction parameters
'  2N and W which depend on the spin transfer coefficients and the overlap integral
can be estimated indeed, but because the spin transfer coefficients for the
oxygen ions are not known, it is hard to calculate these values exactly. More
over only approximate values for the three overlap integrals S , S and S (sees o  IT
eq.. (3*8)) can be obtained. The exact wave functions of the outer electrons of
the various ions are not known for the case of covalent bonding.
The use of the values for the overlap integrals which can be calculated from
the free ion wave functions can lead to seriously wrong conclusions in this
situation where strong covalent bonding is present''^. As a consequence also
2 2and W have been treated as adjustable parameters. However the values N

and W can have,are restricted by the determined spin transfer coefficients.
2+For the Cu ion in first order the unpaired spin is situated only in the

2 2(x - y ) orbit. Therefore the expressions which relate the spin transfer coef
ficients to the ligand admixture coefficients a as given in eq. (3*8) modify
„ - 1 u2 2 , 1 u2 2 . - 1 u2 2tof = T- N a ; f = T - N a  and f = t- N o .a H a a s  H a s  ir 4 ir ir
If we suppose the spin transfer coefficients and overlap integrals for the
oxygen ions to be approximately equal to those of the halide (II) ions we can

2 2estimate the values for N a^,
overlap integrals - Sr

“s’

2 2 2 2 ,N a and N a . Using reasonable values for theo s  IT IT - . v
0.10, S - 0.10, Se = 0.06 - we can then calculatea ’ it ’ s

the approximate values of a^, ag, a^, N*, and W. In adjusting the values of
and W to obtain the best agreement between the experimental values of the

hyperfine interaction and the values calculated from eq. (4.10) we have taken
2care that the values of and W are very close to those estimated from the

ligand spin transfer coefficients.
“3As has been discussed already in chapter 4.2 the value of <r :► appropriate

for the copper ion in the presence of covalent bonding may be smaller than that
calculated for the free ion because of expansion of the 3d wave function. There
fore also the value of P 29neen<r

-3. needs to be adjusted. The only
582 MHz 1 1 )restriction for its value is that P has to be smaller than P.cov i on

The core polarization parameter k in any case has to be deduced from the experi
mental values of A., as this parameter depends on a number of complicated factors
which makes that k is essentially an adjustable parameter.
By successive approximation the values of the adjustable parameters, which give
the closest agreement between theory and experiment, have been derived from the
expressions (4.10). They are collected in table 22. The relative difference
between calculated and experimental values of the components of the hyperfine
interaction tensor is less than 1% in all compounds.
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Table 22

Copper hy p er f i n e  i n t e r a c t i o n  pa ramete r s

Pcov
(MHz)

K
*A

(degrees)

N2a w

KC1 480 0 .3 8 2 4 .2 0.93° 1.23

NH.C1 490 0 .3 9 0 3-9 0.93° 1 .20

RbCl 480 0.375 3 .6 0.91° 1 .23

CsCl 480 0 .3 8 0 2 .6 0 . 91 5 1 .23

NH. Br 501 0.411 3.8 0 . 9 0 5 1.24

RbBr 503 0 . 4 0 8 3 .0 0.90° 1 .24

2 .  _
From the  va lu es  o f  N and W in t a b l e  22 the  t h e o r e t i c a l  sp in  t r a n s f e r  c o e f -o
f i c i e n t s  can be c a l c u l a t e d  us ing  the  a l r e a d y  mentioned va lu es  f o r  the  ov er l a p

i n t e g r a l s .  For the  c h l o r i n e  compounds t h i s  y i e l d s  approx im ate ly  f  ( C l ( l l ) )  =

7-3$;  f  (Cl(I  I ) )  “ 0.3% and f^  = 0.45%. For the  bromine compounds the  va lu es
f o r  f  and f  a r e  the  same as  f o r  the  c h l o r i n e  compounds, wh i l e  f  ( B r ( l l ) )  =s ir cr
8.4%. By comparing th e se  t h e o r e t i c a l  v a l u es  wi th  the  exper imenta l  ones g iven

in t a b l e s  19 and 20 i t  can be seen t h a t  the  agreement  i s  very s a t i s f a c t o r y .

8 .6 . D iscussion o f  the sp in  tr a n s fe r  mechanisms

8 .6 .1 . C rysta l f i e l d  s p l i t t i n g .  In ch a p te r  3 i t  has been shown t h a t  the
magnitude o f  the  c r y s t a l  f i e l d  s p l i t t i n g  depends on the  co v a le n t  bonding o f  the

copper  ion.  Fol lowing eq.  (3-9)  the  t o t a l  s p l i t t i n g  E can be approximated by

E “ Eion + <“ o -  -  V

2 ~2The admix tu re  c o e f f i c i e n t  a = 4f  N o f  the  Br ( I I )  ions i s  found to  be l a r g e ro a a
than t h a t  o f  the  Cl (I I) i ons .  As the  it  admix tu re c o e f f i c i e n t s  f o r  a l l  h a l id e

( I I )  ions i s  about  e qu a l ,  i t  can be expected from t h i s  ex p r e ss io n  t h a t  the  co 

v a l e n t  p a r t  o f  the  c r y s t a l  f i e l d  s p l i t t i n g  in the  bromine compounds w i l l  be
2+l a r g e r  than in the  ch loTine compounds. No c a l c u l a t i o n s  o f  E. f o r  the  Cu

ion have been performed u n t i l  now, so t h a t  no q u a n t i t a t i v e  d i s c u s s i o n  about  the

magnitude o f  E can be g ive n .  I f  we assume E-on to  be equal  in the  bromine and

c h l o r i n e  compounds, o r  perhaps s l i g h t l y  sma l l e r  in the  bromine compounds due to
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t he  l a r g e r  u n i t  c e l l  d imens ions ,  the  t o t a l  va lue o f  the  c r y s t a l  f i e l d  s p l i t t i n g

in the  bromine compounds w i l l  be l a r g e r  than in the  c h l o r i n e  compounds. As can
be seen in t a b l e  5 the  va lu e  of  E in the  bromides i s  500 cm l a r g e r  than in
the  c h l o r i d e s  indeed.

8 .6 .2 . Spin o r b i t  coupling co n sta n t. A good t e s t  f o r  the  v a l i d i t y  o f  the
2+t h e o r e t i c a l  d e s c r i p t i o n  o f  the  p r o p e r t i e s  o f  the  Cu ion can be found in the

comparison o f  the  v a l ue s  o f  the  pa ramete r s  o b t a in ed  from th e  a n a l y s i s  o f  the

copper  hy p er f in e  i n t e r a c t i o n  wi th  those  o b ta ine d  from the  e l e c t r o n i c  g - t e n s o r .

As has been shown in the  preced ing s e c t i o n ,  the  v a l u es  o f  the  r edu c t ion  pa ra -
2

mete rs  Nq and W, as  g iven In t a b l e  22, ag re e  very well  wi th  those  c a l c u l a t e d
from the  h a l i d e  sp in  t r a n s f e r  c o e f f i c i e n t s .

From the  a n a l y s i s  o f  the  g - t e n s o r  components in s e c t i o n  8.1 the  va l ue  o f  the

s p i n - o r b i t  coupl ing  c o n s t a n t  ^CQV has been c a l c u l a t e d  f o r  a l l  compounds.
In eq.  ( A . 7) the  t h e o r e t i c a l  ex pr e ss io n  f o r  X has been g iven.  To account  f o rcov
the  expansion o f  the  3d wave f u n c t i o n  an e x t r a  r edu c t ion  f a c t o r  has to  be in c lu -

- 3 - 3ded in t h a t  fo rmula .  The v a l ue  o f  t h i s  r e du c t io n  f a c t o r  <r J> / < r  J>. iscov 1 on
equal to  the  r a t i o  P /P .  which can be ob ta ine d  from the  a n a l y s i s  o f  thecov ion '
copper  hy pe r f in e  i n t e r a c t i o n .  The ex pe r im en t a l l y  determined s p i n - o r b i t  coup l ing
c o n s t a n t  can thus  be w r i t t e n  as

X =  N2N2 ( X.  - - a a X  )W- 1 P /P .cov a it ion 2 a ir p cov ion

In t a b l e  23 the  va lu es  f o r  X which have been determined from the  g - va l ue scov 3
a r e  compared wi th  those  c a l c u l a t e d  from the  above e x p r e s s io n ,  using the  values
of  the  pa ramete r s  a s  g iven in t a b l e  22.  Because o f  the  small  ir t r a n s f e r  co e f -

2f i c i e n t s . N  = 1. The va lu es  f o r  the  admixture c o e f f i c i e n t s  a  and a a r e  0.56if a it
and 0 . 1 A r e s p e c t i v e l y  in the  c h l o r i n e  compounds and 0.61 and 0.14 in the  b ro 
mine compounds. The va lu es  of  the  s p i n - o r b i t  coup l ing c o n s t a n t s  a r e  X(Cu) =
-828 cm X(C1) *= -587  cm X(Br) = -2456 cm ' and X(0) = -75 cm  ̂ 12 »13),

For the  c a l c u l a t i o n  of  the  term j  a^o^X a weighted mean va lue o f  the  X values

f o r  the  h a l i d e  and oxygen ions has been used.  I t  can be seen from t a b l e  23 th a t

the  agreement  between the  c a l c u l a t e d  and exper imental  values  o f  X Qv f o r  a l l

compounds is  very s a t i s f a c t o r y .  This  l eads  to  the  con c lus ion  t h a t  the  formalism
o u t l i n e d  in c h a p te r s  3 and 4 g ives  a good d e s c r i p t i o n  o f  the  in f lue nce  of  the

2+
c ov a le n t  bonding on the  p r o p e r t i e s  of  the  Cu ion.

The small s y s t em a t i c  d i f f e r e n c e s  between the  c a l c u l a t e d  and exper imen tal  values

of  X can be due to  the  f a c t  t h a t  we have not  taken in to  account  p ro pe r l y  t h a tcov
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Table 23

Comparison of the calculated and experimental values of Xcov
P /P.cov ion Xexp

(cm 1)
^theor
(cm *)

<f> <p„Yg yA
(degrees)

v (Cu)q
(MHz)

KC1 0.824 -490 -505 7.0 4.2 46.2
NH^Cl 0.842 -507 -529 6.0 3-9 43.6
RbCL 0.824 -480 -494 7-4 3.6 43.7
CsCl 0.824 -487 -497 5.7 2.6 38.6
NH. Br 0.859 -467 -474 7.2 3.8 41.3
RbBr 0.864 -464 -474 6.6 3.0 40.8

the surrounding of the copper ion is not octahedral, and that the six ligands
are not equivalent. However, as long as no results on the oxygen spin transfer
coefficients are known, we have to use the mentioned approximations.

8.6.3. Rhombic distortion parameter d>. Less satisfactory is the systematic
discrepancy between the magnitude of the rhombic distortion parameter 6 as9determined from the g-values and <fr. which has been obtained from the analysis
of the magnetic hyperfine interaction (see table 23). There may be several
origins for this difference. First of all in the analysis of the experimental
g-values we have assumed that all three crystal field splittings E , E andxy yz
E , are equal to the experimentally determined mean value E. The value of iM  g
however depends on differences between the magnitudes pf these three crystal
field transitions. It can be calculated that especially the introduction of a
smaller value for E leads to a smaller calculated value for if . Secondly,
for the calculation of 4> we have supposed that the g spin transfer coefficients
for the halide (II) and oxygen ions are equal, and that the tt transfer coef
ficients for all six ligands have equal values. That means that the influence
of the covalent bonding on the electronic g-tensor has been treated as if the2+Cu ion has a perfectly octahedral coordination. Tp account for the departures
from this idealized situation it is necessary to modify the expressions for
the reduction factors occurring in eq. (4.7) for X , As a result,- the theore
tical expressions (4.9) for the components of the g-tensor have to be rewritten
using a value for A which is different for each of the three g components.
By using these two approximations in the analysis of the experimental g-values
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systematic errors in the determination of ♦ are introduced. The magnitude of
these errors is hard to estimate due to the lack of the oxygen spin transfer
coeff i c i ents.
Consequently the calculated values of g and 9ZZ> which are listed in table 17»
will also show departures from the actual values. The influence of these errors
on the analysis of the hyperfine interaction tensor will however not be very
large. The terms in the expressions for the components of f which depend on the
value of the g components always contain the factor W. Therefore the errors in
g due to the errors In the reduction factor W , contained in X oy> will cancel.
Moreover the determination of the value is found to be not strongly depen
dent on the precise values of the g components. Therefore the value $ for the
rhombic distortion parameter will more accurately reflect the actual situation
than does the value of <p . In the further discussion we will confine ourselves
to the values of i)>̂.

o  J
8.6.4. Spin transfer to the Cu 4s and 4p orbitals. The isotropic part of
the copper hyperfine interaction, described by the empirical core polarization
factor k , can yield valuable information concerning spin transfer from the
ligands to the empty copper 4s and 4p orbitals. As can be seen from the ex
pressions (4.10) the value of k can be calculated from

k — ■—(Aq + Ag + Ag )W - (A + A + A )/3P„._.,3' sxx Hyy “zz7 xx yy zz cov

The first term is exactly equal to -̂(Ag + 2Ag )W where g and g are the ex-^ C 3 v a
perimentally determined g-values (see sections 6.1 and 8.1). The value of Pcov
is accurately known from the analysis of A. As the influence of small errors
In the value of W do not seriously influence the value of k because both right
hand side terms add (A.. <0), the core polarization factor can be calculated
quite accurately.

The value of the isotropic hyperfine interaction is not only due to core
polarization but also to the presence of small amounts of unpaired spin in the
empty 4s orbital. There is no direct admixture of the 4s orbital into the
3d(x2 - y2) orbital, but as the 3d(3z2 - r2) and the 4s orbitals belong to the
same symmetry group» the 4s orbital will be admixed indirectly into the ground
state via the (3z^ — r ) orbital* This yields a small unpaired spin density
in the 4s orbital which, via the Fermi~Dirac contact interaction, gives a posi
tive contribution to the isotropic hyperfine interaction. The unpaired spin

2 2density in the 4s orbital will be larger as the admixture of the (3z r )
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orbital into the ground state, and thus the rhombic distortion parameter $ ,
is larger. As the hyperfine interaction due to the core polarization is nega
tive we will therefore expect that the value of k will increase with decreasing
magnitude of i)>̂, if we assume that the core polarization remains constant. If
we look at the values for <t>. and k for the chlorine compounds (table 22) we do
not observe the predicted simultaneous increase of k and decrease of <|>̂. From
the much smaller value of <J>̂ in the Cs than in the K compound one should expect
the k value in the Cs compound to be significantly larger than in the K com
pound; both k values are however practically equal. This apparent discrepancy
can be explained by assuming that there occurs an extra spin transfer from the
ligands towards the empty copper 4s orbital. In first order equal amounts of
spin parallel and spin antiparallel to the unpaired spin in the 3d(x2 - y2)
orbital will be transferred from the ligands to the empty copper 4s orbital,
leaving no net unpaired spin in the 4s orbital. Due to exchange polarization
(Hunds rule) however, spin parallel transfer becomes more favourable than spin
antiparallel transfer, leading to a net amount of unpaired spin parallel to that
in the ground state. This causes a large positive contribution to the isotropic
hyperfine interaction. The nearly constant value of the isotropic part of the
hyperfine interaction in the four chlorine compounds can thus be explained by
assuming that the total amount of unpaired spin in the 4s orbital is about con
stant due to the simultaneous decrease of the 4s admixture into the 3d(x2 - y2)
ground state and the increase of spin transfer from the ligands towards the 4s
orbital.
The occurrence of this extra spin transfer and the increase of it with the
increasing atomic number of the alkali ion is confirmed unambiguously by the
experimentally observed dependence of the halide (II) quadrupole interaction
constant on the alkali ion. As has been discussed already in section 8.3 the
value of Vq for the Cl (I I) nuclei (apart from that in the NHr compound) increases
systematically from 9.465 MHz in the potassium compound to 11.150 MHz in the Cs
compound (see table 20). The contribution to v from the ions which surround the
Cl (I I) nucleus decreases as the unit cell dimensions increase from the K to the
Cs compound. The net increase of v has therefore to be due to the increase of
the covalent contribution to the quadrupole interaction. The practically constant
value of the p^ and p^ spin transfer coefficients however does not reflect this
increase.
The transfer from the two Cl (I I) p electrons to the copper 4s orbital, in
first order does not induce an extra unpaired spin density in this p orbital,
and will therefore not be observed in the values of f . The only result of thisa '
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mechanism is the transfer of negative electric charge from the p orbit towards
the copper 4s orbit. The contribution of spin transfer to the quadrupole inter
action only depends on the unbalance of electric charge. Therefore the increase
of the covalent part of the Cl(I I) quadrupole interaction can be, and has to be,
explained by the increase of the spin transfer from the Cl(I I) pz orbital to
wards the copper 4s orbital. The same effect is observed in the two bromine com
pounds.
For the Cl (I I) quadrupole Interaction in ( N H ^ C u C l ^ H j O  this argumentation
does not hold very well as the value of v is slightly smaller than that in the
K compound. As also the value of k for the isotropic copper hyperfine interac
tion Is larger than in the other chlorine compounds we have to conclude that in
this compound the spin transfer towards the copper 4s orbital is obviously smal
ler than in the other compounds. Probably this is due to the two different
orientations of the NH^ molecules.

The relative values of the copper quadrupole interaction constants in the
various compounds will be shown to be explained by the occurrence of spin trans
fer from the ligands into the copper 4p orbitals.
The total quadrupole Interaction of the copper nucleus is given by the sum of

2 2the large contribution due to the single electron in the 3d(x - y ) orbital
and the smaller ionic contribution, with opposite sign, due to the surrounding
ions. With increasing unit cell dimensions this second contribution will become
smaller and thus it should be expected that the value of v Increases. The ex
perimental values of v in the chlorine compounds, given in table 23, however
show an opposite behaviour.

2 2\The contribution from the single electron in the (x - y ) orbital to v is,
according to eq. (4.11),given by

It can be seen from this expression that also from the decrease of the rhombic
distortion parameter, a small increase of v will be expected for increasing

unit cell dimensions.
There are several possible origins for the observed decrease of v . First of
all an expansion of the 3d wave function will lead to a smaller value of vq (cov),
From the values of P /?. given in table 23 it can be seen, leaving (NH.)_cov Ion
CuCl. ’2H^0 out of consideration again, that no such expansion is observed in
the series of chlorine compounds. Secondly the slight decrease of the value
of the reduction parameter (table 22) cannot account for the large relative

v (cov)q
e Q<r '*>

2N cos2<j>
71(21-1)
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change (20%) of the value of v^. The only effect which can cause this large de
crease of v is the occurrence of an increasing spin transfer from the Cl (I I)
and oxygen Ions into the empty copper 4p and 4p orbitals respectively. Thex y
presence of an electron density in these orbitals namely leads to an extra con
tribution to v oppositely to the contribution of the single electron in the
ground state. The assumption of the increase of this 4p spin transfer is consis
tent with the already discussed increase of the 4s spin transfer.

The influence of this spin transfer to the 4p orbit on the copper hyper-
fine interaction will be small, as only in second order a net unpaired spin den
sity will result. The hyperfine interaction constant A? is much smaller than**p
A4s’ so for about e<lua' amounts of unpaired spin in both orbitals, the contri
bution from the 4p orbital to the total hyperfine interaction will be much
smaller than that from the 4s orbital. For equal amounts of spin transferred
into the 4p and 4p orbitals the contributions to A and A are equal andx y xx yy ^
positive, while the contribution to A is two times as large and negative.
Because the exchange polarization mechanism for the 4s and 4p orbitals is not
well known quantitatively we cannot estimate the spin transfer coefficient.
For the halide (II) ions evidently the spin transfer to the 4p and 4s orbitals
will yield a small extra negative spin density in the s and p orbitals. Also

o
here the magnitudes of the contributions to the hyperfine interaction cannot
be estimated. The spin transfer coefficient f for the Cl (I I) ions is the sum
of the positive coefficient f' for the spin transfer towards the 3d(x2 - y2)
orbital and the negative coefficient fjj for the spin transfer towards the copper
4s and 4p orbitals. As can be seen in table 20 the value of f for Cl(I I) shows
a very small increase In the series NH^, K, Rb and Cs. It can thus be concluded
that, as the absolute value of f" increases, the value of f* will also increaseu a
in this series.

Because of the much weaker covalent bonding of the halide (I) ions it is
difficult to conclude whether the differences of the quadrupole interaction
parameters in the various compounds can be explained also by the effect of spin
transfer towards the copper 4s and 4p orbitals. The increase of the halide (I)
value of Vq in the series NH^, K, Rb and Cs may indicate the occurrence of this
transfer effect. However as long as no proper information is obtained concerning
the ionic contribution to the halide (I) quadrupole interaction (see section
8.4) the discussion of second order effects In the covalent contribution is
senseless.

8.6.5. Spontaneous magnetostriction in the chlorine compounds. With the
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knowledge abou t th e  s p in  t r a n s f e r  e f f e c t s  w h ich  in f l u e n c e  th e  C l ( I  I )  quad rupo le

i n t e r a c t i o n  c o n s ta n ts  i t  is  now p o s s ib le  to  make some comments c on c e rn ing  th e

spontaneous m a g n e to s t r i c t i o n  observed in  th e  c h l o r i n e  compounds in  th e  f e r r o 

m agne tic  s t a t e .  As can be seen from  t a b le  8 and t a b le  12 bo th  th e  f re qu en cy

s h i f t  component F ^  and th e  qu ad rupo le  i n t e r a c t i o n  pa ram ete rs  o f  th e  C l ( I  I )

n u c le i  de te rm ined  in  th e  pa ram agne t ic  s t a t e  d i f f e r  f rom  those  de te rm ined  in  the

fe r ro m a g n e t ic  s t a t e .  To g e t  in fo r m a t io n  abou t d i f f e r e n c e s  o f  th e  va lu e s  o f  the

u n p a ire d  s p in  t r a n s f e r  c o e f f i c i e n t s  in  th e  pa ram agne t ic  and in  th e  f e r ro m a g n e t ic

s t a t e  we need t o  know a l l  th r e e  components o f  th e  f re q u e n c y  s h i f t  te n s o r  in  the

fe r r o m a g n e t ic  s t a t e  in  ze ro  f i e l d .  T h is  i s ,  u n l u c k i l y ,  t o t a l l y  im p o s s ib le  as

th e  spontaneous m a g n e t iz a t io n  p o in t s  a lon g  th e  ( l l O ) - a x i s  in  ze ro  f i e l d , a n d

th e  in f l u e n c e  o f  th e  m a g n e to s t r i c t i o n  i s  o n ly  observed f o r  those  C l ( I  I )  n u c le i

f o r  w h ich  in is  p a r a l l e l  t o  th e  X -a x is  o f  th e  EFG te n s o r .  T h e re fo re  we can no t

o b t a in  any in fo r m a t io n  abou t th e  n a tu re  o f  th e  m a g n e to s t r i c t i v e  d i s t o r t i o n  f rom

th e  d i f f e r e n c e  between th e  components F“ ^  and F^x o f  th e  f re qu en cy  s h i f t  te n s o r

in  th e  f e r ro m a g n e t ic  and pa ram agne t ic  s t a t e  r e s p e c t i v e l y .

From th e  resonance spec trum  in  th e  fe r ro m a g n e t ic  s t a t e  f o r  m / /X  we a re  a b le

to  d e te rm in e  th e  components o f  th e  e l e c t r i c  f i e l d  g r a d ie n t  te n s o r  as the  a n a ly s is

u s in g  the  Brown and P a rke r  method y i e l d  th e  v a lu e s  o f  v and n. By comparing the

va lu e s  f o r  v  de te rm in ed  in  the  fe r ro m a g n e t ic  s t a t e  w i t h  those  in  th e  paramag-
q

n e t i c  s t a t e  i t  can be seen th a t  the  v a lu e  f o r  in  the  f e r ro m a g n e t ic  s t a t e  is

abou t 4 MHz s m a l le r  than in  th e  pa ram agne t ic  s t a t e .  As i t  seems im p o s s ib le  th a t

t h i s  d i f f e r e n c e  is  due t o  a la r g e  change o f  th e  p o s i t i o n  o f  th e  C l ( I  I )  ions

in  th e  u n i t  c e l l ,  i t  has t o  be a s c r ib e d  t o  a change in  th e  c o v a le n t  bond ing w i t h

th e  copper io n .  I f  we a n a ly s e  th e  change in  qu ad rupo le  i n t e r a c t i o n  in  terms o f

changes o f  th e  e l e c t r i c  cha rge  d e n s i t y  in  th e  C l ( I  I )  3p o r b i t a l s  we o b ta in  the

f o l l o w i n g  r e s u l t s .  W ith  re s p e c t  t o  th e  pa ram agne t ic  s t a t e ,  th e  cha rge  unba lance in

th e  p o r b i t  has been decreased by an amount o f  0 .055  e ,  w h i le  the  charge un-
z

ba lance  in  th e  p o r b i t  has been inc reased  by an amount o f  0 .018 e .  Here e is
x

th e  e l e c t r i c  cha rge  o f  th e  e l e c t r o n .  These numbers ho ld  f o r  th e  po tass ium  com

pound; in  th e  caesium compound these  q u a n t i t i e s  a re  0.071 e and 0 .024 e resp ec 

t i v e l y .
T h is  change in  unba lance o f  the  e l e c t r i c  cha rge  can be due t o  a change o f  the

s p in  t r a n s f e r  t o  th e  copper 3d, 4s and 4p o r b i t a l s  and can t h e r e f o r e  be accom

pan ied  by a change o f  th e  un p a ire d  s p in  d e n s i t y  in  th e  Cl ( I  I )  o r b i t a l s ,  wh ich

has been observed f rom  th e  d i f f e r e n c e  between F°x and F ^ .

I t  must be no ted t h a t ,  due t o  the  change o f  th e  c o v a le n t  bonding a ls o  the

S te rn he im e r  a n t i s h i e l d i n g  f a c t o r  f o r  th e  nuc leus  may be changed. So i t  is
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p o s s i b l e  t h a t  a p a r t  o f  the  change o f  the  EFG te ns or  may be caused by t h i s  e f 
f e c t  r a t h e r  than by the  change o f  the  sp in  t r a n s f e r  c o e f f i c i e n t s .
As we have not  been a b l e  to  obse rve  the  copper  resonance spectrum f o r  m / /y in

an e x t e r n a l  f i e l d  we have no in format ion  about  the  in f lu e n ce  o f  the  magneto-

s t r i c t i v e  d i s t o r t i o n  on the  copper  i n t e r a c t i o n  pa ra mete r s .  Probably the  in f lue nce
w i l l  be r e l a t i v e l y  much sm a l l e r  than obse rved f o r  th e  C l ( l l )  ions as  f o r  the

copper  ion the  changes in the  co v a le n t  bonding a r e  second o r d e r  e f f e c t s  in the

e l e c t r i c  and magnet i c hy pe r f in e  i n t e r a c t i o n ,  wh i l e  they a r e  f i r s t  o r d e r  e f f e c t s
f o r  the  c h l o r i n e  ions.

From the  argument g iven above i t  can be seen t h a t  i t  i s  l i k e l y  t h a t  the  d i f f e r e n 
ces  between the  Cl (I I) i n t e r a c t i o n  pa ramete r s  in the  f e r rom agn e t i c  and paramag

n e t i c  s t a t e  a r e  due to  a ( smal l )  d i s t o r t i o n  o f  the  copper  wave f u n c t i o n s .  This

d i s t o r t i o n  is probab ly  caused by the  o r d e r in g  o f  the  o r b i t a l  magnet i c  moment

a t  the  t r a n s i t i o n  t e mpera tu re .  The ex ac t  n a t u re  however canno t  be e s t a b l i s h e d .

8.7. Di.8au88i.on o f  the super exchange in te ra c tio n s .  With the  p r e s e n t  knowledge

concerning the  mic roscop ic  a s p e c t s  o f  super  exchange i n t e r a c t i o n ,  i t  i s  r a t h e r

p re c a r io u s  to  d i s c u s s  the  magnitude o f  super  exchange cou p l ings  in t h i s  type

of  compounds s t a r t i n g  from mic roscop ic  q u a n t i t i e s .  Even f o r  such s imple s t r u c 

t u r e s  as  MnO i t  is s t i l l  d i f f i c u l t  t o  c a l c u l a t e  th e  magnitude of  the  exchange

i n t e r a c t i o n  from mic roscop ic  q u a n t i t i e s .  T her e fo re  we cannot  expec t  a t  a l l  to
be a b l e  to  p r e se n t  a q u a n t i t a t i v e  d i s c u s s i o n  o f  the  exchange cou p l ings  in th es e
much more complicated  compounds. We w i l l  on ly  t r y  to  i n d i c a t e  the  r easons  f o r

the  d i f f e r e n c e s  between the  exchange i n t e r a c t i o n s  in the  v a r io u s  s t u d i e d  c r y s t a l s .

To t h a t  aim we w i l l  make use o f  the  sp in  t r a n s f e r  c o e f f i c i e n t s  which have been
o b t a in ed  from the  exp er im en t s .  In ch a p te r  3*6 the  r e l a t i o n  between the  exchange

i n t e r a c t i o n  J and the  unpa i red  sp in  d e n s i t y  f  a t  t he  l iga nds  has been d i sc uss ed

f o r  the  s i t u a t i o n  of  two magnet i c ions wi th  one in te r m e d ia te  l igand ion.  I t  has
o

been found t h a t  J i s  p ro p o r t i o n a l  to  f  . All super  exchange pa th es  in our  com

pounds invo lve a t  l e a s t  two d iamagne t i c  ions ,  which a r e  not  even s i t u a t e d  a t  one

l i n e  wi th  the  two neighbouring copper  ions .  However the  q u a l i t a t i v e  r u l e  (see

P- 27) t h a t  the  magnitude o f  the  super  exchange i n t e r a c t i o n  is  p r o p o r t i o n a l  to

the  p roduct  o f  the  r e l e v a n t  sp in  t r a n s f e r  c o e f f i c i e n t s ,  w i l l  a l s o  remain v a l i d

i f  more than one d iamagne t i c  ion is p r e s e n t  in th e  super  exchange l in k .

The bonding an g l es  do not  vary s i g n i f i c a n t l y  over  the  s e r i e s  o f  compounds, so

we do not  need to  c o n s id e r  the  in f lu e n ce  o f  bond ang l es  on the  r e l a t i v e  magni
tudes  of  the  super  exchange i n t e r a c t i o n s .

131



nearest neighbour interactions J^.
The super exchange interaction Jj between the two nearest neighbour copper ions
at (0,0,0) and (i,i,i) is the sum of at least two different interactions which
occur via different intermediate diamagnetic ions. The first one, Jj(l), is the
interaction via the exchange path CUj-h^O-haiide(l)-Cu. (see fig. 5, p. 50).
The dependeoce of J.(l) on the spin transfer coefficients involved can be written
symbolically as

J. (I) 'v f(o,irx)| x f(l -*• HjO) x f(0 -► Cu)

f(o,irx). contains the proper combination of the halide (I) spin transfer coef
ficients f and f . The second term stands for the spin transfer between thea irx ,
halide (I) p and p orbitals and the oxygen sp'5 orbital which is directed
towards the halide (I) ion, containing the hydrogen ion. f(0 - Cu) denotes the
appropriate combination of the spin transfer coefficient of the two oxygen
"lone-pair" orbitals (see p. 51). Because of Hund's rule, the intra atomic ex
change interaction between the lone-pair orbitals and the oxygen orbitals con
taining the hydrogen ions, will be positive, which results in a ferromagnetic
exchange interaction between the copper ions via these diamagnetic ions.
In the series of chlorine compounds the values of f and f for the Cl(I) ions
(table 19) increase in going from the K- to the Cs compound. The second term of
Jj(l) will slowly decrease simultaneously due to the increasing distance between
the Cl(I) ion and the water molecule. Although we have no information about the
oxygen spin transfer coefficients, it is reasonable to assume that the value of
f(0 - Cu) is about constant, analogous to what has been observed for the, also
strongly bounded, Cl(I I) ions. It can thus be expected that the magnitude of
J.(l) will be approximately constant or will show a maximum in going from the
potassium to the caesium compound. In the bromine compounds Jj(l) will probably
be somewhat larger because of the systematic larger spin transfer coefficients
for the Br(l) ions.

The second exchange interaction Jj(ll) takes place via the link

Cu. - Halide (II) - H20 - Cu2

As far as the halide (II) ions are concerned the relevant spin transfer coef
ficients are f and f . The coefficient f (I I H-0) is probably much smallera iry 2
than for the halide (l) ions, as the distance from the halide (II) ion to the
water molecule is about 0.6 A larger than the halide (I) - HjO distance.
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Besides the oxygen o r b i t a l s  a re not d i re c te d  towards the h a l id e  ( I I )  ions, which

w i l l  cause a f u r t h e r  decrease o f  f  ( 11 HjO) compared to  f ( l  -*• H20 ) . There fo re ,

a l though  the h a l id e  ( I I )  sp in  t r a n s fe r  c o e f f i c i e n t s  are  much la rg e r  than those

o f  the h a l id e  ( I )  ions, J j ( l )  and J ^ ( l l )  w i l l  be o f  the same o rde r  o f  magnitude.

Because the sp in  t r a n s fe r  mechanism lead ing to  J . ( I  I )  is  analogous to  th a t  o f

J j ( l ) »  J j ( l l )  w i l l  a lso  be fe r rom agne t ic .  In the c h lo r in e  compounds the values

o f  f Q and f ^ y , f o r  the C l ( I I )  ions increase s l i g h t l y  in the s e r ie s  NH^, K, Rb

and Cs. As discussed In the preceding s e c t io n ,  f  is  the d i f fe r e n c e  o f  the  two

t r a n s fe r  c o e f f i c i e n t s ,  f ^  *  f ^  -  f ” , where f ^  and f "  stand f o r  the sp in  t r a n s fe r

from the p^ o r b i t a l  to  the copper 3d(x -  y^) and 4s o r b i t a l s  re s p e c t iv e ly .

Both f ^  and f “  were found to  increase, which causes o n ly  a very s l i g h t  increase

o f  f g . In the deduction  o f  the magnitude o f  the  super exchange i n te r a c t io n ,  we

have to  cons ider these two t r a n s fe r  mechanisms s e p a ra te ly .  The simultaneous

t r a n s fe r  o f  an e le c t ro n  from the oxygen ion to  the Cu2 4s o r b i t a l  and o f  an

e le c t ro n  from the Cl (I I )  ion to  the Cu. 4s o r b i t a l  ( c o r r e la t io n  super exchange)

w i l l  g ive  a fe r rom agnet ic  c o n t r ib u t io n  to  J ( 11) .  As a lso  the sp in  t r a n s fe r  to

the copper 3d o r b i t a l s  leads to  a fe r rom agne t ic  in te r a c t io n  we have to  conclude

th a t  the in f luence  o f  the a sp in  d e n s i ty  a t  the C l ( I  I )  ions , on the super ex

change in te ra c t io n  is  p ro p o r t io n a l  to  f  + f "  ra th e r  than to  f ‘ -  f " .  So the
o o o o

increase o f  J^ ( 11) due to  the in te ra c t io n s  o f  the Cl ( I  I )  ions is  much la rg e r

than can be estimated from the increase o f  f  in the s e r ie s  NH, , K, Rb and Cs.
O

The c o e f f i c i e n t  f  ( I I -*■ HjO) w i l l  decrease w i t h  inc reas ing  u n i t  c e l l  d imension,

thus fo l lo w in g  the s e r ie s  K, NH^, Rb and Cs. As f o r  the va lue  o f  J ( I ) ,  proba

b ly  J | ( 11) w i l l  show a maximum in  t h i s  s e r ie s  (o r  remain about c o n s ta n t ) .  How

ever f o r  the  ammonium compound i t  can be seen th a t  both f ( o , i r y ) ( |  and f ( l l  -*■

H20) w i l l  be sm a l le r  than in  the  potassium compound, from which i t  can be con

cluded th a t  J | ( 11) in  the NH  ̂ compound is  sm a l le r  than in  the K compound.

P oss ib ly  a t h i r d  mechanism c o n t r ib u te s  to  J . .  Th is  exchange in te ra c t io n
J I (A )  takes p lace v ia  the l inkage

Cuj -  H a lide  ( I )  -  A lk a l i  -  H a lide  ( I )  -  Cu

As can be seen from f i g .  34 two such l inkages e x i s t  between two ne ighbouring

copper ions. Th is  in te ra c t io n  is  about equal to  the nex t-nea res t neighbour in 

te r a c t io n  J2 (A) between s im i la r  copper ions v ia  the a l k a l i  Ion. Th is  i n te ra c 

t io n  J2 (A) w i l l  be shown to  be fe r rom agne t ic  and to  Increase in the s e r ie s  NH.,

K, Rb and Cs. J . (A )  e v id e n t ly  shows the same behaviour.

In the bromine compounds a l l  sp in  t r a n s fe r  c o e f f i c i e n t s  a re  la rg e r  than
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In the chlorine compounds, and therefore all exchange interactions will be
larger. Qualitatively the same difference between the super exchange interac
tions in the NH. and Rb compound, as discussed for the chlorine compounds, will
exist. Summarizing we can say that for the series chlorine compounds K, Rb and
Cs the total value of Jj will probably show a maximum due to the combined effect
of Increasing spin transfer coefficients for the chlorine and alkali nuclei and
the decreasing interaction between the chlorine ions and the water molecules.

Next-nearest neighbour interaction J„.

The n.n.n. super exchange interaction of the copper ion is not equivalent for
all six next-nearest neighbours. The interaction J2(e) with the two copper ions
along the crystallographic c-axis takes place via the linkage

Cu - 0H2 - Halide (I) - HjO - Cu

As we have no information about the oxygen spin transfer coefficients, which
mainly determine the magnitude of this exchange interaction, it is not possible
to discuss the differences of the interaction in the various compounds.
The n.n.n. interaction between the copper ions in the (a-a) plane,J„(A)| occurs
via the 1inkage

Cu - Halide (I) - Alkali - Halide (I) - Cu

There are two of such linkages between the copper ions.
Because both copper ions transfer unpaired spin to different alkali orbitals
this interaction is ferromagnetic. Although the analysis of the alkali hyper-
fine interaction has not yielded clear information about the spin density in
their p orbits, the increase of the s-orbital spin density reflects the in
crease of the p-orbi tal spin density in the series K, Rb and Cs. Therefore it
is expected that the value of J- increases in going from the K compound to the
Cs compound. In the NH. compounds the two n.n.n. exchange pathes between two
copper ions are different, as the one link involves halide (I) ions and the
other halide (II) ions. Both exchange interactions however are ferromagnetic.
It is hard to see if the correspondence between the NH^ molecule and the alkali
ions is such that the values of the spin transfer coefficients fg can be com
pared straight forward. If so, we can conclude that J2 in the ammonium compounds
must be smaller than in all other compounds.



Comparison of J and with the values of 0 and T .l a " o
In principle it is possible to calculate the values of and J from the ex
perimentally determined values of 0 and T ; using the following expressions
which are appropriate for a b.c.c. Heisenberg ferromagnet with S = i and
Jj/J, > 0 (see chapter 2).

k0 - 4J, + 3J2

kTc " V i  + blJl/J2

where b^ = 2.60 and b. = 2.45^ .
Applying these formulae to the values of 0 and T given in table 6 it is found
that the so calculated value of J2 is much larger than J.. This result is clear
ly in contradiction to what has been discussed before.
There may be several reasons, theoretical as well as experimental, for this
d i screpancy.
a) In the expressions for 0 and T the n.n.n. exchange interaction has been
treated to be equivalent for all six nearest neighbours. This is not the situa
tion in these compounds.
b) The influence of third nearest neighbour interaction on 0 and T has notc
been included. Especially the interaction via Cu-Hal(l)-HOH-Hal(l)-Cu between
similar copper ions along the (llO)-axis can have an appreciable magnitude.
c) From the experiments it is known that there is a small anisotropic ex
change interaction present in these crystals. In table 1 (p. 14) it can be seen
that any anisotropy influences the relation between Tc and J., but not in such
a way as to be able to ascribe the mentioned discrepancy to the occurrence of
a small anisotropic exchange interaction. (The influence of anisotropy on
other macroscopic quantities however is much larger. For instance the large
discrepancy between the experimental value for (E - E )/kT and the theoretical00 c c
one for nearest-neighbour interaction only, respectively 0.384 and 0.460 can be
explained already by the assumption of an anisotropy of only 4%.)
d) The value of 0 is determined by extrapolation of experimental data for
T > 20. It is possible that systematic errors in this extrapolation procedure
cause a wrong value of 0. Moreover, as has been discussed in chapter 6.6, the
exchange interactions still change between liquid hydrogen and liquid helium
temperature. It is quite possible that, although we did not observe it from the
nuclear interaction parameters, the exchange interactions in external field
show a temperature dependence, even for T < 4.2 K. That may be due either to
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the torsional oscillation of the copper octahedron as discussed in chapter
(8.2) or to the occurrence of magnetostriction. Magnetostriction could influence
both the exchange interactions and the nuclear interaction parameters of the
protons, from which the temperature dependence of the resonance frequency has
been used to determine 6.
Qualitatively however, it can be seen that the conclusions about the relative
values of the exchange interactions in the series of compounds are in accordance
with the values of T and 0.c
From the expressions given before it is found that for increasing value of
J_/J, the ratio T /0 increases too. As we have no reliable information about2 1 c
the value of J„ in the NH^ compounds relative to that, in the other compounds
we can only compare the values of T /& for the series of chlorine compounds K,
Rb and Cs. These values are respectively 0.756, 0.820 and 0.836. Although these
values are not very accurate, the trend is obvious: an increasing value of J_
In going from the K to the Cs compound. This confirms the conclusions drawn
with respect to the relative values of the alkali spin transfer coefficients.
The larger values of T^ for the bromine than for the chlorine compounds is
clearly reflected by the larger spin transfer coefficients for the bromides.
The relative magnitudes of the n.n.n. exchange interactions with respect to the
n.n. exchange interactions in the bromides is smaller than in the corresponding
chlorides as the values of T /0 are smaller. That can be understood as the sub-c
stitution of the chlorine by bromine ions mainly changes the value of Jj as
can be seen from the values of the spin transfer coefficients. The value of T
in RbCuBr^^l^O is slightly larger than that of the NH^ compound probably due
to the larger n.n. interactions because of larger spin transfer from the Br(ll)
ions to the copper As and Ap orbitals and the larger Br(I) transfer coefficients.
The effect of the smaller spin transfer to the copper As and Ap orbitals, proba
bly together with the smaller n.n.n. exchange interaction in (NH. JjCuCl^^HjO
Is reflected very clearly by its low value of T as compared to that of the
other chlorine compounds. The transition temperature of the Rb compound is
higher than that of the K compound which is in accordance with the discussed
larger value of both J. and Jj in the Rb compound. The much lower transition
temperature for the Cs compound is surely due to the large decrease of the in
teraction between the chlorine ions and the water molecules, which is not com
pensated by the increase of the spin transfer coefficients.

Summarizing we can conclude that the qualitative arguments, based on the
experimentally determined spin transfer coefficients, explain the relative
values of Tc for the various compounds rather well.
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APPENDIX A

Fineatructure of the Cl(II) resonance lines in external field. During the ex
periments in the paramagnetic state at T • 1.2 K in an external field, for the
determination of the components of the field-shift tensor of the Cl(I I) site
nuclei, an extra finestructure of the Cl(ll) resonance lines in all four com-

1 3pounds has been observed. At that temperature only the Ani| ■'+*■•*■ +y and the
Am( =  +1 - L  transitions of that Cl (I I) site, for which the external field is
rotating in the X-Y plane of the EFG tensor, can be detected. Due to the lack
of intensity the resonance signals for the magnetic field parallel to the Z-
axis cannot be observed. The shape of the finestructure of the resonance lines
in the X-Y plane strongly depends on the magnitude and direction of the exter
nal field and on temperature. Moreover, the pattern of the finestructure of
the (+y-► -y) transition differs from that of the (+y -*• +y) transition. The
f i nestructure of the (+1- +r) resonance line is asymmetric and most times four-

1 1   ̂ ^fold. The (+y •+ -y) transition, however, shows a nearly symmetric splitting
pattern which is threefold for the magnetic field along the Y-axis (c-axis). In
fig. 35 two recorder traces of the second derivative of the lineshape of the
(+i+ -!•) transition for i5Q ||X axis are shown. The number of, not well separated,
resonance lines gradually changes from six for high field and low temperature
to four and then to two for low field and/or high temperature.

The ratio of the splittings Av of the ^ C 1  and ^ C 1  (+y ■+• ~y) transitions
for 15 ||X (T - 1.2 K, H = 5  kOe) in the potassium compound is found to be 1.22.
As for this temperature and fieldstrength the Cl(I I) Larmor frequency v L is
smaller than the quadrupole interaction constant v„(v|/vq : ' the resonance
frequency of the (-4- ->■ -y) transition can be approximated by a second-order
perturbation theory expression

2

q

a and @ depend on the ratio vL/v ,the asymmetry parameter n and the direction
of the total magnetic field with respect to the EFG principal axes. The ratio
of the y values and of the quadrupole moments of the two isotopes are, respec
tively, y35/Y37 „ j.201 and “ 1.269. Using these data it can easily be
calculated that if the finestructure is due to different values of the quadru
pole Interaction the ratio of the splittings for corresponding (+y -*• -y)
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H0 = 7950 Oe

MHz

3.40 MHz

Fig. 35. Recorder traces of the second derivative of the ^Cl(ll) (+1 -► -1)
transition in Rb2CuCl with the magnetic field parallel to the X-axis,
(T “ 1.2 K) for two different values of H .o

transitions of the two isotopes will be Av” /Av^ < 1.201, whereas if the split
tings are caused by the changes of the Larmor frequency A v ^ / A v ^  > 1.201. So
it can be concluded that the observed finestructure has to be due to small
differences in the Larmor frequency. In all four chlorine compounds these split
tings have been observed; the pattern are analogous and the magnitude of the
splittings in the various compounds under the same conditions differs only
slightly. The magnitude and shape of the finestructure is found to be indepen
dent of crystal shape, and reproduces exactly for different samples of the same
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compound. These s p l i t t i n g s  are  not observed a t  any o th e r  resonance l in e .

In the bromine compounds the B r ( I I )  (+=■-*• -y )  t r a n s i t io n s  fo r  nQ||X a x is  a lso

e x h ib i t  a f i n e s t r u c tu r e .  However, probably due to  the la rg e r  l in e w id th  o f  these

resonance l in e s  the f i n e s t r u c tu r e  is  less w e l l  reso lved than in the c h lo r in e

compounds. There fore  the f i e l d  and temperature dependence o f  the s p l i t t i n g  o f

the bromine resonance l in e s  cannot be measured p ro p e r ly .  However, i t  has been

es ta b l ishe d  th a t  the behaviour o f  the  l in e  s p l i t t i n g  is  analogous to  th a t  ob

served in the c h lo r in e  compounds.

To o b ta in  in fo rm a t io n  about the na ture  o f  these f in e s t r u c tu r e s  the temper

a tu re  and f i e l d  dependences o f  the s p l i t t i n g  o f  the  ^ C l ( l l )  (+j- -*• -y )  t r a n s 

i t i o n  w i th  the ex te rna l  f i e l d  along the X -ax is  has been measured. In f i g .  35 a

recorder p lo t  o f  the second d e r i v a t i v e  o f  the resonance f o r  two d i f f e r e n t  mag

n e t ic  f i e l d s  f o r  T = 1.2 K is  g iven . As the measure o f  the s p l i t t i n g  Av the

frequency d i f fe r e n c e  between the outermost maxima o f  the second d e r iv a t i v e  o f

the resonance l in e  (see arrows) has been taken. From th i s  d i f fe re n c e  in  resonance

frequency Av the d i f fe r e n c e  in Larmor frequency Av, is  c a lc u la te d .

Because the s p l i t t i n g s  depend on the d i r e c t io n  o f  the ex te rna l  f i e l d  w i th

respect to  the c r y s ta l  axes, i t  is  necessary to  perform the experiment in  the

He temperature range, where the sample can be o r ie n ta te d  p e r f e c t l y  in the de

s i re d  d i r e c t i o n .  At ^He temperatures the s igna l in te n s i t y  o f  the Cl ( I  I) resonance

l in e s  in the Rb compound is  la rg e r  than in  a l l  o th e r  compounds. Besides, the Rb

s a l t  possesses the h ighes t Curie temperature o f  the fo u r  c h lo r in e  compounds, so

the la rg e s t  va lue  o f  the induced m agnet iza t ion  can be obta ined fo r  th i s  compound

w i th in  the l im i te d  range o f  f i e l d  s t re n g th  and temperature. Therefore most o f

the 1in e -s p 1i t t i n g  experiments have been performed on the Rb compound.

In f i g .  36 the f i e l d  dependence in  the Rb compound o f  Av, f o r  two d i f f e r e n t

temperatures is  g iven (f i | f x ) .  In f i g .  37 the temperature dependence in two d i f 

fe re n t  f i e l d s  is  p lo t te d ,  whereby instead o f  the temperature the measured reduced

m agnet iza t ion  is  used as the v a r ia b le .  From both p lo ts  i t  can be seen th a t  the

magnitude o f  the  s p l i t t i n g  does not depend in a simple way on the m agnet iza t ion

o r  on the s tre n g th  o f  the app l ied  f i e l d .  There fore  the p o s s i b i l i t y  o f  tw in

c r y s t a ls ,  the presence o f  im p u r i t ie s  o r  the ex is tence  o f  iso tope e f f e c ts  as

o r ig in s  o f  the f i n e s t r u c tu r e  can be excluded. In a l l  these cases the s p l i t t i n g

would be d i r e c t l y  p ro p o r t io n a l  to  the m agne t iza t ion . A lso any c la s s ic a l  d ip o la r

in te r a c t io n  w i th  surrounding nuc le i  can be l e f t  out o f  c o n s id e ra t io n ,  as these

in te ra c t io n s  are temperature and f i e l d  independent. I t  seems th a t  both the  tem

pe ra tu re  and f i e l d  dependence o f  the s p l i t t i n g  Av^ can be described to  be, not

l i n e a r l y ,  dependent on the parameter m(dm/dH ) (m = reduced m agne t iza t ion , Hq =



40
(kHz) T * 1.17 K

T- 1.55K

Fig. 36. Field dependence of the splitting Av, in the Rb compound, lï
L (

H = 2900 Oe

H = 8 000 Oe

Fig. 37. Temperature dependence of Av, in the Rb compound. Instead of
temperature, the reduced magnetization m has been used as variable.

applied fieTd). In the ferromagnetic state in zero field no indication
line splittings has been found, which is not in contradiction as dm/dH
zero in that case.

11X axis.
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Three possible mechanism which can be the origin of these finestructures remain.

a) Magnetostriction. From the experiments in the ferromagnetic state in zero
field, which have been discussed in chapter 7-**, it has been concluded that the
interaction parameters of those Cl(II) nuclei, for which the spontaneous mag
netization is directed along the X-axis of the EFG tensor, are strongly in
fluenced by spontaneous magnetostriction effects. Also the dependence of the
rubidium quadrupole interaction on the direction of the external field (see
section 6.6) points to the occurrence of magnetostriction. Therefore it may be
possible that some minor magnetostriction effects appear which can lead to the
observed line splittings. However, as little is known about the microscopic
aspects of magnetostriction, it is very hard to say whether the shape and the
temperature and field dependence of the observed fInestructure can be explained
in principal by such effects.
A magnetostrletive distortion will also influence the Cl(I I) quadrupole inter
action constants Vq and r). We are however not able to determine these constants
accurately in the ^He temperature range as we can observe only two resonance
lines with the external field along the X- and Y-axis of the EFG tensor, while
the spectrum along the Z-axis cannot be detected at all. So it cannot be ex
cluded on that ground that magnetostriction effects occur.

b) Canting of the copper magnetic moments. It is known from measurements by
Wittehoek et al.1 ̂ on CuS0.*5H20 that in a paramagnetic crystal a canted spin
structure can exist. A Dzyaloshinski exchange interaction term of the form

x ^  as discussed in chapter 2 can account for such an effect. As the trans
ferred hyperflne interaction of the Cl(I I) nuclei is very anisotropic, a canting
of the spins of about 1° in the direction of the Z-axis of the hyperflne inter
action tensor (y‘ direction) will give already frequency shifts of the right
order of magnitude. So only minor anisotropic interactions are needed to cause
the observed finestructure. However, to explain the appearance of a six-fold
splitting, six different canting angles have to be assumed, which seems to be
rather of belief.

c) Indirect interaction between nuclear spins. From NMR experiments in dia
magnetic substances it is known that there exists an indirect Interaction be
tween nuclear spins of neighbouring atoms which leads to a finestructure of the
resonance lines. This interaction takes place via the hyperflne couplings of
the considered nuclei and those electrons which take part in the chemical
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bonding of the molecule in question2'. In the situation of the paramagnetic
substance, however, this indirect interaction can take place via the time-
averaged magnetic moment of the paramagnetic ions.

The resonance frequencies of the chlorine nuclei are strongly dependent
on the time-averaged magnetic moment of the nearest paramagnetic copper ion
with which they have a strong hyperfine interaction. Because the copper nuclear-
magnetic moment can have four different orientations with respect to the total
field at the nucleus, the time-averaged magnetic moments of the copper ions
can have four only slightly different values due to the influence of the hyper
fine interaction of the copper nucleus. This will result in four slightly dif
ferent resonance spectra for the nearby chlorine ions because of the small dlf-
ferences In Larmor frequency.

Instead of a single (+i-> -I) transition for the Cl (l I) nuclei, a four-fold
splitting of this line will thus be observed. The difference in Larmor frequen
cy between the outermost (+--»■ -1) transitions for fijly will then be given by

A\
Air F (Cu)zz '

Ye
F (Cl)XX '

dm(T,Ho)

dHo

where ye Is the gyromagnetlc ratio of the electron and m(T,HQ ) denotes the re
duced magnetization for temperature T and external field H . The value of
dm/dtio can be determined from the field dependence of the reduced magnetization
at constant temperature. The value of Av^ calculated from this expression is
found to be of the same order of magnitude as that observed experimentally.
From the above given expression however it is expected that Av^ will be propor
tional to dm/dHQ which Is essentially not observed. Besides, the experiments
show that the finestructure splitting of the (+1+ +1) transition for ft ||c is
at leasT one order of magnitude too large to be explained by this type of in
teraction. So we have to conclude that the occurrence of this finestructure
cannot be due to this interaction either.
It seems to be possible that these line splittings are caused by the combined
effect of some of the mentioned Interactions. However, further experimental as
well as theoretical work has to be performed to be able to determine the origins
of this finestructure.



APPENDIX B

The influence of chlorine impurities on the bromine resonance spectra. The
first bromine crystals that were used for the NMR experiments were grown from
solutions containing approximately 2 °/oo chlorine ions. During the course of
the experiments it became apparent that the concentration of these chlorine ions
in the crystals was probably larger than in the solutions. The chlorine impuri
ties occupy the Br(II) sites and probably the Br(l) sites too. They influence
both the quadrupole and transferred hyperfine interaction of the nearby bromine
nuclei, which results in a broadening of the Br resonance lines and even in
extra bromine resonance spectra. After we noted the existence of these effects,
crystals were grown from solutions containing less than 0.2 /oo chlorine ions.
These purer crystals were used for all the measurements discussed in this thesis.
By comparing the spectra observed in the ferromagnetic state in the 2 /oo Cl
and 0.2 °/oo Cl crystals the following differences were detected.

Br(I) spectrum. In the 2 °/oo Cl crystals the width of the Br(l) resonance
lines at T = 0.3 K in zero field is about 35 kHz, only the +- •* - f  transition
has a linewidth of 20 kHz. The linewidth In the 0.2 °/oo Cl crystals is 20 kHz
and 10 kHz for the +y ■* - \  transition.

We think that this line broadening in the less pure crystals is caused
mainly by the long-range influence of the impurities on the EFG tensor at the
Br(I) nuclei. The influence of a spread in the magnetic interaction on the
resonance linewidth will be less important as the magnetic interaction of the
bromine nuclei is much smaller than the quadrupole interaction. Besides that,
the influence of an impurity on the magnetic interaction will be very short-

ranged .
These conclusions were confirmed by experiments on a 20 /oo Cl crystal where
the Br(l) aand B transitions could not be detected anymore, while the “y
transition was still observable.

In the purest crystals at least three extra sets of Br(l) B transitions,
also with a linewidth of about 20 kHz, have been detected. The intensity of
these extra resonance lines are unequal and are in the order of 10 of the
normal B transitions. As the corresponding extra a transitions could not be
detected at all because of a too weak signal intensity, it was not possible to
calculate the magnetic and quadrupole interaction accurately for these extra
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spectra. However, by comparing the resonance frequencies of the /JBr and ° Br
extra resonance lines, it seems that the change in resonance frequency is caused
by an increase of the PQR frequency of the order of a few hundred kHz, together
with a decrease of the Larmor frequency of the order of 20 kHz.
In the 2 /oo Cl crystals these extra transitions have not been observed, proba
bly because of frequent overlap and larger width of these extra resonance tines.

Br(II) spectrum. The Br(II) resonance spectrum is much more influenced by the
impurities than the Br(I) spectrum as all the interactions of the Br(ll) nuclei
are much stronger. The effects are clearly demonstrated by the shape of the
(+J- -y) transition. The enormous signal intensity of this transition allows
us to observe in the 2 /oo Cl crystals extra resonance lines, which have a
linewidth of about 50 kHz, even if the total absorption rate of the transitions
is of the order of 10 "* of that of the main resonance line.

At T = 1.2 K more than 20 extra transitions per isotope were observed from
which about 80% at lower and 20% at higher frequency than the main transition.
This entire extra spectrum in the NH. compound has a width of about 7 MHz. As

/ I  1the resonance frequencies of these (+j- -+■ -— ) transitions are in first order only
determined by the magnetic interaction, these frequency shifts have to be due
to changes in the transferred hyperfine interaction of the Br(ll) nuclei in
question, caused by the nearby Cl ions. This assumption has been verified by the
comparison of the ^ B r  and Br extra spectra. The ratio of the frequency shifts
of corresponding extra resonance lines of ^ B r  and ®'bt with respect to the
main transition was always exactly equal to the ratio of the y values of the
two isotopes. If these shifts were due to a change in the quadrupole interaction
the ratio of these shifts would be equal to the ratio of the Q /y values for
the two isotopes, which differs largely from the ratio of the y values.

The influence of the impurities on the Br(II) quadrupole interaction could
not be measured as in these impure crystals the high-frequency transitions, from
which the frequencies are mainly determined by the quadrupole interaction, have
never been observed because they are strongly broadened by the spread in the
quadrupole interaction. From the temperature independent linewidth of these
transitions in the 0.2 °/oo Cl crystals, which is found to be about 1.5 MHz and
which is not of magnetic origin, it can be concluded that already very small
amounts of Cl impurities give rise to enormous broadening effects. So the in
fluence of impurities on the quadrupole interaction has to be very large.

Apart from the appearance of the extra Br resonance lines also the (+i- -*■
transitions of the "̂*C1 and ^C1 nuclei situated at Br(ll) sites could be
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observed with a signal to noise ratio of about 10. The width of these Cl
resonance lines is about 20 kHz. The corresponding Cl a transitions'could not
be detected, which can be calculated to be due to a too low signal intensity.
If we assume for the chlorine nuclei equivalent principal axes for the T.H.
interaction tensor and the EFG tensor as have been determined for the Br(II)
sites, the local fields at the chlorine nuclei are calculated to be 20% smaller
than the local fields at the corresponding bromine nuclei.

Conclusion. The chlorine impurities change the quadrupolar and transferred
hyperfine interaction of the nearby Br(I) and Br(ll) sites. This change in in
teractions is due to a change in the spatial charge distribution around the
copper ion as the chlorine-copper interaction differs from the bromine-copper
interaction. Because of the strong super exchange interactions between neigh
bouring copper ions, also the interactions at the next-nearest bromium sites
will be influenced, which leads to the large number of extra Br(II) resonance
1ines.
The change in the local charge distribution surely will influence the local
super exchange interaction between the copper ions. It has been observed indeed
that the Curie temperature of the bromine compounds decreases with increasing
concentration of the chlorine impurities.
The study of the bromine perturbation spectra can yield information about the
interaction of the bromine nuclei with next-nearest copper ions. As this in
teraction is directly related to the super exchange interaction via the bromine
ions, valuable extra information about the magnitude of the various super ex
change interactions can be obtained.
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Samenva11i ng.

Reeds meer dan tien jaar Is het bekend dat de reeks isomorfe verbindingen
< W V 2C u C y 2 H 20, Rb2CuCi^*2H20 en (NH^)2CuBr^*2H20 een ferro-

magnetische ordening vertonen bij een temperatuur van ongeveer 1 K. De soorte
lijke warmte-, susceptIbi1Iteits-, en magnetisatie-metingen van Miedema et al.

en Wielinga^ hebben aangetoond dat het magnetisch gedrag van deze vier
verbindingen volledig met elkaar overeenstemt. Op een gereduceerde temperatuui—
schaal bleken alle soortelijke warmte kurven identiek te zijn. Het thermodyna-
misch en kritisch gedrag van deze verbindingen is verklaard met behulp van
verschillende theoretische modellen voor de 3"dimensionale S ■ 4- b.c.c.ii c) 2
Heisenberg ferromagneet ’ . De naaste buren- en naast-naaste buren super
exchange wisseiwerkings constanten J. en J„ konden berekend worden uit de ex
perimentele waarden voor de Curie-Ueiss temperatuur 0, de ordenings temperatuur
Tc ert uit de temperatuur afhankelijkheid van de soortelijke warmte.
Het belangrijkste doel van het werk dat in dit proefschrift beschreven wordt,
is het uitbreiden van de kennis betreffende deze reeks isomorfe Heisenberg
ferromagneten, met inbegrip van Cs2CuCl^*2^0 en RfazCuBr^^HjO, door vanuit
een microscopische gezichtshoek inzicht te verschaffen in de magnetische eigen
schappen. Met dat doel zijn de magnetische en electrische hyperfijn interacties
van alle kernen (behalve die van de zuurstof kernen) gemeten met behulp van
kern resonantie technieken. Uit deze kern interacties kunnen we informatie
verkrijgen m.b.t. de covaiente binding van de buitenste electronen van zowel
de diamagnetische ais de magnetische ionen. Gebruik makende van een Molecular
Orbital benadering kan de transfer van ongepaarde spin van het magnetische
koper Ion naar de verschillende diamagnetische liganden berekend worden. De
verandering van de ongepaarde spin-dichtheids distributie door de substitutie
van de halogeen en/of alkali ionen geeft informatie over de verschillende
spin transfer mechanismen.
Er kan een verband gelegd worden tussen de spin transfer coëfficiënten en de
grootte der super exchange interacties tussen de koper ionen. De genoemde ex
perimenten leveren daarom ook een kwalitatieve schatting op van de sterkte
der verschillende super exchange koppelingen in de zes verbindingen. Dit is te
meer Interessant daar er geen eenvoudige relatie gevonden wordt tussen de een
heids cel afmetingen en de grootte der exchange constanten.
De kern resonantie experimenten stellen ons ook in staat de richting van de
spontane magnetisatie in de ferromagnetische toestand in nuiveid te bepalen.
Deze blijkt verschillend te zijn in de chloor en broom verbindingen. Het is



waargenomen dat de kern interactie parameters van één der chloorionen sterk
verschillen in de paramagnetische en ferromagnetische toestand. Naar aanleiding
hiervan geven we een mogelijke oorzaak aan voor het verschil in voorkeursrich
ting voor de chloor en broom verbindingen.
De temperatuur afhankelijkheid van de spontane magnetisatie in de buurt van het
overgangspunt is ook gemeten. Door de gunstige omstandigheden, speciaal in de
bromiden, kan de waarde van de kritische exponent 3, die het exponentiele
gedrag van de spontane magnetisatie dichtbij beschrijft, veel nauwkeuriger
bepaald worden dan mogelijk is m.b.v. macroscopische methoden.

In hoofdstuk 2 wordt een kort overzicht van de macroscopische magnetische
eigenschappen van een 3"dimensionaie b.c.c. Heisenberg ferromagneet gegeven.
Speciaal het verband tussen de super exchange constanten en J^ en de macro
scopisch waarneembare grootheden wordt besproken. Daarbij wordt ook de invloed
van anisotropie op deze grootheden bediscussieerd.
Het theoretische model, dat de vorming van covalente bindingen van een 3d over-
gangs metaal ion in een octaedrische omringing beschrijft, wordt in hoofstuk 3
uitgebreid behandeld. Een eenvoudige Molecular Orbital benadering wordt gebruikt
om de betreffende electronen banen te beschrijven. De invloed van de spin trans
fer van het magnetisch ion naar de liganden, op de kristaiveid splitsing en de
spin-baan koppelings constante van het magnetisch ion wordt afgeleid. De uit
drukkingen voor de ligand hyperfijn interactie en het verband tussen spin
transfer coëfficiënten en super exchange interactie worden bepaald.

2+In hoofdstuk k worden de eigenschappen van het Cu ion in een kristaiveid
met tetragonale symmetrie en rhombische distorsie behandeld. De uitdrukkingen
voor de g-tensor, de hyperfijn interactie tensor en de electrische veld gradient
tensor worden afgeleid voor het geval van pure ionaire binding. Deze uitdruk
kingen worden daarna gemodificeerd, overeenkomstig de M.0. benadering, om
rekening te houden met een gedeeltelijk covalente binding.
In hoofdstuk 5 worden de verschillende bijdragen tot de kern spin Hamiitoniaan
besproken. De analyse van de resonantie spectra voor I = -j, het meest voorkomende
geval in deze verbindingen, wordt uitgebreid behandeld. Afgezien van storings
theorie uitdrukkingen voor de resonantie frekwenties, die niet in alle voor
komende situaties toepasbaar zijn, zal ook aan de analyse volgens de methode
van Brown en Parker aandacht besteed worden. Na een beschrijving van de experi
mentele opstelling, wordt de kristalstructuur behandeld. Uitgaande van de lokale
symmetrie van de ion posities kan het aantal te verwachten kern resonantie
spectra bepaald worden. Ter vergemakkelijking van de beschrijving van de hoofd
asrichtingen der kern interactie tensoren worden lokale richtingen binnen een



koper octaëder vastgelegd. Ook wordt een eenduidige no ta tie  voor de nulveid
spectra in de ferromagnetische toestand gegeven. Aan het eind van d i t  hoofdstuk
worden enkele specifieke aspecten van de kern resonantie in ferromagnetische
verbindingen aan de orde gesteld.

De resultaten van de experimenten in de paramagnetische toestand worden weer
gegeven in hoofdstuk 6. Achtereenvolgens zullen we behandelen de bepaling van
de k r is ta lv e ld  sp lits ingen , g-tensor en de waarde van de Curie-Ueiss tempera
tuur 0. Daarna wordt de bepaling van de r ich tin g  der hoofdassen van de frekwen-
t ie  sh ift-e n  de e lectrische veld gradient tensoren, en de waarden van hun com
ponenten voor a lle  kernen, besproken.
De kern resonantie spectra die waargenomen z ijn  in de ferromagnetische toestand,
en de inform atie die van deze spectra verkregen wordt, z ijn  beschreven in hoofd
stuk 7. Ook de temperatuur afhanke lijkhe id  van de spontane magnetisatie net
onder het overgangspunt wordt h ie r besproken.
U ite in d e lijk  zullen in hoofdstuk 8 a lle  experimentele resultaten geanalyseerd
worden in termen van spin transfe r coë ffic iën ten  voor de verschillende d ia -
magnetische ionen. De consistentie  van het toegepaste theoretische model zal
getoetst worden en de tekortkomingen aangeduid. De waargenomen ve rsch illen  in
de waarde van de spin transfe r coë ffic iën ten  voor overeenkomstige ionen in de
verschillende verbindingen zullen inform atie verschaffen over de transfe r
mechanismen en de kw a lita tieve  veranderingen van de exchange in te ra c tie .

Het grootste deel van het experimentele werk hetgeen in de hoofdstukken
6 en 7 beschreven wordt, is reeds gepubliceerd in Physica6’ 7’ 8' .  Daarenboven
z ijn  twee korte berichten over een deel der experimenten verschenen in de ver
slagen van in ternationa le  conferenties-^'1 .
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Ten einde te voldoen aan de wens van de faculteit der Wiskunde en Natuurweten
schappen volgt hier een overzicht van mijn studie.

Na een HBS-b opleiding aan het Dalton Lyceum te 1s-Gravenhage begon ik in
i960 mijn studie aan de Rijksuniversiteit te Leiden. Het kandidaatsexamen met
de hoofdvakken natuurkunde en wiskunde en bijvak sterrekunde werd in 1964 af
gelegd. Sindsdien ben ik verbonden aan de werkgroep vaste stof fysica VS-L 1
van de stichting FOM, waarvan Prof. Dr. N.J. Poulis de leiding heeft. In de
tijd tussen kandidaats-en doctoraalexamen assisteerde ik Dr. S. Wittekoek, die
mij, tijdens zijn onderzoek aan antiferromagnetische lineaire ketens de begin
selen van de kern resonantie techniek bijbracht.

Begin 1967 kwam ik ais wetenschappelijk assistent, en na mijn doctoraal
examen dat ik eind 1967 aflegde, ais wetenschappelijk medewerker, in dienst
bij de stichting FOM.

Sinds 1966 vervulde ik diverse functies bij het natuurkunde practicum.

Het tot stand komen van dit proefschrift is mogelijk geworden dankzij de
bijdrage van vele medewerkers uit het Kamerlingh Onnes Laboratorium, en met
name uit de werkgroep. De discussies met Prof. Dr. N.J. Poulis, Dr. W.Th.
Wenckebach en Dr. M.W. van Tol waren zeer waardevoi. De gesprekken met Dr.
H.W. Capel met betrekking tot theoretische aspecten van het magnetisme, en
met Prof. Dr. N. Bloembergen, betreffende de oorsprong van de fijnstructuur
der chloor resonantie lijnen, heb ik zeer op prijs gesteld. Ik ben veel dank
verschuldigd aan Drs. J.J. van Klink, Drs. A. Gevers, Drs. J. Heyn en de heer
W.J. Looyestijn voor de assistentie die zij verleenden bij de uitvoering der
experimenten.
Drs. J.A. van Santen en medewerkers verrichten de e.s.r. metingen en Dr. J.
Reedijk bepaalde de kristalveld- splitsingen.
De heren D. de Jong, W.F. Eibers en J. Hoogwerf verleenden technische assisten
tie, terwijl de heren C.J. van Klink en L. van As de giasapparatuur verzorgden.
Mevr. M.A. Otten-Scholten groeide een deel der kristallen en adviseerde bij
problemen van chemische aard. De tekeningen voor dit proefschrift werden ver
vaardigd door de heer W.F. Tegeiaar. Het manuscript werd getypt door mevrouw
E. de Haas-Walraven.
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