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STELLINGEN

1. De berekening van de exchange constanten voor CoCK'èl^O, zoals deze gege
ven is door Shinoda et al., is aanvechtbaar.

Shinoda, T., Chihara, H. en Seki, S., J. Phys. Soa. Japan 19_

(1964) 1627.

2. De conclusies uit de susceptibi1iteitsmetingen aan LiCuC1^*2H20 van
Abrahams en Williams zijn aan twijfel onderhevig.

Abrahams, S.C. en Williams, B.J., J. Chem. Phys. 39_ (1963) 2923.

3. Magnetisatiemetingen in de buurt van het verzadigingsveld van een anti-
ferromagneet met anti symmetrische exchange kan belangrijke informatie
geven over de Dzyaloshinsky-Moriya vectors, welke deze exchange beschrijven.

bis. 69 van dit proefschrift.

4. Het begrip "easy axis" wordt in de literatuur over magnetisme niet
éénduidig gebruikt.

Zie bijvoorbeeld,• Date, M., J. Phys. Soa. Japan 14_ (1959) 1244
en Haseda, T., J. Phys. Soa. Japan 1S_ (1960) 483.

5. Bij het construeren van spoelen, welke pulsvelden moeten produceren boven
de 400 kOe, dient men de nodige aandacht te besteden aan de isolatie van
het draad waarvan de spoelen worden gewikkeld.

6. De verklaring van het warmtegeleidingsgedrag van een Nb-Ti preparaat, zoals
deze is gegeven door Dubeck en Setty, wordt niet voldoende door hun experi
menten ondersteund.

Dubeck, L. en Setty, K.S.L., Phys. Letters 27A (1968) 334.

7. De bepaling van de "zero point spin deviation" met behulp van suscepti-
biliteitsmetingen verdient in een aantal gevallen de voorkeur boven de
methode die gebruik maakt van neutronen diffractie.

bis. 107 van dit proefschrift.



8. De argumenten, welke Pekalski aanvoert ter ondersteuning van zijn fase-
diagram voor een eenvoudige antiferromagneet, zoals deze werd verkregen
uit de lineare spingolf theorie, zijn twijfelachtig.

Pekalski, A., Acta Physiaa Polonica A40 (1971) 189.

9. De berekeningen aan eindige lineaire Heisenberg ketens van onder andere
Bonner en Fisher, kunnen aanzienlijk vereenvoudigd worden.

Bonner, J.C. en Fisher, M.E., Phys. Rev. 155 (1964) A640.

10. De beschrijving weike Brilouin geeft van de roodverschuiving ten gevolge
van een gravitatieveld is discutabel.

Brillouin, L., Relativity Reexamined. Academia Press 1970 New

York en London, biz. 75.

J.W Metselaar Leiden 28 juni 1973-
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C H A P T E R  1

INTRODUCTION AND SURVEY

1. The research program.

In t h i s  th e s is  the magnetic behaviour o f  th ree  a n t i fe r ro m a g n e ts :

L i C u C l C o C l 2 * 6 H 2 0  and CoBr2*6H20 is  descr ibed . These s a l t s  have in

common th a t  the spins from which the magnetic p ro p e r t ie s  a r i s e  have the va lue

one h a l f  and th a t  a n is o t ro p ic  in te ra c t io n s  p lay  an important r o le .

The magnetic s u s c e p t i b i l i t y  a t  low frequenc ies  was measured in the tem

pera tu re  range 1.2 to  about 12 K and in magnetic f i e l d s  up to  about 110 kOe.

This f i e l d  value is  much la rg e r  than what is  c u r r e n t l y  a v a i la b le  in phys ica l

research la b o ra to r ie s .  D e ta i ls  can be found in Chapter 2 .

Up to  now no c le a r  model f o r  the magnetic i n te ra c t io n s  in L iC u C l, *2H, 0  is

a v a i la b le  in the l i t e r a t u r e .  The model is  g r e a t ly  extended and improved on

the basis o f  the s u s c e p t i b i l i t y  measurements g iven in Chapter 3 , which cover

a la rge  p a r t  o f  the magnetic phase diagram. From the d iscuss ions  as o u t l in e d

in Chapter k i t  appears th a t  the  magnetic behaviour is  dominated by an a n is o 

t ro p y  o f  the an t isym m etr ic  type , g iv in g  r i s e  to  a spontaneous ca n t in g  o f  the

fo u r  magnetic s u b la t t i c e s  w i th  respect to  each o th e r  (see se c t io n  2) .  Another

consequence o f  the an t isym m etr ic  in te r a c t io n  is  the occurrence o f  several

phase t r a n s i t io n s  ( f i r s t  and second o rd e r ) .  These t r a n s i t io n s  take p lace f a r

below the f i e l d  a t  which the t r a n s i t i o n  to  paramagnetism o ccu rs ,  and are not

found in simple two s u b la t t i c e  a n t i fe r ro m a g n e ts .

CoCl2*6H20 and CoBr2*6H20 a re  both examples o f  simple two s u b la t t i c e

an t i fe r rom agne ts  w i th  a ( f i r s t  o rde r )  phase t r a n s i t i o n  and a (second o rde r )

t r a n s i t i o n  to  paramagnetism. The a n is o t ro p y  in these s a l t s  a r is e s  from the

combined e f f e c t  o f  the  s p in - o r b i t  coup l ing  and the c r y s ta l  f i e l d  and i t s  form

is  symmetric. The model o f  the in te ra c t io n s  in these Co s a l t s  Is b e t te r  es

ta b l ish e d  in the l i t e r a t u r e  than f o r  LiCuC1^*2H20. However, a r ig o ro u s  t r e a t 

ment, based on recent sp in  wave th e o r ie s ,  was necessary because the sp in  value

is low (S = i )  and the most important in te r a c t io n  takes p lace between a sp in

and o n ly  fo u r  ne ighbours. Th is  leads to  a zero p o in t  sp in  d e v ia t io n  (see

Chapter 6) la rge  as compared to  the one o c c u r r in g  in most o th e r  a n t i fe r ro m a g n e ts .
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The experimental re s u l ts  a re presented in Chapter 5 and the d iscuss ion  is  g iven

in Chapter 6.

2. Canting mechanisms.

A spontaneous can t ing  o r  bending o f  the  s u b la t t i c e s  in zero magnetic f i e l d

is  encountered in  many magnetic systems. I f  o n ly  two s u b la t t i c e s  are involved

the can t ing  g ives  r i s e  to  a small ne t magnetic moment. Th is  phenomenon is  c a l le d

“ weak fe rrom agnet ism ". I f  more s u b la t t i c e s  are  invo lved the c a n t in g ,  in case o f

a non-zero r e s u l t in g  magnetic moment, is  c a l le d  " o v e r t " .  I t  is  c a l le d  "h idden"

in the case o f  more than two s u b la t t i c e s  w i th  a van ish ing  net magnetic moment.

The p o s s i b i l i t y  o f  ca n t in g  o f  the s u b la t t i c e s  in magnetic systems was

f i r s t  in ve s t ig a te d  by Dzyaloshinsky , who based h is  co n s id e ra t io n s  upon sym

metry p ro p e r t ie s  o f  the c r y s ta l  and on Landau's theo ry  o f  phase t r a n s i t io n s , .

He suggested an energy term o f  the form

D. ,  • S. A S.- i j  - i  - j

between two spins S. and S ..  Th is g ives  r i s e  to  a can t ing  o f  the two spins
— i —j

w ith  respect to  each o th e r ,  i f  in a d d i t io n  an a n t i  fe r rom agnet ic  in te ra c t io n

between these spins is  p resen t.
According to  Dzyaloshinsky spontaneous ca n t in g  can o n ly  e x i s t  i f  the

symmetry (magnetic as w e ll  as c ry s ta l lo g ra p h ic )  is  the same in the canted as

in  the uncanted s ta te .
The symmetry o f  L iCuC lj*2H20 is  considered e x te n s iv e ly  in Chapter A, sec

t i o n  3, from which i t  can e a s i ly  be concluded th a t  the proposed zero f i e l d

sp in  arrangement, g iven in sec t ion  5 o f  the same chap te r ,  s a t i s f i e s  Dzyaloshinsky's

requ irem ent. Th is means th a t  ca n t in g  is  po ss ib le  in LiCuCl,*2H20 regard less  o f

the mechanism.
The necessary and s u f f i c i e n t  c o n d i t io n s  f o r  the ex is tence  o f  weak f e r r o -

2) • • rmagnetism have been g iven by Turov • Two necessary c o n d i t io n s  f o r  weak fe r ro ~

magnetism a re :
1°. The magnetic and chemical unit ceil must be identical.
2° . The magnetic moments a t  a l l  l a t t i c e  s ( te s  re la te d  by t r a n s la t io n  o r

in ve rs io n  tra n s fo rm a t io n s  must be p a r a l l e l .
5 )  M

From neutron d i f f r a c t i o n  data , X-ray a n a ly s is  and Li nuc lear magne

t i c  resonance ^ i t  is  concluded th a t  the chemical u n i t  c e l l  con ta ins  fo u r  d i f 

f e r e n t  Cu ions and th a t  the magnetic system c o n s is ts  o f  fo u r  o r  two s u b la t t i c e s .

10



I f  the re  are two magnetic s u b la t t i c e s ,  thus two m a g n e t ica l ly  d i f f e r e n t  Cu sp ins ,

then the f i r s t  c p n d i t io n  is  not f u l f i l l e d .  I f  the re  are fo u r  magnetic s u b la t 

t i c e s  then by d e f i n i t i o n  LiCuCI,*2H20 can not be a weak fe rromagnet. In fa c t  a

fo u r  magnetic s u b la t t i c e  model appears to  desc r ibe  the behaviour o f  L iCuC lj*2H20

s a t i s f a c t o r i l y  accord ing  to  Chapter 4.

The second necessary c o n d i t io n  f o r  weak ferromagnetism is  not f u l f i l l e d  as
M

is  c le a r  from the neutron d i f f r a c t i o n  data . Neighbouring spins which are

re la te d  by in ve rs io n  are a n t i p a r a l l e i .

So the conc lus ion  is  th a t  weak ferromagnetism is  not po ss ib le  in L iC u C I, ’

2H20 ,
The can t ing  in L iC u C I,* 2 ^ 0  should be e i t h e r  hidden o r  o v e r t .  In the sus

c e p t i b i l i t y  measurements, which are g iven in Chapter 3 no magnetic moment in
zero f i e l d  was detected and a lso  in the l i t e r a t u r e  th i s  p ro p e r ty  has never been

mentioned. In f a c t ,  thus f a r ,  a l l  i n v e s t ig a to rs  have considered L iCuCI,*2H20

to  be an o rd in a ry  two s u b la t t i c e  a n t i fe r ro m a g n e t .  Th is  model appears to  be too

s im p le , as fo l lo w s  from the d iscuss ions  g iven in Chapters 3 and 4.

So i t  is  concluded th a t  in L iC u C I,#2H20 o n ly  a hidden ca n t in g  is  poss ib le

and i t  fo l lo w s  from the  s u s c e p t i b i l i t y  data o f  Chapter 3 th a t  the  ca n t in g  angle

is  approx im ate ly  6°.

In the l i t e r a t u r e  several can t ing  mechanisms may be found.

1°. M o r iya 's  s in g le  ion a n is o t ro p y  mechanism ^ . Th is  mechanism is  ru led

ou t in the case o f  L iCuCI,*2H20 because S = i  so th a t  no s in g le  ion a n iso tro p y

can-ex i s t .

2 ° . M o r iya 's  an t isym m etr ic  exchange mechanism ^ . In t h i s  case the can

t i n g  a r is e s  from the an t isym m etr ic  p a r t  o f  the a n is o t ro p ic  superexchange

energy; i t  is  caused by the  s p in - o r b i t  c o u p l in g .  The magnitude is  est imated to

be Ag/g times the i s o t ro p ic  superexchange energy (see a lso  Chapter 4 , sec t ion

2 ) .  Here Ag is  some mean va lue  o f  g -  2 f o r  the substance cons idered . In the

case o f  L iCuCI,*2H20 Ag/g :  .1 ,  g iv in g  r i s e  to  a ca n t in g  angle  o f  about 6° ,

which is  q u i te  c lose  to  the experimental va lue .  The in te r a c t io n  re la te d  to

t h i s  mechanism is  in the l i t e r a t u r e  known as Dzyalosh insky-Moriya in te r a c t io n .
81

3° .  S i lv e ra  e t  a l .  have shown th a t  ca n t in g  can be produced by the

a c t io n  o f  a n is o t ro p ic  g tenso rs ,  o f  which the p r in c ip a l  axes are  t i l t e d  w i th

respect to  each o th e r  a t  the d i f f e r e n t  magnetic ion s i t e s .  The an t isym m etr ic

in te ra c t io n  in the d e s c r ip t io n  o f  the magnetic behaviour a r is e s  in terms o f  a

f i c t i t i o u s  sp in  S = i .  In case o f  an i s o t r o p ic  g tensor the re  is  no c a n t in g .

In the case o f  LiCuCIj *2H20 g v a r ie s  o n ly  10% fo r  the d i f f e r e n t  c r y s t a l l o 

graph ic  d i r e c t io n s  and the  can t ing  angle does not exceed .06° i r r e s p e c t iv e  o f



the t i l t i n g  angle ( i f  t h i s  e x is t s )  between the p r in c ip a l  axes belonging to

d i f f e r e n t  Cu ions. Consequently t h i s  mechanism can not account f o r  the e x p e r i 

m e n ta l ly  observed angle o f  6°.

From the preceding d iscuss ion  i t  is  c le a r  th a t  o n ly  M o r iya 's  an tisym m etr ic

exchange mechanism is  a poss ib le  cause o f  the  can t ing  in L iC u C l^ ^ i^ O .  The

symmetry c o n s id e ra t io n s  re la te d  to  t h i s  mechanism are e x te n s iv e ly  g iven in

Chapter 4 sec t ion  3 end important conc lus ions  are drawn,

The model f o r  L iC u C l j ^ l ^ O  is  fu r t h e r  developed by us ing the f a c t  th a t  an

o rd e r in g  process sets in a t  a f i n i t e  temperature (4.48 K as fo l lo w s  from the

s u s c e p t i b i l i t y  measurements g iven in Chapter 3 ) .  The ex is tence  o f  t h i s  o rdé r ing

temperature means th a t  in te ra c t io n s  should p lay  a ro le  ou ts id e  the chain  in

which the sm a l les t d is tances  occur between Cu sp ins ,  because a system o f

unco rre la ted  chains does not lead to  long range o rd e r .

The co n s id e ra t io n s  about the ex is tence  o f  a Dzyaloshinsky-Moriya i n t e r 

a c t io n  as w e ll  as the occurrence o f  an o rd e r in g  temperature toge the r w i th  the

r e s t r i c t i o n  t h a t ,  i f  an important in te ra c t io n  takes p lace between two sp ins ,

t h e i r  d is tance  should not be too la rg e ,  a re  the main fe a tu re s  o f  the arguments
which r e s u l t  in to  the energy expression (equation 3 o f  Chapter 4) o f

L i C u C l I t  is  expected th a t  t h i s  Ham ilton ian  descr ibes the most impor

ta n t  p ro p e r t ie s  o f  t h i s  a n t i fe r ro m a g n e t .  P re l im in a ry  c a lc u la t io n s  show th a t

t h i s  H amilton ian descr ibes  the s p in - f l o p  t r a n s i t i o n  as w e ll  as the f i r s t  o rder

phase t r a n s i t i o n  which takes p lace a t  a h igher f i e l d .  An e sse n t ia l  p ro p e r ty  o f

the h igher f i r s t  o rde r  phase t r a n s i t i ó n  is  th a t  the s ign  o f  the v e c to r  product

o f  two o f  the fo u r  magnetic s u b la t t i c e s  o f  L iC u C l, * 2 H2 0  suddenly reverses.

3. Spin waves.

9)The concept o f  a sp in  wave was f i r s t  used by Bloch . Th is sp in  wave is

described as a s in g le  reversed sp in  d i s t r i b u te d  c o h e re n t ly  over a la rge  number

o f  o the rw ise  a l igned  atomic spins in a c r y s ta l  l a t t i c e .

A quantummechanical trea tm ent f o r  an an t i fe r rom agne t was f i r s t  g iven by

Hul then 10^. He de f ined  coo rd ina tes  which, in a c la s s ic a l  way, represent the

small v ib r a t io n s  (considered to  be harmonic) o f  the sp in  system; then these

coo rd ina tes  were quan tized . However, hé ignored the zero p o in t  energy which

should e x i s t  In a system o f  harmonic o s c i l l a t o r s ,  as was po inted ou t by K le in

and Smith ' . A c a re fu l  trea tm ent o f  the ground s ta te ,  in c lu d in g  the zero
12) . • ,p o in t  energy, was c a r r ie d  out by Anderson fo r  a simple an t i fe r ro m a g n e t .  The

theory  in which the sp in  v ib r a t io n s  are  taken to  be harmonic is  c a l le d  the

12



linear spin wave theory.
Anderson and Kubo ^  predicted, on the basis of the linear spin wave

theory, a spin reduction in a crystal la t t ic e  of the order of 1/zS, in which
z is the number of spins with which one spin interacts. For ordinary ant ife rro -
magnets this spin reduction should be experimentally observable e.g. with
accurate neutron d if frac tio n . I f  S = i  and z = A, which is the case for
CoClj'öh^O and CoB^'ól^O, the two salts considered in this thesis, the spin
reduction' is expected to be very large, v iz .  0 .5, and this must be reflected
in the behaviour of the susceptibility  In the flop phase of these ant iferro -
magnets. The reason for this is that the spin reduction does not exist in the
paramagnetic phase. So a more than linear increase of the magnetization is
expected in the flop phase, resulting into a rise of the susceptibility  with
increasing f ie ld .  This rise is not predicted by the molecular f ie ld  theory.

The assumption that the spin d if fe rs  only a small amount from its ground
state value lim its the app licab il i ty  of the linear spin wave theory to the low

, ,  i4)
temperature region. For this reason Holstein and Primakoff developed a
non-linear spin wave theory in which they defined the exact coordinates re
presenting the spin deviations from the ground state value. In terms of these
coordinates the Hamiltonian of the system splits  into two parts. One quadratic
in the spin wave amplitudes and one of the higher order. The quadratic part
alone gives a theory of non-interacting spin waves, identical to the linear

12)approximation of Anderson . The non-quadratic part represents the effects
of interaction between spin waves. Therefore i t  is expected that, for the lower
temperatures, a consistent treatment of spin wave interactions is possible,
taking the quadratic part of the Hamiltonian as a f i r s t  approximation and
dealing with the non-quadratic part by perturbation theory. However, according
to Dyson ^  , for the case of ferromagnetism i t  appears that in this pertur
bation theory the spin wave interactions are largely overestimated and that,
for the lower temperatures, the linear spin wave theory gives a much better
description. The same result is expected for an antiferromagnet, although an
exact proof has not yet been given.

Several authors treated the problem of an antiferromagnet in the d ifferent
phases. Wang and Callen described the behaviour of an antiferromagnet in the
flop phase. In this description the spin wave interactions are taken into
account to a certain extent. Feder and Pytte ^  carried out calculations in
cluding the three d ifferent phases of an anisotropic antiferromagnet including

1 o  \

spin wave interactions to the order 1/S. Kanamori and Yosida ' approached
the problem with the linear spin wave theory.

13



The experimental results of CoC12*6H20 and CoBr2*6H20 given in Chapter 5
are compared with the spin wave predictions in Chapter 6. Special attention is
given to the behaviour of the susceptibility in the flop phase, considering the
influence of the spin wave interactions, the temperature and the anisotropy.
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C H A P T E R  2

EXPERIMENTAL PROCEDURE

1. In t r o d u c t io n .

The purpose o f  the experiments is  to  s tudy the behaviour o f  a n t i fe r ro m a g 

n e t ic  m a te r ia ls  as a fu n c t io n  o f  the magnetic f i e l d  and the temperature,

s p e c ia l l y  the phase t r a n s i t i o n s .
In the l i t e r a t u r e  many t r a n s i t io n s  are described which occur a t  r e l a t i v e 

ly  low f i e l d  va lues . Most o f  them are t r a n s i t io n s  between two ordered s ta tes

u s u a l ly  between the s o -c a l le d  "a n t i fe r ro m a g n e t ic "  and " s p in  f l o p "  phases. In

these phases the  o rde r  is  brought about by the  a n is o t ro p ic  exchange in te r a c t io n ,

c h a ra c te r ized  by the exchange energy J.
In the  present in v e s t ig a t io n s  spec ia l a t t e n t io n  has been g iven to  the

t r a n s i t i o n s  in  h igher f i e l d s ,  o f  which the  h ighes t one is  the t r a n s i t i o n  to

paramagnetic s a tu r a t io n .  A simple q u a l i t a t i v e  co n s id e ra t io n  leads to  an es tim ate

o f  the necessary f i e l d  va lues . In zero f i e l d  the a n t i  fe r rom agnet ic  o rde r is

destroyed by the energy kT,,, where k is  the Boltzmann's cons tan t and T^ the

Neel temperature. At zero temperature i t  is  destroyed by the energy VgH., where

y is  the  Bohr magneton and H the t r a n s i t i o n  f i e l d  a t  T = 0. Considering on ly
B c

o n ly  o rde rs  o f  magnitude we have the  r e la t io n s

kTN S UBHc ,  J

s ince  y / k  -  .67 x 10** emu, a Néel temperature in the l i q u i d  helium reg ion ,
B

say 3 K, corresponds to  an upper t r a n s i t i o n  f i e l d  o f  about 40 kOe. Such f i e l d s

are w e ll  w i t h in  reach o f  the  modern superconducting c o i l  magnets.
The q u a n t i t y  determined in the  experiments was the  isothermal d i f f e r e n t i a l

s u s c e p t i b i l i t y  (3M/3H)t . The phase t r a n s i t io n s  are observed as w e ll  de fined

peaks, jumps and k inks  in the experimental cu rves . From these we can d e r ive  the

(H,T)-phase diagram.
The Néel temperatures o f  the substances in ve s t ig a te d  in th i s  th e s is  a re :

A .48 K f o r  L iCuClj *2H20, 2.25 K fo r  CoC12*6H20 and 3.1*» K f o r  CoBr2 *6H20. The

f i r s t  one was in ve s t ig a te d  between 1.2 and 12 K, the l a t t e r  two between 1.2
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and 4.2 K. Magnetic fields up to 110 kOe were available.

2. The superconducting coil and the cryostat.

2.1. Construction of the coil. The coil is shown in fig. 1. It consists
of three concentric sections, each 140 mm in length. The outer section was
wound from 3300 m NbTi wire supplied by IMI (type "Niomax S" 50/80). This sec
tion has an external diameter of 160 mm and an inner diameter of 86 mm. The
middle section was wound from 1037 m Nb^Sn ribbon supplied by RCA (type R-
60214) and had an outer diameter of 82 mm and an inner diameter of 54 mm. The
inner section was wound from 533 m Nb.Sn ribbon, also from RCA (type SR-2101)

< ' 2
with an outer diameter of 50 mm and an inner diameter of 30 mm ). The resulting
magnet has a clear bore of 28 mm. The sections are shown separately in fig. 2.
The outer section was wound without any special precautions, as was (at that
time) suggested by IMI. Both Nb,Sn coils were wound exactly according to RCA's
application note. Copper shorting strips were applied over ail the layers and
mylar-coppei— mylar sheets were inserted between layers.

In order to Increase the homogeneity of the field ', a number of turns
were omitted in the centre of the inner coil, as shown in fig. 1. The length
of the gap is 10 mm and its height 2.3 mm. Holes and grooves were applied in

Fig. 1. Cross-section of coil (dimensions in mm).

the flanges of the coils in order to improve the cooling during energizing of
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the magnet (see fig. 2).
The connections between the subsequent sections and between the magnet and

the current leads were made by means of copper blocks to which strips of Nb^Sn
were soldered. By tightly bolting them to the coil terminals, resi-stances of
the order of 10~'n were obtained (see fig. 3). Five soldered connections were

I»::

Fig. 2. Photograph of the three separate sections on which the holes and

the grooves for cooling can be seen.

Fig. 3. Photograph showing the coil terminal connections and the tail of

the insert dewar.
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made ins i de  the  s e c t i o n s .  Three o f  them had r e s i s t a n c e s  between 10 ' and
-8

10 fl, and the  o th e r  two had r e s i s t a n c e s  o f  the  o r d e r  o f  10 0 in low f i e l d s ,
in c re as i ng  to  10 ^0 a t  70 kOe 80 A.

2 .2 . C oil c h a r a c te r is t ic s .  The f i e l d  is measured wi th  a Siemens c ryogen ic
Hall probe,  which was c a l i b r a t e d  in t h i s  c o i l  up to  114 kOe by means o f  a

s imul t aneous  nu c l ea r  magnet i c r esonance exper imen t .  The a pp a r a t u s  f o r  t h i s

c a l i b r a t i o n  was k ind ly  put  a t  our  d i s pos a l  by M.W. van Tol from our  l a b o r a to r y .

Table I g ive s  some f i e l d  va lu es  and the  d e v i a t i o n  from l i n e a r  behaviour

wi th  c u r r e n t .  H is  the  ex p e r im en t a l l y  determined f i e l d  and H , i s  themeas c a l c

Table I

Cur rent F ie ld H y s t e re s l s

l,A H , kOemeas H . -  H , kOec a l c  meas

0 0 0

5 5.6 0 . 8
10 11.8 1.1

30 36 .5 2 .3
50 63 .0 1.5
70 8 9 . 6 1 .0

85 109.4 0 .5

f i e l d  c a l c u l a t e d  f o r  a copper  c o i l  o f  the  same d imens ions .  A f t e r  a f u l l  run

up to  110 kOe and ddwn to  ze ro c u r r e n t ,  t he  remanent f i e l d  is about  3 kOe.

The f i e l d  homogeneity can be seen in f i g .  4 ,  f o r  severa l  f i e l d  l e v e l s .
The f u l l y  drawn curve  was c a l c u l a t e d  f o r  a copper  c o i l .  The dependence o f

homogeneity on the  f i e l d  s t r e n g t h  is  caused by the  breakdown o f  the  magnet i 
zing  c u r r e n t s  in the  superconduc t ing wi re  and r ibbon o f  the  c o i l ,  which is
d i f f e r e n t  f o r  Nb,Sn and NbTi.

2 .3 . Behaviour o f  the  o o i l  during en erg iz in g . Usual ly r a t e s  o f  f i e l d
change o f  about  3 kOe min a r e  used.  At 4 .2  K we obse rved many small f a s t
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flux jumps (order of magnitude 10 0e and characteristic time a few milli
second) and a few slow "jumps" (order of magnitude 500 0e and characteristic
time a few second). The small fast flux jumps are probably caused by the
quenching of magnetizing currents in the inner Nb Sn windings, whereas the
large slow jumps are caused by the quenching of magnetizing currents in the
outer NbTi windings. The long duration of the latter ones is due to partial
compensation by induced currents in the windings of the inner sections which
are shorted by copper strips (see above). Below the X point of liquid helium
more jumps occur than at A.2 K but they are of smaller magnitude (stated
wrongly in ref. 1).

1.00

0.99

0.98

0.97 m m  30-20

Fig. 4. Field dependent homogeneityi fuVLy drawn curve is calculated

for a copper coil of the same dimensions.

O  Experimental points for 20 kOe

□  For 45 kOe

A  For 80 kOe
(H is the field in the centre),c
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Table i l  g ives the maximum f i e l d s  and c u r re n ts  th a t  cou ld  be reached before

going normal f o r  d i f f e r e n t  combinations o f  c o i l  s e c t io n s .  Here sec t ion  1 is  the

ou te r  one, sec t ion  2 the m iddle one, and sec t ion  3 the inner one. The maximum

c u r re n t  d e n s i t ie s  f o r  the d i f f e r e n t  sec t ions  j u s t  be fore  quenching are l i s t e d

in  ta b le  I I I .

The w inding d e n s i t ie s  o f  the sec t ions  proved to  be somewhat h igher than

was expected before w ind ing the magnet. Due to  t h i s  the expected quench c u r re n t

o f  90 A a t  A . 2 K  was not reached, but the necessary c u r re n t  d e n s i ty  f o r  100 kOe

below the X p o in t  was e a s i l y  ob ta ined .

E nerg iz ing  the  c o i l  below the X p o in t  has several advantages.

1. Smaller f l u x  jumps than a t  A .2 K.

2. The b o i l - o f f  ra te  o f  helium a f t e r  quenching is  less v i o le n t  than a t

A . 2 K.
3. A pprec iab ly  h igher f i e l d s .

The disadvantages are

1. An e x tra  pump is  needed.

2. Helium consumption is  increased.

3. Extra time is  needed to  reduce the temperature.

Table I I

Combination Inner

diameter

mm

Outer

diameter

mm

A.
F ie ld

kOe

,2 K

Current

A

1

F ie ld

kOe

.5 K

Current

A

1 82 160 A5 77 > 73 >128
1+2 50 160 79 81 90 93

1+2+3 28 160 91 70 11A 87

Table I I I

Section Type o f  w ire  Current d e n s i ty

A .2 K

-2
A cm

1.5 K

1 Niomax S 50-80(IM I) 12600 21000

2 R-6021A (RCA) 25700 29A00

3 SR 2101 (RCA) 19800 2A200

2 .4 . The c ry o s ta t.  The c ry o s ta t  is  shown in f i g .  5- I t  has been c o n s tru c 

ted in the la b o ra to ry  workshop, and is  made e n t i r e l y  from s ta in le s s  s t e e l .  I t

c o n s is ts  o f  th ree  co n c e n tr ic  vesse ls .  The o u te r  one is  f i l l e d  w i th  l i q u i d
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nitrogen, the middle one contains liquid helium which cools the coil, and the
inner one is used for the actual experiment during which it may be filled with
liquid helium, hydrogen, nitrogen or even neon. Its tail has an inner diameter
of 22 mm.

Fig. 5. Cross-section of the cryostat and coil suspension.

The vacuum spaces of the three vessels can be Independently evacuated.
This has the advantage that, during the filling of the outer vessel with liquid
nitrogen, some helium exchange gas can be admitted to the vacuum spaces of the
inner two dewars, so that the magnet coil and the experimental equipment can
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be cooled down to l iqu id  n i t rogen temperature.  This takes  about e igh t  hours.
In order to reduce the evaporat ion ra te  of  the helium, we mounted three

copper r ad ia t io n  sh ie ld s  in the helium gas stream in such a way th a t  the evapo
ra t ing  gas is forced along the wal ls  of  the dewars. This reduces the evaporat ion
ra te  by a f a c to r  o f  th r ee .  At presen t  the  to ta l  evaporat ion is 0.35 I h

t r anspor t  vesseldewar

Fig. 6. The helium transfer line, with the interconnection tube required
to avoid helium oscillations.

The co i l  is suspended from a f lange  which is welded to  the lower par t  of
the inner dewar ( f ig .  5 ),  so there  is no ex t ra  mounting device which would have
i tS-upper pa r t  a t  room temperature.  This ,  aga in,  reduces the helium evaporat ion.

The c ur re n t  leads to the co i l  , c o n s is t  of  folded copper sh ee ts ,
60 mm wide and 0.1 mm th ic k ,  with a superconducting s t r i p  soldered to them.
They a re  each mounted in a g l as s  tube which is open a t  both ends.  In t h i s  way
the leads a re  e f f e c t i v e l y  cooled by the  evaporat ing helium. A pa i r  of  leads,
each 1.2 m long, give a to ta l  heat d i s s i p a t i o n  of  about 200 mW a t  100 A.

In order to cool down the co i l  (which has a weight o f  about 20 kg) e f f i 
c i e n t l y  from 80 to A.2 K, a f ixed helium t r a n s f e r  l i n e  is used. I t  is  double
walled down to the  bottom of  the  dewar. Since in such a tube helium o s c i l l a 
t ions  may a r i s e ,  we mounted a narrow tube,  which connects the  upper par t  o f
the t r a n s f e r  1ine,  to  the space above the l iqu id  helium, as shown in f i g .  6.
In t h i s  way the cooking down of the coi l  from 80 to A.2 K takes about 6 1 of
helium. A sho r te r  t r a n s f e r  l in e  is used to rep len ish  the dewar.
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3. Temperature measurement and t empera tu re  c o n t r o l .

The s u s c e p t i b i l i t y  has been measured ve r su s  the  magnet ic f i e l d  a t  co n s ta n t

t empe ra tu re  as well as  ve r sus  the  t empera tu re  a t  c o n s ta n t  f i e l d .  The t empera tu re

was d e t e c te d  wi th  two Al 1en-Brad ley carbon r e s i s t o r s ,  mounted symmet r ica l ly

above and below the  sample.
The thermometers were c a l i b r a t e d  betwen 1.2 and A . 2 K ve r su s  the  l iq u i d

hel ium vapour p r e s s u r e  and above I A  K ve rs us  the  hydrogen vapour p r e s s u r e .  For

th e  exper iment s  between A . 2 and 12 K i n t e r p o l a t i o n  was needed.  Since the  mag

n e t o r e s i s t a n c e  o f  the  carbon r e s i s t o r s  was n o n - n e g l i g i b l e  a d d i t i o n a l  c a l i b r a 

t i o n s  a t  severa l  magnet ic f i e l d  l e v e l s  were ne c es sa r y .  The c a l i b r a t i o n s  were

rep ea ted  p e r i o d i c a l l y  a f t e r  severa l  hel ium runs.
During th e  exper iment s  between 1.2 and A . 2 K the  inner  dewar tsf  the  c ry o 

s t a t  ( see  s e c t i o n  2) was f i l l e d  wi th  l i q u i d  hel ium.  The i n v e s t i g a t i o n s  between

A . 2 and 12 K were c a r r i e d  ou t  wi th  8 mm Hg p r e s s u r e  o f  hel ium gas in the  dewar

and a small amount o f  hel ium between i t s  w a l l s ,  a c t i n g  as  an exchange gas

between the  exper imen tal  equipment and th e  su r rounding  l i q u i d  hel ium in the

dewar c o n t a in i n g  the  superconduc t ing c o i l .  The c u r r e n t  through the  pr imary

measur ing c o i l s  and the  heat  l eak  from the  room te mpera tu re  top o f  the  inner

dewar gave r i s e  to  an inc re as e  o f  the  t empera tu re  o f  the  sample and the  thermo

m e te r s ,  which could be c o n t r o l l e d  by a d j u s t i n g  th e  p r e s s u r e  o f  the  exchange

gas between the  w a l l s  o f  the  dewar.
In the  exper iment s  above A.2 K the  t emp era t u res  o f  the  c r y s t a l  and the

thermometers were equ a l i z ed  as  well  a s  p o s s i b l e  by us ing "c o i l  f o i l "  in s i de
the  measur ing system.  A check on the  thermal e q u i l i b r iu m  was made by r e p e a t in g

the  exper iment s  between 1.2 and A.2 K wi th  hel ium gas ins id e  the  inner  dewar

and the  hel ium of  the  superconduc t ing c o i l  a t  1.2 K. Moreover an exper iment

was made in which the  c r y s t a l  under  i n v e s t i g a t i o n  was r ep laced  by Cs ,Co(S0.)„*
7) L6H-0, a s a l t  which obeys C u r i e ' s  law very a c c u r a t e l y  . I t  t urned  ou t  t h a t

in a l l  t h e se  exper iment s  the  d i f f e r e n c e  between the  mean t empera tu re  o f  the

s a l t  (de r ived  from i t s  s u s c e p t i b i l i t y )  and the  mean t empera tu re  o f  the  carbon

thermometers never  exceeded 0.02 K and i t  i s  supposed t h a t ,  up to  12 K, t h i s

u n c e r t a i n t y  in the  t empera tu re  w i l l  not  be s i g n i f i c a n t l y  h ig he r .

A. S u s c e p t i b i l i t y  measurement .

The s u s c e p t i b i l i t y  o f  the  s i n g l e  c r y s t a l s  o f  LiCuCl^'^F^O, CoClj '^HjO and

CoBr2 *6H„0 has been measured by means o f  a mutual induc t ion method®). The
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c ry s ta l  under in v e s t ig a t io n  was mounted in s id e  a c o i l  system in the inner

dewar, which was surrounded by the superconducting c o i l  magnet, see sec t ion  2.

The pr im ary o f  the mutual inductance cons is ted  o f  two co n c e n tr ic  c o i l s  o f

which, the o u te r  one had h a l f  the number o f  tu rns  o f  the inner one and times

i t s  d iam e te r ,  the c o i l s  being wound in o p p o s i te  d i r e c t io n s .  With t h i s  c o n f ig u ra 

t io n  the s t ra y  f i e l d ,  and hence the coup l ing  w i th  the surrounding  dewar and the

superconducting c o i l  magnet, is  g r e a t ly  reduced. The secondary system cons is ted

o f  two o p p o s i te ly  wound c o i l s ,  o f  which one conta ined the s a l t .  In o rde r  to  save

space the secondary c o i l s  were not loca ted  in s id e  the p r im ary  ones, as is usua l
l y  done, but between them.

A l te rn a t in g  measuring f i e l d s ,  3 Oe peak to  peak a t  225 Hz, were generated

in the pr im ary c o i l s  and the s igna l from the secondary c o i l s  was de tected  w i th

the he lp  o f  a PAR phase s e n s i t i v e  d e te c to r .  The component o f  the s igna l which

is  90° ou t  o f  phase w i th  the pr im ary c u r re n t  is  d i r e c t l y  re la te d  to  the real

component o f  the d i f f e r e n t i a l  magnetic s u s c e p t i b i l i t y  x 1* The in phase component

is  re la te d  to  the imaginary p a r t  x11» which is  p ro p o r t io n a l  to  the energy absorp

t i o n  in the sample. None o f  our c r y s t a ls  showed any d e te c ta b le  x" a t  any tem

pera tu re  o r  f i e l d ,  so th a t  re la x a t io n  e f f e c t s  a t  225 Hz may be assumed to  be

n e g l ig ib le .  For a schematic diagram o f  the measurements see f i g .  J.

primary

current

secundary

voltage1

—re c o rd e r yi

-recorderY 2

H g . 7. Block diagram o f  the s u s c e p tib ility  measurement. 1. o s c il la to r ,

2. a ttenu ato r, 3. curren t measuring device, 4. c o i l  system and

sample in  the c ryo s ta t, 5. p re—a m p lif ie r , 6. s e le c tiv e  a m p lif ie r ,
7. and 8. phase sen s itive  detectors.

A c o r r e c t io n  has to  be made to  the measured s u s c e p t i b i l i t i e s  because o f

a small v ib r a t io n  o f  the c o i l  system, due to  the Lorentz fo rces  on the pr im ary

c o i l s .  The c o r r e c t io n ,  measured w i th  an empty c o i l  system, appeared to  be

p ro p o r t io n a l  to  the square o f  the magnetic f i e l d ,  as cou ld  be expected. An

a d d i t io n a l  s u s c e p t i b i l i t y  peak was found near zero f i e l d .  Th is  cou ld  e n t i r e l y

be ascr ibed to  a coup l ing  between the  c o i l  system and the surrounding  super

conducting c o i l ;  a c o r r e c t io n  could be app l ied  f o r  i t .
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Only relative values of the susceptibility are measured with our method.
The absolute values for Co C1,*6H,0 were obtained by comparing our results with

q\ ^
those of Skalyo et al. , those for CoBr2*6H2<) by comparing them with those
of Garber 10 .̂ The absolute susceptibility values of LiCuClj*2H20 were obtained
from the calibrations of the Co salts.

Two kinds of experiments were performed. In the regions of the (H,T)-
diagrams where a phase transition was represented by a more or less horizontal
line the field was slowly varied at constant temperature and the susceptibility
(output of the PAR phase-sensitive detector) was plotted on an XY recorder as
a function of the field. In opposite cases the temperature was slowly varied
at constant field and the susceptibility was plotted against T. The results of
the two methods were in mutual agreement.

The field of the superconducting coil was measured with the help of a
Hall probe, mounted just below the sample. In the experiments at constant
temperature the horizontal axis of the recorder was directly driven by the Hall
voltage. This had the consequence of a non-linear field scale of the recorder.
For reproducibility of the field scale it proved to be necessary to thermostat
the power source of the Hall probe.

In the experiments at constant field the horizontal scale of the XY re
corder was driven by the unbalance of a Wheatstone bridge. A part of this
bridge consisted of the pair of carbon thermometers, described in section 3.

5 . Measurements versus the orientation.

In the case of the measurements of LiCuClj*2H20 the susceptibility as a
function of the orientation of the single crystal could be detected. The appa
ratus for reorienting the single crystal is shown in fig. 8. It consists of
two concentric frames made from delrin. The outer frame consists of two de
mountable rings perpendicular with respect to each other. This frame can be
rotated over more than 200° around a fixed axis perpendicular to the external
field. Inside this frame a smaller similar frame is mounted, in such a way that
its axis of rotation is perpendicular to that of the outer one. Rotations of
the inner frame (also over more than 200°) with respect to the outer one is
accomplished by means of two cotton threads passing through the hollow suspen
sion axes of the outer frame. Because of constructional difficulties the axes
of rotation are not exactly perpendicular but 3° off. The whole apparatus is
mounted inside a delrin tube of 9.4 mm inner diameter.

26



1

2

Fig. 8. Apparatus for reorientating the single crystal. The two frames
have been taken apart for clarity . With the threads indicated by
1 the inner frame can be rotated with respect to the outer one.
With 2 the whole system can be rotated.
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C H A P T E R  3

MAGNETIC BEHAVIOUR OF LiCuCl3 *2H20

1. Survey o f  the l i t e r a t u r e .

I 2)Vossos e t  a l .  in ve s t ig a te d  s in g le  c r y s t a ls  o f  L iCuCl,*2H20 w i th

X -rays . The red-brown m onoc l in ic  c r y s t a ls  have l a t t i c e  constants  a = 6.078 A,

b = 11.145 A, c = 9.145 A and 3 = 108°45 '. The space group was concluded to

be P2j/C . Prominent in the s t r u c tu re  are p lanar CuCl^ ions w i th  symmetrical

Cu-Cl-Cu b r idges ,  g iv in g  r i s e  to  s t r o n g ly  coupled copper p a i r s .  These p a irs

w i l l  hence fo r th  be re fe r re d  to  as "d im e rs " .  The dimers a re  weakly l in ke d  to

each o th e r ,  lead ing  to  chains p a r a l le l  to  the a a x is .  Th is  c r y s ta l  s t r u c tu r e ,

toge the r w i th  the re s u l ts  o f  the s u s c e p t i b i l i t y  measurements (a lso  performed

by Vossos e t  a l . ) ,  suggest a ground s ta te  t r i p l e t .  Comparing t h i s  s t r u c tu re

w i th  th a t  o f  CuCl2 and CuC12 *2H20, and ta k in g  in to  account the  known exchange

in te ra c t io n s  o f  the compounds, i t  was concluded th a t  in the chains the members

o f  a dimer a re p a r a l le l  and subsequent dimers are o r ie n te d  o p p o s i te ly .  From the

maximum in the s u s c e p t i b i l i t y  the o rd e r in g  temperature was concluded to  be

5.9  K.

The heat c a p a c i ty  has been measured in the temperature range 2 -  9 K by
3)

F o rs ta t  and McNeely . I t s  behaviour ind ica ted  a paramagnetic t o ^ n t i f e r r o -

magnetic phase t r a n s i t i o n  a t  4 .40 K, so a p p re c ia b ly  lower than the temperature

given by Vossos e t  a l .  . The to t a l  magnetic en tropy  change was 1.35 ca l /m o le

degree. This va lue  is  ve ry  c lose  to  the  va lue expected f o r  a S = )  system, which

suggests th a t  the o r ie n ta t io n  o f  the members o f  a dimer is  a n t i p a r a l l e l ,  con

t r a d ic t o r y  to  the arrangement suggested by Vossos and h is  coworkers. I t  was

found th a t  48% o f  the to t a l  en tropy  change occurs above the Néel temperature,

presumably due to  the slow d im inua t ion  o f  the sho r t  range o rd e r in g  o f  the sp ins .

The cons iderab le  sho r t  range o rde r has a lso  been found in CoC12*6H20, CoBr2*

6H.0 and o th e r  a n t i  fe r rom agnet ic  s a l t s .
2 . 4)

More re c e n t ly  heat ca p a c i ty  measurements by Clay and Stave ley , however,

suggested again th a t  the in te ra c t io n  w i t h in  a dimer should be fe r rom agne t ic ,

g iv in g  r i s e  to  a sp in  o f  u n i t y  f o r  the p a i r .

From nuc lear resonance o f  ^L i and proton resonance by Spence and Murty ®
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a Néel temperature of  4.46 K was found, in good agreement with the  value of
F or s t a t  and McNeely  ̂ . The magnetic space group was one of  the following three

P2 . /C ' ,  P2I/C or P 2 , /C :I i a I £\
Spence and Murty ' derived the s u b l a t t i c e  magnetizat ion versus the tem

pe ra tu re  from the local f i e l d  a t  the proton s i t e s  by observing the proton re 
sonance. A r  dependence was found. The proton s p i n - l a t t i c e  re laxa t ion  time
showed a dependence. The d isc repanc ies  between spin wave theory and exp e r i 
ment a r e  much l es s  se r ious  in LiCuCl^’Zh^O than in Cu C^’Zi^O.

Antiferromagnet1c resonance in LiCuC). 2H.0 was s tudied by Date and
7 \  ^  L

Nagata . The observed g values along the pr inc ipa l  magnetic axes a re :
a . = 2.06.  a. = 2.14 .  a = 2.22.  i t  was concluded th a t  the easy Spin ax is  issa '  b c
the a 1 a x i s .  The spin f lop  t r a n s i t i o n  takes place a t  10.2 kOe a t  i .4 K.

From a neutron d i f f r a c t i o n  experiment on a s i ng l e  c rys ta l  in zero f i e l d
and from magnetic s u s c e p t i b i l i t y  measurements performed by Abrahams and
Williams the  most l i k e l y  space group was found to be P2J/C. From the neutron
d i f f r a c t i o n  data i t  could only be concluded th a t  the spin d i r e c t i o n  is in the
ac plane a t  approximately 18.8 ± 68° from the  c a x i s .  One of  these  d i r ec t i o n s
(18.8 + 68°) d i f f e r s  only 3° from a 1 which was the  spin d i r e c t i o n  according to
Date and Nagata . From the s u s c e p t i b i l i t y  data versus the o r i e n t a t i o n  in the
ac plane i t  was concluded,  however, th a t  the  co r re c t  d i r e c t i o n  was 18.1 -  68°,
al though the s u s c e p t i b i l i t y  data did not include the a 1 d i r e c t i o n .

Abrahams and Williams could develop a c o n s i s t e n t  model for  the spin
arrangement by combining the neutron d i f f r a c t i o n  data with the s u s c e p t i b i l i t y
measurements. They concluded th a t  the spins of  the members of  a dimer are
or ien t ed  along the  l in e  inte rconnect ing the  Cu ions in a dimer and a r e  a n t i 
p a r a l l e l .  The a n t i p a r a l l e l  arrangement of  the spins in a dimer is in agreement
with the sp e c i f ic  heat measurements of  Fors ta t  and McNeely ^ , but in d i sagree-

1 )ment with the s u s c e p t i b i l i t y  measurements of  Vossos e t  a l .  and with the spe
c i f i c  heat measurements of  Clay and Staveley . The s u s c e p t i b i l i t y  measure
ments in zero f i e l d  between 20 and 100 K ind ica te  a paramagnetic behaviour with
an e f f e c t i v e  paramagnetic moment of  2.04 vig, thus corresponding to a spin

S - 4, in t h i s  temperature range.
Fo rs ta t  e t  a l .  ^ inves t igated  the phase boundaries up to 22 kOe by means

of a d ia b a t i c  magnet izat ion experiments for  the an ti fe r romagnet ic  to f lop phase
t r a n s i t i o n ,  and by means of  sp e c i f ic  heat measurements for  the t r a n s i t i o n  to the
paramagnetic phase. The Néel temperature found in t h i s  way is 4 .4 K. By ad iaba
t i c  ro t a t i o n  in the ac plane the d i r e c t i o n  of  an t i  ferromagnetic alignment was
found to be the c 1 ax is  in disagreement with both Date and Nagata and
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Abrahams and W il l iam s .

E lec tron  sp in  resonance has been performed on LiCuCl-*2H_0 by Zimmerman
, 10) 3 2e t  a l .  , who found several new modes in a d d i t io n  to  the conventiona l ones

in an t i fe r ro m a g n e ts .  The d i r e c t i o n  o f  the a n t i fe r ro m a g n e t ic  sp in  a l ignm ent

was found to  co in c id e  w i th  the 101 d i r e c t i o n ,  w i th  an accuracy o f  1°.

2. Experimental r e s u l t s .

The red-brown s in g le  c r y s t a ls  were grown from an aqueous s o lu t io n  o f

C u C l .^ f^ O  and L iC l .  The c r y s t a ls  a re e longated a long the  a a x is ,  and the do

minant face is  the (O i l )  p lane. In mois t a i r  the  c r y s t a ls  d is s o lv e  q u ic k ly .

Out o f  a la rg e r  c r y s ta l  a sphere o f  5 mm d iameter was ground and mounted

in s id e  the c o i l  system in o rde r to  measure the d i f f e r e n t i a l  magnetic s u s c e p t i 

b i l i t y .  The experiments were performed in f i e l d s  up to  110 kOe and in the

temperature range from 1.2 to  12 K.

By.observ ing the s u s c e p t i b i l i t y  versus the o r ie n ta t io n  in  f i e l d s  j u s t

below the sp in  f l o p  f i e l d  the d i r e c t i o n  o f  a n t i fe r ro m a g n e t ic  sp in  a l ignment

("easy sp in  a x is " )  was found from the minimum in the s u s c e p t i b i l i t y .  For con

venience i t  w i l l  f u r t h e r  be re fe r re d  to  as the "e  d i r e c t i o n " .  Our f i r s t  ex

periments were performed in t h i s  d i r e c t i o n ,  which is  the  101 d i r e c t i o n  * .

a. Typ ica l s u s c e p t i b i l i t y  curves f o r  the  e d i r e c t i o n ,  both versus the

f i e l d  and versus the temperature are shown in f i g s .  1 and 2.

The curves p lo t te d  versus the temperature ( f i g .  2) show a c le a r  phase

t r a n s i t i o n  which is  lo ca te d ,  f o r  low f i e l d s ,  near A .2 K and which s h i f t s ,  w i th

increas ing  f i e l d ,  to  lower temperatures. Th is  t r a n s i t i o n  is  r e a d i ly  i d e n t i f i e d

w ith  the upper (second oreder) t r a n s i t i o n  o f  the curves o f  f i g .  1. The remar

kable p o in t  i s ,  however, th a t  above t h i s  t r a n s i t i o n ,  even a t  the lowest tem

pera tu res  the s u s c e p t i b i l i t y  does not f a l l  to  ze ro . Th is means th a t  the mag

n e t ic  system is  not ye t  sa tu ra ted .

Apart from th i s  t r a n s i t i o n  the curves o f  f i g .  2 above about 50 kOe show

another broad maximum, a lso  loca ted  near A .2 K, which depends very  l i t t l e  on

the f i e l d ,  and which suggests the  ex is tence  o f  another phase t r a n s i t i o n .  Th is

anomaly is  even more c le a r  f o r  the measurements in the b d i r e c t i o n  (see f i g .  5 ) .

I t  must be emphasized th a t  these broad maxima are much c le a re r  in the o r ig in a l

record ings  than in the f ig u re s  as g iven here, because in these the s u s c e p t i b i l i t y

scales have been la rg e ly  reduced. In sec t ions  5 and 6 o f  Chapter A i t  w i l l  be

demonstrated th a t  t h i s  broad anomaly is  re la te d  to  a s a tu ra t io n  process. This

s a tu ra t io n  process, however, does not take p lace v ia  a second o rde r  phase

8 )
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Fig. 1. Susceptibility o f LiCuCl3‘2H20 versus the magnetic fie ld  at several
temperatures. The measurements have been taken along the direction
o f anti ferromagnetic alignment (101 axis). Note the vertical sh ift
o f the susceptib ility scales.

t r a n s i t i o n ,  l i k e  a s imple  two s u b l a t t i c e  a n t i f e r r o m a g n e t ,  but  v ia  a gradual
o r i e n t a t i o n  o f  th e  s p i n s ,  which is  dominated by the  e x i s t e n c e  o f  a Dzya loshinsky-

Moriya i n t e r a c t i o n .  Since t h i s  broad anomaly is  not  observed a t  the  lower tem

p e r a t u r e s  in f i g .  1 i t  might approach T = 0 a t  f i e l d s  well above 100 kOe.
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Fig. 2. Susceptib ility  o f L iC u C l2B„0 versus the temperature a t various
f ie ld  leve ls , along the direction o f anti ferromagnetic alignment
(101 axis). Note the vertica l sh ift o f  the su scep tib ility  scales .

The ex is tence  of  an anomaly in the s u s c e p t i b i l i t y  which is r e l a te d  to a
s a tu ra t i o n  process a t  about 4.2 K and f i e l d s  which, a t  the lower tempera tures ,
exceeds 100 kOe is not un l ike ly  because CuClj'ZH.O shows a t r a n s i t i o n  from the
f lop  phase to the  paramagnetic phase in f i e l d s  up to 150 kOe, and i t s  Néel
temperature is  4.3 K, so q u i t e  c lose  to the Néel temperature of  LiCuCl,*2H20,
which is  4.48 K according to our measurements. The c loseness  of  the two Néel
poin ts  suggests t h a t  the exchange cons t an ts ,  and thus the  exchange f i e l d s
(speaking in terms of  the molecular f i e l d  approximation) a r e  of  the same order
of  magnitude.

For t h i s  reason some isothermal magnet izat ion curves were measured on a
powdered sample of  LiCuC1«*2H20 by Jordaan in the pulsed magnetic f i e l d s
i n s t a l l a t i o n  of  our labora tory .  A gradual s a tu ra t i o n  of the magnetic moment
was found in f i e l d s  of  the order  of  150 kOe, see f i g .  1, Chapter 4. These
measurements wil l  be discussed and compared with those on CuC12 *2H,0 in Chapter
4 sec t ion  2.

The s u s c e p t i b i l i t y  versus the magnetic f i e l d  a t  inte rmedia te  temperatures
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( e . g .  2 .70 K) a s  g iven in f i g .  1 shows a few more r emarkable f a c t s .
1°.  The lowest  t r a n s i t i o n  a t  abou t  12 kOe, i n t e r p r e t e d  by most au th or s

as  a sp in  f l o p  t r a n s i t i o n  seems to  c o n s i s t  o f  two anomal ies  about  1 kOe

a p a r t .  This  can not  be due to  th e  f a c t  t h a t  the  c r y s t a l  should not  be a p e r f e c t

s i n g l e  c r y s t a l , because r o t a t i o n a l  diagrams do not  show doub le  peaks .  The

double c h a r a c t e r  o f  the  sp in  f lo p  t r a n s i t i o n  has on ly  been rep or ted  thus  f a r

by Zimmerman e t  a l .  ^  in t h e i r  E.S.R.  measurements.
2° .  There i s  a second s i m i l a r  peak nea r  30 kOe, which does not  occur  in

o r d i n a r y  a n t i f e r r o m a g n e t s .  No double c h a r a c t e r  could be d e t e c te d  f o r  t h i s

t r a n s i t i o n .
3° .  The anomaly a t  abou t  50 kOe is  s i m i l a r  in behaviour  to  the  one found

in e . g .  CoC1,*6H20 12  ̂ and CoBr2*6H20 , 3  ̂ where a second o r d e r  phase t r a n s i t i o n

occ urs  from the  f lo p  phase to  th e  paramagne tic  phase.  In the  case  o f  LiCuCl^*
2H 0,  however,  i t  i s  p robably  a l s o  a second o r d e r  phase t r a n s i t i o n  but  d i s t i n c t 

ly  not  to  the  pa ramagne t ic  phase.  Thi s  t r a n s i t i o n  does not  occur  in LiCuClj*

2H20 as  d i s c u ss e d  above and in Chapter  4 s e c t i o n s  5 and 6.
From the  anomal ies  in the  s u s c e p t i b i l i t y  the  phase diagram i s  co n s t r u c te d

This  diagram i s  shown in f i g .  3.

The remarkable  p o in t s  a r e :
1°.  The doub le  t r a n s i t i o n  nea r  12 kOe (low te m p er a t u re s ) .

2° .  The bend in the  phase boundary nea r  17 kOe, 4 .2  K between th e  two

t r i p l e  p o i n t s .  Many more p o i n t s  o f  the  phase diagram in t h i s  r eg ion  have been

measured than in d i c a t ed  in th e  f i g u r e .
3° .  The e x t r a  phase t r a n s i t i o n  a t  about  32 kOe (low te m p er a t u r e s ) .
4° .  The f a c t  t h a t  the  t r a n s i t i o n  boundary nea r  5 6  kOe (low tempera tu res )

i s  no t  the  one to  paramagne t i c  s a t u r a t i o n ,  a l thou gh  i t  has the  appearance of

a second o r d e r  phase t r a n s i t i o n .
5° .  The anomal ies  above 4 . 2  K in th e  s u s c e p t i b i l i t y  ve r s us  the  tempera

t u r e ,  and the  anomal ies  in the  m ag ne t i z a t ion  nea r  150 kOe, which a r e  r e l a t e d

to  the  s a t u r a t i o n  p r o ce ss .  They a r e  connected  by a d o t t e d  l i n e  in f i g .  3.  I t
i s  i n t e r e s t i n g  to  no te  t h a t  the  s lo pe  o f  t h i s  l i n e  i s  p o s i t i v e  a t  f i e l d s  below

about  80 kOe. This  p o in t  w i l l  be d i s c u ss e d  f u r t h e r  in Chapter  4,  s e c t i o n  7.
b. Also o t h e r  d i r e c t i o n s  than the  easy  sp in  a x i s  have been i n v e s t i g a t e d .

As an example f i g s .  4 ,  5 and 6 show the  exper iment s  wi th  the  magnet ic f i e l d

p a r a l l e l  t o  th e  b a x i s .  In f i g .  4 th e  s u s c e p t i b i l i t y  ve r su s  the  magnet ic f i e l d
i s  p l o t t e d  showing one f i r s t  o r d e r  phase t r a n s i t i o n  o n ly ,  wi th  a double  c h a r a c 

t e r ,  s i m i l a r  to  t h a t  found f o r  the  t r a n s i t i o n  nea r  12 kOe wi th  the  f i e l d  p a r a l 
l e l  t o  the  e d i r e c t i o n .  No second o r d e r  phase t r a n s i t i o n  has been found up to



Fig. 3. The magnetic phase diagram o f  LiCuCl^2Hg0 fo r  the eaey spin
d irection  (101 a x is).

O second order phase transition s
9  anomalies which are, fo r  the lower temperatures, re la ted  to

saturation
□  f i r s t  order phase transition s
A weak anomaly in the su sc e p tib ili ty

110 kOe f o r  t h i s  d i r e c t i o n  which,  a g a in ,  i n d i c a t e s  t h a t  the  second o r d e r  phase

t r a n s i t i o n  found in the  p a r a l l e l  ca se  is  not  the  one to  paramagne t i c  s a t u r a t i o n .

Measurements ve r s u s  the  t empera tu re  ( see  f i g .  5) a t  f i xe d  f i e l d  l e v e l s
have a l s o  been done f o r  t h i s  d i r e c t i o n .  The f i g u r e  shows c l e a r l y  the  double

c h a r a c t e r  o f  the  t r a n s i t i o n .  The high f i e l d  curves  (above about  20 kOe) show
a f l a t  r eg ion  o f  the  s u s c e p t i b i l i t y  v e r s us  the  t empera tu re  below, and a broad

maximum ne ar ,  about  4 .2  K. This is a l s o  observed in the  p a r a l l e l  c a se .  Due to

the  smal lness  o f  the  s u s c e p t i b i l i t y  s c a l e s  th e se  broad maxima a r e  not  too c l e a r
from f i g s .  2 and 5.
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Fig. 4. Susceptib ility  o f LiCuCl^Züfi versus the magnetic f ie ld  a t several
temperatures•  The measurements have heen taken along the h axts
which is  perpendicular to the easy spin direction.

Above about  4 . 2  K, a t  any f i e l d  below 110 kOe, the  s u s c e p t i b i l i t y  dec rea se s
] 2 )

wi th  in c re as i n g  t e mp era tu re .  Thi s  has a l s o  been obse rved in CoC12 -6H20 and
CoBr2 *6H20 when pas s ing  th e  f l o p - p a r a  t r a n s i t i o n  by changing the  t e mpera tu re ,

in the  f i e l d  r eg ion  between about  10 and 40 kOe.
A s imple c a l c u l a t i o n  concern ing  the  behaviour  o f  a c l a s s i c a l  paramagnet

wi th  S = i  y i e l d s  t h a t  the  s u s c e p t i b i l i t y  a t  c o n s ta n t  f i e l d  ve r s us  the
temp era tu re  shows a maximum a t  an in te r m e d ia te  t emper a t u re .  This  t empera tu re

in c re a se s  l i n e a r l y  wi th  the  f i e l d  through the  r e l a t i o n  VgH * 0 .8 kT. So i f  we

i n t e r p r e t  the  t r a n s i t i o n  nea r  56 kOe in the  e d i r e c t i o n  as  the  one to  pa ra -
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Fig. 5. S u s c e p t ib i l i ty  o f  LiCuGl • 2H~0 versus the temperature a t  severa l
f i e l d  le v e ls  along the b a x is .

magnetic s a t u r a t i o n ,  we should c e r t a i n l y  expect  an increase  of  the s u s c e p t i b i 
l i t y  with the temperature near k  K and a t  f i e l d s  wel l  above 60 kOe. This in
c rease of  the s u s c e p t i b i l i t y  has in f a c t  been observed in CoC12 *6H20 and
CoBr2*6H20, a t  s u f f i c i e n t l y  high magnetic f i e l d s  (see the curve for  62.3 kOe
in f ig . '  5 of  r e f .  13) •

In LiCuClj *2H20, however, we always f ind a decrease  of  the s u s c e p t i b i l i t y
up to f i e l d s ,  much higher than 60 kOe as s t a te d  above. This,  aga in,  is  an in d i 
ca t io n  th a t  below k.2  K and above 60 kOe we ar e  not in the paramagnetic region.

The anomalies for  t h i s  d i r e c t i o n  have been assembled in the phase diagram
of  f i g .  6.

c .  The suscept ib i  1 i ty  versus the o r i e n t a t i o n  ,in the plane perpendicular
to the easy spin ax is  has been measured for  some poin ts  of  the  magnetic phase

37



_ H 1 easy  spin (b -ax is )

Fig. 6. The magnetic phase diagram o f  LiCuCl ' 2Ĥ 0 fo r  the b d irection
p  broad anomalies in  the s u sc e p tib ility
O f i r s t  order phase transition s
□  weak anomalies in  the su sc e p tib ili ty

diagram.  Examples a r e  g iven in f i g .  7 a t  3-35 K and d i f f e r e n t  f i e l d  l e v e l s .

The anomal ies  have been assembled in the  diagram of  f i g .  8.  The f i g u r e  i s

r e p r es e n t ed  (wi thin  the  accuracy  o f  the  exper imen t)  by the  c r i t i c a l  hyperbola

in the  ( b , i e )  p lane:

- "le'* 2 -  » (,)

where Hb = cos<(> and = H sin<f> wi th  <)> the  ang l e  between the  ex t e r n a l  f i e l d
and the  b a x i s .  The Xe d i r e c t i o n  i s  de f ine d  as  the  a x i s  in th e  ac p lane  perpen

d i c u l a r  to  e .  We f ind  p = 21.5  ± 1.0 kOe and q = 32 i  1 kOe. For 26.1 kOe,
in the  p lane  pe r p e n d ic u la r  to  the  easy  sp in  a x i s ,  t he  t empera tu re  dependence

o f  the  anomaly v e r s us  the  o r i e n t a t i o n  i s  g iven in f i g .  9* S im i la r  behaviour  i s

found f o r  o t h e r  p o in t s  o f  t h i s  hyperbola and f o r  p o in t s  o f  the  cu rves  given

in f i g .  11.
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emu
mole

0 .0 2 5 5 l e a s y  spin

4 0 .0  kOe
0.025

0 .0 5 21.8 kOe

0.024

12.9 kOe

0.0235 + 150

Fig. 7. Angular dependence o f  the s u s c e p tib ili ty  o f  LiCuCl^211fi in  the plane
perpendicular to  the easy spin axis a t 3.35 K and several f ie ld
leve ls .

d. The s u s c e p t i b i l i t y  versus the  o r i e n t a t i o n  in a plane through the
easy spin ax is  (e b plane) has been measured for  several  poin ts  in the phase

diagram. Some curves a re  shown in f i g .  10.
We f i r s t  d iscuss  the par t  in the neighbourhood of  the  f i r s t  t r a n s i t i o n

f i e l d  ( l e f t  hand ha l f  of  the f i g u re ,  H < 23 kOe). These curves a r e  in agreement
with the genera l ly  accepted f a c t  th a t  the f i r s t  t r a n s i t i o n  is a spin f lop
t r a n s i t i o n .  The curves show the behaviour for  a r o ta t i o n  in the easy -  second
easy plane (which is  the e b plane) with maxima symmetrical ly arranged with
respect  to the easy spin a x is .  These maxima should not be confused with those
which a r e  found in the easy-hard plane ( the ac plane in t h i s  case)  where a
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30 40 kOe-40  -30

Fig. 8. Behaviour o f the parallel b and perpendicular b component o f the
critica l magnetic fie ld  at various orientations o f the crystal with
the e axis always perpendicular to the magnetic fie ld . The fu lly
drawn curve is  a hyperbola with parameters as mentioned in the text.
The temperature is  S. 36 K.

(°)
+ 180

26.1 k O e+ 1 5 0

X e a s y  s p i n+.120

Fig. 9. Critical angle in the plane perpendicular to the easy spin axis
versus the temperature at constant fie ld .
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L iC u C I3 .2 H 20  H in e -b  plane

2 .6 8  K
m ole

2 2 .7  kO e 2 8 .2  kOe0 .0 6 0

0 .0 3 0

16.4  k O e 2 9 .9 . kO e

0 0 3 5

0 .0 3 0

0 .0 7 5

12.1 kO e 33.1 kO e

0 .0 5 0

0 .0 2 5

1 0 .4  kOe 4 0 .8  k O e

0 .0 4

0.02
-  - 6 0 - 6 0

Fig. 10. Angular dependence o f  the suscep tib ility  o f  L iC uC l-2H .0  in  the
V O

e b plane a t 2.68 K and several f ie ld  levels.

c r i t ic a l  hyperbola can be observed , The anomalies in the easy-hard plane,
which correspond to a f i r s t  order phase tra n s it io n , are generally much more
pronounced than those in the easy-second easy plane, which corresponds to a
rapid change o f the d irec tions o f the sub la ttice  magnetization vectors, but
not to a f i r s t  order phase tra n s it io n .

Above about 23 kOe new peaks appear which are d iffe re n t in nature from
those near 12 kOe. They are much more pronounced. The anomalies (corresponding
to f i r s t  order phase tra n s itio n s ) are assembled in f ig . '  11 fo r 2.68 K and two



different branches are shown.
The branch near the e axis can be described by a hyperbola:

H2/p2 - H2/q2 = 1 (2)e b

where H and H, are the field components along the e and b axis respectively,e b
We find p = 30 ± 1 kOe and q = 20 ± 1 kOe.

The branch near the b axis can be described by a hyperbola:

H2/p2 - H?/q2 = - 1 (3)e r b ^

with p = 18 ± 1 kOe and q = 24 ± 1 kOe.

-40 -30

Fig. 11. Behaviour of the parallel b and perpendicular b component of the

critical magnetic field at various orientations of the crystal with

the -L e axis always perpendicular to the magnetic field. The fully

drawn curves are hyperbolae with parameters as mentioned in the text.

The temperature is 2.68 K.
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C H A P T E R  4

DISCUSSION AND THEORY OF LiCuCl *2H20

1. D iscrepancies in the l i t e r a t u r e .

From the l i t e r a t u r e  rev iew o f  Chapter 3 two important conc lus ions  may be

d rawn.
1) , 2)1° According to  some authors  the s u s c e p t i b i l i t y  and s p e c i f i c  heat

data in d ic a te  th a t  L iCuC l,*2H20 behaves l i k e  a paramagnet w i th  S *  1 in the

temperature range 20 K and h ig h e r .  From th i s  fa c t  i t  was concluded th a t  the

two Cu spins 3.1*7 A a p a r t ,  form ing the  dimers a long the a a x is ,  a re  p a ra l le l

and thus fe r ro m a g n e t ic a l ly  coupled. In c o n t r a d ic t io n  to  t h i s  o th e r  su sce p t i -
1 )  L )

b i l i t y  31 and s p e c i f i c  heat measurements lead to  the conc lus ion  th a t  in

L i CuCl.  *2H.0 an o rd e r in g  process sets in a t  4.1*0 K in v o lv in g  a S = J spin
3 2  0 \

system. Neutron d i f f r a c t i o n  measurements f i n a l l y  revealed th a t  the  spins

w i th in  a dimer are  a n t i p a r a l l e l .  Because a neutron d i f f r a c t i o n  experiment is

the most d i r e c t  way in which the sp in  arrangement can be de tec ted , i t  must be

concluded th a t  the spins w i t h in  a dimer are  a n t i p a r a l l e l .

2 °  For the d i r e c t i o n  o f  sp in  a l ignm ent in  zero f i e l d  fo u r  d i f f e r e n t

o r i e n ta t io n s  may be found in  the l i t e r a t u r e :  a '  from E.S.R. measurements ;

c 1 from temperature measurement du r ing  a d ia b a t ic  r o ta t io n  ^ ; the Cu -  Cu

in te rn u c le a r  l i n e  w i t h in  the Cu_Cl, dimer by combining s u s c e p t i b i l i t y  measure
2 63)ments and neutron d i f f r a c t i o n  data and the 101 d i r e c t i o n  from recent E.S.R

measurements "  (see a lso  f i g .  2 ) .  The d i r e c t i o n  as found from the recent

E.S.R. measurements seems the most r e l i a b le  one. The fa c t  th a t  t h i s  d i r e c t i o n

is  the c o r r e c t  cho ice  f o r  the  easy sp in  a x is  is  supported by the observa t ion

th a t  a c le a r  sp in  f l o p  t r a n s i t i o n  is  found in a Li nuc lear resonance e x p e r i 

ment i f  the s in g le  c r y s ta l  is  mounted w i th  i t s  101 d i r e c t i o n  p a r a l le l  to  the

magnetic f i e l d  ( to  be discussed fu r t h e r  in se c t io n  4 ) .

2. Experimental evidence f o r  Dzyaloshinsky-Moriya in t e r a c t io n .

From the data g iven in the preceding Chapter (see f i g s .  8 and 11) i t  is

c le a r  th a t  the t r a n s i t io n s  near 32 kOe in f i g .  3 and near 20 kOe in f i g .  6
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depend s t ro n g ly  on the o r ie n ta t io n  o f  the c r y s t a l .  The same can be said o f  the

t r a n s i t i o n  a t  about 56 kOe which is  found fo r  the easy sp in  d i r e c t io n  ( f i g .  3)

but not f o r  ins tance  f o r  the b d i r e c t io n  ( f i g .  6 ) .  Th is in d ica tes  th a t  the

a n iso tro p y  re la te d  to  th i s  angu lar dependence is  much la rg e r  than what is

u s a i iy  found f o r  exchange constan ts  o f  t h i s  o rde r  o f  magnitude, which can be

measured e i t h e r  from the s a tu ra t io n  f i e l d  a t  low temperatures (about 150 k O e ^ )

o r  from the Néel temperature (4.48 K in the present measurements).

Th is h igh  a n is o t ro p y  suggests th a t  a Dzyaiosh insky-Moriya in te ra c t io n

^  ̂ should be present in LiCuCl^ 'Zh^O l i k e  in C u C ^ ’ Zi^O Dzyaiosh insky-

Moriya (hence fo rth  D-M) in te ra c t io n  is  the an t isym m etr ic  p a r t  o f  the super

exchange constan t tenso r ,  which descr ibes the qu a d ra t ic  p a r t  o f  the in te ra c t io n

between two sp ins , and is  o f  the form:

V ^ A i j  O

where D_j. is  the D-M v e c to r ,  whose magnitude and o r ie n ta t io n  depend on the

c ry s ta l  symmetry and the p a i r  o f  sp ins under c o n s id e ra t io n .

One o f  the e f f e c t s  o f  the occurrence o f  D-M in te ra c t io n  in an a n t i f e r r o -

magnet is  the d e s t ru c t io n  o f  the second o rde r  phase t r a n s i t i o n  to  paramagnetic
. 13)s a tu ra t io n  . Th is p o in t  w i l l  be discussed in sec t ions  6 and 7• I t  is  i l l u 

s t ra te d  in f i g .  i ,  which shows the m agnet iza t ion  curves f o r  L i C u C l a n d

CuCl_*2H.0 a t  1.55 K. The lower f i r s t  and second o rde r  t r a n s i t io n s  o f

L iC u C l . ^ i^ O  a re  not v i s i b l e  in th i s  f i g u r e  because these experiments were

performed on powdered samples. For both s a l ts  the s a tu ra t io n  occurs a t  about

150 kOe but the rounding o f f  is  much la rg e r  f o r  L iCuCl,*2H20. Th is  shows th a t

in th i s  s a l t  the  D-M in te ra c t io n  is  much s tronge r  than in  CuCIm^ H j O. An even

more pronounced anomaly is  found in the  experiments on CoC1„*6H„0 and
12) 2 2

C o B ^ ’ öHjO where D-M in te ra c t io n  is  absent.

In fa c t  the rounding o f f  o f  the m agnet iza t ion  near s a tu ra t io n  is  a lso

found in the measurements o f  the s u s c e p t i b i l i t y  versus the temperature. See
e .g .  the curve a t  97 kOe in f i g .  5, Chapter 3.

A second argument f o r  the ex is tence  o f  D-M in te ra c t io n  is  the occurrence

o f  a small fe r rom agnet ic  moment a t  h igh f i e l d s .  For ins tance , in te g ra t io n  o f

the 1.20 K s u s c e p t i b i l i t y  curve o f  f i g .  4, Chapter 3 (b d i r e c t io n )  g ives r i s e

to  a jump in the m agnet iza t ion  a t  about 24 kOe. E x t ra p o la t io n  o f  the magnetic

moment above th i s  f i e l d  back to  zero f i e l d  y ie ld s  a fe rrom agnet ic  moment o f

about 6 per cen t o f  the s a tu ra t io n  moment. Something s im i la r  happens in the

e d i r e c t i o n .  The peaks a t  about 12 and 32 kOe are fo l low ed by regions w i th
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Cu Cl2. 2 H j O
powder
1.55 K

Li Cu CI3.2H20
powder
1.55 K

2 0 0  kOe2 0 0  kOe

Fig. 1. Isothermal magnetization curves of powder samples of CuCl0‘2H.0
o  a

(left) and LiCuCl’2Ho0 (right). The measurements have been per-
O u

formed in high pulsed magnetic fields.

higher susceptibilities, in such a way that extrapolation of the magnetization
back to zero from these regions leads to zero magnetic moments. But the anomaly
at about 56 kOe gives rise to a diminution of the slope of the magnetization
versus field above this field and extrapolation back to zero field from here
yields a ferromagnetic moment of about A per cent of the saturation value.
These extrapolated magnetic moments are equivalent with a canting of the spins
of approximately 6°.

Because at this point no detailed picture is available of the magnetic
interactions in LiCuCl,«2H20 this canting angle, extrapolated to zero field,
must be considered as a preliminary estimation. A final picture will be given
in sections 6 and 7«

De Jong ^  , making use of the exchange constants given in section 7, made
calculations on the spin-spin relaxation frequency. Assuming a D-M interaction
large as compared to the dipole-dipole interaction, but small with respect to
the isotropic exchange interaction, he came to values in the region 150-500 MHz,
the exact numbers depending on the orientation. This was in excellent agreement
with the experimental data. For the case D-M interaction was absent, frequencies
of about 5 MHz were calculated. This, again, is a strong argument for the
presence of an important D-M interaction in LiCuCl j *2H20.

It was assumed in these calculations that the D-M vector could be
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described by:

| D I | / J 3 = a-Ag. (2)

w i th  a Independent o f  the d i r e c t i o n ;  i in d ica te s  a p r in c ip a l  magnetic a x is  and

Ag. is  the d e v ia t io n  o f  g. from 2 f o r  the i d i r e c t i o n .  For the d e f i n i t i o n  o f

J ,  see below. I t  turned ou t th a t  a = .30 ± .02 f o r  any o f  the th ree  d i r e c t io n s

mentioned. Th is magnitude o f  D/J is  h a l f  the va lue  g iven by Moriya, as an o rder

o f  magnitude, and i t  d i f f e r s  less than a fa c t o r  o f  2 from D/J = 0.1 which is

obta ined from the can t ing  angle  o f  6° mentioned be fo re .

3- C rys ta l  symmétry c o n s id e ra t io n s  and D-M in te r a c t io n s .

From the preceding sec t ions  i t  has become c le a r  th a t  an im portan t D-M

in te r a c t io n  must p lay  an important ro le  in L iCuCl,*2H20. In th i s  se c t io n  th i s

fa c t  w i l l  be discussed in more d e t a i l .

The c r y s t a l l i n e  s t r u c tu re  o f  LiCuCl is  represented by f ig u re s  2

(p ro je c t io n  on the ac plane) and 3 (p ro je c t io n  on the be p la n e ) .  There are

fo u r  Cu and fo u r  Li ions in the u n i t  c e l l ,  so in our d iscuss ion  we w i l l

d i s t in g u is h  fo u r  c r y s t a l l i n e  s u b la t t i c e s ,  numbered 1, 2, 3 and 4, as ind ica ted

in f i g s .  2 and 3. From the  Li nuc lear resonance da ta , to  be d iscussed in

sec t ion  4, i t  is  c le a r  th a t  a fo u r  magnetic s u b la t t i c e  model must be adequate

to  descr ibe  the most important fe a tu re s  o f  LiCuCl3*2H20. These fo u r  magnetic

s u b la t t i c e s  are  supposed to  co in c id e  w i th  the fo u r  c r y s t a l l i n e  s u b la t t i c e s .

The copper ions o f  s u b la t t i c e s  1 and 2 are approx im ate ly  in  the plane o f  f i g .

2, the ions 3 and 4 are halfway the u n i t  c e l l  above o r  below the p lane, see

a lso  f i g .  3.

The D-M in te ra c t io n  which must be present in L iCuCl,*2H20 cannot e x i s t

between the Cu spins w i t h in  the d im er, n e i th e r  can i t  e x i s t  between the spins

3.84 A a pa r t  from neighbouring dimers (along the a a x i s ) ,  because in both

cases the m idpo in t o f  the l in e  in te rco n n e c t in g  the spins under c o n s id e ra t io n

are inve rs ion  cen te rs  Between the spins a long the a a x is  6.08 A apa rt

(see f i g .  2) a D-M in te ra c t io n  may e x i s t  but then, apa r t  from the in te ra c t io n

constan ts  J | , J2 and t h i s  i n te r a c t io n ,  a l l  a c t in g  in s id e  the same chain  along

the a a x is ,  a fo u r th  in te ra c t io n  w i th  spins o u ts id e  the chain is  needed because

o therw ise  no long range o rde r can e x i s t .

For the spins 6,6 A apa r t  in the ac plane along the c a x is  no D-M in te i—

a c t io n  is  poss ib le  aga in . Between the spins e and b (see f i g .  3) belonging to
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•  Cu
O  O  L i

Fig. 2. Arrangement of the Cu spina and Li ions projected on the ac plane.

The figure shows also the zero field spin arrangement as deduced

from neutron diffraction and E.S.R. measurements.

Black circles : Cu spins near (0,1,0) plane

Shaded circles : Cu spins near (0,2,0) plane

White circles : Li ions near (0,1,0) plane

Dotted circles : Li ions near (0,2,0) plane

sublattices 3 and 2 respectively a D-M interaction may exist, because these
spins are related by the two-fold screw axis. The distance between these spins
is 6.16 A. Interactions of the same magnitude occur between e and h, f and k,
f and c and so on in chains parallel to the b axis. The spins e and a are
related by a glide-mirror plane parallel to the ac plane, so also here a D-M
interaction may exist, e and a belonging to sublattices 3 and 1 respectively.
The distance between these spins is 7-4 A. The spins e and g are also related
by a glide-mirror plane and belong also to sublattices 3 and 1 respectively.
This distance is 7.0 A. There is no relation at all between the interaction
of e and a and of e and g. The interactions between e and a, e and c and so on,
however, are equal in magnitude and occur in chains parallel to the c axis;
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—Cr'

Fig. 3. Arrangement o f  the Cu spins pro jected  on the be plane. The in te r -
>■ actions as discussed in the te x t have been indicated.

a, c, g and k belong to  su b la ttice  1
b, d, h and I belong to  su b la ttice  2
e belongs to  su b la ttice  3 and
f  belongs to  su b la ttice  4.
The angle between the lines interconnecting the spins in a dimer
and the c axis i s  s l ig h tly  exaggerated fo r  c la r i ty ,
g-m indica tes a g lide-m irror plane,
tw indica tes a tw o-fold screw axis.
o ind ica tes an inversion center.

i n t e r a c t i o n s  o f  the  same magnitude a r e  found between f  and h, f  and 1 and so

on in ch a i ns  a long the  c a x i s  a s  w e l l .  That  th e  magnitude o f  th e  i n t e r a c t i o n

between e and a i s  the  same as  the  one between f  and 1, i s  caused by the  f a c t
t h a t  e and f  a s  well  a s  a and 1 a r e  r e l a t e d  by th e  same inve r s i on  c e n t r e .

In s e c t i o n  6 i t  wi l l  be demonst ra t ed  t h a t  the  i n t e r a c t i o n  between the

sp in s  belonging to  s u b l a t t i c e s  1 and 3 r e s p e c t i v e l y ,  in a d d i t i o n  to  the  ex 

change c o n s t a n t s  J j  and may r e s u l t  in phase t r a n s i t i o n s .  The ne t  e f f e c t  of
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the interactions between the spins of subiattices 1 and 3 (so e and a, e and
g, e and c etc.) must be antiferromagnetic in sign in the absence of interac
tions between spins belonging to sublattices 1 and 4 respectively, as follows
from the antiparallel alignment of spins 1 and 3 in zero field, according to
ref. 3. As far as the interaction between the spins of sublattices 1 and 4
(as well as 2 and 3) is concerned (so e and h, f and k, f and c etc.) and which
must be ferromagnetic in sign in the absence of interactions between spins of
sublattices 1 and 3 respectively as follows again from the paral lel alignment
in zero field according to ref. 3, it does not seem possible that phase tran
sitions, as found in these experiments, occur for such a system, if this in
teraction alone is taken into account in addition to J. and J

The simplest model which possibly will exhibit the phase transitions as
described in Chapter 3 is one neglecting the interactions (indicated above)
between the spins belonging to sublattices 1 and 4. But still two different
interactions (also mentioned above) concerning the interactions between spins
belonging to sublattices 1 and 3 remain possible.

Let us first consider the interactions in the chain containing spins e
and a (see fig. 3). The D-M vector is indicated in the figure (in fact its
projection on the be plane). The vector has been drawn in an arbitrary direc
tion. But because the spins e and c can be obtained by the glide-mirror opera
tion from the spins a and e respectively, the D-M vector transforms as indicated
in the figure (the D-M vector is an axial vector). The two vectors D and
D are symmetrically directed with respect to the glide-mirror plane.

In introducing these D-M vectors the spins a and c still belong to the
same sublattice, because the components in the ac plane of the D-M vectors
give equal canting of the spins a and c out of the ac plane, whereas the can
ting due to the parallel b components is cancelled. Thus only the components
in the ac plane are of importance. This is consistent with the molecular field
treatment which allows us to add D and D ^  if a and c belong to the same
sublattice. D.„ is defined as D + D and lies in the ac plane. Similar con-— 13 —ea —ec
siderations can be held for the interactions between the spins e and g, e and
k, f and b, f and d etc. in chains parallel to the c axis, and also for the
interactions between h and e, e and b, k and f, f and c etc. in chains paral
lel to the b axis. The latter interaction will be neglected as already argued.
The D-M vector D^h which belongs to f and h is parallel to D ^  because e and f
as well as c and h are related by an inversion centre.

If we introduce an interaction between e and a of about equal magnitude as
the interaction between e and g, then possibly a and g do not belong to the

50



same s u b l a t t i c e  any more,  because t h e r e  is  no s imple symmetry r e l a t i o n  between
the  two cor respond ing  D-M v e c t o r s  and the  ca n t i n g  is  not  f u l l y  c a n c e l l e d .  From

the  f a c t  t h a t  the  Li resonance d a t a ,  d i s c u sse d  in the  next  s e c t i o n ,  does not

i n d i c a t e  more than four  magnet i c s u b l a t t i c e s ,  i t  seems t h a t  on ly  one o f  th es e

two d i f f e r e n t  i n t e r a c t i o n s  is impor tan t .  The i n t e r a c t i o n  between e and a has
been chosen as  the  l ead ing  i n t e r a c t i o n  in s p i t e  o f  the  s l i g h t l y  l a r g e r  d i s t a n c e

between e and a (7 .4 A) than between e and g (7 .0  A).  This has been done

because an oxygen ion is  f av our ab l y  s i t u a t e d  between th e  sp in s  e and a .  The

le ng ths  o f  th e  l i n e s  connec t ing  the  oxygen ion wi th  each o f  the  two sp in s  e and

a a r e  o f  abou t equal  magnitude (4 .2 A) and form an an g l e  o f  about  124°.
The conc lus io n  which may be drawn from t h i s  s e c t i o n  is  t h a t  in LiCuClj*

2H20,  a p a r t  from the  i n t e r a c t i o n s  and J 2 , a t h i r d  i n t e r a c t i o n  J^ ,  c o n t a in i n g

D-M a n i s o t r o p y ,  occ urs  between sp in s  which a r e  r e l a t e d  by the  g l i d e - m i r r o r

p la ne .  J_ i s  an i n t e r a c t i o n  o cc u r r in g  between sp in s  o f  s u b l a t t i c e s  1 and 3 as

well as  between sp in s  o f  2 and 4.  I t  has been in d ic a t ed  in f i g .  3* The D-M
a n i s o t r o p y  in J ,  has th e  consequence t h a t  th e  s u b l a t t i c e  m ag ne t i z a t ion  v e c to r s

1 and 3 a r e  canted wi th  r e sp e c t  to  each o t h e r  as  a r e  2 and 4,  whereas 1 and 2

as  well as  3 and 4 remain e x a c t l y  a n t i para l  1 e l . Thus LiCuCl,*2H20 has a hidden
ca n t i n g  in ze ro  f i e l d .  This  hidden ca n t i n g  is  not  des t ro ye d  even i f  anyone o f
the  o t h e r  i n t e r a c t i o n s  oc c u r r i n g  between sp in s  belonging to  the  s u b l a t t i c e s  1

and 3 and to  1 and 4 ,  mentioned in t h i s  s e c t i o n ,  i s  taken in to  accoun t .

4.  Li nu c l ea r  r e so n a nc e .

In o r d e r  to  g e t  more in fo rmat ion about  the  d e t a i l e d  behaviour  o f  LiCuCl^*

2Ho0 in the  d i f f e r e n t  phases  f o r  the  e d i r e c t i o n  p r e l i m in a r y  d a t a  was taken
2  i c \

of  Li nu c l ea r  resonance , wi th  the  magnet i c f i e l d  p a r a l l e l  t o  t h i s  d i r e c t i o n

and wi th  the  c r y s t a l  a t  1.3 K. This  r e sonance da ta  i s  shown in f i g .  4. The
numbers 1-4 o f  the  curves  r e f e r  to  the  numbers o f  the  Li nucle i  in d i c a t ed  in

f i g .  2.  These Li nuc l e i  a r e  numbered s i m i l a r l y  as  the  Cu sp in s .
We,know t h a t  in ze ro  f i e l d  the  sp in s  a r e  (or  a r e  a lmost )  in the  ac p lane

Fig.  4 shows t h a t  the  resonance l i n e s  1 and 4 a s  well  a s  2 and 3 co i n c i d e

a t  f i e l d s  well  below the  sp in  f l op  f i e l d  o f  about  12 kOe. These co in c i d i n g

l i n e s  must a r i s e  from the  Li nucle i  which a r e  r e l a t e d  by the  two- fo ld  screw

a x i s ,  because the  cor respond ing  sp in s  a r e  (almost)  p a r a l l e l  and in (or  near )
the  ac p lane .  As f a r  as  t h i s  Li resonance da ta  i s  concerned a ca n t i n g  ou t  of

the  ac p lane  i s  p e r m i t t e d ,  wi th  the  r e s t r i c t i o n  t h a t  the  sp ins  which a r e
r e l a t e d  by t h i s  screw a x i s  a r e  symmet r i ca l ly  d i r e c t e d  wi th  r e s p e c t  to  t h i s
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■ 1.4
MHz Li re so n a n c e  in LiCuCI3.2H 20

1.3 K H / /e a sy  spin

4 0  3

Li resonance data in L i C u C l 2H 00, A ia the deviation o f theFig. 4.
resonance frequency from the free nucleus value.

p lan e  ( see  a l s o  f i g .  5a) .
The l i n e s  1 and 2 a r e  symmet r i ca l ly  loc a ted  around th e  ze ro  i n te r n a l

f i e l d  r e sonance f r equency ,  wi th  a small s h i f t  added to  i t .  These l i n e s  must

a r i s e  from th e  Li nuc l e i  which a r e  r e l a t e d  by i n v e r s i o n ,  because the  co r r es po n 

d ing  s p i n s ,  which a r e  numbered 1 and 2 r e s p e c t i v e l y  ( see  f i g .  2) a r e  a n t i 

p a r a l l e l  ^ .
Above about  12 kOe th e  sp in s  f lo p  to  a d i r e c t i o n  nea r  the  b a x i s  ^ . From

symmetry c o n s i d e r a t i o n s  i t  fo l lows  t h a t  the  sp in  ar rangement  should be sym

m e t r i c a l  wi th  r e s p e c t  to  th e  ac p la ne ,  i f  t he  magnet ic f i e l d  i s  p e r f e c t l y

a l ig n e d  in th e  ac p la ne .  The sp in s  1 and 3 a r e  connected v ia  a g l i d e - m i r r o r  '

p l a ne ,  which i s  p a r a l l e l  t o  the  ac p lane.  This  means t h a t  the  co r responding
Li r e sonance l i n e s  c o i n c i d e  i f  t he  sp ins  a r e  symmet r i ca l ly  a l i gn ed  wi th  r e sp e c t

to  the  ac p la ne .  The sp in s  1 and 4 a r e  connected v ia  a two- fo ld  screw a x i s
p a r a l l e l  t o  the  b a x i s  (and con se quen t ly  p e r p e n d ic u la r  to  the  ac plane)  and

a l s o  in t h i s  ca se  the  cor respond ing  Li l i n e s  c o i n c id e  i f  t h e se  sp ins  a r e  sym

m e t r i c a l l y  d i r e c t e d  wi th  r e sp e c t  to  the  ac p lane .
In the  exper imen t ,  however,  four  d i f f e r e n t  r esonance l i n e s  a r e  measured

between the  th r e sh o l d  f i e l d  o f  12 kOe and the  f i r s t  o r d e r  phase t r a n s i t i o n  a t
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about 32 kOe, and a lso  between 32 kOe and the second o rde r phase t r a n s i t i o n  a t

56 kOe. Th is can o n ly  be found i f  the  spins 1 and 2 as w e ll  as 3 and 1* are

symmetrical w i th  respect to  the ac plane and o th e r  combinations are not sym

m e tr ic .  In such an arrangement, however, any C o n t r ib u t io n  to  the  energy from

the D-M in te r a c t io n  is  can ce l le d .  So we are in c l in e d  to  b e l ie ve  th a t  the  s p l i t 

t i n g  o f  the  l in e s  i and 3 (and 2 and 4) in the range 12 to  32 kOe as w e l l  as

the  s p l i t t i n g  o f  the l in e s  1 and 4 (and 2 and 3) in  the range 32 to  56 kOe is

merely due to  a s l i g h t  m isalignment (we es t im a te  about 10°) o f  the ex te rna l

f i e l d  w i th  respect to  the ac p lane. Th is is  a lso  supported by the f a c t  th a t  the

t r a n s i t io n s  as found in t h i s  p re l im in a ry  resonance experiment occur a t  sys

te m a t ic a l l y  h igher f i e l d s  than those from the s u s c e p t i b i l i t y  measurements.

Moreover, the  change o f  the in te rn a l  f i e l d s  a t  the Li s i t e s ,  a t  the  sp in  f l o p

t r a n s i t i o n ,  seems to  be much less sudden than what is  u s u a l ly  found f o r  such

a t r a n s i t i o n  i f  the c r y s ta l  is p ro p e r ly  a l ig n e d .

The s l i g h t  m isalignment o f  the ex te rna l  f i e l d  w i th  respect to  the ac plane

g ives  us the o p p o r tu n i ty  to  i d e n t i f y  the resonance l in e s .  From t h i s  resonance

data i t  can thus be concluded th a t  between 12 and 32 kOe the  s u b la t t i c e s  1 and

3, as w e ll  as 2 and 4 are sym m etr ica l ly  d i re c te d  w i th  respect to  the  ac p lane.

Between 32 kOe and 56 kOe the s u b la t t i c e s  1 and 4, as w e ll  as 2 and 3, are

symmetrical w i th  respect to  the ac p lane.

C o inc id ing  l in e s  1 and 4 below 56 kOe w i th  the f i e l d  p e r f e c t l y  a l ig n e d  in

the ac plane n e c e s s a r i ly  means th a t  o n ly  one resonance l i n e  should be found

above 56 kOe in th a t  case. F u l l  s a tu ra t io n  o f  the sp in  system occurs a t  about

160 kOe . Th is means th a t  above 56 kOe the s u b la t t i c e  m agnet iza t ion  vec to rs

1 and 2 co in c id e  as w e ll  as 3 and 4, whereas 1 and 3 are  sym m etr ica l ly  d i re c te d

w ith  respect to  the ac p lane, as are 2 and 4 , w i th  la rge  angles between the
m agnet iza t ion  vec to rs  1 and 3. See a lso  f i g .  5.

5. Mechanism o f  the t r a n s i t i o n s .

From the c r y s ta l  symmetry co n s id e ra t io n s  as g iven in s e c t io n  3 i t  fo l lo w s

th a t  the D-M vec to rs  D^,  and D ^  are p a r a l l e l ,  equal in magnitude and l i e  i n ;

the ac p lane, g iv in g  r i s e  to  the sp in  c o n f ig u ra t io n  in zero f i e l d  w i th  a hidden

can t ing  as shown in f i g .  5a. A f t e r  the f lo p p in g  process a t  12 kOe the spins

are s l i g h t l y  canted towards the f i e l d .  See f i g .  5b.

As f a r  as the D-M in te ra c t io n  is  concerned the s u b la t t i c e  vec to rs  1 and

3 have lowest energy i f  the vec to rs  are  pe rpend icu la r  to  each o th e r  in such a

way th a t  the v e c to r  p roduct p o in ts  in to  the p o s i t i v e  e d i r e c t i o n .  The same is
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b

Fig. 5. Proposed spin arrangements of the different phases in LiCuCl^'2H^0

for the external field parallel to the easy spin direction.

(a) 0 to 12 kOe

(b) 12 to 32 kOe

(c) 32 to 56 kOe

(d) 56 kOe and higher

true for 2 and 4. On increasing the field the sublattices cant more and more
to the field direction.. The D-M contribution to the energy from D., decreases— I i
this energy, but the D-M contribution D.. increases it more and more, so that,
as far as this interaction is concerned, 2 and 4 must change their directions
so that also the D-M contribution from 2 and 4 lowers the energy. See fig. 5c.

This sign reversal of the vector product of the sublattice magnetization
vectors 2 and 4 is, of course, only possible if the symmetric interactions
allow such a process. The second order phase transition which occurs at higher
fields is then due to an antiferromagnetic interaction between the spins 1 and
2. Here the four sublattice system changes into a two sublattice system. See
figs. 5c and d.

To understand the process qualitatively only the interactions between 1
and 2 (3 and 4) and between 1 and 3 (2 and 4) are necessary. In that case only
one D-M vector (D^^ = D^) 's Present w^ich lies in the ac plane. If this
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v e c to r  makes an a r b i t r a r y  angle w i th  the f i e l d ,  then the spins are not cop lanar

in non-zero f i e l d .  For s i m p l i c i t y  in f i g .  5 the D-M v e c to r  is  assumed to  be

pe rpend icu la r  to  the easy spin a x is  (thus p a r a l le l  to  1 e ) .

In o rde r  to  d e r iv e  the c o n d i t io n s  f o r  these t r a n s i t i o n s ,  as w e l l  as the

values o f  the in te ra c t io n s  which p lay  an im portan t ro le  in L iCuCl.*2H20, a

d e ta i le d  a n a ly s is  o f  the Ham ilton ian  is  necessary. As a s t a r t  a p re l im in a ry

a n a ly s is  o f  the energy expression a t  zero temperature and in the m olecu lar

f i e l d  approx im ation  is  g iven in the next s e c t io n .

6 . The energy e xp ress ion .

On the basis o f  the preceding sec t ions  the sp in  system o f  L iCuC lj-2H 20

is  a fo u r  s u b la t t i c e  magnetic system. I f  we use su b s c r ip ts  1, 2, 3 and 4

( in d ic a te d  in f i g s .  2 and 3) f o r  the spins belonging to  the fo u r  magnetic sub

l a t t i c e s  re s p e c t iv e ly  we may w r i t e  the energy, corresponding to  the H am il ton ian ,

in the  m olecu lar f i e l d  approx im ation  a t  zero temperature as fo l lo w s :

E “ ' I  Ni] ‘Qi + >̂‘£2 ‘ Ï N—3 *Ql +

2 Ni l  ^ 3 * ^ 3 2 N* 2  " - 3 *—4

T  ^—13 *— 1 A — 3 Y  N-^24*—2 A—4

7T + I2 + - 3  + IV (3)

Here

N

4

«2

=3

—13

is  the t o t a l  number o f  sp ins .

is  the superexchange co n s ta n t ,  which is  a t t r i b u t e d  to  the in te ra c t io n

between the spins w i t h in  a d imer, see f i g s .  2 and 3 .

is  the superexchange cons tan t ,  which is  a t t r i b u t e d  to  the in te r a c t io n

between the ne ighbouring sp ins belonging to  d i f f e r e n t  dimers a long the
a a x is ,  see f i g .  2 .

is  the symmetric p a r t  o f  the  superexchange co n s ta n t ,  which is  a t t r i b u t e d

to  the in te r a c t io n  between the  spins which are  re la te d  by the g l i d e -

m i r ro r  p lane and which are 7 .4  A a p a r t ,  see f i g .  3 .

is  the sum o f  the two D-M vec to rs  which belong to  Sj and i t s  two ne igh

bours, the two neighbours belonging to  the same s u b la t t i c e ,  as
is  ind ica ted  by the  s u b s c r ip t  3 .
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is  de f ined  in a s im i la r  way.°2A

In o rde r to  perform some p re l im in a ry  c a lc u la t io n s  we make two more sim

p l i f y i n g  assumptions:

1°. J . ,  J „  and J ,  a re  i s o t r o p ic ,  though, o f  course, D ,,  and D„, w i l l  be
—13 — 2 **

taken in to  account.

2° . The magnetic f i e l d  w i l l  be taken pe rpend icu la r  to  the D-M vec to r

( j  = D2 V  as fo l lo w s  from the  arguments g iven in se c t io n  3. I t  w i l l  be

f u r t h e r  re fe r re d  to  as 0 ) .

I t  is  obvious th a t  the spins are con fined  to  the plane pe rpend icu la r  to

the D-M v e c to r .  From the preceding sec t ions  i t  is  c le a r  th a t  we have to  c o n s i 

der two d i f f e r e n t  c o n f ig u ra t io n s ,  one w i th  the d i r e c t io n s  o f  the spins 1 and 3

(as w e ll  as 2 and A) symmetric w i th  respect to  the plane through H and D, which

we sh a l l  abb re v ia te  as the (1 ,3 ) s o lu t io n ,  and one w i th  the d i r e c t io n s  o f  the

spins 1 and A (as w e ll  as 2 and 3) symmetric w i th  respect to  t h i s  p lane, which

we sha l l  r e fe r  to  as s o lu t io n  (1 ,A ) .

F ig . 6. D e fin it io n  o f  the angles a,  3, y and 6 fo r  the ca lcu la tio n s  as

c a rr ie d  out in  the te x t . L e ft :  configuration  (1 ,3 ) .  R ight: con

fig u ra t io n  ( 1 , 4 ) .

F ig . 6a shows c o n f ig u ra t io n  (1 ,3 ) (as does f i g .  5b) and f i g .  6b shows

c o n f ig u ra t io n  (1,A) (as do f i g s .  5a and 5c ) .

In the energy expression (3) J j  + J2 and J ,  are nega t ive , D j j  = = D
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will also be taken negative.

6.1. The solution (1,3). See fig. 6a. Using the angles a and 6 we obtain:

e “ cos 23(1 + 2r cos 2a + 2rd sin 2a) - 2h cos 6 cos a (A)
in which

e - -E/iNU, + J2)S2; 0,3 = “ D

r = + J2) w^ich is a positive quantity

d = D/J also a positive quantity

h = -gvigH/Sfj, + J2)

The necessary conditions for the equilibrium values of a and 6 are that
the derivatives with respect to these angles should be zero:

cos 26(-Ar sin 2a + Ard cos 2a) + 2h cos 6 sin a = 0 (5)

-2 sin 26(1 + 2r cos 2a + 2rd sin 2a) + 2h sin 6 cos a - 0 (6)

From eq. 6 it follows that two different cases must be considered:
sin 6 ^ 0  and sin 6 “ 0.

Case a: sin 6 »* 0
It does not seem possible to obtain a and 6 explicitly as functions of h

from equations 5 and 6. Therefore we treat the equations in such a way that
expressions are obtained which are suitable for numerical calculations. Then
e as a function of h can be obtained in an indirect way.

Elimination of h from equations 5 and 6 yields

cos26 = sin 2g - d cos 2g
p tang a - 2d (7)

with p = (2r - l)/r.
The reduced magnetic field can then be calculated either from 5 or fföfo 6:

h - o --  p 1 + 2r cos 2g + 2rd sin 2g (8)
cos a

e can be rewritten in a siightly simpler way:
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2 cos 8 + 1e = -h  cos a --------------------
2 cos 8

(9)

From equation  7 i t  is  c le a r  th a t  c e r ta in  values o f
2

because i t  is  requ ired  th a t  0 £ cos 8 £ 1. The boundary

to  two values o f  a , re s p e c t iv e ly  a, and O j,  obeying:

a  cannot be re a l iz e d ,
2

cos 8 = 0  corresponds

s in  2aj -  d cos 2aj = 0 (10)

tang <*2 = -  " (11)

2
The boundary cos 6 = 1 g ives

s in  2a. -  d cos 2a,
----------------1----------------------------- 1  m ]  ( 12)

p tang a .  -  2d

The r i g h t  hand s ide  o f  equation  7 becomes i n f i n i t e  a t

p tang a^ -  2d = 0 (13)

A sketch o f  cos 6 as a fu n c t io n  o f  a is  g iven in f i g .  7 ( r  and d have

been chosen 3-51 and .22 re s p e c t iv e ly ) .
From equation 8 i t  can be seen th a t  the re  must e x i s t  a c r i t i c a l  va lue  o f

h above which |cos fj| > I unless cos a becomes zero s im u ltaneous ly .  From 7,

however, i t  is  concluded th a t  i f  cos a = 0 then cos 3 = 0 .  Th is  means th a t

t h i s  c r i t i c a l  va lue o f  h is  re a l iz e d  as an upper l i m i t  and is  g iven by

1 + 2 r cos 2a, + 2 rd s in  2a^

3

(14)

where a ,  obeys equation  12.
The r e la t i o n  between e and h (again f o r  r  = 3-51 and d = .2 2 ) ,  is  rep re 

sented by the f u l l y  drawn curves o f  f i g .  8 , - o f  which one ends a b ru p t ly  a t

These curves represent a l l  the s o lu t io n s  o f  equations 5 and 6 f o r  s in  8 ^ 0 ,

in c lu d in g  those w i th  maximum energy.

Case b : s in  8 = 0.
I f  s in  8 = 0  then 8 ■ 0 o r  i t ,  which means th a t  sp ins 1 and 2 co in c id e  as

do 3 and 4, so we o b ta in  a two s u b la t t i c e  system. Equation 4 reduces to :

e = 1 + 2 r cos 2a + 2rd s in  2a + 2 h coS a (15)
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Plot of 008 3 versus a for configuration (1,3). The periodicity is
180 . a^, a2, a,,, as and a. are solutions of the equations 10, 11,
12 and 13 respectively. Forbidden ranges of a are: a^ < a < a^ and
*2 '< a < o'.

which fs equivalent with the energy expression for a weak ferromagnet. It
reduces to the expression for a simple two sublattice antiferromagnet if
d = 0. If d ^ 0 equation 5 becomes equal to:

-hr sin 2a + h rd cos 2a ± 2 h sin a = 0 (16)

If d = 0 equation 16 has two solutions, viz. sin o = 0 and cos a = hAr. The
first one is the ferromagnetic solution for a simple two sublattice antiferro-
magnet. This solution does not exist if d ^ 0. Consequently no second order
phase transition occurs near saturation. The disturbance of the second order
phase transition due to D-M interaction was earlier discussed in ref. 13.

Equation 16 gives the relation between h and a. From this the energy e
can be calculated as a function of h. The result (r = 3.51 and d = .22) is
represented by the dashed curves of fig. 8. At hj^ cases a and b come together
with identical slopes. It should be noted here that h. does not lie on the1c
lowest energy branch of case b and consequently does not influence the dis~
cussions in 6.3-
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Fig. 8. Flot of the energy e in reduced units as a function of the reduced

magnetic field h.

The fully drawn curve belongs to configuration (1,3) for sin g f 0,
thus four sublattices, and describes all the solutions of equations

6 and 6 with sin g f 0. The curve ends at h = h~ .lc
The dashed curve belongs to configuration (1,3) with sin g = 0 as
well as to configuration (1,4) with sin y = 0, thus two sublattices,

and describes qll the solutions from equations 15 and 16.

The dash-dotted curve describes only the lowest energy of configu

ration (1,4) with sin y f 0. This curve ends at h = h„ .

6.2. The solution (1,4). See fig. 6b. Introducing the angles y and 5 we
obtain from equation 3:

e = cos 2y + 2r cos 26 - 2r sin 26 - 2 h cos 6 cos y (17)
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Necessary conditions for the equilibrium values of y and 6 are

- s in  2y + h cos 6 s in  y = 0 (18)

, - 4 r . s i n  26 -  4rd cos 26 + 2 h s in  6 cos y = 0 (19)

From 18 i t  is  concluded th a t  two s o lu t io n s  must be considered aga in :

s in  y /  0 and s in  y = 0.

Case a : s in  y ^ 0

In th i s  case 18 reduces to

-2 cos y + h cos 6 = 0 (20)

6, as fo l lo w s  from 19 and 20, is g iven by

tang 26 = , 8rd—  (21)
hz -  8r

y can then be c a lc u la te d  by combining 20 and 21.

A f t e r  some c a lc u la t io n s  i t  appears th a t  an e x p l i c i t  expression can be

obta ined fo r  the energy as a fu n c t io n  o f  h:

e = -  ^  / ( h 2 -  8 r ) 2 + 64 r 2d2 -  ^  h2 -  1 (22)

From 20 i t  is  c le a r  th a t  t h i s  s o lu t io n  e x is ts  up to  a c r i t i c a l  f i e l d

which is  reached fo r  cos y = 1, v i z .

^2c "  cos 6 (23)
c

S u b s t i tu t in g  22 in 19 and using cos y = 1 we o b ta in :

tang 6 r
---------------2------------------- (24)
s in (2 6 c + Q) cos if>

w i th  tang $ *  d.

The s o lu t io n  is  represented by the dash-dotted curve o f  f i g .  8.

Case b : s in  y = 0

I f  s in  y = 0 then y = 0 o r  tt, which means th a t  sp ins 1 and 2 co in c id e  as

do 3 and 4, thus again a two s u b la t t i c e  system. In fa c t  th i s  case is  the same

as case b o f  s o lu t io n  (1 ,3) discussed be fo re , w i th  a = -6 :
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e 1 + 2r cos 26 - 2 rd sin 26 + 2 h cos 6 (25)

compare equation 15. So it is also represented by the dashed curves of fig. 8.
At h2 cases a and b come together with identical slopes.

6.3. Phase transitions. It is clear that for each of the possible spin
configurations only the lowest energy branch of fig. 8 can be realized. A
cross-over of the lowest fully drawn curve and the lowest dashed curve takes
place, so we must expect to observe, in the experiments, one first order
transition and no second order transitions. The first order transition may be
considered to take place from configuration (1,3) case a to configuration
(1,4) case b (see above). It may also be considered to take place, however,
from configuration (1,3) case a to case b of the same configuration. From the
latter point of view the occurrence of a first order transition seems quite
remarkabi e.

The case of one first order transition and no second order transitions is
in agreement with the experiments in the b direction of L i C u C l I n  this
case we are sure that the field is perpendicular to the D-M vector. The hori
zontal axes of figs. 6a and b represent the b axis and the D-M vector is per
pendicular to the figures.

Thus far, in all our considerations we neglected the symmetric part of
the anisotropy. If we take this into account the consequence is that the zero
field energy of solution (1,3) case a (the lowest fully drawn curve of fig. 8)
is somewhat lowered with respect to the zero field energy of solution (1,4)
case a (dash-dotted curve of fig. 8). This is caused by the fact that, near
zero field, solution (1,3) belongs to a spin configuration in which all the
spins are oriented approximately parallel to the e axis (perpendicular to the
field) whereas in solution (T,4), again near zero field, the spins are aligned
approximately parallel to the b axis (so parallel to the field). The e axis
differs only 16° from the axis along which g reaches its largest value . This
energy shift has no consequences for the phase diagram in the b direction, in
such a way that still only one first order phase transition is found.

It should be realized that the energies in the solutions (1,3) and (1,4)
are exactly equal in zero field if the symmetric part of the anisotropy is
neglected. The only difference is that the spin arrangements are mutually
perpendicular.

Now consider the case that the field is applied parallel to the e axis,
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and suppose t h a t  t h i s  a x i s  i s  pe r p e n d ic u la r  to  the  D-M v e c t o r .  I f  now the

symmetric p a r t  o f  the  a n i s o t r o p y  i s  taken in to  c o n s i d e r a t i o n  the  energy o f

s o l u t i o n  (1,3)  f o r  low f i e l d s  is  inc reased  wi th  r e s p e c t  to  the  energy o f  s o l u 

t i o n  ( 1 ,4 ) .  This  i s  because now s o l u t i o n  (1,3)  belongs to  a c o n f i g u r a t i o n  where
nea r  ze ro  f i e l d  th e  sp in s  a r e  approx im ate ly  p a r a l l e l  t o  th e  b a x i s  (pe rp end icu 

l a r  to  the  f i e l d )  and in s o l u t i o n  (1,4)  they a r e  approx imate ly  p a r a l l e l  t o  the

e a x i s  ( p a r a l l e l  t o  the  f i e l d ) .  This'  s h i f t  o f  the  e n e r g ie s  g ive s  r i s e  to  a

second c r o s s i n g  o f  the  e n e r g i e s  v e r s us  th e  f i e l d  which accoun t s  f o r  the  f i r s t
o r d e r  phase t r a n s i t i o n  which was i n t e r p r e t e d  as  a sp in  f lo p  t r a n s i t i o n .  I t

should be r e a l i z e d ,  however,  t h a t  in t h i s  sp in  f lo p  t r a n s i t i o n  four  s u b l a t t i c e s
a r e  involved.

The e x i s t e n c e  o f  two f i r s t  o r d e r  phase t r a n s i t i o n s  f o r  the  e d i r e c t i o n

fo l lows  q u i t e  n a t u r a l l y  from our  ene rgy f u n c t i o n  (equa t ion  3 ) .  The e x p l an a t i o n

o f  the  second o r d e r  phase t r a n s i t i o n  found f o r  the  e d i r e c t i o n  a t  h ig he r  f i e l d
g ive s  us more t r o u b l e .

From the  numerical  a n a l y s i s  o f  e qu a t i on s  21 and 24 which belong to  con

f i g u r a t i o n  (1,4)  case  a i t  appea r s  t h a t  2y,  which i s  the  ang l e  between the

sp in s  1 and 2,  changes r a p i d l y  j u s t  below h2 . For th e  example ( r  -  3 . 5 1 , and

d = >22) we f ind  2y = 0 a t  h„ and 2y s 30° i f  h d i f f e r s  on ly  1% from h .  .
2c

This  behaviour  seems to  be q u a l i t a t i v e l y  in agreement  wi th  the  a c tu a l

o b s e r v a t i o n s  on LiCuCl^^h^O a t  f i e l d s  j u s t  below the  second o r d e r  phase

t r a n s i t i o n  in the  e d i r e c t i o n  (about  56 kOe)• Th is  i s  i l l u s t r a t e d  by the  r apid

v a r i a t i o n  o f  the  local  f i e l d s  a t  the  Li s i t e s ,  which fo l lows  from th e  s t e e p

changes o f  the  resonance f r e q u e n c ie s  j u s t  below 56 kOe, see f i g .  4.  There fo re

i t  seems p l a u s i b l e  t h a t  f o r  the  e d i r e c t i o n  s o l u t i o n  (1,4)  ca se  a i s  r e a l i z e d

aga in  above the  h igher  f i r s t  o r d e r  t r a n s i t i o n  (as i t  was below th e  sp in  f lo p
t r a n s i t i o n ) .  I t  i s  a l s o  suppor ted  by the  f a c t  t h a t  th e se  r esonance l i n e s  above

the  h igher  f i r s t  o r d e r  phase t r a n s i t i o n  tend to  go back to  t h e i r  o r i g i n a l
p o s i t i o n s  found below the  sp in  f lo p  t r a n s i t i o n .

I t  i s  q u e s t i o n a b le  whether  the  in t r o d u c t i o n  o f  a symmetric c o n t r i b u t i o n
to  the  a n i s o t r o p y  can i n f lu e nc e  f i g .  8 so much t h a t  two c r o s s i n g s  a r i s e  between

the  s o l u t i o n s  (1,3)  and (1,4)  below the  second o r d e r  t r a n s i t i o n  f i e l d  It* (so
between the  f u l l y  drawn and da s h -d o t t e d  c u r v e s ) .

Another  ex p l a n a t i o n  f o r  the  absence o f  the  second o r d e r  phase t r a n s i t i o n

from our  c a l c u l a t i o n s  might be th e  f a c t  t h a t  the  D-M v e c to r  i s  not  p e r pe n d ic u la r

to  the  e a x i s .  From equ a t ion  2 o f  s e c t i o n  2 the  ang l e  between the  e a x i s  and the
D-M v e c t o r  i s  e s t im a ted  to  be e i t h e r  4° o r  28°.  The l a t t e r  d i r e c t i o n  seems to

be the  most p robab le  one,  because i f  t he  f i e l d  is  p a r a l l e l  t o  the  D-M v e c t o r  no
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transitions are expected at all except the one to saturation, which occurs only
for this direction. So our assumption that this angle is 90° may be too crude
and it might be useful to perform calculations with the magnetic field at an
arbitrary angle with the D-M vector.

6.4. The sign reversing field. Additional calculations have been made in
order to find the first order phase transition at which the sign reversal of
the vector product of two of the four sublattice magnetization vectors occurs
as a function of 1/r = (Jj + and d = D/J,. This field, in reduced units,
will further be referred to as the sign reversing field h

Three values of d were chosen (d = .06, .10 and .14) which cover the data
obtained from various experiments. Equation 2 of section 2 yields d = .065 ±

14) /.004, the value from De Jong's calculations ' (actually the component of d
in the ac plane); the magnetization measurements in the b direction near satu
ration give d = .055 ± .005; the preliminary calculations in section 2 lead
to d ï .1.

In fig. 9 hg /hg has been plotted versus 1/r for the three d values, h
is the field, again in reduced units, at which full saturation occurs if the
D-M interaction is absent (d = 0). According to equations 15 and 16 we have
h = 4r. For the b direction H =2 4  kOe and H s 150 kOe. These are valuess sr s
extrapolated to zero temperature which follow from the phase diagrams in
Chapter 3 figs. 3 and 6. The two critical fields lead to hs|_/h = .16. This
value is indicated by the horizontal dotted line of fig. 9- It leads to ex
tremely low values of 1/r = (Jj + For instance if d = .06 we find
1/r = .022, which means that J. + J^, the sum of the interactions in a chain
along the a axis, is very small as compared to J^, the interaction in chains
parallel to the c axis. This result might change somewhat if the symmetric
anisotropy were taken into account, but this leads to much more complicated
calculations, which have not yet been carried out.

The low value of 1/r is somewhat unexpected in view of the interatomic
d i stances.

Two possibilities exist.
1°. Jj, and J, are the only important interactions in LiCuCl^'Z^O.

In that case J. and J2 (which must both possess the anti ferromagnetic sign)
are actually so small- as was concluded from the preceding calculations.

2°. In addition to Jj, J2  and and fourth interaction must be taken
into account, which stabilizes the structure with the four magnetic sublattices,
so that a ferromagnetic J. and an anti ferromagnetic J2  are allowed, without
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O 1/r

Fig. 9. Plot of the sign reversing field to saturation field ratio versus

1/r at several d values. The sign reversing field exists for any

value of 1/r. The curves 1, 2 and 3 belong to d values .06, .10 and

.14 respectively. The dotted line represents ^gr/h = .16.

affecting the alternating arrangement of the spins along the a axis in zero
field, which has been found with neutron diffraction  ̂ • (An antiferromagnetic
Jj and a ferromagnetic J- is also a possibility but there are argumunts, to
be given in section 7» that Jj is ferromagnetic). A strong ferromagnetic inter-
action between the spins 6.08 A apart, which are related by translation along
the a axis (see fig. 2), fulfills this requirement. This interaction is inef-.,
fective in the four magnetic sublattice model, the only effect being that it
stabilizes this model. Even the D-M interaction which may be present in J. is
cancelled in this four sublattice model. So, as far as the zero temperature
behaviour Is concerned no Inconsistencies are introduced by taking J. into
account.

The second possibility seems to be sustained by the fact that also in
certain antiferromagnetic iron group halides strong ferromagnetic interactions
exist . In these halides similarly bridged structures are present as in the
dimers in LiCuCl^^l^O.

Another argument for the existence of strong interactions in the chains
along the a axis follows from the value of the Neel temperature.
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I f  we approx imate the  i n t e r a c t i o n s  in L iCuCl j^h^O by those  in the  cha ins
a long th e  c a x i s  ( J , )  and an in t e r c h a i n  i n t e r a c t i o n  J which is  e i t h e r  J .  o r  J „ ,

1 16) *
then we may use a s  a f i r s t  app ro x imat ion ,  On sager ' s  r e l a t i o n  f o r  the  Néel

t em per a t u re  f o r  an I s ing  square  ne t  o f  s p i n s .  We apply  t h i s  r e l a t i o n  though

we rea l  i ze  t h a t  t h i s  approximation  o f  the  i n t e r a c t i o n s  does not  r e s u l t  i n to  a

square  n e t ,  because cou p les  a sp in  wi th  two ne igh bo urs ,  whereas J j  o r
cou p les  a sp in  wi th  on ly  one neighbour .

The ze ro  t em per a t u re  s a t u r a t i o n  f i e l d  o f  160 kOe y i e l d s  J ^ / k  = -12 K.

Toge the r  wi th  the  exper imenta l  va lu e  T„ = 4 .5  K t h i s  l eads  to  J / k  = -6 K in theN
Onsager model.  So i t  must be concluded t h a t  impor tant  i n t e r a c t i o n s  a r e  p r e se n t

between th e  c ha in s  a long the  c a x i s ,  and t h i s  r e s u l t  may hold even i f  both

J j  and a r e  t aken i n to  ac coun t .

In s e c t i o n  7 th e  v a l ue s  o f  the  exchange c o n s t a n t s  J j ,  J^ ,  and wi l l
be e s t im a te d .

7.  Es t i ma t i on  o f  the  exchange c o n s t a n t s .

Tachiki  and Yamada made some c a l c u l a t i o n s ,  in the  molecula r  f i e l d

approx im at io n ,  on the  behaviour o f  a two s u b l a t t i c e  system o f  i d e n t i c a l  sp in

p a i r s  wi th  some i n t e r p a i r  exchange i n t e r a c t i o n .  They assumed t h a t  the  inte i—

a c t i o n  between th e  members o f  a p a i r  (wi th an a n t i f e r r o m a g n e t i c  s ign)  i s  l a rg e

as  compared to  th e  i n t e r p a i r  i n t e r a c t i o n s  and t h a t  a l l  i n t e r a c t i o n s  a r e  i s o 

t r o p i c .  Since p a i r s  o f  sp in s  occur  in L i C u C l b e t w e e n  which an impor tant

a n t i f e r r o m a g n e t i c  i n t e r a c t i o n  is  expec ted (J_ in f i g .  2 ) ,  as  was argued in

s e c t i o n  6 . 4 ,  the  p o s s i b i l i t y  e x i s t s  t h a t  t h e i r  t h e o r e t i c a l  r e s u l t s  may lead to

a t  l e a s t  approximate J v a l u e s .  I t  should be emphasized t h a t  th e s e  p a i r s  o f
sp in s  do not  c o i n c id e  wi th  the  dimers a s  in t roduced  be f o r e ,  but  a r e  the  ne i gh

bours 3 .84 A a p a r t .
I f  t he  exchange i n t e r a c t i o n s  between the  sp in  p a i r s  a long the  a a x i s  (J.

and Jj|) a r e  n eg le c ted  and on ly  i s  t aken in to  account  as  an i n t e r p a i r  i n t e r 

a c t i o n ,  then we a r e  d e a l i n g  wi th  a system o f  i d e n t i c a l  sp in  p a i r s .  I f  we neg

l e c t  J ,  i n s t e ad  o f  J j  and th e  s i t u a t i o n  i s  s i m i l a r ,  but  from s e c t i o n  6 i t

has become c l e a r  why J ,  i s  so impor tan t .  Moreover,  i f  on ly  J j ,  J  ̂ and were
taken  in to  ac co un t ,  t h e r e  would be no long range o r d e r .

From the  d e f i n i t i o n s  o f  a and 6, th e  q u a n t i t i e s  in t roduced  by Tachiki  and

Yamada (which a r e  both r e l a t e d  to  the  i n t e r p a i r  i n t e r a c t i o n s ) ,  we f ind  the

r e l a t i o n s

6 = +2J3a  = - J , ;
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The c o n s i d e r a t i o n s  o f  th e se  au th or s  lead t o  the  phase diagram o f  f i g .  10a,

which r e p r e s e n t s  th e  boundary between the  a n t i  f e r ro ma gn e t i c  and paramagne tic

phases .  This  curve  can be i d e n t i f i e d  wi th  the  d o t t e d  l i n e  o f  f i g .  3 in Chapter

3 ( the  t r a n s i t i o n  to  paramagnetism i f  th e  D-M i n t e r a c t i o n  were a b s e n t ) .  I t  has
been redrawn in f i g .  10b in such a way t h a t  the  low f i e l d  p a r t  (d o t t ed  p a r t )

has been o b ta ine d  by m i r r o r i n g  the  upper  p a r t  w i th  r e s p e c t  to  the  80 kOe l i n e

(which i s  the  f i e l d  a t  which an anomaly occurs  a t  t he  h ig h e s t  t e m p er a t u re ) .

In t h i s  way we o b t a i n  a f u l l  phase d iagram,  which does not  show any e f f e c t

a r i s i n g  from e i t h e r  the  an t i sym met r i c  o r  the  symmetric p a r t  o f  the  an i s o t r o p y
and which is  de r ived  by us ing  on ly  high f i e l d  d a t a .  These c o n d i t i o n s  a r e  neces -

sa ry  f o r  the  a p p l i c a b i l i t y  o f  the  c a l c u l a t i o n s  o f  r e f .  17- Perhaps by c o i n c i 
dence the  lower t r a n s i t i o n  a t  ze ro  t emp era t u re  occ urs  a t  ze ro  e x t e r n a l  f i e l d .

Comparing f i g s .  10a and b,  the  two c r i t i c a l  f i e l d s  a t  ze ro  t emp era t u re  lead
immediately to  the  r e l a t i o n s :

J -  i | 6 | ■ 0 ; J + a + i | B |  = gUgHS (27)

in which: J is i d e n t i c a l  to  - J _ ,  th e  i n t e r p a i r  i n t e r a c t i o n ,  g « 2 .22 "  and
S .

H is  the  s a t u r a t i o n  f i e l d ,  which in our  ca se  is  equal to  about  160 kOe. u
B

is  the  Bohrmagneton.

A t h i r d  r e l a t i o n  fo l lows  from the  h i g h e s t  t em per a t u re  a t  which a
t r a n s i t i o n  o cc ur s :

| e | A  = 5 k (28)

wi th  k Bol tzmann' s c o n s t a n t .

Combinat ion o f  e qu a t i on s  26 and 27 y i e l d s

J 2/ k  = -22 K; | J  | / k  = 22 K (29)

so equal in a b s o l u t e  magni tude.

Combining 26 and 28 we o b ta in  a d i f f e r e n t  r e s u l t

| J 3 | / k  = 10 K (30)

The d isagreement  between the  two va lu es  demons t ra t e s  t h a t  p robably

i t  i s  not  j u s t i f i e d  to  n e g l e c t  and J^ ,  the  i n t e r p a i r  i n t e r a c t i o n s  a long the
a a x i s .  Moreover,  in the  c a l c u l a t i o n s  o f  Tachiki  and Yamada i t  has been assumed

67



t h a t  th e  i n t e r p a i r  i n t e r a c t i o n s  a r e  small a s  compared wi th  the  i n t r a p a i r  i n t e r 

a c t i o n .  T h i r d l e y ,  c a l c u l a t i o n  o f  the  exchange c o n s t a n t s  in the  molecula r  f i e l d
app ro x imat ion ,  us ing the  t r a n s i t i o n  f i e l d s  a t  ze ro  t e mp era tu re ,  g ives  u s u a l l y

v a l ue s  which d i f f e r  s i g n i f i c a n t l y  from the  va lu es  which can be de r ived  from

anomal ies  a t  h ighe r  t e m p er a t u re s .  T here fo r e  th e se  c a l c u l a t i o n s  can on ly  g ive
o r d e r s  o f  magni tude f o r  th e  i n t e r a c t i o n  c o n s t a n t s .

J  + & +"2 I PI

J + ^C L

gnBH'
J — ̂  Ipl

O k f j p i  | p i
8 4

(a)

1 T 2 3 4  5

Fig. 10. L eft: th eo re tica l phase boundary fo r  a spin-pair system as calculated
by Tachiki and Yamada. Right: phase boundary o f  LiCuCl-2Ho03 om itting

ó a

any e f fe c t  as w ell as a l l  tran sition s which arise  from anisotropy.

Now i f  we choose J _ /k  = -16 K ( the  ave rage  o f  the  values  de r ived  from

e q u a t i o n s  29 and 30 ) ,  t he  r e l a t i o n  (Jj  + J ^ / J ,  = .022 o f  s e c t i o n  6 .4  leads

to  (J j  + J j J / k  * - . 3 5  K. In view o f  eq ua t io n  29 t h i s  y i e l d s  J . / k  *» +22 K and

J , / k  = -22 K, so t h a t  the  a l t e r n a t i n g  ar rangement  o f  the  sp ins  in ze ro  f i e l d
a long  th e  a a x i s  l eads  to  the  r equi rement  J . / k  >+11  K.

, ,  14) HFor the  c a l c u l a t i o n s  o f  De Jong , mentioned in s e c t i o n  2,  th e  values
J , / k  = -16 K and J j / k  = +22 K were adop ted ,  whereas J 2 and were n eg le c te d .
Although th e se  c a l c u l a t i o n s  a r e  not  very s e n s i t i v e  f o r  th e  exchange model used,

they g ive  q u i t e  a c c u r a t e  and r e l i a b l e  va lu es  o f  the  D-M inte rac t ion- .

8.  Concluding remarks .

So f a r  no th ing  has been sa id  about  the  double c h a r a c t e r  o f  the  sp in  f lop
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t r a n s i t i o n  as w e ll  as about the double c h a ra c te r  o f  the f i r s t  o rde r  t r a n s i t i o n

near 24 kOe in the b d i r e c t i o n .  I t  is  very  w e ll  poss ib le  th a t  the mechanism

which causes these small anomalies is  a D-M in te r a c t io n  between the spins which

are connected v ia  the g l i d e - m i r r o r  plane and are  7 .0  A a p a r t  ( e . f .  e and g in

f i g .  3 ) .  Th is may lead to  the ex is tence  o f  a t  le a s t  e ig h t  s u b la t t i c e s  as has

been argued in sec t ion  3>

A lthough the energy express ion  (equat ion  3) has not ye t  been analyzed

f u l l y j  the f i r s t  o rde r  phase t r a n s i t i o n ,  which can be described as a sudden

sign reversa l o f  the  v e c to r  product o f  two o f  the fo u r  e x i s t i n g  s u b la t t i c e

m agnet iza t ion  v e c to rs ,  o c c u r r in g  a t  about 32 kOe fo r  the e d i r e c t i o n ,  must be

a q u i te  common process in an t i fe r rom agne ts  showing a hidden ca n t in g .

I t  should be ve ry  usefu l to  determine the sp in  d i r e c t io n s  in a d i r e c t  ex

perimental way, e s p e c ia l ly  near the second o rde r  phase t r a n s i t i o n  (which is

found a t  56 kOe fo r  the  e d i r e c t i o n ) .  Jus t below t h i s  t r a n s i t i o n  fo u r  d i f f e r e n t

sp in  d i r e c t io n s  must be found,, which are probab ly  non-cop lanar, w h i le  above

t h i s  f i e l d  o n ly  two sp in  d i r e c t io n s  should occu r.  For the  b d i r e c t i o n  o n ly  one

f i r s t  o rde r phase t r a n s i t i o n  was found. S im i l a r l y  here fo u r  s u b la t t i c e s  e x i s t

below 24 kOe and o n ly  two above t h i s  f i e l d .  Th is can be checked w i th  accura te

neutron d i f f r a c t i o n  in v e s t ig a t io n s  o r  w i th  Li resonance experim ents , performed

on s in g le  c r y s t a ls .  In the case o f  Li resonance f o r  th e  b d i r e c t i o n ,  f o r  exam

p le ,  fo u r  resonance l in e s  must be found below the f i r s t  o rde r phase t r a n s i t i o n

and o n ly  two resonance l in e s  above t h i s  f i e l d  ( c e r t a i n l y  above the weak anomaly

which occurs a t  a f i e l d  s l i g h t l y  above th a t  o f  the f i r s t  o rde r  phase t r a n s i t i o n ) .

In v e s t ig a t io n s  o f  s o lu t io n  (1 ,3 )  case b as w e ll  as s o lu t io n  (1 ,4 )  case b,

which both descr ibe  the behaviour o f  a weak ferromagnet (thus two canted sub

l a t t i c e s )  as was demonstrated in sec t ion  6, revea ls  th a t  the behaviour near

s a tu ra t io n  is  s t r o n g ly  dependent on the magnitude o f  the D-M v e c to r .  For i n 

stance i f  d = 0 then a sharp anomaly occurs a t  s a tu r a t io n ,  corresponding to

a second o rde r  phase t r a n s i t i o n .  I f  d é  0 a marked rounding o f f  o f  the magneti

z a t io n  near s a tu ra t io n  is  found (see equations 15 and 16 from which the mag

n e t iz a t io n  can be der ived  by c a lc u la t in g  -d e /d h ) .

At temperatures low aS compared to  the  Néel temperature and in  f i e l d s  near

s a tu ra t io n  (so about 160 kOe f o r  L iC u C l^ ^ i^ O )  the  sp ins a re  approx im ate ly

p a r a l le l  to  the  f i e l d .  The ca n t in g  o f  the  sp ins is  o n ly  due to  the  component

o f  the D-M v e c to r  pe rpend icu la r  to  the  p lane through the  two sp in  d i r e c t i o n s .

Conséquent!y i f  the magnetic s a tu ra t io n  is  measured in a d i r e c t i o n  perpen

d i c u la r  to  the  D-M v e c to r  ( f o r  instance the b d i r e c t i o n  in  LiCuCl ,*2H20)

the magnitude o f  the  D-M v e c to r  can be de r ived  from the  w id th  o f  the s a tu ra t io n
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pr oc e ss .  The d i r e c t i o n  o f  the  D-M v e c to r  can be found s i m i l a r l y  by sea rch ing
f o r  a c r y s t a l l o g r a p h i c  o r i e n t a t i o n  in which the  s a t u r a t i o n  shows up as  a

sha rp  anomaly (even in the  case  o f  four  s u b l a t t i c e s ,  which remain in e x i s t e n c e

in L i C u C l i f  i t  i s  magnet ized in the  d i r e c t i o n  p a r a l l e l  t o  the  D-M
v e c t o r .  This d i r e c t i o n  must be found somewhere in the  ac p lane .

The above mentioned method o f  f in d in g  the  magnitude as  well  a s  the  d i r e c 

t i o n  o f  the  D-M v e c t o r  i s  obv i ous ly  on ly  a p p l i c a b l e  i f  on ly  one d i r e c t i o n  is
p r e s e n t  in the  c r y s t a l  in which an impor tant  D-M i n t e r a c t i o n  o cc ur s .  Moreover
c e r t a i n  components o f  the  D-M v e c to r  a r e  c a n c e l l e d  in the  o rde red  phase.

Measurements o f  t h i s  type a r e  in p r og re ss  in the  pu lsed magnet i c f i e l d  i n s t a l 
l a t i o n  o f  our  l a b o r a t o r y  f o r  LiCuCI *2H20 ®' .

Fu r th e r  c a l c u l a t i o n s  wi th  the  ene rgy  ex p re ss i on  (equ s t i on  3) can be c a r r i e d

o u t .  For i n s t a n c e ,  i t  canno t  be very d i f f i c u l t  t o  c a l c u l a t e  the  o r i e n t a t i o n  o f
the  D-M v e c to r  from the  ang l e  between th e  d i r e c t i o n  o f  maximum g and and spin

d i r e c t i o n  in ze ro  f i e l d  ^ i f  t he  magni tudes o f  the  a n i s o t r o p i e s  a r e  known.

Secondly the  c a l c u l a t i o n s  o f  s e c t i o n  6 can be extended to  magnet ic f i e l d

d i r e c t i o n s  a t  a r b i t r a r y  a n g l es  wi th  the  D-M v e c t o r .  T h i r d l y  i t  must be i n t e r e s 

t i n g  to  f i n d  the  s t a b i l i t y  r eg ion s  o f  the  two s o l u t i o n s ,  con s i de r ed  h e re ,  a s  a
f u n c t i o n  o f  r ( the  r a t i o  o f  the  exchange c o n s t a n t s )  and d ( the  r a t i o  o f  the
D-M i n t e r a c t i o n  and the  exchange energy which i t  belongs t o ) .
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C H A P T E R  5

MAGNETIC BEHAVIOUR OF CoC12*6H20 AND CoBryÓH 0

1. CoC12*6H: 0.

Cobalt ch loride hexahydrate, CoC12*6H20, becomes antiferromagnetic below
"  2.29 K . The crys ta l is base-centered monoclinic, the external shape was

described by Groth 2 . The dimensions o f the u n it ce ll are: a » 10.34 A, b =
7.06 A, c = 6.67 A w ith 6 = 122°20' 9 , the density being 1.924 g/cm9. The c
axis is the d ire c tio n  o f anti ferromagnetic alignment ^  and the magnetic space
group is C 2 /c  9 . The g factors fo r d iffe re n t d irections obey q = a -  4 9

c 2» 6) c sb '

9lb ,c  = 2,9 • Above the sp in -flop  tra n s itio n  f ie ld  the sub la ttice  magneti
zations are pa ra lle l to the b ax is.

Two c o n flic t in g  sets o f values fo r the exchange in tegra ls  J between intei—
acting spins (J is defined by w ritin g  the exchange energy between two spins S

— ]
and S_ as JS, S j  can be found in the lite ra tu re . For the c d irec tion  Shinoda

1 7) .et a i.  give J , /k  = 8.12 K fo r nearest neighbours and a much smaller value
fo r the second-neighour in te rac tion . Kimura gives J j/k  = 2.32 K fo r the
nearest-neighbour in te rac tion , J2/k  = 1.75 K fo r the second-neighbour in te r 
action and a small fourth-neighbour in te rac tion . These J values lead in the
m olecu lar-fie ld  approximation (MFA) to exchange f ie ld s  o f 49.2 kOe and 19.4 kOe,
fo r Shinoda et a l.  and Kimura, respective ly. The exchange f ie ld s  are calculated
fo r zero temperature in the antiferromagnetic phase. Again in the MFA th is  leads
to c r i t ic a l - f ie ld  values fo r the tra n s itio n  from the flo p  phase to the paramag
netic  phase at zero temperature o f 98.4 kOe and 38.8 kOe, respectively 9^ .

Single crys ta ls  were grown from a saturated aqeous so lu tion . A crysta l
weighing 0.2)6 g was used in the experiment. I t  was mounted w ith its  c axis
pa ra lle l to the external f ie ld .

Some typ ica l curves, showing the s u s c e p tib ility  versus the magnetic f ie ld
at constant temperature are given in f ig .  1. A ll the curves are on the same
scale, but the zero lines have been sh ifted  w ith respect to each other as in d i
cated in the fig u re . Two pronounced anomalies are observed at the lower temper
atures. The lower one is the tra n s itio n  from the antiferromagnetic to the spin-
flo p  phase, the upper one is assumed to be the tra n s itio n  from the sp in -flop
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Fig. I. Typical curves, alwwing the s u s c e p tib ili ty  versus the magnetic f ie ld
a t constant temperature. Note the v e r tic a l s h if t  o f  the d iffe ren t
citrve8.

phase to paramagnetism (see below). A small h y s te r e s i s  of  about 1.5% was
invar iably found in the pos i t i on  of  the lower peak (which is a f i r s t - o r d e r
t r a n s i t i o n ) ,  but no such e f f e c t  could be de tected in the case of  the  upper one.

Curves showing the s u s c e p t i b i l i t y  versus the temperature a t  cons tan t  f i e l d
are  shown in f i g s .  2 and 3. The kinks and peaks in these  curves correspond very
well with the peaks in f i g .  1. Fig.  3 corresponds to  a small region of  f i g .  2.
Here, fo r  c l a r i t y ,  the curves have been s h i f t e d  v e r t i c a l l y  with respect  to
each o ther  in an a r b i t r a r y  way.

From f i g s .  1, 2 and 3 we cons tructed the H,T phase diagram of  f i g .  h. The
Neel temperature is observed to be 2.30 ± 0.02 K and the t r i p l e  point  a t
2.07 ± 0.02 K and H -  7-9 ± 0.2 kOe. The following c r i t e r i a  were used for  the
pos i t i ons  of  the t r a n s i t i o n s .  For the a n t i  fer romagnet ic to sp in - f lo p  t r a n s i t i o n :
the maxima in the X(H) curves;  for  the an t i fe r romagnet ic  to  paramagnetic t r a n 
s i t i o n :  the kinks in the  X(T) curves;  for  the sp in - f lo p  to  paramagnetic t r a n 
s i t i o n :  the maxima in the X(H) or X(T) curves.  In general the  t r a n s i t i o n s  be
come very vague near the t r i p l e  po in t .

The diagram of  s t a t e  of  CoC12 *6H20 up to about 12 kOe had been derived
before from proton-resonance experiments by Van der Lugt and Pouli s 12^, from
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Fig. 2. Typical curves, showing the susceptib ility versus the temperature
at constant fie ld .

19.0

Fig. 3. Detail o f the behaviour o f the susceptib ility versus the temperature
at some fie ld  levels near the trip le  point. The negative slope o f
the transition curve ju s t above the trip le  point is  clearly
demonstrated.
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K 2.5

Fig. 4. Phase diagram of CoCl^’SH^O as derived from anomalies in the sus

ceptibility. O  First-order phase transition. A Second-order phase
transition.

isothermal magnetization experiments by Schmidt and Friedberg and from
isentropic magnetization experiments by McElearney et al. ^  In general there
is good agreement with our results. The positive slope of the upper transition
curve just above the triple point was also found in these experiments. It
follows clearly from fig. 3.

It is obvious that the low-field transition below the triple-point temper
ature is the transition from the anti ferromagnetic phase (where the spin ar
rangement is parallel to the c axis) to the flop phase (where the spin arrange
ment is almost parallel to the b axis).

Considering the transition from the antiferromagnetic to the paramagnetic
phase, the x(T) curves of fig. 2 for low fields show that there is some short-
range order above the Néel point. The susceptibility curves show maxima at
temperatures T /T^ > 1*8. This is in agreement with the zero-field specific-
heat measurements of Robinson and Friedberg .

It should be noted that the susceptibility in the flop phase rises with
the field as well as with the temperature, leading to a rather sharp maximum
at the transition to the paramagnetic phase. The simple molecular-field cal
culations show a temperature- and field-independent susceptibility. This field-
dependent susceptibility was reported earlier in several other antiferro-
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magnetic m a te r ia ls  such as MnCl *4H,0 ^  , EuTe CoCl. CuClo*2H„0
] q) ^  *■ 2 2

and GdAlO, . In the l i t e r a t u r e  a t  le a s t  th ree  mechanisms can be found in

o rde r to  e x p la in  th i s  f ie ld -dependen t s u s c e p t i b i l i t y :  f i r s t l y  b iq u a d ra t ic  ex

change e f f e c ts ^ ®  , secondly a la rge  a n iso tro p y  ^  and t h i r d l y  the ex is tence
. 22)o f  a z e ro -p o in t  motion o f  the a n t i  fe r rom agnet ic  magnons , which is  in fa c t

an i n t r i n s i c  p rope r ty  o f  any f e r r o -  o r  a n t i fe r ro m a g n e t .  Th is w i l l  be fu r th e r

discussed in Chapter 6.

I t  seems plausible that the upper transition f ie ld  is the transition to
the paramagnetic phase indeed. The x(h) curves at constant temperature ( f ig .  1)
approach the value zero above this transition. So i t  does not seem l ike ly  that
additional transitions w il l  be found at s t i l l  higher fie lds as in the cases of
Mn(CH00)2*2H20 ,0  ̂ and LiCuCl *2H20 23K

I f  we e x t ra p o la te  our upper t r a n s i t i o n  f i e l d  to  T = 0 we o b ta in  46.0 kOe,

which is  in disagreement w i th  the values der ived  from the exchange f i e l d s ,  as

c a lc u la te d  from the exchange constan ts  in the MFA o f  both Shinoda e t  a l .  and

Kimura (see above). Th is seems to  in d ic a te  th a t  molecula i—f i e l d  th e o r ie s  are

inadequate to  g ive  a d e s c r ip t io n  o f  the behaviour o f  CoC12 »6H20. In Chapter 6

we g ive  a more d e ta i le d  d iscuss ion  o f  our re s u l ts  based, f o r  the lower f i e l d s ,

on the two-dimensional Is ing  model, and f o r  the  f l o p  phase, on spin-wave

th e o r ie s .  Several au thors  have a l ready  adapted the Is in g  model in o rde r to

e x p la in  t h e i r  experimental re s u l ts  .

2. CoBr^• 6 ^ 0.

Cobalt bromide hexahydrate, CoBr-*6Ho0 becomes a n t i fe r ro m a g n e t ic  below
_ 24) L 1
T^ ■ 3-07 K . The c r y s ta l  is  isomorphous w i th  the corresponding c h lo r id e ,

which is base-centered m onoc l in ic  and whose ex te rna l shape was described by
.  . 2)
Groth . The dimensions o f  the u n i t  c e l l  a t  room temperature a re : a = 11.029

A, b = 7.178 A, c = 6.908 A, each w i th  an accuracy o f  one p a r t  in a thousand

and 3 ■= 124.71 ± 0.04° 23 . The d e n s i ty  is  2.46 g/cm3. The c a x is  is  the d i r e c -
26)t i o n  o f  a n t i fe r ro m a g n e t ic  sp in  a l ignment '  and the magnetic space group is

27)C, 2 /c  . The g fa c to rs  f o r  d i f f e r e n t  d i r e c t io n s  are g, = 5 .0 ,  g = 5 . 1 ,
28)  ̂ c

g^k c = 2 .2  . Above the s p in - f l o p  t r a n s i t i o n  the s u b la t t i c e  m agnet izat ions

are p a r a l le l  to  the b a x is .

S ing le  c r y s t a ls  were grown from a sa tu ra ted  aqeous s o lu t io n .  A c ry s ta l

weighing 2.36 g was used f o r  the measurements in the b d i r e c t i o n  and a c ry s ta l

o f . 0.902 g was used for the measurements in the c direction. For orienting the
• 2)s in g le  c r y s t a ls ,  the morphology as g iven by Groth was used, and in a d d i t io n
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an X-ray a n a l y s i s  was made in o r d e r  to  check th e  chosen d i r e c t i o n .

Some ty p ic a l  cu r v e s ,  showing the  s u s c e p t i b i l i t y  ve r su s  the  magnet i c f i e l d
a t  c o n s t a n t  t e mpera tu re  f o r  the  c d i r e c t i o n  a r e  g iven in f i g .  5.  All th e  cu rves

25)

Co Br2.6H 20
Htfc-axis

4.30  K

3.I8K

3.07  K

I.79K

L) H 1 C 60kOe7D

Fig. 5. S u sc e p tib ility  versus magnetic f i e l d  o f  CoBr^BH^O sing le  c ry s ta l
w ith the external f i e l d  p a ra lle l to  the c axis  a t several temperatures.
Note the v e r tic a l s h i f t  o f  s u s c e p tib i l ity  sca les.

a r e  on the  same s c a l e ,  but  th e  ze ro  l i n e s  have been s h i f t e d  wi th  r e s p e c t  to

each o t h e r  a s  ind i ca t ed  in the  f i g u r e .  Two pronounced anomal ies  a r e  observed

a t  the  lower t e mp er a t u re s .  The lower one r e p r e s e n t s  the  t r a n s i t i o n  from the

a n t i f e r r o m a g n e t i c  to  th e  s p i n - f i o p  phase,  th e  upper  one co r responds  to  the
t r a n s i t i o n  from the  s p i n - f i o p  phase to  the  paramagne t i c  phase.  A small hys

t e r e s i s  f o r  th e  a n t i f e r r o m a g n e t i c  to  s p i n - f l o p  phase boundary,  r anging from

1 p e rc en t  a t  1.2 K to  abou t  3 p e rc en t  nea r  th e  t r i p l e - p o i n t  t e m pe ra tu re ,  was

found.  No h y s t e r e s i s  could be d e t e c te d  in any o f  the  o t h e r  phase t r a n s i t i o n s .

Curves showing the  s u s c e p t i b i l i t y  ve r sus  th e  t empera tu re  a t  c o n s t a n t  f i e l d
(c d i r e c t i o n )  a r e  shown in f i g s ;  6 and 7- Fig.  7 co r responds  to  the  r egion

j u s t  above the  t r i p l e  po in t  in o r d e r  to  show the  p o s i t i v e  c u r v a t u r e  o f  the

phase boundary as  has a l s o  been found in e . g .  CoC^'éH-O ^  . The measurements
ve r s u s  th e  t emp era t u re  have been done in a d d i t i o n  to  those  ve r su s  the  f i e l d

because c l o s e  to  the  Néel t empera tu re  the  t r a n s i t i o n  t empe ra tu re  i s  n e a r ly  in 
dependent  o f  the  f i e l d ,  so w e l l -d e f i n e d  anomal ies  can on ly  be expected  by
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Co Bpj . 6  H20
H//c-axis

4.0 K 4.5

Fig. 6. S u s c e p tib ility  versus temperature o f  CoBr • 6EJ) s ing le  c ry s ta l w ith
a  a

the external f i e l d  p a ra lle l to  the a axis  a t  several f i e l d  leve ls .
Note the v e r tic a l s h i f t  o f  the s u s c e p tib i l ity  sca les.

Co B r2.6  HsO
H//c-axis

!.5 T K 4.5

Fig. 7. S u sc e p tib ility  versus temperature a t f i e l d  leve ls  ju s t  above the
tr ip le  p o in t. Note the v e r tic a l s h i f t  o f  the s u s c e p tib il ity  sca les.
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c r o s s i n g  the  phase boundary wi th  vary ing t emper a t u re .

The same exper imen t s  have been done f o r  the  b d i r e c t i o n .  The r e s u l t s  a r e
shown in f i g s .  8 and No s p i n - f l o p  t r a n s i t i o n  Is found in t h i s  d i r e c t i o n .

3 .78  K

3 .t4 K

3.02  K

2 .82  K

1.98 K

1 .24 K
H 10

Fig. 8. S u s c e p tib ility  versus magnetic f i e l d  o f  CoBr^6H 0 s ing le  c ry s ta l
w ith the external f i e l d  p a ra lle l to  the b axis  a t several temper
atures.

emu/molG

Co Br2 6 HaO
M//b-axis

1.5 T. 2.0 4.0 K
Fig. 9. S u sc e p tib ility  versus temperature o f  C oB r’6H00 sin g le  c ry s ta l w ith

o  a

the external f i e ld  p a ra lle l to  the b axis a t several f i e l d  leve ls .

From f i g s .  5,  6 and 7 we c o n s t r u c te d  the  H,T phase diagram f o r  the  c
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direction. From figs. 8 and 9 we constructed the H,T diagram for the b direc
tion. Both diagrams are given in fig. 10. The Neel temperature (c direction)

Co Br2.6 HaO
. H//c-axis
. H//b-axis

K 3.51.0 T 1.5
Fig. 10. The magnetic phase diagram of a single crystal of CoBr.'6H„0.

u  C

O  Magnetic field parallel to the c axis; □  magnetic field parallel
to the b axis. The dash indicates the direction in which the phase

boundary is crossed.

is observed to be 3.1^ ± 0.03 K and the triple point occurs at 2.89 ± 0.03 K
and 9*3 ± 0.2 kOe. The following criteria were used for the positions of the
transitions. For the antiferromagnetic to spin-flop phase: the maxima in the
x(H) curves. For the spin-flop to paramagnetic phase: the maxima in the x(H)
or x(T) curves for the higher fipid levels and kinks in the x(T) curves at the
lower fields. For the anti ferromagnetic to paramagnetic phase: maxima in the
X(H) or X (T) curves at the higher field levels and kinks in the x(H) or x(T)
curves at the lower fields. In general the transitions become very vague near
the triple point. The difference in T,. for the b and c directions of fig. 10
cannot be explained from the experimental accuracy. It may be connected with
our criteria for the positions of the transitions.

The diagram of state of CoBr_*6H,,0 up to about 10 kOe has bèen derived
30) 2 2before by McElearney et al. ' by isentropic magnetization and specific-heat

measurements. The phase boundaries as detected from the susceptibility measure'
ments correspond, within the accuracy of the experiment with those derived from
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the isentropic magnetization and specific-heat measurements.
The experimental results will be discussed theoretically in Chapter 6.
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C H A P T E R  6

DISCUSSION OF THE MAGNETIC BEHAVIOUR OF CoCl *6H20 AND CoBr2 *6H20

1. The model .

Several  i n v e s t i g a t o r s  d es c r ib ed  t h e i r  exper imenta l  da ta  on CoC1 " 6 H 20 and

CoBr*6H20 a t  low tempe ra t u re s  by us ing on ly  one impor tant  exchange i n t e r a c t i o n
J ,  where J i s  d e f i ne d  by w r i t i n g  the  exchange energy between two sp in s  S, and

i2 as
Eex J V i 2 ( i )

see f o r  i n s t an c e  r e f e r e n c e  1 f o r  CoC12 "6H20 and re f e r e n c e  2 f o r  CoBr2 *6H20.
This  i n t e r a c t i o n  J should occur  between a sp in  and i t s  four  neighbours  in the

(001) o r  ab p la n e .  These p lan es  a r e  t e t r a g o n a l l y  occupied by Co sp in s .  In ad

d i t i o n  to  t h i s  i n t e r a c t i o n  J a small  i n t e r a c t i o n  J ' ,  o c c u r r i n g  between sp ins

belonging to  ne ighbouring (001) p la n e s ,  was sometimes in t roduced .
A more c a r e f u l  i n v e s t i g a t i o n  o f  th e  model o f  both the  c h l o r i d e  and the

bromide r e v e a l s  t h a t  both s a l t s  a r e  h igh ly  a n i s o t r o p i c  two dimensional  Heisen

berg a n t i f e r r o m a g n e t s .  The h ig h l y  a n i s o t r o p i c  Heisenberg type o f  i n t e r a c t i o n
i s  most c l e a r l y  demonstrated by th e  components o f  the  molecula r  f i e l d s  as in 

t roduced by Date to  e x p l a in  h i s  e l e c t r o n  sp in  r esonance da ta  on CoCl 6H20.

From t h e s e  molecu la r  f i e l d  c o n s t a n t s  an e s t i m a t i o n  can be made f o r  th e  a n i s o 

t ropy  in th e  exchange c o n s t a n t .  I t  appea r s  t h a t  J. = .96 J ; J a i = .13 J c * From
t h e s e  va lu es  i t  i s  c l e a r  t h a t  th e  an i s o t r o p y  i s  of  the  easy  p lane type .

The two dimensional  c h a r a c t e r  o f  th e  i n t e r a c t i o n  is  suggested  by the  c r y s t a l

s t r u c t u r e  ^ . Moreover the  exper imenta l  da ta  as  g iven in th e  l i t e r a t u r e  as  well

as  the  da ta  g iven in Chapter  5 can be d es c r i be d  s a t i s f a c t o r i l y  us ing on ly  one

exchange c o n s t a n t  ( see  a l s o  s e c t i o n  4 ) .
The occ ur re nc e  o f  a Néel p o in t  e n t a i l s  some d i f f u c u l t i e s  in the  a n i s o t r o p i c

Heisenberg a n t i f e r r o m a g n e t .  I f  t he  model i s  s t r i c t l y  two dimensional  then the

Neel t em per a t u re  T^ i s  r e l a t e d  to  the  a n i s o t r o p y ,  because a two dimensional
i s o t r o p i c  Heisenberg a n t i f e r r o m a g n e t  does not  o r d e r ,  as  has been proved by

Mermin and Wagner ^ . In t h i s  case  i t  seems rea son ab l e  to  c a l c u l a t e  T^ using
the  I s ing  approx im at ion .  However, i f ,  in the  o t h e r  l i m i t i n g  c a se ,  the  exchange
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energy is i s o t rop ic  is r e l a te d  to  the in te r a c t io n  between p lanes ,  which
causes th ree  dimensional o rder .  The former p ic tu r e  appears to be more f r u i t f u l ,
a t  l e a s t  in zero f i e l d .

A neutron d i f f r a c t i o n  experiment,  c a r r ie d  out  by Kleinberg revealed unam
biguously t h a t  a two s u b l a t t i c e  model is adequate In descr ib ing  the behaviour
of CoC12 *6H20 6 and CoBr2 *6H20 a t  l e a s t  in zero f i e l d .  The two s u b l a t t i c e
models wil l  be adopted throughout t h i s  chapter  for  a l l  f i e l d  values for  both
the ch lo r ide  and the bromide.

The Landé s p l i t t i n g  f a c to r s  g, which have been measured by Haseda ^  and
Flippen and Friedberg for  CoC12 *6H20 and by Murray and Wessel for  the
corresponding bromide, a re  la rge ly  an i so t r o p ic  and show te tragonal  symmetry.
The g values were given in Chapter 5 and the an iso tropy  in g wil l  be fu r t h e r
discussed in sec t ion 2. The g values ind ic a te  th a t  both s a l t s  a re  easy plane
anti fe r romagnets ,  the easy plane being the be plane.  A small an iso t ropy  in t h i s
plane,  with the c ax is  as the easy spin a x i s ,  is r e f le c te d  in the ex is tence
of  a spin f lop phase t r a n s i t i o n  for  the c d i r e c t i o n  as mentioned in Chapter 5.

2. The energy level scheme of Co++ in CoCI2 »6H„0.

In t h i s  sec t ion  the energy level scheme of Co++ in CoC12 *6H20 wil l  be d i s 
cussed b r i e f l y .  Apart from s l i g h t  q u a n t i t a t i v e  d i f f e r e n c es  i t  can a l s o  be ap-
pi ied to Co++ in CoBr2 *6H20'.

The lowest s t a t e  of  a f r e e  Co++ ion is V  (L = 3, S = h  y^e f i r s t
ex i ted s t a t e  is P (L = 1, S = *) and 1ies about 1500 cm  ̂ above the ground
s t a t e .

In a c r y s t a l l i n e  f i e l d  of  cubic symmetry the ground s t a t e  s p l i t s  into a
lowest o r b i t a l  t r i p l e t  1^, a higher t r i p l e t  and a s t i l l  higher s i n g l e t  r 2 ,
the energy separa t ion  between and r $ being of  the  order of  10** cm"1. If  we
neglect  the s p in - o r b i t  coupling the te t ragonal  component of  the c r y s t a l l i n e
f i e l d  gives r i s e  to a fu r t h e r  s p l i t t i n g  of  1^ into a doublet  (denoted by
and T^) and a s i n g l e t  (TJJ1)» A su b s t an t i a l  t e tragonal  component can be expected
on the basi s  o f  the  c ry s t a l  s t r u c t u r e  because the  Co++ ion is s i t u a te d  In
the ce n t r e  of  an octahedron,  on the corners  of which four water molecules a re

12^
s i t u a te d  in a square , -and two ch lor ine  ions on the  tops of  the octahedron,

A small orthorhombic co nt r ibu t io n  is  added to the te t ragonal  and cubic
components of  the c rys ta l  f i e l d  a r i s i n g  from two more water molecules located
near the  ch lor ine  ions,  which form a s l i g h t l y  d i s t o r t e d  octahedron toge ther
with the four water molecules mentioned above ,0 ' .  This is i l l u s t r a t e d  in f i g .  1.
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• Co <3 H2° ^ W CI
Fig. 1. Schematic representation of the surroundings of a Co ion in

CoCl0'6Ho0.
‘ “  ! *  # + +  #

I : 4Ho0 coordinated tetragonally close to the Co von.
"  J.J.

II : 2H^0 far from the Co ion.

The combined action of the tetragonal and orthorhombic components of the
crystalline field and of the spin-orbit coupling (the latter being of compara
ble magnitude as the other two) results into the splitting of r. into six

-1 H
Kramers doublets, of which the lowest two lie about 150 cm apart.

A scheme of the level splittings of the Co++ ion is shown in fig. 2, which
was redrawn from ref. 11.

The tetragonal and orthorhombic components of the crystal field are respon
sible for the anisotropy in the effective splitting factor g.

CoCl„*6H„0 and CoBr.*6H.0 show transitions to the paramagnetic phase at
about 48 kOe and 55 kOe respectively at zero temperatures. The Zeeman splitting
gu_H in the paramagnetic phase in fields of the order of 60 kOe is about 13 cmD
which is small as compared to the level splitting between the ground state and
the first excited Kramers doublet (for CoBr-'ói^O this splitting is slightly
larger than for CoCl„*6H_0, about 180 cm ). Therefore a change in g due to the
magnetic field is expected to be small and the effect will be neglected. In
fact the value of g in high fields can be determined by integrating the sus
ceptibility curve. For the chloride gc in 70 kOe is somewhat higher than the
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12

(c) (d)

v

Fig. 2. Scheme of the level splitting for a Co ion under the influence of

a crystalline field and spin orbit coupling.

(a) free ion state ^F.

(b) splitting in cubic field only.

(c) splitting in tetragonal field with spin orbit coupling.

(d) under the external magnetic field where all degeneracies are

removed.

literature value, which has been determined in zero field, but the effect hard
ly exceeds the experimental accuracy. For the bromide no difference was found
between the literature value and its value in 70 kOe.

The degree of saturation of the sample can be estimated by comparing kT
with gpBH. At 1.2 K we find kT ; .8 cm and since at 60 kOe gp-H s 13 cm
We have kT «  gPgH so that the magnetization may be considered as fully satura
ted .

3. Theories.

A molecular field treatment is not adequate to describe some of the domi
nating features in the measurements given in Chapter 5* One example is the rise
of the zero field susceptibility with the temperature above the Néel point.
The molecular field theory predicts a decreasing susceptibility in this region
(see for instance Nagamiya, Yoshida and Kubo ^  ), since in this theory it is
assumed that no short range order exists above T^. Secondly the rise of the
susceptibility with the field in the flop phase (see for instance the curves
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a t  1.19 K in f i g .  1 and a t  1.21 K In f i g .  5 o f  Chapter  5) i s  not  p r e d ic te d  in

the  molecula r  f i e l d  d e s c r i p t i o n  excep t  i f ,  f o r  in s t a n c e ,  a l a rg e  s i n g l e  ion

an i s o t r o p y  is  p r e s e n t  • Thi s  p o s s i b i l i t y  i s  ru led  ou t  he re  because we a r e

d ea l in g  wi th  a S = £  system and no s i n g l e  ion a n i s o t r o p y  occurs  in t h a t  case .

B i q u ad r a t i c  exchange e f f e c t s  a r i s i n g  from s t r a i n  dependence o f  the  exchange
energy ( a l r ea d y  mentioned in Chapter  5) can a l s o  be a cause  o f  n o n - l i n e a r  be

hav iour  o f  the  m a g n e t i za t i o n ,  but  t h i s  e f f e c t  i s  expected  to  be sma l l .  The f i e l d
dependence o f  g i s  n e g l i g i b l e  a s  has been po i n ted  o u t  in s e c t i o n  2 .

Several  au t h o rs  adopted two-dimensional  I s lng models f o r  the

c h l o r i d e  in o r d e r  to  d e s c r i b e  t h e i r  exper imenta l  d a t a ,  p a r t i c u l a r l y  th e  s p e c i f i c

hea t  behaviour  nea r  th e  Néel p o i n t .  Because o f  the  occ ur ren ce  o f  the  sp in  f lo p
t r a n s i t i o n  no s a t i s f a c t o r y  r e s u l t s  can be expected  from th e  I s ing  approximat ion

a t  f i e l d s  exceeding  abou t 7 kOe, but  in s e c t i o n  5 the  ze ro  f i e l d  exper imen tal

da ta  w i l l  be compared wi th  th e  r e s u l t s  from a two-dimensional  super-exchange
Is ing a n t i f e r r o m a g n e t , a case  which has been e x a c t l y  solved  ̂ • . This'  theory

a l s o  p r e d i c t s  a r i s e  o f  the  s u s c e p t i b i l i t y  wi th  the  t empera tu re  above the  Néel
p o in t .

In the  p reced ing  d i s c u s s i o n  i t  appear s  t h a t  a d u a l i t y  e x i s t s  in the  d e s c r i p 
t i o n  o f  the  exper imenta l  da ta  as  g iven by se ve ra l  a u t h o r s .  On the  one hand

is  cons ide red  to  be a two-dimensional  I s ing  a n t i f e r ro m a gn e t  and on
th e  o t h e r  hand the  Heisenberg type o f  i n t e r a c t i o n  is  adop ted .  This  i s  not  very
s u r p r i s i n g  in view of  the  d i s c u s s i o n  g iven in s e c t i o n  1.

As the  I s ing  model cannot  be used in h igher  f i e l d s  we have to  adopt  the
two-dimensional  a n i s o t r o p i c  Heisenberg model.

Spin-wave t h e o r i e s  may account  f o r  the  r i s e  o f  the  s u s c e p t i b i l i t y  wi th

the  f i e l d  in the  f l o p  phase.  These t h e o r i e s ,  however,  a r e  u s u a l l y  developed f o r
th r ee - d i me ns i on a l  systems ( s imple  c u b i c ,  thus  s i x  neighbours  and body ce n te red

c ub ic ,  thus  e i g h t  neighbours )  wi th  an u n i a x i a l  a n i s o t r o p y .  I t  i s  i n t e r e s t i n g  to

i n v e s t i g a t e  whether  th es e  t h e o r i e s  can be extended and ap p l i ed  to  two-dimensional

systems o f  which both CoCl2 *6H20 and CoBrj’ öHjO a r e  thought  to  be examples ( the
number o f  ne ighbours  being equal to  f o u r ) .  In c a l c u l a t i n g  the  s u s c e p t i b i l i t y
ac cord ing  to  th e se  spin-wave t h e o r i e s  i t  appea r s  t h a t  the  summation over  the

J<-space (k being the  wave number o f  a sp in  wave),  which in t h i s  case  is  two-

d im ens iona l ,  does not  lead to  d ive rge nces  excep t  i f  t he  magnet i c f i e l d  approaches
the  va l ue  a t  which s a t u r a t i o n  o cc u r s .  The q u a n t i t a t i v e  agreement  between the

r e s u l t s  from th e se  c a l c u l a t i o n s  and the  exper imenta l  s u s c e p t i b i l i t y  i s  a f u r t h e r

i n d i c a t i o n  t h a t  th e se  spin-wave t h e o r i e s  may a l s o  be used f o r  two-dimensional
sys tems.
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The two s a l t s  considered here a r e  extremely good examples of  magnetic sub
s tances  showing a s u s c e p t i b i l i t y  behaviour which r e f l e c t s  the ex is tence  of  zero
poin t  spin de vi a t io ns .  This is a fundamental p roper ty o f  magnetic substances
and can only be descr ibed by spin-wave th e o r ie s .  A complicat ing f a c t o r ,  however,
is the high easy plane an iso t ropy ,  because most authors  who t r ea te d  spin-wave
th eo r i es  thus f a r  used e i t h e r  an i s o t rop ic  exchange model o r  an uniaxia l  (easy
axis )  exchange model.

According to A n d e r s o n 19* and Kubo 20) the zero point  spin dev ia t ion  gives
r i s e  to an " e f f e c t i v e "  spin which d i f f e r s  (at  zero temperature and in zero  f i e ld )
from i t s  s a tu r a t i o n  value S by an amount of  the order  1/zS. Here z is the  hunfber
of  ne ares t  neighbours.  In the s a l t s  under cons ider a t ion  we have z -  4 and S = *
which means th a t  S and i t s  zero point  dev ia t ion  a r e  roughly of  the same magni- ’
tude.  Accurate neutron d i f f r a c t i o n  measurements may be used to in v e s t ig a te  t h i s
in a qu i t e  d i r e c t  way. However, a l s o  s u s c e p t i b i l i t y  measurements can give accu
r a te  and important information about the e f f e c t i v e  spin value and i t s  f i e l d  de
pendence, though t h i s  method is l ess  d i r e c t  and cannot be appl ied for  every
magnetic substance.  This po int  wil l  f u r t h e r  be discussed in sec t ion  6 . A.

Calcu lat ion of  the exchange c o n s t a n t .

In order to car ry  out  f u r t h e r  c a l c u la t i o n s  using spin-wave th eo r ie s  we
have to spec i fy  our model for  the two s a l t s  in more d e t a i l .  Because In the
l i t e r a t u r e  d i f f e r e n t  numerical values a r e  used fo r  J by d i f f e r e n t  authors  we
r e c a l c u la te  i t  here using several  th e o r ie s .

4’ U Moleaulaa‘ f ^ W .  In a molecular  f i e l d  t rea tment  the  exchange constant
can be obtained in two d i f f e r e n t  ways.

1° From the Neel temperature.  From the  l i t e r a t u r e  (see for  instance
Nagamiya, Yoshida and Kubo , 3 *) we have the r e l a t i o n

= ” 3" ( J/k)  z S (S + 1)

y ie ld ing

J / k  = -  3.14 k fo r  CoBr2 *6H„0

J / k  = -  2.30 K fo r  CoC12 «6H20

2 From the s a tu ra t i o n  f i e l d  a t  zero temperature.  I t  obeys the  equat ion
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gVgH = 2 z J S
We find

J/k = - 4.72 K for CoBr„'6H,0

J/k = - 3-97 K for Co C12-6H20

(4)

(5)

4.2. The Ising model. The similarity to the two-dimensional
21)model has already been indicated. Onsager's relation for the

ature, in the special case of only one exchange constant reduces

square I sing
Néel temper-
to:

sin h 2K| = 1 (6)

with 2K = - J/2kT... This leads toN

J/k = - 5-54 K for CoBr2*6H20

J/k = - 4.06 K for CoCl -6H20
(7)

A second way of calculating J/k from T^ makes use of the relation given by
Fisher . He gave an exact solution of the magnetic behaviour of a two-dimen
sional square net of spins in the Ising approximation. He introduced a super
exchange mechanism, which is essential for solving the problem exactly. He
found

T.. = - (1.30841/4) (J/k) (8)N

from which it follows that

J/k = - 9*61 K for CoBr2*6H20

J/k = - 7-04 K for Co C12*6H20

(9)

A third way of estimating the value of the exchange constant makes use of
the curvature of the boundary between the antiferromagnetic and paramagnetic
phases. Bienenstock 22  ̂ calculated the field dependence of the transition tem
perature for the square, simple cubic and body centered cubic lattices of Ising
antiferromagnets with one exchange constant. His results could be described very

well by the formula
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(10)VH) = t n (0) <* ' (h/hc )2)s

For low fields this reduces to

t n (h ) = TN (0) (1 - e(H/Hc)2) (11)

where 5 equals .87, .35 and .36 for the square, simple cubic and body centered
cubic lattices respectively. Hc is defined by H - - zJS/gy .

According to figs. 4 and 10 of Chapter 5 the phase boundaries for the
bromide and for the chloride can be represented by

VH> ■ V0) 0 - «H2) (]2)
wi th

a * .83 x 10 9 Oe 2 for CoBr2’6H_0

-q (13)
o = 1.6 x 10 Oe for Co CI2 *6H20

The same value for o was found for Co C12 *6H20 by Skalyo et al. ,7).
With 5 = .87 we find

J/k = - 5.54 K for CoBr2*6H20

J/k = - 3.85 K for Co C1*6H20

With 5 = .36 we find

J/k - " 3.57 K for CoBr2 *6H20

J/k - ~ 2.48 K for Co C12*6H20

4.3. Spjn-wave description. Spin-wave theories, linear 23) as well as
non-linear , yield the same relation as the molecular field approximation
between the saturation field at zero temperature and the exchange constant.
This is not surprising because the zero point spin deviation becomes zero at
the saturation field. A relation between the exchange constant and a higher
temperature property of the antiferromagnet, such as the Neel temperature or
the curvature of the phase boundary between the anti ferromagnetic phase and the
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paramagnetic phase, is not available in the literature. This is caused by the
fact that at higher temperatures the spin-wave interactions become very impor
tant and mathematical difficulties arise (see also section 6).

Non-1 inear spin-wave calculations such as carried out by Feder and Pytte
result into a temperature dependent transition field from the flop phase to the

3/2paramagnetic phase. A T power law is found. In fig. 3 this transition field3/2
is plotted versus TJ for CoBr,-6H_0 (b and c direction) and for Co C1„»6H90

3/2 ^ ^ ^ -(c direction). A TJ dependence for the lower temperatures is not clearly
demonstrated (extension of the measurements to lower temperatures would be
highly desirable) but it is possible to approximate the low temperature data by
straight lines. According to ref. 24 these slopes should obey

3H/3(T3/2) - - 2.315 (33/2/2Stt2) (-2k/SzJ)3/2 (16)

from which we find

J/k = - 8.1 K for CoBr2*6H20
(17)

J/k - - 4.8 K for CoCl *6H20

4.4. Discussion of the J values. The J values obtained from the various
theories have been listed in table 1.

24)

Table 1

MOL. FIELD ISING SPIN WAVES

t n Hs
t n H dep. AFM-P

Hs

T dep.
FLOP-POnsager Fi sher E=.87 Ep -36

CoBr2*6H20 3.14 4.72 5.54 9.61 5.54 3.57 4.72 8.1
Co C1_-6H20 2.30 3.97 4.06 7.04 3-85 2.48 3-97 4.8

J/k values as calculated from the different theories. The numbers

below H dep. AFM-P are those obtained from the field dependence of

the Nêel temperature. The values below T dep. FLOP-P are those ob

tained from the temperature dependenceof the saturation field.
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Fig. 3. Plot of the transit-ion field to paramagnetism against T^'^. The

arrows indicate the M e l  temperatures of the chloride and the

bromide respectively.

A  CoCl^‘6H^0 parallel c

O  CoBr.’6H.0 parallel b

□  CoBr^’SH^O parallel c

If only one exchange constant Is present its value can be obtained in the
most reliable way from the saturation field at zero temperature, because both
the molecular field theory and the spin-wave theories yield the same relation
between these two quantities. For the chloride this J/k value is in nice agree
ment with the one from using Onsager's relation for.T and with the J/k
value obtained from the curvature of the anti ferromagnetic to paramagnetic phase
boundary as derived by Bienenstock if we choose C - .87. This means that the
model of the two-dimensional rectangular Ising spin arrangement seems to be a
very good approximation in zero field, as must also be expected on the basis

°f Sf>t6)f 'C hCat measurements Performed. for instance, by Robinson and Fried-
berg . For the bromide the correspondence is not so good, indicating that a
second neighbour interaction in the bromide is more important than in the
chloride.

The values as derived from the superexchange model of Fisher are
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s i g n i f i c a n t l y  h ig he r .  This  may i n d i c a t e  t h a t  h i s  superexchange mechanism does

not  d e s c r i b e  very well  t h e  physical  s i t u a t i o n  concern ing  the  superexchange in
th e s e  s a l t s .

The d isagreement  between th e  J / k  va lu es  ob t a i ned  in the  molecu la r  f i e l d

the o ry  from T^ and from Hg i n d i c a t e s  t h a t  e i t h e r  the  molecu lar  f i e l d  t r e a tm e n t
is  not  adequa te  to  d e s c r i b e  the  behaviour a t  ze ro  t empera tu re  and in ze ro  f i e l d

a t  high t e mp era tu res  s im u l t a n eo us ly ,  o r  t h a t  more exchange i n t e r a c t i o n s  should

be in t roduced .  The l a t t e r  p o s s i b i l i t y  i s  ru led  out  ( c e r t a i n l y  f o r  the  c h l o r i d e )
because ado p t ion  o f  th e  c o r r e c t  approximat ion  in the  c o r r e c t  f i e l d  and temper

a t u r e  r anges y i e l d s  c o n s i s t e n t  J / k  va lu es  when on ly  one exchange c o n s ta n t  i s
u s e d .

The J / k  va lu es  ob t a i ned  from the  t emp era t u re  dependence o f  the  t r a n s i t i o n
f i e l d  to  paramagnet ism a t  low temp era tu res  in the  spin-wave approximat ion a r e

too h igh.  The co nc lus io n  which may be drawn from t h i s  i s  t h a t  e i t h e r  th e  high

easy  p lan e  a n i s o t r o p y  p la ys  an important  r o l e  o r  the  two-dimensional  c h a r a c t e r

o f  the  a n t i f e r r o m a g n e t s  mo di f i e s  t h i s  dependence because ,  in f a c t ,  in r e f e r en c e

24 the  t em per a t u re  dependence o f  the  t r a n s i t i o n  f i e l d  i s  de r ive d  f o r  the  simple

cu b i c  c a s e .
From t h i s  s e c t i o n  i t  may be concluded t h a t  th e  behaviour  o f  both s a l t s

( c e r t a i n l y  the  c h l o r i d e )  can be d es c r ib ed  s a t i s f a c t o r i l y  us ing  one exchange

c o n s t a n t  on ly .  Th is  i n t e r a c t i o n  occ urs  on ly  in p la n e s ,  each sp in  having four

ne ighbours .  In t r o d u c t i o n  o f  an o t he r  exchange i n t e r a c t i o n  i s  not  ne c es sa ry ,  i f

the  c o r r e c t  approximat ion  i s  used in the  f i e l d  and t empera tu re  r eg ion where one

wants to  d e s c r i b e  the  magnet i c behaviour .

5.  Zero f i e l d  b eh a v i ou r .

In the  p r e s e n t  s e c t i o n  we g ive  a d i s c u s s i o n  o f  the  ze ro  magnet ic f i e l d

s u s c e p t i b i l i t y  curve  o f  CoBrj 'öi^O in view o f  the  a v a i l a b l e  t h e o r i e s .  The only

I s ing model t h a t  could be solved e x a c t l y  i s  F i s h e r ' s  two-dimensional  ( s ing
superexchange a n t i f e r r o m a g n e t .  Though i t  was s t a t e d  in s e c t i o n  4 .4  t h a t  t h i s

model does not  apply  too  well t o  our  subs ta nce s  we d i s c u s s  i t  f i r s t .  We have

chosen J / k  = 9.61 K so t h a t  th e  t h e o r e t i c a l  and exper imental  T,, c o i n c id e  (see

s e c t i o n  4 . 2 ) .
I t  i s  shown in f i g .  4 t h a t  the  agreement  between the  experimental  and

t h e o r e t i c a l  da ta  i s  much b e t t e r  below T., than above i t .  In t h i s  superexchange

model an i n f i n i t e  s l o p e  o f  the  s u s c e p t i b i l i t y  ve r su s  th e  t empera tu re  i s  expec

t ed a t  T^ in ze ro  f i e l d  and a narrow sp ike  nea r  T^ in f i n i t e  f i e l d s .  This
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q,

Fig. 4. The experimental parallel susceptibility of CoBr^eB.0 in zero fie ld
compared with different theories,
circles : experimental points,
dashed and dotted curves: molecular fie ld  approximation,
fu lly dram curve : Ising model from Fisher,
dash-dotted curve : non-linear spin—wive theory.

c r i t i c a l  behaviour  in ze ro  f i e l d  does not  seem to  be s u s t a in e d  by the  e x p e r i 

ment because the  s u s c e p t i b i l i t y  shows r a t h e r  an a b r up t  change o f  s lo p e  a t  T ,

the  s l ope s  having f i n i t e  v a l u es  a t  e i t h e r  s id e  o f  T... At h ighe r  f i e l d s ,  but

below the  t r i p l e  po in t  f i e l d ,  a weak maximum, however,  i s  v i s i b l e  in f i g .  6 o f

Chapter  5.  This  maximum is  i n t e r p r e t e d  as  the  t r a n s i t i o n  from th e  a n t i f e r r o 

magnet ic phase to  the  paramagne tic  one and i t  may be r e l a t e d  to  the  peak as
p r e d ic te d  by F i s h e r .

The anomaly in the  s u s c e p t i b i l i t y  a s  measured here  i s  in q u a l i t a t i v e
agreement  wi th  the  approximate t r e a tm e n t  o f  the  two-dimensional  I s ing  a n t i f e r r o -
magnet by Domb and Sykes ( p r i v a t e  communication between th es e  au th o rs  and

18)F ish e r  ' ) .  A numerical  comparison has not  been made.
1 O

The r e s u l t s  o f  the  molecula r  f i e l d  t r ea tm e n t  ) have a l s o  been r e p r e s e n 
t ed in f i g .  4. The dashed curve  co r responds  to  J / k  = -  3 .14 K (de r ived  from T,.,

95



see section 4.1) and the dotted curve to J/k = - 4.72 K (derived from H ).
Large deviations from the experimental points are present as could be expected
according to section 4.4.

25)Oguchi treated antiferromagnets with spin-wave theory including spin-
wave interactions. An expansion in powers of T up to T of the susceptibility
for the simple cubic and body centered cubic lattices was obtained. The dash-
dotted curve in fig. 4 represents the simple cubic case. J/k was chosen - 4.72 K
from H , see section 4.3. The body centered cubic case gives slightly lower
susceptibility values so it is expected that for the two-dimensional square
lattice the difference between this theory and the experimental points will be
somewhat larger, although, again, the influence of the high easy plane aniso
tropy and of the two-dimensional character of this antiferromagnet is hard to
estimate.

6. Non-zero field behaviour.

In this section a comparison will be made between the experimental suscep
tibility data at the lower temperatures and several spin-wave theories. Special
attention will be given to the behaviour in the flop phase and the perpendicular
suscept i bi1i ty.

In the different spin-wave theories different approximations are used for
the Hoistein-Primakoff transformation. Here spin deviation operators are de
fined using the factor

(1 - n/2S)* <"»

with n the boson number operator, n ranges from 0 to 2S.

6.1. Spin-uave theories. The susceptibility data will be compared with
three different spin-wave theories.

In these theories use is made of the quantity y. which is defined by:

Yl ■ t  I exp (i k*p) (19)
_  z p

with k the wave vector of the spin wave, p_ the vectors pointing from a spin to
its neighbours and z the number of neighbours. Because in both CoCl2*6H20 and
CoBr-*6H20 the nearest neighbour interaction takes place in the (001) planes
only, one of the three components of the k^vector does not occur and consequent-
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ly  a l l  the summations over the J< space, which w i l l  be carr ied  out below, take
place in two dimensions. The double summations w i l l  be replaced by double in
tegra ls . See also the discussion in section 3.

Because o f  the te t ragona l arrangement o f  the spins in both s a l t s  19 can
be r e w r i t t e n  as

Yk = I  (cos kx + cos V  (20)

23)
6 * l *a *  Kanamori c a lc u la te d  the f r e e  energy f o r  a simple two sub-

l a t t i c e  an t i fe r rom agne t in c lu d in g  s in g le  ion a n is o t ro p y  (which vanishes i f

S = i ) .  He made use o f  the  l in e a r  spin-wave theo ry ,  in which the Hamilton ian

o f  the sp in  waves is obta ined by o m i t t in g  terms o f  h igher o rde r  than qu a d ra t ic

in the sp in  d e v ia t io n  o p e ra to rs .  Th is  means t h a t ,  a pa r t  from o th e r  approxima

t io n s ,  expression 18 is  w r i t t e n  as 1 -  n/4S. The r e s u l t in g  sp in  waves a re  in 

dependent o f  each o th e r .  An important fe a tu re  o f  t h i s  l i n e a r  approach is  th a t

i t s  a p p l ic a t io n  is  p a r t i c u l a r l y  r e s t r i c t e d  to  low temperatures (where n is

sm a ll)  and th a t  the t r a n s i t i o n  f i e l d  from the f l o p  phase to  the paramagnetic
phase is  temperature independent.

According to  th i s  theo ry  the d is p e rs io n  r e la t io n s  f o r  the two modes o f  the
sp in  waves, f o r  zero a n is o t ro p y ,  read:

Fiio, -  -JzS(l -  Yk) ± ( l  + (1 -  2h2)y k) i

-  -JzS(l + Yk) i (l -  (1 -  2h2)Yk) i
(21)

Kanamori de r ived  the s u s c e p t i b i l i t y  from the f re e  energy F app ly ing  the
r e la t io n

X = - (3F /3H )t /H ( 22)

Since in our experiments the d i f f e r e n t i a l  magnetic s u s c e p t i b i l i t y  is  measured
we made use o f  the formula

X -  -(3F/3H2) t  (23 )

which corresponds to  the pe rpend icu la r  s u s c e p t i b i l i t y  from the experiment,

because in 23 the a n is o t ro p y  is  assumed to  be zero . Equation 23 leads to  the
fo l lo w in g  r e la t i o n s :
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Xj. “ m/h + (h/(2ir ) ) F(yk ,h )dkxdky (24)

w i th  the reduced m agnet iza t ion

m = TT h + (h/(2ir2) ) G(y, , h)dk dkk x y

G(Yk ,h) = (2 n ( ïk ,h) + i)Go (Yk>h)

F(Yk ,h) = F0 ('«'k ,h )(2n (Y k ,h) + 1) +

2Go (Yk ,h ) (n (Y k ,h) + n2 ( r k ,h ) ) (2h ïk/ t )  ((1 -  Yk) / (1  + (1 -  2h2) ï k) ) i

in these express ions :

n(Yk ,h) -  ( e x p ( ( ( l  -  Yk) 0  + (1 -  2h2)Yk) ) i / t ) - l ) ' 1

which is  the  occupation  number o f  the sp in  waves

Go (Yk*h) " -  V / (1  + 0  '  2h2)V ) i

F0 (Yk ,h) -  Yk (1 + Yk) ( ( l  -  Yk ) / ( 1  + (1 -  2h2)Yk) 3) i

The reduced magnetic f i e l d  h is  de f ined  by

h = -gp_H/2JzS
D

the reduced temperature t  by

t  = -kT/zJS

and the reduced s u s c e p t i b i l i t y  is  de f ined  such th a t  the in te g ra l  o f  the suscep

t i b i l i t y  over h is  equal to  y .

261B. l .b .  Wang and Callen replaced the sp in  d e v ia t io n  ope ra to rs  ap

pearing in t h e i r  trea tm ent by s im p l i f i e d  ones which g ive  a c o r re c t  d e s c r ip t io n

o f  the  low ly in g  s ta te s ,  but in troduce  r e l a t i v e l y  la rge  e r ro rs  in the h igher
i 2

s ta te s .  A c tu a l ly  they replaced (1 -  n /2S)*by 1 -  (1 -  5)n w i th  5 = 1 -  1/2S,
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which is  e q u iva le n t  to  the assumption n2 = n.

In the r e s u l t in g  Hamilton ian  expressed in terms o f  the sp in  d e v ia t io n

opera to rs  t h i r d  and h igher o rde r terms have been replaced by lower o rde r terms,

which means th a t  spin-wave in te ra c t io n s  are taken in to  account to  a c e r ta in
e x te n t .

I t  seems prom is ing to  use t h i s  approach f o r  S = i  systems because in th a t

case 18 reads (1 -  n) and is  e x a c t ly  equal to  1 -  n f o r  n = 0 and n ■ 1, the
o n ly  n values which can e x i s t .

The d is p e rs io n  r e la t io n s  f o r  the two e x is t i n g  spin-wave modes a re :

TuDj = -zJS ( l  -  Yk ) i ( l  + (1 -  2h2)y k ) i

(25)
ti(D2 -  -zJS ( l  + Yk r ( 1  -  (1 -  2h2)y k ) i

In 25 the a n is o t ro p y  is  assumed to  be zero and they co in c id e  e x a c t ly  w i th  the

d is p e rs io n  r e la t io n s  as g iven by Kanamori f o r  zero a n is o t ro p y ,  which seems
q u i te  s u rp r is in g .

The pe rpend icu la r  s u s c e p t i b i l i t y  can be obta ined from the express ion  fo r

the s u b la t t i c e  m agnet iza t ion  per sp in  mg in the f l o p  phase, which is  g iven by
Wang and C a llen .

x r  = ms + h <Srns/3h) (26)
wi th

1 -  2 (1 /2-it) G(y, , h)dk dk

2 ( 1 /2tt) 2 [(3m /3h) F(Ynh)dk dk

In these expressions

G(Yk ,h) = (2n(Yk ,h) + l)GQ(Yk ,h)

F(Yk ,h) = F0 (Yk ,h) (2n(Yk ,h)  + 1) -

2G0(Vh)(n(Vh) + n2 (Yk ,h ) ) (2h Yk/ t ) ( ( l  + Yk) / ( 1  -  (1 - 2 h 2)Yk ) ) i

w i th  the  d e f i n i t i o n s :

n(Yk ,h) = (e x p ( ( ( l  + Yk ) ( l  -  (1 -  2h2)Yk ) ) i / t ) - l ) " 1
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which is  the occupation  number.

Go (V h) “ 0  + Ykh2) / ( (1  + V 0 ' 0  - 2h2>Tk))i

F0 (Yk »h) "  2hYkGQ(yk ,h) ((1 + y^h2) (1 -  (1 - 2 h 2) y k) *)

2k)6 .1 .0 .  Feder and P y t te  ' t re a te d  the  simple an t i fe r rom agne t ( in c lu d in g

s in g le  ion a n is o t ro p y  and a n is o t ro p ic  exchange) in the  a n t i  fe r rom agne t ic ,  f l o p

and paramagnetic phases. Spin-wave in te ra c t io n s  to  lead ing  o rde r in 1/2S are

taken in to  account. T h e ir  trea tm ent re s u l ts  in to  a Hamilton ian which con ta ins

sp in  d e v ia t io n  ope ra to rs  up to  fo u r th  o rd e r .  An important fe a tu re  o f  t h i s  theory

is  th a t  the sp in  waves are no t independent any more and temperature dependent

c r i t i c a l  f i e l d s  are  found. For the t r a n s i t i o n  f i e l d  to  the paramagnetic phase
3/2a TJ power law is  d e r ive d .  Th is  dependence has a l ready  been compared w i th  the

experiment and discussed in se c t io n  4.

The express ions f o r  the  p a r a l le l  s u s c e p t i b i l i t y  as der ived  from the  ex

press ions  f o r  the  m agnet iza t ion  g iven by these authors  are the fo l lo w in g .^

In the  a n t i fe r ro m a g n e t ic  phase i f  ha j -  h »  t / 2  then

X1 “  3 -7^»( h * | ) ^^2t ' ^2 exp ( - 2 h * j / t )  c o s h (2 h / t )  (26a)

Here ha j is  the sp in  f l o p  f i e l d  in reduced u n i t s .

I f  ha , -  h «  t / 2  «  2ha , thenc l  c l

Xj. -  2 .3 2*(ha , ) 3 / 2 (ha ) -  h ) ' , / 2  -  2 .73(ha 1) 3 /2 t , / 2 h (27)

In the f l o p  phase i f  h -  ha  ̂ «  t / 2  then

X 1 -  x ' ( 0 )  -  .8661t 2 + 2.3k  K * t (h  -  ha ] ) i  + 1.17 K *th (h  -  h ® ,) " *

v (28)
In t h i s  formula K is  re la te d  to  the a n is o t ro p ic  exchange and can be expressed

in

K -  -  1 + (1 + M h ® , )2) *

X 1(0) is  the reduced s u s c e p t i b i l i t y  a t  zero temperature and is  g iven by

x ;(° )  -  J  -  s0 (h) -  hs;(h ) \ (29)
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wi th

S (h) = 2 ( l /27 r)“

(h) = 2 ( 1/ 2t

'O  'O

TT f f f

G(y > ,h ) dk dk'k *  x y

2lr)2 { I F(Yk »h) dkxdky

In these expressions f o r  Sq (h) and ( h ) , G(yk>h) and F (y , , h )  a re  g iven by

G (rk ’ h) = Yk ((1 + Yk ) / ( 1 ' 0  - ^ Y i , ) ) 4

F(y ,h) = -  2hyf ( ( i  + y . ) / ( l  -  (1 -  2h‘i )y. ) 3)3xi

I f  h *  h j »  t /2  and 1 -  h »  t /2  then

Xj. = x ; ( 0) + . 8 5 4 7 ^ ( 0  -  h2) " 572 + 5h2 (1 -  h2) ' 772

and i f  1 -  h «  t /2  then

(30)

Xp -  x ^ (0) + . 86l 7t 372 -  2.33911 (1 -  1. 5h ) ( l  -  h) ‘ , / 2  (31)

And f i n a l l y  in the paramagnetic phase i f  h -  1 «  t / 2

X;  -  . 825t(h  -  1) ' , / 2  -  .9 6 3 t , / 2  (32)

and i f  h -  1 »  t /2  then

1 /?
Xj. "  .659 t exp( 2 ( i -  h ) / t )  (33)

For the pe rpend icu la r  s u s c e p t i b i l i t y  accord ing  to  Feder and P y t te  equations

29 to  33 are used. Equations 29 and 30 w i l l  be app l ied  down to  zero f i e l d .

The s u s c e p t i b i l i t y  versus the magnetic f i e l d  a t  zero temperature in the

pe rpend icu la r  case accord ing  to  a i l  th ree  th e o r ie s  is  g iven in f i g .  5 .

The f i e l d  sca le  h, in agreement w i th  the d e f i n i t i o n  g iven above, represents

the f i e l d  H in u n i ts  o f  Hc (0 ) ,  the upper t r a n s i t i o n  f i e l d  a t  T *  0, which is

55 kOe f o r  CoBr2*6H20, see f i g .  3 . The s u s c e p t i b i l i t y  sca le  is  chosen in such

a way th a t  the in te g ra l  o f  x 1 over h is  equal to  y  (= S ) .

The curves o f  Feder and P y t te  and o f  Kanamori c o in c id e  as might be expec

te d ,  because the h igher than second o rde r  terms in the sp in  d e v ia t io n  ope ra to rs
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1.5

O t l.  0.2

F ig . 6. Zero temperature s u s c e p tib ility  according to  d if fe re n t  theories ,

f u l ly  drawn curve: Kanamori as w e ll as Feder and P ytte .

dashed curve : Wang and C allen .

in  the Hamilton ian o f  Feder and P y t te  a r is e  from the spin-wave in te ra c t io n s

and t h e i r  e f f e c t  becomes n e g l ig ib le  a t  zero temperature.

6.2 .  Comparison w ith  experiment. The experimental re s u l ts  f o r  CoBr„*6H-0

as g iven in Chapter 5 a re compared w i th  the th ree  th e o r ie s ,  d iscussed above,

in f ig u re s  6, 7 and 8. In a l l  the f ig u re s  the experiments are represented by

c i r c l e s .  S im i la r  comparisons can be made f o r  CoCI.'éH^O; they lead to  conc lu 

s ions which are not e s s e n t ia l l y  d i f f e r e n t  from those fo r  the bromide.

In f i g .  6 the data in pe rpend icu la r  f i e l d s  is  compared w i th  the th e o r ie s

o f  Kanamori and o f  Wang and C a l len ,  f o r  th ree  d i f f e r e n t  temperatures, h (T) is

the experimental t r a n s i t i o n  f i e l d  in reduced u n i t s .

F ig . 7 shows the data in p a r a l le l  f i e l d s  f o r  th ree  d i f f e r e n t  temperatures,

toge the r w i th  the curves o f  Feder and P y t te .  h _(T) is  the t r a n s i t i o n  f i e l d
3 /2  “to  paramagnetism accord ing  to  the T law as der ived  by Feder and P ytte  w i th

a f i t  a t  the lowest temperatures, h^j is  the sp in  f l o p  f i e l d .

F ig . 8 shows the data in pe rpend icu la r  f i e l d s ,  again f o r  th ree  temperatures

and a lso  w i th  the th e o r e t ic a l  curves o f  Feder and P y t te .

In these f ig u re s  the s u s c e p t i b i l i t i e s  and the f i e l d s  have been expressed

in the same reduced u n i ts  as in f i g .  5, so h -  H/H (0) and the in te g ra l  o f  x 1
1 c r

h is  equal to
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1.22K

1.52K

1.98 K

t)  h 0.2

Fig. 6. Experimental perpendicular su scep tib ility  (c irc les) fo r  CoBr^'GEfl
a t d iffe ren t temperatures, compared with the theory as given by
Kanamori ( ful ly  drawn curve) and Wang and Callen (dashed curve).
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1.22 K

1.79 K

2.25 K

O h 0.2

Fig. 7. Experimental parallel susceptib ility (circles) for CoBr^6H^0 at d if
ferent temperatures, compared with the theory as given by Feder and Pytte
(fully drawn curve). The dashed curve is  explained in the t e x t .
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1.22 K

0 .5 -

1.52 K

1.98 K

O h 0.2

H 9- 8. Experimental perpendicular susceptib ility (c ircles) for CoBr2'6H20 at
d ifferent temperatures, compared with the theory as given by Veder and
Pytte (fully drawn curve). (The dashed curve is  explained in the t e x t j
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Near the v e r t i c a l  dashed l in e s  in f i g s .  7 and 8, which are located on

both s ides a t  d is tances  t / 2  from the c r i t i c a l  f i e l d s  the  s u s c e p t i b i l i t y  has

been obta ined by in te r p o la t in g  the s u s c e p t i b i l i t y  values which were obta ined

a t  e i t h e r  s ide  o f  these dashed l in e s  using equations g iven in sec t ion  6 .1 .c .

As f a r  as the pe rpend icu la r  s u s c e p t i b i l i t y  is  concerned la rge  d e v ia t io n s

between the experimental and th e o r e t i c a l  s u s c e p t i b i l i t y  a t  low f i e l d s  are

noted (see f i g s .  6 and 8 ) .

At f i r s t  s ig h t  t h i s  seems to  be c o n s is te n t  w i th  the p ic tu re  g iven by
27)

Dyson who c r i t i c i z e s  the  approximate spin-wave theory  in which the p a r t  o f

the H am ilton ian  which is  q u a d ra t ic  in the sp in  d e v ia t io n  ope ra to rs  is  taken as

a f i r s t  approx im ation  and in which the non -quadra t ic  p a r t  is  taken in to  account

by means o f  p e r tu rb a t io n  theo ry .  Th is  approach would o n ly  g ive  r e l i a b le  re s u l ts

in  s trong magnetic f i e l d s .  In weak e x te rn a l  f i e l d s  the non-quadra t ic  pa r t

dominates the q u a d ra t ic  p a r t  and the approx imation  f a i l s .

However, the d iscrepancy s t i l l  e x i s t s  a t  zero temperature ( i t  is  supposed

th a t  the zero f i e l d  experimenta l pe rpend icu la r  s u s c e p t i b i l i t y  does not change

any more below 1.22 K ) . From t h i s  i t  may be concluded th a t  the d iscrepancy is

p a r t i a l l y  due to  the h igh easy plane a n is o t ro p y ,  which has not been taken in to

account in  the s u s c e p t i b i l i t y  expressions g iven in se c t io n  6 ,1 .  A lso the  two-

dimensional model may not be too s t r i c t ,  g iv in g  r i s e  to  th i s  d iscrepancy. For

the preceding d iscuss ion  compare f i g .  5 and f i g .  6.

At the lowest temperatures the experimental pe rpend icu la r  s u s c e p t i b i l i t y

in low f i e l d s  seems to  be described s l i g h t l y  b e t te r  by the approximate theory

as developed by Wang and C a i len ,  than by the o th e r  th e o r ie s  (compare f i g .  5

w i th  the pe rpend icu la r  data in f i g .  6 a t  1.22 K ) . However, a t  s l i g h t l y  e levated

temperatures la rge  d i f fe re n c e s  are noted in f i g .  6 (dashed curves) between the

theory  o f  Wang and Cailen and the experimental da ta .

In the p a r a l le l  case the s u s c e p t i b i l i t y  in the f l o p  phase seems to  be

q u i te  n i c e ly  described by the s u s c e p t i b i l i t y  de r ived  from the paper o f  Feder

and P y t te  (see f i g .  7 ) ,  At each o f  the th ree  temperatures h£ j has been adapted

in  such a way th a t  the th e o r e t ic a l  and experimental sp in  f l o p  t r a n s i t io n s  always

c o in c id e ,  because i t s  temperature dependence is  very  weak and no th ing  conc lus ive

can be said about i t s  temperature dependence in view o f  t h i s  theo ry .

According to  Feder and P y t te  square ro o t  s i n g u la r i t i e s  in the s u s c e p t ib i 

l i t y  must be expected near ha | (0) and h ^ f O ) .  T h is ,  however, can o b v io us ly  not

be t ru e  f o r  temperatures not equal to  ze ro , because the theory  p re d ic ts  temper

a tu re  dependent t r a n s i t i o n  f i e l d s .  Th is incons is tency  must be re la te d  to  t h e i r

approx im a tions , in which they take in to  account spin-wave in te ra c t io n s  to
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leading order  in 1/2S. To t h i s  o rder  t h e i r  t r a n s i t i o n  f i e l d s  a r e  temperature
dependent,  whereas to the same o rder ,  in t h e i r  s u s c e p t i b i l i t y  expansion terms
(1 -  hc (0)) a r i s e .  The authors d i scuss  t h i s  point  a l s o  and they conclude
th a t  a s i n g u l a r i t y  of  the form (1 -  h(. ( T ) ) ' i  must be expected,  i f  higher order
terms a r e  taken into account .  They expect  t h i s  r e s u l t  by comparing the c r i t i c a l
behaviour of  the an ti fer romagnet  with th a t  o f  the ferromagnet.

In f i g s .  7 and 8 the f u l l y  drawn curves were d i r e c t l y  derived from the
th eo re t i ca l  re l a t i o n s  of  Feder and Pyt te .  The dot ted curves were obtained by
replac ing the th eo re t i ca l  value 1 ^ ( 0 )  for  the upper t r a n s i t i o n  f i e l d  a t  T = 0
by the experimental value hc (T) a t  the temperature under cons i de ra t io n  in t h e i r
expressions for  the  s u s c e p t i b i l i t y  in the paramagnetic phase.  Related to the
problem near the phase boundaries the au thors  recommend to c a l c u l a t e  the sus
c e p t i b i l i t y  a t  the c r i t i c a l  f i e l d s  by eva lua t ing  the s u s c e p t i b i l i t y  expressions
for  the f lop  phase a t  hc (T).

F ina l ly  we may conclude th a t  the s u s c e p t i b i l i t y  behaviour is  s a t i s f a c t o r i l y
descr ibed by spin-wave th eo r ie s  in the temperature range cons idered ,  except  by
the one from Wang and Cal len.  The de sc r i p t i o n  near the c r i t i c a l  f i e l d s  is s t i l l
u n r e l i a b le .  A s l i g h t  improvement is  obtained by taking into account spin-wave
i n te r a c t i o n s .

6 .3 . The e u b la ttio e  m agnetization . In order  to demonstrate the large  zero
point  spin reduct ion even more c l e a r l y  we wil l  c a l c u l a t e  e x p l i c i t l y  the sub
l a t t i c e  magnetizat ion per spin a t  the lowest poss i b le  temperature.

In each of  the th ree  t h e o r i e s ,  discussed above, the equi l ibr ium condi t ion
for  the angle 6 between a s u b l a t t i c e  magnet izat ion vec tor  and the  magnetic
f i e l d  and zero temperature takes the form

cos 0 = h

In th a t  case the magnet izat ion m in reduced uni t s  becomes

(34)

m = h<S >s (35)

with <Ss> the s u b l a t t i c e  magnet izat ion per spin.  This means th a t  <S > can be
obtained as a func t ion of  h by c a lc u la t in g  the experimental value of  m/h. m
can be ca lcu l a t ed  by in teg ra t io n

m(h) X1 dhAr ( 36)
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In t h i s  way we can c a l c u l a t e  the s u b l a t t i c e  magnet izat ion per sp in.  Above the
t r a n s i t i o n  f i e l d  to s a tu r a t i o n  the s u b l a t t i c e  magnetizat ion and the to ta l  mag
n e t i z a t i o n ,  both in reduced u n i t s ,  a r e  id e n t i c a l .

The quant i ty  as ca lc u l a ted  here wi ll  not d i f f e r  s i g n i f i c a n t l y  from the
spin value a t  zero temperature,  cor rec ted  for  the zero point  de v i a t io n ,  i f
data a t  1.22 K ar e  used.

The s u b l a t t i c e  magnet izat ion per spin has been p lo t ted  in f i g .  9 using
equations  3**, 35 and 36 and the perpendicular  s u s c e p t i b i l i t y  a t  1.22 K for
CoB^'ól^O (see f i g .  8 in Chapter 5) •

Fig. 9. Sublattioe magnetization per spin plotted versus the reduced
magnetic fie ld  at 1.22 K.

According to the th eo r i es  given by Kanamori and by Feder and Pyt te  a zero
poin t  spin reduct ion in zero f i e l d  of  .28 was expected.  From Wang and Ca i l en ' s
approach t h i s  value would be .19. Both values a re  derived from f i g .  5. These
two values may be compared with the value th a t  fol lows from l in ea r  spin-wave19)
c a l c u l a t i o n s  using a simple cubic spin s t r u c t u r e  and which amounts to .08
In view of the experimental value .17 (see f i g .  9) o f  the  zero point  spin r e 
duct ion i t  seems th a t  the two-dimensional cha ra c te r  of  the spin arrangement
(thus only four neighbours) is  cor roborated .
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Samenvatt i ng.

I n 'd  i t  p roe f schr i f t  wordt het magnet i sche gedrag van d r ie  a n t i  fe rromagnetische

s to f fe n  beschreven: LiCuCl,* ZH^O, C oC ^ 'é f^O  en C o B ^ 'é i^ O .  De overeenkomst tussen

deze d r i e  s to f fe n  bes taa t h i e r in  dat de magnetische ionen de spinwaarde een h a l f

bezi t te n  en dat de a n is o t ro p ie  in de w isse lw erk ing  tussen de spins v r i j  g roo t is .

Tengevol ge van de i n t e r a c t ie  tussen de spins treden e r  b i j  voldoende lage tem

pera tu ren  (1 .2  t o t  5 K voor genoemde s to f fe n )  o rd en ingsve rsch i jnse len  op, d ie  op

hun beurt weer s te r k  door een magneetveld beïnvloed kunnen worden. Teneinde een

g roo t  deel van het ve ld - tem pera tuu r fasediagram te  kunnen onderzoeken, z i j n  mag

neetve lden van de orde van 100 kOe n o d ig , d ie  thans redei i j k  eenvoudig te  v e rk r i jg e n

z i  j n  met behulp van supergeie idende spoelen. De bouwen het gedrag van een dergel i j k e

spoel met bi j  behorende meta 1 en k ry o s ta a t  isbeschreven in hoofdstuk 2. M etbehulpvan

deze magneet i s d e  suscept i bi 1 i t e i  t  van de d r ie  ant i ferromagneten gemeten t o t  ongeveer

110 kOe, w aa rb i j  de metingen boven ongeveer 15 kOe geheel nieuw z i j n .

De a n is o t ro p ie  in L iC u C l j^ h ^ O  b l i j k t ,  mede op grond van de s u s c e p t i b e l i t e i t s -

metingen d ie  in hoofdstuk 3 vermeld staan, van het Dzyalosh insky-Moriya type te

z i j n  en dus an tisym m etr isch . H iernaast t r e e d to o k  nog een minder b e la n g r i j k  sym

m e tr isch  deel in d e  a n is o t ro p ie  op. De gegevens u i t  de l i t e r a t u u r  be tre f fende

deze an t i ferromagneet z i j n  v r i j  summier. N ie t tem in  is  het in hoofdstuk 4 g e lu k t  enkele

opmerkel i j k e  eigenschappen te  v e rk la re n .  Een h ie rvan is  het bestaan van een ex tra

e e rs te  orde faseovergang tengevo lge  van de aanwezigheid van de Dzyaloshinsky-Moriya

in t e r a c t ie .  Een e s s e n t ie le  eigenschap van d ie  faseovergang is  dat het vec to r  product

van twee van de v ie r  magnet ische o n d e r ro o s te rs , welke in LiCuCl -2H20 voorkomen,

onder inv loed van een aangelegd magneetveld, van teken omslaat.

De beide andere s to f fe n  CoCl^'éH.O en C o B r j 'é H ^  bl i jk e n  in redei i j k e  benadering

twee d im e n s iona lean iso t rope  Heisenberg a n t i  ferromagneten te  z i j n ,  zoa ls  v o lg t  u i t

de 1 i t e r a t u u r  gegevens en de susce p t ib i  1 i te i t s -m e t in g e n ,  d ie  vermeld staan in hoofd

s tuk  5. Ui t  de d i scuss ies i n hoofdstuk 6 bl i j k t  da t in velden d ie  laag z i j n  ten opz ich te

van het sp in  f l o p  ve ld  de Is ing  b e s c h r i jv in g  r e d e l i j k  i s ,  t e r w i j l  voor hogere v e l 

den d i t  1 im ie tgeva i van het an iso tro p e  Heisenberg model n ie t  meer vo ld o e t .  In het

la a ts te  geval is  met behulp van sp in  g o l f  th e o r ie  het anomaal gedrag van de sus

c e p t i b i l i t e i t  in  de f l o p  fase , zowel a ls  da t van de loodrech t s u s c e p t i b i l i t e i t ,

k w a n t i t a t i e f  v e rk la a rd ,  hoewel nog m oe i l i jkheden  optreden in de buurt van de

faseovergangen. De g ro te  nu lpunts  a fw i j k in g  van de spin-waarde in ve ld  nul is

een verdere  k w a l i t a t ie v e  aanw ijz ing  da t in het gedrag van de beide Co-zouten

het twee d imensionale  ka ra k te r  een ro l  s p e e l t .
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Op verzoek van de F a c u l t e i t  der  Wiskunde en Natuurwetenschappen vo lg t  h i e r

een o v e r z i c h t  van mijn s t u d i e .

Nadat ik het  Rembrandt-lyceum in Leiden had doorlopen  in de pe r iod e  1955-

I960 begon ik met mijn s t u d i e  in de n a t u u r -  en wiskunde met a l s  b i j v a k  s t e r r e -

kunde aan de Leidse U n i v e r s i t e i t .  Ik legde in 1964 het  kandidaatexamen a f .  Na

d i t  examen ben ik op he t  Kamerlingh Onnes Laborator ium werkzaam geweest  in de

werkgroep van Dr. D. de Klerk,  waar ik werd . ingeschakeld b i j  het  exper imenteel
onderzoek aan type II s u p e r g e l e i d e r s  van Dr. S.H. Goedemoed. In 1965 kreeg ik

van Dr. de Klerk de opdrach t  de in he t  l abo ra t o r ium  aanwezige 4 Megawatt i n s t a l 

l a t i e  zover  t e  v e r b e t e r e n ,  da t  e r  f y s i s c h e  exper imen ten  mee gedaan konden worden

in velden  t o t  ongeveer  100 kOe. Dit  doel werd t en ko s t e  van veel  inspanning

s l e c h t s  t en d e l e  b e r e i k t  en daarom werd in I 967 (mijn doctoraalexamen  legde ik
eind  1966 a f )  een aanvang gemaakt met het  vervangen van deze i n s t a l l a t i e  door

een veel  eenvoudiger  en moderner o p s t e l l i n g ,  waarb i j  het  co n t i nu e  magneetveld
zou worden opgewekt met behulp van een v r i j  g r o t e  su pe rge le i den de  s p o e l .  Deze

o p s t e l l i n g  werd in 1969 o p e r a t i e f  en s in d s d i en  z i j n  de exper imen ten u i tg e v o e r d ,

d i e  in d i t  p r o e f s c h r i f t  z i j n  vermeld.

Naast  d i t  f y s i s c h  onderzoek  had ik ook een t a ak  b i j  he t  o n d er w i j s .  Ik

a s s i s t e e r d e  op he t  p rakt ikum s in d s  1965- In 1971 werd ik h o o f d a s s i s t e n t  b i j  het
e l e k t r o n i s c h  prakt ikum voor tweede j a a r s  s tu d e n te n .

Voor het  t o t  s t and komen van d i t  p r o e f s c h r i f t  i s  de medewerking van ve le

anderen onmisbaar  geweest .  In he t  b i j z o n d e r  worden Dr. H.W. Capel en Drs.  A.E.
van der  Valk bedankt  voor hun b i j d r a g e  b e t r e f f e n d e  de t h e o r e t i s c h e  p rob lemat iek

rond de d i s c u s s i e  en i n t e r p r e t a t i e  van de m e e t r e s u l t a t e n .  Drs.  H.A. Jo r daan ,
Drs.  J.W. Sc h u t t e r  en Drs.  K.R. van de r  Veen hebben mij b i j g e s t a a n  b i j  de voor 

be re id i nge n  en het  u i t v o e r e n  van de exper imenten.  De ve le  d i s c u s s i e s  met andere
medewerkers z i j n  h o o g l i j k  gewaardeerd.

De i l l u s t r a t i e s  in d i t  p r o e f s c h r i f t  z i j n  op f r a a i e  w i j z e  door de heren
W.F. Tege laa r  en W.J. Brokaar  getekend.

De heren A.F.M. Oosterbaan,  J .  van den Berg en in he t  b i j z o n d e r  T.P.M. van

den Burg hebben ve le  t e ch n i s ch e  problemen weten op t e  los s en .
Mevrouw M.A. O t te n -S cho l t en  h e e f t  het  merendeel van de e e n k r i s t a l l e n  ge 

maakt,  d i e  voor de experimenten nodig waren.

T e n s l o t t e  z i j  vermeld da t  de t e k s t  van he t  p r o e f s c h r i f t  op va a rd ig e  w i jze
i s  g e ty p t  door mevrouw E. de Haas-Walraven.








