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SUMMARY 

In the first part of this thesis, the neutron scattering experiments 

and magnetization measurements on the compound Co6r2.6[0.48D2O, 

0.52H20] (CB48) are described. This weakly anisotropic 

antiferromagnetic system belongs to the class of so-called spin-flop 

systems. In an external magnetic field, applied along the magnetically 

easy axis these spin-flop systems usually display a first-order 

transition from the antiferromagnetic (AF) to the spin-flop (SF) phase. 

In the phase diagram of the compound CB48, however, an Intermediate (I) 

phase is observed between the AF and SF phases. In a first stage, the 

evidence for an I phase was obtained from an anomalously broad 

"transition-range" in field between the AF and SF phases. The 

characteristic variation with field of both the staggered magnetization 

M and the bulk magnetization M could be well explained assuming an I 

phase. This conjecture was confirmed by the establishment of two 

second-order I phase boundaries by means of critical neutron scattering 

experiments. Additional experiments were performed to demonstrate the 

importance of the specific deuterium fraction. In the hydrated compound 

CoBr2.6H20(CB0), the AF and SF phases are separated from each other by 

a first-order spin-flop transition. The evidence was obtained from a 

comparison of the results of detailed magnetisation measurements on the 

compounds CB48 and CBO. Apparently, a subtle interplay exists between 

the crystallographlc system and the magnetic system, which can be 

Influenced by a change in the deuterium fraction. From a study of the 

field dependence of the intensities at nuclear Bragg reflections in 

CB48, we conclude that a magneto-elastic coupling exists, which is most 

probably due to a coupling between the order parameters of the AF and 

SF phases. Such a (weak) coupling Influences the (weak) magnetic 

anisotropy and may qualitatively explain the difference in phase 

diagrams of CB48 and CBO, respectively. 

The neutron scattering experiments and magnetization experiments on the 

iso-structural compounds RbFeClj.2aq ana CsFeCl3.2aq (aq - H20, D20) 

are performed to study the magnetic phase transitions in these quasi-ld 

Islng compounds. Metamagnetic phase tran&itlons can be observed between 

the antiferromagnetic (AF), ferrimagn^tic (FI) and pseudo-ferromagnetic 
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(F) phases in an external magnetic field applied along the с axis. The 
ordering patterns in the three different phases can be distinguished by 
different stackings of the magnetic chains into a 3d array. The 
observed behaviour in the various phases can be described by the 
nucleation theory of chain reversals as is described in the Tinkham 
model of Id Ising compounds. The most direct verification of the 
applicability of the nucleation theory is the observation of step-like 
variations of the magnetization at specific field values. These step
like variations'are related to reorientations of magnetic chains in a 
specific local arrangement. Also the pronounced non-exponential 
relaxation in the ferrimagnetic phase and the occurrence of disordered 
magnetic arrays can be interpreted vith this nucleation theory. At low 
temperatures, the observed magnetic phase diagram for the compound 
RbFeCl3.2D20, determined from the neutron scattering results, is 
qualitatively in agreement with earlier results and conjectures about 
the magnetic structure. For T < 6.3 K, the magnetic array in the Fl 
phase corresponds with the FI(1I) structure. At higher temperatures, 
this array is transformed into an FI(I) structure at a phase boundary 
T (II+I), located between the FI phase boundaries H ,(T) and H „(T). 
С Cl CZ 

However, it is uncertain how the phase boundary H (T) between the AF 
and FI(I) phases extends in the high-T part of the phase diagram. 
This latter phenomena might possibly be related with a decreasing 
correlation length along the chain direction with increasing 
temperature . 

Keywords: 

ANTIFERROMAGNETISM COBALT BROMIDES 
*HASE STUDIES ORDER-DISORDER TRANSFORMATION 
PHASE DIAGRAMS ISING MODEL 
ANISOTROPY CRITICAL FIELD 
MAGNETIC FIELDS IRON CHLORIDES 
RELAXATION TIME SUPERLATTICES 
NEUTRON DIFFRACTION 



- 6 -

CONTENTS 

page 

I. INTRODUCTION 8 

References 10 

II. EXPERIMENTAL 12 

2.1. Theory of elastic neutron scattering 12 

2.2. Experimental set-up for neutron scattering 16 

2.3. Experimental set-up for magnetization measurements 18 

References 19 

III. PHASE DIAGRAMS IN WEAKLY ANISOTROPIC ANTIFERROMAGETS 20 

3.1. Introduction 20 

3.2. Mean field theory for spin-flop systems 21 

3.3. Spin-flop systems in a skew field 29 

References 35 

IV. THE INTERMEDIATE PHASE IN CoBr2.6[0.48D20, 0.52H2o] 38 

4.1. Introduction 38 

4.2. Crystal structure and magnetic anlsotropy 39 

4.3. Earlier indications for an I phase in CB48 43 

4.4. Experimental results 45 

4.4.1. Samples and experimental details 45 

4.4.2. Magnetic Bragg scattering 46 

4.4.3. Magnetization measurements 52 

4.4.4. Critical neutron scattering 55 

4.4.5. Magneto-elastic effects 67 

4.5. Discussion 71 

References 74 

V. MAGNETIC ORDERING IN RbFeCl3.2aq AND CsFeCl3.2aq 76 

5.1. Introduction 76 

5.2. Crystallographic and magnetic structure 78 



- 7 -

CONTENTS (continued) 

5.3. Magnetic ordering in RbFeCl3.2aq and CsFeCl3.2aq 
in field 82 
5.3.1. Introduction to the experiments 82 
5.3.2. Neutron scattering and magnetic structures 84 
5.3.3. Experimental details 91 

5.4. RbFeCl3.2aq 93 
5.4.1. Introduction 93 
5.4.2. Ferrimagnetlc long-range order at T » 4.2 К 94 
5.4.3. Disorder in the ferrimagnetlc phase 97 
5.4.4. Field dependence of the magnetization 104 
5.4.5. Relaxation 108 
5.4.6. The magnetic phase diagram 111 
5.4.7. Summary and discussion 115 

5.5. CsFeCl3.2aq 120 
5.5.1. Introduction 120 
5.5.2. Magnetic ordering at T - 4.2 К 120 
5.5.3. Field dependence of the magnetization 127 
5.5.4. Relaxation 127 
5.5.5. Discussion and comparison of RFC and CFC 129 

References 131 

VI THEORY OF MAGNETIC ORDERING IN ID ISING SYSTEMS 133 

6.1. Introduction 133 
6.2. The Tinkham nucleation model 133 
6.3. Predictions for RbFeCl3.2aq and CsFeCl3.2aq 135 
6.4. Simulation of the Tinkham nucleation model 145 
6.5. Final remarks 154 
References 155 

APPENDIX 157 



- 8 -

CHAPTER Г 

INTRODUCTION 

An assembly of interacting magnetic moments or spins will, in general, 
display a cooperative transition to a long-range ordered state when the 
temperature is lowered below the ordering temperature T . This long-
range ordered array may be simple ferromagnetic, antiferromagnetic or 
display a more exotic symmetry depending on the details of the system. 
Transitions between ordered arrays can in general be induced by 
external fields H, giving rise to a rich variety of magnetic 
phase diagrams in the (H,T) parameter space [1,2,3], specifically when 
antiferromagnetic interactions are present in the system. In this 
thesis our main attention will be focussed on these field-induced 
phases and phase transitions within the long-range ordered region. 

The magnetic phase diagrams and the transition to the long-range 
ordered state, to begin with, are strongly determined by the spatial 
dimensionality (d) of the system (chains d«l, planes d=2) and the 
number of spin components (n) contributing to the interaction (Ising 
n»l, XY n»2 and Heisenberg n*3). Purely one dimensional systems do not 
exhibit a long-range ordered state for T > 0, whatever the symmetry of 
the interaction may be whereas in d-2 systems only highly anisotropic 
interactions (Ising) induce a long-range ordered state at non-zero 
temperatures. Experimentally however, purely low dimensional systems 
cannot be realized and (small) interactions of higher dimensionality 
will always be present. In the quasi-low dimensional systems an, 
essentially d-3 , long-range ordered state will be induced at low 
temperatures, although of course other properties of the system still 
may reflect the spatial anisotropy of the interactions. 

In this thesis we present the results of an experimental investigation 
of such d«3 ordered states in the quasi-low dimensional systems 
CoBr2.6[0.48D20, 0.52H2O] and RbFeCl3.2aq, CsFeCl3.2aq (aq - H20 or 
D2O). As stated before, we will direct our attention mainly to phase 
transitions within the ordered state induced by magnetic fields. In the 
exploration of these magnetic phase diagrams two classes may be 
distinguished depending on the anisotropy. In highly anisotropic 
(Ising) compounds the individual moments can only be directed in a 
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certain direction prescribed by the uniaxial anisotropy. In these 
systems, phase transitions are the result of long-range correlated 
sequences of local spin reversals giving rise to a variety of states 
with non-zero magnetization. In weakly anisotropic systems the moments 
can also rotate which of course gives rise to completely different 
phase diagrams. Moreover the dynamical behaviour at the phase 
transition is much more complex since local spin reversals are no 
longer eigenstates of the hamiltonian. The phase diagrams studied in 
this thesis belong to different classes: CoBr2>6[o.48D20, 0.52H20] can 
be considered as a weakly anisotropic antiferromagnet whereas 
Rb(Cs)FeCl3.2aq are known as fair representations of anisotropic Ising 
systems. 

The experimental results were obtained by means of neutron scattering 
measurements and magnetization measurements. From a careful analysis of 
the observed magnetic Bragg scattering, evidence for the existence of 
an unusual, so-called intermediate phase in CoBr2.6[o.48D20, 0.5H.0] 
was obtained. The results were confirmed by the observation of critical 
neutron scattering at the second-order phase boundaries of the 
intermediate phase. Additional information on the role of the deuterium 
fraction is obtained by magnetization measurements on compounds with 
different deuterium fractions (48%, 40% and 0%). As far as the author 
is aware, these results constitute the first experimental evidence for 
the existence of an intermediate phase in the phase diagram of an 
antlferromagnetic system. The possible existence of such a phase was 
predicted theoretically in 1959 [4]. 

The second part of this thesis is concerned with an investigation of 
the Id Ising antiferromagnets RbFeCl3.2aq and CsFeCl3.2aq (aq - H20 or 
D20). Within the magnetically ordered region of the phase diagram and 
in increasing field, two metamagnetic phase boundaries exist between 
the antlferromagnetic, ferrimagnetic and pseudo-ferromagnetic phases, 
respectively. Therefore, these compounds are very well suited to study 
the various consequences of the local nature of the magnetic 
excitations on the equilibrium states and phase transitions in quasi -
Id Ising systems. The main results of this study confirm the phenomena 
as they are predicted by the Tinkham model [з] for ld Ie ing systems. 
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The organization of this report is as follows. We start in chapter II 
by presenting a short outline of the theory of elastic neutron 
scattering, and a description of the experimental set-ups for neutron 
scattering measurements and magnetization measurements. In chapter III, 
a brief review is given on the theory of the phase diagram of weakly 
anisotropic antiferromagnets, as far as it is relevant for the 
interpretation of the results on CoBr .6[0.48D2O, 0.52H20]. Chapter IV 
contains the results of our study on the intermediate phase in 
CoBr .6[0.48D20, 0.52H20]. Chapter V includes some specific 
calculations on magnetic structure factors used for the interpretation 
of the experimental results on RbFeCl,.2aq and CsFeCl3.2aq, which are 
reported also in this chapter. Finally, in chapter VI, the experimental 
results on the Fe-eompounds are compared with predictions based on 
Tinkhr.m's nucleation model for Ising systems. 
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CHAPTER II 

EXPERIMENTAL 

2.1. Theory of elastic neutron scattering 

If a beam of thermal unpolarized neutrons is incident upon a magnetic 
system, the nuclear and magnetic scattering cross-sections are 
additive. In this section we will review the theory for the magnetic 
contribution to the scattering. 

A single neutron with velocity _v may be characterized by a plane wave 
with wave vector к • m v/Ъ and kinetic energy E • "h2 k2/2m. In a -o — о о 
scattering process due to the interaction between the magnetic moment 
of the neutron and the ensemble of magnetic moments u_ at positions R 
(uD • g u S ) within the sample, the outcoming neutron will have a —R В —R 
different wave vector Je. The scattering vector Q is given by 

Q - к - к , ' 2.1 
— - -о 

and the neutron energy loss is equal to 

ДЕ - liw - h 2 (k2 - k2)/2m 2.2 
о 

For a beam of unpolarized neutrons, the double differential magnetic 
cross-section per unit solid angle ft and per unit energy E is 
determined by [ 1] 

_ d j I « Ü _ | f | 2 z (6 -ft ft ) GaÖ (Q, » ) , 2.3 
dftdE к ' Qi e a& W *' ' 

where G (̂ ,u>) is the space-time fourier transform of the spin 
ftR 

correlation function G (R,t): 

G°3(R,t) - <S° (0) S? (t)> 2.4 
- O R 
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+-
GaB(Q,«) - -5- ƒ dt E exp {i (Q.R - <ot)} GeP(R,t) 2.5 

Z* — R 

In expression 2.3, the factor (6 -Q Q ), where б is the kronecker 
op o p ap 

delta function and Q the a-component of the unit vector Q/Q, indicates 
o — 

that only spin components perpendicular to the scattering vector (£ 
contribute to the scattering. The magnetic form factor f takes into 

account that the magnetic moment of each atom corresponds to a spin 

density spread out over a certain region in space around the position It 

at the atomic nucleus. 

In an experiment, it is much simpler to measure the differential cross-

section do7dft(Q) - fdE (d2o/dfidE), without an energy analysis of the 

scattered neutrons. However, the relation between do/dft(Q_) and the 

correlation function can only be simplified if the time-dependence of 

the fluctuations in the sample may be neglected: 

GeP(R,t) - GaB(R,o) = Ga0(R) 2.6 

In this case, the scattering is completely elastic (k - к ) since 
G g((£,u) is a delta-function at ш « 0 : 

op -H» 
G (Q.u) - Z exp (i Q.R) Gap(R).i- ƒ dt exp (-i ш t) 

R - 2* 

= Ga0 (Q) б (ы). 

2.7 

Hence, condition 2.0 implies that there is a direct relation between 
do/d£i(3) and G a Ö(^): 

S <» • Ы2 \ (5=ЛА' °aew 2-8 
op 

The applicability of eq. 2.8 close to a second-order magnetic phase 
transition, which is characterized by critical fluctuations in the 
spins, needs some extra consideration. On approaching a second-order 
phase transition, the critical fluctuations become slower and extend 
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over larger distances, a phenomena which is known as "critical slowing 

down". Hence, the critical fluctuations appear as quasi-static to the 

passing neutrons and the inelasticity of the scattering will be small. 

Therefore, expression 2.8 for the (^-dependence of do/dfi is a good 

approximation provided that the assumption [2] 

l/<o » C/v 2.9 

holds. In eq. 2.9, £ is the correlation length of the fluctuations and 

v is the velocity of the neutron. The left-hand side of eq. 2.9 is a 

characteristic oscillation period for the fluctuations and the right-

hand side is the passage time for a neutron through a correlated 

region. The assumption that 2.9 holds in a critical scattering 

experiment is known as the quasi-static approximation. 

The cross-section 2.8 in the quasi-static approximation can be 

separated into two terms 

-(Q) « If I2 £ (« - H > . d0 - ' Q' OB op W 
2.10 

« Ж xo<»vc3v4 J. r ,г Л Dwc«4/o^ [l exp (i g.R)«S esb-<S eXSj» + E exp (i g.R)<S°><s£>] 
o R o R 

The second term is non-zero for long-range ordered magnetic structures 

(<S > ф 0), and gives rise to Bragg diffraction peaks at Q - 2ir т ^ 
The reciprocal lattice vectors т, ̂  are related to the magnetic unit 
cell of the structure. The first term in 2.10 corresponds to deviations 
from long-range order. In order to stress the relation between the 
first term in expression 2.10 and the thermodynamic quantity such as 

rtft 

the generalized static susceptibility tensor x (Q)» It is useful to 
define the following quantities: 

ftft 
G (0,,ш) is the space-time fourier transform (analogous to eq. 2.5) of 

ли the net spin correlation function G (R,t) n -

G°a (R,t) - <S° (0) s|j(t)> - <s"(0)><s|?(t)>, 2.11 
n — о к о к 
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which contains the correlations between the deviations of two spins, 
separated in К and t, from their average value. Note that G (R) = 
G (R,0) enters in the first term of expression 2.10. Via the 
fluctuation-dissipation theorem [ 3], the elements of the generalized 
static susceptibility tensor x (Q) can be expressed in terms of 
G (Q,u>) according to the relation [l] 

к Т -H» 1-exp (-tw/k T) 
"TT x""<8> - ' *• t wk.T 1 <7 (3-») 2Л2 
g Un — В 

ftft 

At 9 • 2n T, ,£ , ̂  (9) corresponds to the familiar susceptibility in a 

ferromagnet and to the staggered susceptibility in an antiferromagnet. 

If the quasi-static condition (eq. 2.9) holds, the fourier transform 

G (Q,w) closely resembles a delta function at шж0: 

Gn* <9i»> B z e x P ( i 9*R> ^ <R> 6 <м> 2 ° а е <9> 6 (»> 2 л з 

R - n n 

If in addition to the quasi-static condition, also the so-called quasi-
elastic condition [3] 

Ъ ш « к Т 2.14 
D 

holds over the important region of integration in eq. 2.12, one arives 
at the relation 

T 2 X e J (fi)-Gf (Q) 2.15 
g MB 

The expression for the cross-section can now be written as follows 
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da 
dQ (2) - i g 2 1 <«aeAV 

a8 
2.16 

к Т 
[~Г2 *"* Ф + Г exp (i Q.R) <S°XS*>] 

Expression 2.16 will be used for the interpretation of the neutron 
scattering due to static magnetic ordering patterns and critical 
fluctuations close to second-order magnetic phase transitions. 

2.2. Experimental set-up for neutron scattering 

As was stated in the preceding section, the scattered neutron intensity 
in £-space is observed without performing an energy analysis. The 
experimental set-up of a two-axis neutron diffractometer is illustrated 

schematically in fig. 2.1. The neutron beam from beamhole HB3 at the 

Petten research reactor is collimated to 30' in the horizontal plane 

and is diffracted from a Zn (002) monochromator crystal in order to 

select a particular wave length (X - 1.478 (2) A). The diffracted beam 

is collimated in front of the sample in the horizontal plane (30') and 

behind the sample in the vertical plane (30*). 

In this diffraction set-up, the 3He-detector receives neutrons which 

have been scattered in the sample with scattering vectors 0, • k-k in a 

certain small range centered around the scattering vector Q . The 

vector Q corresponds with a perfect monochromatic, collimated neutron —о 
beam. The probability of detecting neutrons with scattering vector £ is 
given by the resolution function R (Q-Q ). The recorded neutron 

intensity I(Q ) is a convolution integral of the cross-section do/dfl 
-o 

and the resolution function: 

I (V "' dn w R ( W ^ 2Л7 
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Reactor 
Monochromator 

Detector 

Fig. 2.1. Schematic picture of a two-axis neutron diffTactometer; Cl, 

C2 and C3 denote horizontal and/or vertical collimation. 
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Within the horizontal scattering plane, the resolution function can be 
measured by recording the intensity in the vicinity of a Bragg-peak for 
which do/dQ « 6(Q-2ITT r ) . — hk" 
The experiments were performed with two different cryogenic equipments. 
For the experiments described in chapter IV and a part of chapter V, 
the sample was placed in a ''He-bath cryostat which was mounted on a 
conventional electromagnet. The temperature control of the sample was 
achieved fcv regulating the pressure of the 4He-bath. The pressure could 
be kept constant for several days within approximately 1 mm Hg at 
T * 2 K, corresponding with an uncertainty of approximately 0.01K. The 
electromagnet produces a horizontal magnetic field up to 15 kOe. The 
inhomogeneity of the field over the sample-space was less than 0.5Z. 
The cryostat (-1- sample) + electromagnet could be rotated simultaneously 
about a vertical axis. 

Another part of the experiments, described in chapter V (crystal 
orientation RFC(III)) was performed by means of a variable-temperature 
**He-cryostat with a split-coil superconducting magnet producing a 
vertical magnetic field up to 50 kOe with an inhomogeneity of less than 
1Z over the sample-chamber. Temperature control was achieved by 
balancing the cooling effect of the 4.2 К bath (for sample temperatures 
T>4.2 K) or the "1 K-chamber" (T < 4.2 K) and a current supply through 
a heater resistor which was connected thermally to the evacuated 
sample-chamber. The heater current stabilizes the resistance of a 
calibrated Ge-thermometer. The stability obtained in this way, amounts 
to 0.01 К at T « 2 К and 0.1 К at T « 15 K. In order to avoid the 
effect of the magnetoresietance of the Ge-thermometer, a constant 
current was applied to the heater resistor for field scans at constant 
temperature. 

2.3. Experimental set-up for magnetizati. •• measurements 

The magnetization measurements were performed with a vibrating-sample 
magnetometer (Princeton Applied Research magnetometer, model 155), put 
to our disposal by Dr. De Jonge at the Technical University of 
Eindhoven. The sample is magnetized in an external magnetic field H_, 
and is connected to a sample-rod which undergoes a sinusoidal motion. 
The component K, parallel to H of the vibrating-sample moment, induces 
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an ас-voltage in a suitable system of pick-up coils, which is 
proportional to ML and also to the amplitude and frequency of the 
vibration. This signal is transformed into a dc signal which is 
proportional to ML only. The magnetometer can be used to detect 
magnetizations of the order 1СГ3 emu. 

To achieve cryogenic temperatures, the sample rod was placed in a 
cilinder filled with **He-gas which was immersed in a liquid ''He-bath. 
The sample temperature could be regulated through the pressure of the 
*»He-bath. All experiments except for the compound RbFeCl3.2H20(RFC) 
were performed by means of a conventional electromagnet which 
produces a magnetic field up to 11 kOe. For the experiments on RFC, a 
superconducting magnet was used since higher field values were required 
in that case. 
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CHAPTER 111 

PHASE DIAGRAMS IN WEAKLY ANISOTROPIC ANTIFERROMAGNETS 

3.1. Int roduc t ion 

Antiferromagnets are of special interest in the study of magnetic 
phase diagrams since in these systems various changes in the magnetic 
structure can be induced by applying an external magnetic field to the 
ordered system. Most extensively studied are the weakly anisotropic 
antiferromagnecs, the so-called spin-flop systems. In absence of an 
external field, the preferred direction of the magnetic moments is 
determined by the anisotropy energy. In a sufficiently large magnetic 
field, aligned along the preferred direction, the magnetic moments will 
be oriented at an angle to the field direction in order to minimize the 
total magnetic energy, which includes the Zeeman energy - *1.H_. In most 
cases, at a certain field value H , a first-order transition takes 
place at which the moments "flop" from the parallel orientation to the 
almost perpendicular orientation. However, it has been shown 
theoretically that under specific conditions a third, intermediate (I) 
state may be stable between the low-field antiferromagnetic (AF) state 
and the high-field spin-flop (SF) state. Instead of performing a 
sudden jump at Н„„, the magnetic moments may rotate smoothly with 
increasing field in a certain field range from the AF to the SF state. 
Consequently, instead of one first-order AF •*• SF transition, two 
second-order transitions will occur on increasing the field, namely the 
AF • I and I • SF transitions. In simple two-sublattice 
antiferromagnetic systems such a behaviour is rather exceptional. 
Besides in the compound CoBr2.6[o.48D20, 0.52H2o] [l], which is the 
subject of chapter IV, only in three other compounds some indications 
for an I phase have been found [2, 3, 4]. 

In the present chapter, we will give a brief review on the phase 
diagrams in the weakly anisotropic antiferromagnetic systems as far it 
is relevant for the further study on CoBr .6[0.48D20, 0.52H2O]. In 
section 3.2, we present the results of calculations concerning the 
phase diagrams in weakly anisotropic antiferromagnets in the mean-field 
(MF) approximation. 
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In section 3.3 we discuss the implications when the magnetic field 
is not aligned parallel to the preferred direction of the magnetic 
moments. Furthermore, in this section the effect of demagnetizing 
fields will be considered. 

3.2. Mean field theory for spin-flop systems 

In the NF approximation of a two-sublattice antiferromagnet, the free 
energy f at T » 0 can be written as [5]. 

F « 2N E[Ae < S ; > < S ; > - i D a « S° >2
 + < S* >2> 3.1 

a 

- i ****** « SA > + < sl » l 

The three components (a, 0 and y) of the spins at the sublattices A and 
В are normalized as 

l a a 1 a a 
2 , < , » > - Л в 1 ' 2 N < S. > - » V 

ieA leB 
The MF parameters A and D represent the inter- and intrasublattice 

a a 
exchange interaction tensors between the z, and z, nearest neighbours, 
respectively: 

1 i a a 

A« " - 2 Z1J1 

De в + 2 Z2J2 

3.2 

The summation over a in 3.1. runs over the three principal axes. It is 
assumed that the principal axes of the exchange tensors J. and J. 
coincide. In the following, we shall be concerned with an 
antiferromagnet in which the sign of all three components A of the 
principal interaction are in agreement with the antiparallel ordering, 
i.e. 
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V 

*H 

1/2(<sA>*<sB>) 

<s«>. 

Fig. 3.1. 

Definition of the angles £ and 6 in 

a two-sublattlce antiferromagnet 

with the field directed along the 

easy T axis. 

(-1,0) Д/А, 

Fig. 3.2. 
Sequences of solutions occurring 
with increasing H//y for different 
combinations of MF-constants at 
T « 0. For H sufficiently high, the 
P state becomes stable for any 
combination (taken from [5]). The 
systems in the shaded region are the 
so-called spin-flop systems. 

Fig. 3.3. 
Variation of the stability boundaries 
H , H and H as function of the 
intrasublattice anisotropy Л. For 
Д > 0, H g p is defined H g r (HIA,HIS) 

1/2 

(Ар-Ay) О 
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A > 0 for all a 3.3 
a 

In systems with an orthorhombic spin anisotropy, the distinction 
between the preferred or easy у axis, the intermediate 0 axis and the 
hard a axis is defined by the relation [s] 

A + D > A + D > A + D 3.4 
У Y В В a a 

When the magnetic field is oriented along the у axis, < S > and < S > 
-A —В 

are confined to the yi plane [2] and their orientations can be 
characterized with the angles ( and б as is shown in fig* 3.1. The 

e a a 
normalized sublattice magnetizations are M • g u < S. > and M_ * А а о А В a 8 MD< Sn > an*i t n e magnetization M and the staggered magnetization M _ а в в — -st 
are given by the relations 

M - 2 N ( Ü A
 + V " NyBS Sin 6 (0'~8B COS €' *y 8in 5) 

3.5 

Mst - j N (Мд - MB) - N„BS cos 6 (0,gB sin £, g^ cos £) 

We will now consider the possible orientations of < S > and < S > 

which minimize the free energy and fulfill the stability conditions. 

One can distinguish the following states [5,6]: 

- The AF state for H < HT : £ - б - 0; < SA > and < S„ > are 
1A •"A —В 

antiparallel and aligned along the у axis. 
- The I state for Н1д< H < HIg; 5, б ф 0,90е; < § д > and < §в > are 
oriented non-symmetrically with respect to the у axis (cf. fig. 
3.1). 

- The SF state for H < H < H ; £ « 90е, б ф 0,90е; < S > and <S> 
IS с —А -В 

are oriented symmetrically with respect to the у axis. 
- The paramagnetic P state for H > H ; 5 » б - 90'; < S > ami < SD > 

с —A ~B 

are parallel and oriented along the у axis. 

The stability boundaries are 
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WHIA - [(AY - Ap + Д) (A^ + Ap + A ) ] 1 / 2 

UHIS « (A^ + AB - Д) [ ( A Y - Ap + A)/(A^ + Ap + A ) ] I / 2 3.6 

UH - А + А - А, 
с Т В 

where у » ^ив/(4Б) and A is the intrasublattice anisotropy 

A » D - D„ 3.7 

For different combinations of mean-field constants, the sequences of 
realized solutions are depicted in fig. 3.2. Since the у axis is 
defined as the easy axis, we have according to eq. 3.4. A>A -A . In the 

P T 
following we shall assume A -A < A < A (as we will show later, in 

P 7 8 
systems with A > A , metamagnetic behaviour is expected in the sense 

8 
that the SF state is not realized). These so-called spin-flop systems 
are located in fig. 3.2. within the shaded region. The AF state at low 
fields can be characterized by N //y whereas И //0 in the SF state at 

—st —st 
high fields. In an intermediate field range, where the energy 
difference between the AF and SF states is small, the orientations of 
the sublattice magnetizations <S.> ind <S_> crucially depend on the 

—A — В 
sign of the intrasublattice anisotropy A. This can be illustrated by 
writing the expression 3.1. for the free energy in a somewhat 
different way (H * H ) 

F ~ 2N I [(Ae+D)<sX> " к «SV<S ;»2] 
3.8. 

" 4 «Y »B HY « * А
Ж 8 В » 

As can be deduced from expression 3.8., the condition A • D -D <0 
Y 8 

implies that the anisotropy in ]) would favour an alignment of the 
sublattice magnetizations //0. Physically spoken, in this case the 
anisotropy in ID is in conflict with the anisotropy in (A + £), defined 
in 3.4. These conflicting anisotropies result in a non-symmetrical 
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State 

AF 

I 

SF 

F 

Ordering 

^ 

^ 

< 

sin £ 

0 

№>»« 

1 
1 

sin 6 

0 
e<h)» 2 

H/H 
с 1 

Table 3.1. Equilibrium conditions for sin £ and sin б in spin-flop 
systems according to T « 0 MF theory, h » (H -H,.)/(H,„-H ) 

Y IA IS IA 
and e « H /H . IS с 

:<i-e-V /2 

1 

£' 

0 

(b ) / 

Av 

0 H S F Hf 

Fig. 3.4. Field dependence of the a-componente M , M , scaled by 

Ng u-S, a * P,Y» according to MF-theory (а): Д < 0; H < H 
< H1S, e - HIS/Hr; (b): Д > 0; 0 < Hy < Hc, e' - Hsp/Hc. 
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orientation of the sublattice magnetizations in the I state. On the 
other hand, if Д>0, there are no conflicting anisotropics and no I 
state occurs (see fig. 3.2.). 

The stability boundaries given in eq. 3.6. are shown in fig. 3.3. as 
function of Д. The variations of the angles £ and б with field in the 
various states are given in table 3.1. from which one may calculate the 
$ and у components of M and M . 

Consider first the case Д<0: In this interval (see fig. 3.3) we have 
HT,< Ито< Н and thus the sequence of stable states is AF-I-SF-P. Here IA IS с 
we are particularly interested in the typical variation of M and M 
with field in the I state in the field range H < H < H . As can be 
seen from fig» 3.4 v a gradual rotation of M takes place with 

"St 
increasing field from H « H (M //Y) to H - HT„ (M //0). Also M 

1A —st IS - s t — 
changes gradually with increasing f i e ld between H and H . Hence, 

LA JLo 
the points (H , T - 0) and (H.g, T » 0) are critical points. For 
increasing H > H__, M decreases gradually again and vanishes at the IS st,f} 
critical point (H , T • 0) where M • M reaches its saturation 

с T 
value. 
A clearly different behaviour is found if A > 0. As can be seen from 
fig. 3.3, in th'.s case there exists a metastable region in the field 
range determined by H < H < H and H < H where both the AF and SF 

Lo LA С 
states are stable. However, the state with the lowest energy will 
always be realized which results in a first-order phase transition at 
H • H where the energies of the AF and SF states are equal. The 
expression for H is 

i/o 1/2 
)i Hsp - p(HIA H I S ) X / - [(Ay - A0 + Д)(Ау + A0 - Д)] 3.9 

The discontinuities in M _ , M ,. . and M are illustrated in fig. 
st.Y* st,g Y 

3.4 . In the SF state, H > H , M decreases continously and 
or st,6 

vanishes at the critical point (H , T • 0). 
с 

Finally, fig. 3.3 also illustrates that for Д > A the SF state is not 
p 

realized Only one transition AF - P occurs, corresponding with 
mdtamagnetic behaviour (cf. fig. 3.2.). 
Typical examples of the magnetic (H,T) phase diagrams for spin-flop 

a { i systems with Д > 0 and Д < 0 are shown in fig. 3.5 [7-9J and 
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(a) 

bicritical 
point 

-Tf(H) 

TN T 

(b) 

tetracritical 
point 

T/CH) 

TN T 

Fig. 3.5. Schematic (H ,T) phase diagram of a spin-flop system 

displaying (a) a first-order spin-flop boundary ending in a 

bicritical point and (b) an I phase ending in a tetracritical 

point. Solid lines indicate lines of critical points. 
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fig. 3.5 [8] respectively. At the critical order-disorder phase 
boundary T (H) the order parameter < M > vanishes while the order с st ,i 
parameter <M > vanishes at the critical order-disorder phase 

L st,e 
boundary T (H). 
Within the ordered region and A > 0 (fig. 3.5 ) both order parameters 
change discontinuously at the first-order spin-flop line H (T). The 
point where the three phase boundaries meet each other is called a 
bicritical point [10] as in this phase diagram two critical lines 

b intersect. For systems with Л < 0 (fig. 3 . 5 ) < M „ > and < M „ . > 
st,Y st,p 

vary continuously with H and T in the ordered region and vanish at the 
critical lines H (T) and H (T), respectively. The four critical lines 
intersect in a tetracritical point [8]. 
Finally, it should be mentioned that the continuation of the phase 
boundaries from the transitions at T * 0 is not as straightforward as 
is suggested by fig. 3.5. It has been suggested on basis of a MF-study 
[ll] that for small values A < 0, the I phase might exist only below a 
temperature T , whereas a first order spin-flop transition occurs for 
T > T_. Hence, the condition Д < 0 for the existence of an I phase 
might be only valid at T • 0. 
Besides the MF analysis of phase diagrams of antiferromagnets with weak 
anisotropy, also Renormalization-Group (R.G.) analysis has been applied 
to this subject. Since a theoretical outline of this theory would be 
outside the context of this thesis, we will only mention the results as 
far as they are relevant for the existence of an I phase in a weakly 
anisotropic antiferromagnet. 
Bruce and Aharony [12] considered theoretically the effects on the 
(H ,T) phase diagram close to the multicritical point which result from 
adding a cubic anisotropy to the main orthorhombic anisotropy. The 
orthorhombic anisotropy, which includes the exchange anisotropics and 
the anisotropy induced by a magnetic field H , favours an orientation 
of M along one of the principal axes (M //y at low fields, M //8 at -st -st —st 
high fields). Depending on its sign, the cubic anisotropy (assumed to 
be weak) consolidates the orthorhombic anisotropy or it favours an 
orientation of M along a diagonal, that is M • M Ф 0. Only —st st, p st,Y 
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in this latter case, there exists a conflict between the orthorhoabic 
and cubic anisotropics and an I phase exists in the (H ,T) phase 
diagram which is separated from the AF and SF phases by two second-
order phase boundaries H (T) and H (T). If there is not such a 
competition, the AF and SF phases are separated from each other by a 
first-order spin-flop line. 

In conclusion, we like to stress that according to both MF and R.G. 
studies the presence of competing anisotropy effects are essential for 
the existence of an I phase in the (H ,T) phase diagram of a weakly 
anisotropic antiferromagnet. 

3.3. Spin-flop system in a skew field 

The theoretical predictions in section 3.2. concerning the phase 
diagrams in spin-flop systems apply when the field direction is along 
the у axis. However, in real experiments there will always be a slight 
misalignment of the magnetic field. In this section we shall 
investigate the effect of such a misorientation. 
In systems with orthorhombic anisotropy, a distinction can be made 
between field orientations in the yfi plane and field orientations in 
the yet plane. 
The most distinct effect occurs in systems with Д > 0 when the field is 
oriented at an angle ф with the у axis in the y& plane. For ф > ф the 
first-order spin-flop transition disappears, where the critical angle 
ф at T - 0 is given by [ll] 

tg *c (T - 0) - A/(A Y + Ар-Д) - (HSF/Hc)2.A/(AY-Ae+A) 3.10 

For weakly anisotropic systems, ф is a very small angle (typically 
с ф « 1 ° ) . Therefore, in order to observe the first-order character of с 

the spin-flop transition (Д > 0), the magnetic field _H must be 
carefully aligned along the у axis in the уб plane. The detailed 
effects of a skew field for arbitrary ф can be calculated on basis of 
the MF expression 3.1 at T • 0. When the variables <S > and <S > are 
expressed in terms of the angles £ and 6, defined in fig. 3.1, the 
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free energy can be written as 

F/2NS - -2A- cos 26 + 2(A - A . K s i n 2 ? s in 2 6-cos 2 £ cos 2 6) В Y B 

-2D - 2Д (sin2C sin26 + cos2? cos26) 3.11 

-(gUg H/S) sin б sin (* + £). 

where, for simplicity, we have assumed an isotropic g-value (g, * g R). 

The equilibrium conditions are 

Э?/Эб - 0 : 2 sin 26 [A +A +Д cos 2£] - (gu H/S) cos 6 sin (•+£), 
Y В В 

3F/3£ - 0 : 2 sin 2£ [А -А.+Д cos 26] - (gu H/S) sin 6 cos (*>+£) 
Y В В 

3.12 

After some algebra and under the conditions 6 ф 0,90°, the equations 
in 3.12 can be written as follows 

U 
sin (2C+2*) - S l n 2 \ [X sin2 (?+•) + (-j^)2 (1-Х cos 20 2], 

1-Х cos £ 
3.13 

8in ó . ± - . lUL_<E±i> 
с 1-Х cos С 

The parameter X is defined by 

X - 1"HIA/HIS - - 2 tg * c <T - 0), 3.14 

while the various fields are defined in eq. 3.6 and 3.9. 
The field dependence of M and M for a fixed field orientation or ф-
value can >>w easily be calculated by inserting a range or ^-values 
(0 < % + ф < 90°) in eq. 3.13 and calculating the corresponding H and 
6. For each value £, one solution is found, except for the case Д > 0, 
ф < ф , where in a certain field range around H - H„F two solutions 
occur which correspond to the overlapping stability regions of the AF 
and SF phases. The effect of a skew field on sin £ and sin б for the 
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Н , д г в . 3 5 кОе 
HIS = 9.75 кОе 
Нс = 45 кОе 

4» = 0 
Ч>= 1 

OLJ^ 

Н$г = а9кОе 
Нс = 51 кОе 
% =0.55° 

4»=0 
4»=Г 

sin 

о^к-r—i ьщ 8 

Fig. 3.6» Effect of a misalignment angle ф of the field In the у В plane 
on the field dependence of sin £ and sin б for the two cases 
(a) A < 0 and (b) Д > 0. 

ф4 (T-O) bicritical 
point 

Fig. 3.7. (H , H , T) phase diagram in a spin-flop system with 
У P 

orthorhombic spin anisotropy. The (shaded) first-order spin-
flop shelf is bordered by lines of bicritical points. 
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Д < 0 and Д > 0 are illustrated in fig. 3.6. For ф > ф , Д > 0, по 
с 

spin-flop transition but a "rapid reorientation" occurs. For ф » ф , 
the results coincide with the reorientation formula derived in 
[13]. 
A typical example for the (H , H , T) phase diagram in an orthorhombic 

Y 0 
spin-flop system with Д > 0 is shown in fig. 3.7 [lO]. The spin-flop SF "shelf" is bordered by two critical lines T„ (P ) (at Ho>0 and Ho<0) 

С i> В P 
and the critical angle ф (Т) decreases with increasing temperature 

с 
according to [11] 

Ф (T) = ф (0) (T -T)/Tk 3.15 
с e b b 

where T is the temperature corresponding to the bicritical point, b 
The HF calculations at T » 0 (eq. 3.13) for a spin-flop system with an 
I phase show that no discontinuities at H (T * 0) and H (T - 0) exist 
at any finit angle ф ф 0. However, as a remainder of the phase 
transitions at ф • 0, broadend transitions occurs at H = H and 
H « H I S (cf. fig. 3.6a). 

A different behaviour is found when the field is aligned in the ya 
plane. A first-order spin-flop transition for H • 0 is extended up to 

a 
the paramagnetic phase for all T [14] as is shown in fig. 3.8. In 
systems with Д < 0, MF studies at T - 0 [16] suggest that the I phase 
remains stable for H ф 0. However, no evidence exists whether this 

a 
T » 0 I phase persists up to the paramagnetic phase. As far as the 
author is aware, no theoretical treatise has been given on the effect 
of a component of the field along the a axis at T ф 0 on the I phase 
boundaries. 
A second complication in real experiments is the difference between the internal field H. , which determines the magnetic ordering, and the —int external field H . In the following we discuss this effect of the -ext ° 
demagnetizing field in the two different types of spin-flop systems 
(Д > 0 and Д < 0) for H //y. 

CAW 

It has been argued [15] that a system cannot undergo a discontinuity in 
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bicritical 
line 

Fig. 3.8. (H , H ,Т) phase diagram in a spin-flop system with 
— у а 

orthorhombic spin anisotropy. The first order spin-flop 
surface is bordered by lines of bicritical points. 

t 
MSF 

( a ) 

N = 0 / " 

* 

H SF •H ext 0 HTAH IA "IS 'ext 

Fig. 3.9. Effect of a demagnetizing field on the variation of N with 
field H in case of (a) a first order spin-flop transition 
and (b) an 1 phase* 



- 34 -

the magnetization at the spin-flop field H . If the internal field 
H. .. is increased above H__ (at Hc_: dM /dH. „ - • ) , the system will lnt or or у int 
break up into a mixture of AF and SF domains. In such a multi-domain 
state, the magnetization process is mainly determined by a 
reorientation of the moments at the domain boundaries in such a way 
that dH/dH - 1/N , where N is the demagnetizing factor along the у ext у у 
direction which depends only on the shape of the sample. Theoretically, 
0 < N < 4x. The relation between H and H is given by f1б] у int ext ' I J 

H, .. m H _ - N M 3.16 
int ext у у 

This reorientation process at H, • H_ is continued until the system 
is a single SF domain with N - M . The variation of N with H is ° у SF y ext 
shown in fig. 3.9*. The width AH of the domain state ДН » N AM * Y Y 
reaches a maximum for T - 0, 

AH(T) < rUiSF (T » 0) < 4* x± H g F 3.17 

In a spin-flop system with an I state, the sublattice magnetizations M 
"A and M_ and thus also M * (0, M„, M ) are continuous functions of H. —В — p у -int 

and the system does not necessarily break up into domains. In 
principle, the effect of the demagnetizing field -N.N in the y& plane 
can be calculated in the T » 0 MF approximation by replacing the term 

1 2 1 -H .M in the free energy by the term [l7] -(Hext..M - j N^Mp - -
N M ). In this way H. _ « -Э57ЭМ. This substitution will shift the Y Y ~int ~ b stability boundaries of the I phase. This is demonstrated in fig. 3.9 
where M is shown as function of H . The stability boundaries in Y ext 
external field become 

1/2 
yHIA - [(AY-Ae+A)(AY+Aa+a-K:Ne)] 

pHIS - (AY+Ag-A4CNy)[(AY-Ag+A)/(AY+Ag+u-K:Ne)]l/2 3.18 

pH - A +A -A+CN с Y В Y 
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2 2 where С - (l/A) g ii. С , С is the conversion factor from 
В О О 

magnetization/spin to magnetization/volume (C M ., • M . ) . Snoring 
о spin vol 

the term CN for simplicity, this amounts to a broadening of the I 
p 

phase with an amount AH with 

AH(T) < NM (T - 0) < 4» X H
I S 3.19 

The influence of N is a decrease of the width H -H in external В IS IA 

field. This effect cannot be expressed in terms of Hs_. 
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CHAPTER IV 

THE INTERMEDIATE PHASE IN CoBr2.6[0.48D20, 0.52H20]*) 

4.1. Introduction 

In the preceding chapter tie have summarized the theoretical predictions 

on the I phase in the phase diagram of spin-flop systems. The 

experimental verification of such an I phase is rather fragmentary up 

to now. Only recently an experimental study on CoBr2.6[0.48D20, 

0.52H20] (CB48), yielding the field dependence of M and M , for the 

first time indicated the existence of an I phase in that compound. 

This was a rather surprising result since the fully hydrated compound 

CoBr2*6H20 (CBO) has been reported to be a normal spin-flop system with 

a first-order spin-flop transition. We have continued the study on CB48 

with the aim to collect additional information on this I phase. The 

principal goal is to determine by means of neutron diffraction 

whether the I phase boundaries are of second order. Supplementary 

information is obtained from a comparision between the magnetic 

phase transitions in CB48 and CBO in external field. 

The organization of this chapter will be as follows: The next section 

contains the available information on the crystallographic properties 

and the magnetic anisotropy of the compounds CoBr2.6[xD20, (l-x)H_o], 

0 < x < 1. In section 4.3, we will shortly summarize the earlier 

indications for the existence of an I phase in CB48. The presentation 

of the experimental results (section 4.4) is divided into four 
2 

subsections: In subsection 4.4.2 the variation of <M .> with field, 
st ,p 

observed with neutron diffraction, will be compared with MF-theory. The 

magnetizations of the compounds CBO and CB48 will be treated in 

subsection 4.4.3. In the following subsection 4.4.4. we investigate the 

character of the phase boundaries H and H by searching for critical 
X.A Lo 

neutron scattering. Finally, in subsection 4.4.5. we present the 

anomalous intensity variations of some nuclear reflections with field 

In the I phase. The experimental results will be discussed In section 

4.5. 
*) Part of this chapter was published as: 

Smeete, J.P.M., Frikkee, E. and Jonge, W.J.M, de, Phys. Rev. Lett. 
49, 1515 (1982). 
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4.2. Crystal structure and magnetic anisotropy 

In this section a summary is given of the crystal structure and 
magnetic anisotropy of the compounds CoBr2.6[xD20, (l-x)h*2o], 0 < x 1. 
The first part is devoted to CoBr_.6H_0. In the second part, the effect 
of deuteration will be discussed. 

Co Br 2 ^ 2 ° 
The structure of CoBr2.6H20, obtained by x-ray studies [2], can be 
described by the monoclinic, face-centered space group C2/m. The unit 
cell (see fig 4.1), contains two formula units and has the following 
dimensions at room temperature: a - 11.00 A, b - 7.16 А, с » 6.90 A and 
0 » 124°. As illustrated in fig. 4.1, the structure can be thought to 
be built up by equivalent [CoBr20,J-octahedra. The remaining H_0 
molecules are situated at a larger distance from the Co2+-ions in 
planes parallel to the ac plane. 
The perfect cleavage of the crystals parallel to the ab plane indicates 
that the chemical bonding between adjacent ab layers is relatively 
weak. From the crystallographic structure one may expect a two-
dimensional (2d) magnetic behaviour, since the exchange interactions 
between Co2+-ions in adjacent ab layers are assumed to be weak in 
comparison with the intralayer exchange interactions. Within the ab 
plane, one may distinguish different interaction tensors Jp J2 and J, 
along exchange paths indicated in fig. 4.1. Furthermore, due to the 
large Co-Co distance along the a axis, the interaction J3 must be 
considered as negligibly small. As described in more detail by Hijmans 
et al. [З], the magnetic moments of the Co2+-ions may be described by 
an effective S' - 1/2 formalism. The spin anisotropy is incorporated in 
anisotropic exchange interactions and anisotropic g-values. The 
comparison between theory and experiments includes specific heat 
measurements [4,5], susceptibility measurements [3,5], nuclear magnetic 
resonance [б] and antiferromagnetic resonance [7]. In general, the 
experimental evidence indicates that CoBr2.6H20 can be fairly well 
described with a quasi-2d XY model. As the best estimate for the mean-
field parameters defined in eq. 3.2 one obtains (zt - 4, z2 » 2) 

[3.4] 
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Fig. 4.1. The face-centered arrangement of the [CoBr20. ]-octahedra in 
CoBr2.6H20. Cobalt atoms are black, bromine atoms shaded and 
oxygen atoms are represented by open circles. The oxygen 
atoms not belonging to the octahedra are not shown. Jj, J2 

and J, indicate exchange paths in the ab plane. The magnetic 
interaction between adjacent ab planes is considered to be 
negligibly small. 

Fig. 4.2. Sketch of the ac mirror plane containing the t-ey (y) and 
hard (a) axes [з]. The intermediate $ axis coincides with the 
two-fold b axis. 
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A » - 4 . 8 К, \ • - 4 . 6 К, А » - 0 . 6 К, 
У 0 a 

4.1 
D = D * - 0 . 5 К, D = -0 .07 К, 

У В a 

and for the g-values the resul ts are 

g =* * - 7 0 , ga - 4 . 82 , g - 2 .02. 4 .2 
Y 0 a 

These values clearly demonstrate a weak anisotropy in the XY or y0 
plane and the existence of a hard (a) axis. Consequently, in zero-
fi«?ld, the spins are forced to lie in the "easy" y0 plane. The 
monoclinic symmetry of the crystal requires that the a and у axes are 
in the ac mirror plane and that the 3 axis coincides with the two-fold 
b axis. The directions of the principal axes o, 0 and у and the axes of 
the [CoBr.O ] octahedron are illustrated in fig. 4.2. 

Although the system appears to behave as a 2d XY system for T > T„, 
N 

there are clear indications for small deviations from this ideal model 
system. Below the Néel temperature T • 3.15 K, the magnetic moments 

become long-range ordered in three dimensions in a collinear two-

sublattice antiferromagnetic structure. The array of magnetic moments, 
oriented along у is shown in fig. 4.3 and can be described by the 
monoclinic space group С 2*/m'. Measurements of the spin-flop 

2c 
transition H„„ [4], as a function of the orientation of the magnetic 
field in the ac plane, reveal that below T„ the easy axis coincides 
with the у axis as determined for T » T„, while the next-preferred 

N 
direction, the intermediate 0 axis, is along the b axis. The weak spin 
anisotropy in the y0 plane is also reflected in the relatively low 
value for H (H a 7.5 kOe). SF SF 

£°5E2iÉl;522i-ii"ïL!!22li-2.i-ï-i-i 

In most cases, the substitution of ÏL0 by D^O brings about only 

insignificant changes in the crystallographic or magnetic properties 

[8]. An exceptional behaviour is found in CoBr ,6[xD20, (1-х) H20J. 
From a neutron scattering experiment on CoBr2.6D20 [9], it was 
concluded that a crystallographic phase transition occurs from the 
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C^T/m' 

F l g . 4 . 3 . 

Magnetically ordered structure In 

the monocllnlc compounds 

CoBr2.6[xD20, (1-х) H 2 0] , x<0.55 

[3] . 

F i g . 4 . 4 . 

Magnetically ordered structure In 
the trlcllnlc compounds 
CoBr2.6[xD20, (1-х) H20], x>0.55. 
The easy axis Is rotated over an 
angle ф out of the ac plane 
[9,11]. 

Fig. 4.5. 
Rotation angle ф of the easy axis 
out of the ac plane as function of 
the deuterium fraction x [ll]. 
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monoclinic C2/m structure to a triclinic PI structure on lowering the 
temperature from 300 К to 4.2 K. The monoclinic-triclinic transition 
temperature T г 37 К is obtained from dilatation measurements by 
Geerken and Kopinga [lO]. The structural transition is accompanied with 
rather small deviations from the atomic arrangement in the monoclinic 
structure [9]. As can be expected from the lowering of the symmetry, 
the transition to the triclinic structure gives rise to the formation 
of different crystallographic domains. 

The symmetry of the magnetic structure is of course related with the 
crystal structure. From NMR and AFMR measurements [11,12] on partly 
deuterated crystals CoBr .6[xD20, (1-х) H20], 0 < x < 1, it was 
concluded that the structure remains monoclinic at all temperatures for 
deuterium fractions x < x * 0.55. In these monoclinic compounds the a 
and у axes remain in the ac plane by symmetry. When x > x , the 

с 
crystallographic structure is triclinic for T < T (x) and in each 

mt 
crystallographic domain the 3d magnetic ordering, which is 
schematically shown in fig. 4.4 can be described with the triclinic 
space group P» 1. Due to the disappearance of the 2/m site symmetry at 
the Co2+-positions, the direction of the easy у axis is no longer 
restricted to the ac plane, but is rotated away from this plane towards 
the b direction over an angle ф. The variation of ф as function of x is 
shown in fig. 4.5. The Nêel temperature T (x) is slightly dependent on 

N 
x and reaches a minimum at x • x [l2]. 

4.3. Earlier indications for an I phase in CB48 

The investigation described in this chapter is a natural extension of 

an earlier study on СоВг2.б[о.48 D20, 0.52 H20] (CB48), performed by 
Basten et al. [l] by means of neutron scattering and magnetization 
measurements. Therefore, a brief summary of their main results will be 
given in this section. 

Because of the large incoherent scattering cross-section of protons, a 
highly deuterated sample is preferred in a neutron diffraction 
experiment. In order to avoid the crystallographic domains in the 
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triclinic structure for x > 0.55, partly deuterated single crystals 
were grown at room temperature from a saturated solution of CoBr. in a 
mixture of 50Z D20 and 50Z H20. Some small crystals were used for a 
neutron powder diffraction investigation from which the anticipated 
monoclinic structure was confirmed. From a refinement of the effective 
scattering length at the hydrogen positions, the deuterium fraction 
x * 0.483(8) was determined [l]. It is assumed that all single crystals 
grown from the same solution have the каше deuterium fraction. 

The diffraction experiments [l] were performed on single crystals in 
the magnetically ordered state (T « T ), the field being aligned in 
the ac plane (estimated accuracy 7') and in this plane directed along 
the easy у axis. The variation of the magnetic (10 3/2) reflection 
was recorded as function of the field. As we will show later in section 
4.4*2, the intensity of this reflection is almost exclusively due to 
the 0 component <M > which is the order parameter of the SF phase st ,p _ 
(see chapter III). The (10 3/2) intensity shows an almost perfect 
linear increase with increasing field in a broad field range (AH) = 
1.5 kOe between the AF and SF phases. Given the careful alignment of 
the magnetic field, such a broad field range could not be explained in 
terms of the width ДН of the usual domain state between the AF and SF 
phases (ДН - N Mc_ < 160 Oe, eq. 3.17). On the other hand, in the MF у SF 
approximation these observations could well be explained by assuming 
the existence of an I phase in a field range H -H * 1.5 kOe. This 
proposition for an I phase was confirmed by studying the field 
dependence of the magnetization. Furthermore, an anomalous variation 
with field of the nuclear (0 0 I) reflection was observed close to the 
field values H and H [13]. It was conjectured that this Intensity 
variation might be due to crystallographic changes, induced by the 
magnetic ordering through a magneto-elastic coupling. 

In summary, the results of the previous experimental study on CB48 in 
parallel field H were not compatible with the usual first-order spin-
flop transition. Instead, the experimental results Indicate that an I 
phase exists in the (H ,T) phase diagram and that the magneto-elastic 
coupling between the magnetic system and the crystallographic system 
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may be important. In order to find more -and hopefully conclusive-
evidence for the existence of such an I phase, this investigation was 
continued. The results of the experimental investigation on different 
crystals CoBr2.6[x D O , (1-х) HOJ, performed to this effect will be 
reported in the next sections. 

4.4. Experimental results 

4.4.1. Samples and experimental details 

The present neutron diffraction measurements were performed on a single 
crystal with dimensions 1.5 * 0.8 * 0.5 cm3, grown from the same 
solution as the crystal used in [ l]. The sample was shaped roughly 
ellipsoidal to reduce inhomogeneities in the demagnetizing field. The 
sample was mounted in a ^He-bath cryostat and oriented with its ac 
plane horizontally with the aid of a 10' vertical collimator, placed in 
front of the detector. By recording the intensities at of several 
nuclear reflections at T • 4.2 К as function of the crystal 
orientation, the ac plane was aligned horizontally within 8'. After 
this alignment procedure, the 10' vertical collimator was removed in 
order to increase the scattered intensities. A conventional 
electromagnet with a horizontal field was mounted on the spectrometer 
(see section 2.2). The deviation of _H from the horizontal plane, due to 
imperfections in the construction of the dlffractometer, is considered 
to be small (approximately 6'). Combining the deviations from the 
horizontal plane of the ac crystal plane and of the field, we estimate 
thâ . the maximum misalignment of Ĥ  out of the ac plane is 14' which can 
be compared with the mosaic spread of the crystal (8* full width at 
half maximum). 
The orientation of the field in the ac plane could be varied by 
rotating the cryostat + sample around the vertical axis with respect to 
the magnet. Within the ac plane (magnetically the easy-hard plane) the 
field could be oriented along the easy axis with an accuracy of 
0.4°. 

For the magnetization measurements several crystals were used with 
D2O fractions x - 0, x - 0.40 and x - 0.48. Some of the CB48 crystals 
were taken from the same batch as the crystals used in the present 
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diffraction experiment. The other partly deuterated crystals were 
obtained from new solutions of CoBr, in a mixture of 50Z D,0 and 50Z 
H20 (CB48) and in a mixture of 40Z D20 and 60Z H20 (CB40). The 
measurements were performed with a vibrating-sample magnetometer, 
described in section 2.3, in the temperature interval 1.2 К < T < 3 K. 
The samples under investigation were oriented with the hard magnetic a 
direction vertically with an estimated accuracy of 2°. The orientation 
allows an accurate orientation of the horizontal field within the 
horizontal easy -intermediate (ув) plane by rotating the crystal around 
the a direction. By recording the magnetization at T - 1.2 К as 
function of the orientation of H_ with respect to the magnetic у and 3 
axes, the field could be aligned parallel to the у axis (perpendicular 
to B) within » 0.5° in the yB plane. 

4.4.2.__Magnetic Bragg scattering 

From the magnetic monoclinic symmetry in CB48 at II • 0, it can be 
derived that the long-range order gives rise to magnetic Bragg 
reflections (h к I) with Miller indices (h + k) = 2n + 1 and 
I « (2n + 1 ) /2. The scattered intensities at these reflections are due 
to long-range order in <M >. In the a*c* scattering plane, shown in 

—St 
fig. 4.6, the expression for the scattered Bragg intensity can be 
derived from the second term in eq. 2.16 as 

H Q ) - |fQ|2 [<M
8t,B>2 + S l n 2 Ф < Mst,Y>2l 5<Q-2*I> 4-3 

where f is the magnetic form factor and ф is the angle between the 
scattering vector (£ and the easy у axis. In the derivation of eq. 4*3 
it is assumed that the magnetic moments are restricted to the yB plane, 
an assumption which holds when the magnetic field has no component 
along the a direction. 

In the first stage of the experiments the diffraction measurements at 
the (1 0 3/2) reflection were repeated, because the CB48 crystal used 
was not the same as in [l]. 
As the angle ф between £ - ( 1 0 3/2) and the у axis is only 3.2° (sin2 

ф - 0.003 in eq. 4.3), the (1 0 3/2) intensity is almost exclusively 
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Fig. 4.6. The a*c* reciprocal lattice plane of CB48. Dots and squares 
correspond to magnetic and nuclear reflections, respectively. 
The easy у axis is also indicated. 
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Fig. 4.7. Variation of the magnetic (1 0 3/2) peak intensity with field 
H - H at T - 2.1 K. The solid curve correspond to the MF-
prediction. The dashed curve for H > H indicates the 
correction due to the field dependent zero-point spin 
reduction. 
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due to <M >2. The field dependence of this intensity at T » 2.1 К is 
st,8 

shown in fig. 4.7 with the magnetic field in the a*c* plane oriented 
along the T axis. In agreement with [l], the (1 0 3/2) intensity 
increases linearly with field in a broad field range of about 1.4 kOe. 
From fig. 4.7 the field values HT. and H__ can be determined. The value 

IA IS 
H » 8.35(5) kOe is straightforward from the data while the IA 
determination of H depends somewhat on the extrapolation from the 
high field data. In first approximation we take H - 9.9(1) kOe. 

id 
These values are systematically larger than the values reported in [l]: 
(H (2.1 K) - 7.65 kOe and H (2.1 K) * 8.90 kOe). Assuming the 

LA, 1>Э 

expressions for H and H in eq. 3.6 to be applicable in this case and 
inserting the experimental values from the present experiment and 
H (2.1 K) - 45 kOe (H is taken from [5] for the hydrated compound), we 
obtain the following NF-parameters for the present CB48 crystal: 

A - 3.70 K, A /A « 0.77, A/A » -0.15 4.4 
Y B Y Y 

As the g value for CB48 is not known, the reported value (eq. 4.2) for 
the CBO compound has been used in eq. 3.6. These experimental values 
can be compared with the 2.1 К values for the CBO compound: 

A « 3.67 K, A /A - 0.94, A/A = 0 4.5 
Y B Y Y 

These latter values have been obtained from H (2.1 K) * 8.2 kOe (see 
fig. 4.10) while we have assumed A • 0, because the anisotropy in D for 
CBO is not known exactly (assuming J2 » p J,, Hijmans [l4] estimated 
- 0.1 < p < 0.25 which limits the possible values for A - - •=• p(A -

~ ~ L у 
A )). Hence, the earlier conclusion [l] is corroborated in the sense 
В 

that in CB48 the observed width in an external field between the AF and 
SF phases can well be explained in terms of an I phase and can hardly 
be reconciled with a traditional domain state. Furthermore, if we 
explicitly take into account the effect of a deaagnetizing field by 
using expression 3.18 for the critical fields, the previous conclusion 
will not be influenced. For the present CB48 crystal we estimate 
N * 6, N„ * 2 and С - 0.032 К which results in A - 3.65 K, Aa/A -
Y в Y P Y 
0.78 and A - - 0.14 which are only slightly different from the values 
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in eq. 4.4. In the following discussion we shall compare the recorded 
(1 0 3/2) intensity with the predictions from the HF theory in case of 
an I phase. 
The variations of <M >2 and <M >* with H » H , according to MF -

st .B st,Y Y 
theory (see table 3 .1 ) are (assuming an isotropic g-value) 

<M >2 - I ; <M >2 - 0 h<0 
st.Y s t , 3 

<M >2 - ( l - h ) ( l - e 2 h ) ; <M >2 - h ( l - e 2 h ) 0<h<l 4.6 
st,Y s t ,B 

<H >2 - 0 ; <M >2 - 1-(H/H ) 2 h>l, H<H 
st,Y s t , p с ' с 

where the magnitude of the sub la t t i ce magnetizations has been 

normalized to unity. In eq. 4 . 6 , the parameter e 2 » (HTO/H ) 2 and the 
IS с 

field variable h - (H-H ) /(H -H ). The solid line in fig. 4.7 
*A Id LA 

represents the calculated (10 3/2) intensity according to eqs. 4.3, 
4.4 and 4.6. Note that, due to the small parameter e2 = 0.048, the 
slight deviation of the calculated curve from a straight line in the I 
phase is not visible on this scale, in agreement with the experimental 
results. In the AF phase at H < H and in the SF phase at H > H 
there are some discrepancies between NF theory and the experimental 
results which we will discuss below. 
In the SF phase, due to the gradual rotation of the sublattice 
magnetizations towards the field direction, the intensity I* <M >2 

st,p 
should decrease slightly with increasing field. However this same 
rotation also influences the zero-point spin reduction which is known 
to be important in this compound [5]. This quantum effect is not taken 
into account in the MF treatment and since the spin reduction decreases 
with increasing field in the SF phase, it will give rise to an 
increase in <M > in the SF phase which partly compensates the st ,p 
decrease due to the rotation of the spins. Metselaar [15] has 
calculated the spin reduction in CoBr2«6H.O explicity by integrating 
the experimental susceptibility x, along the b axis at T - 1.22 К and 
arrives at a reduced effective spin value <S(H - 0)> • 0.33. From the 
reported [l5] data for CBO in the SF phase at T - 2.25K, we estimate 
that the effective spin in first order increases linearly with field as 
<S(H)> - [l+a(H-HgF)] <S(HgF)> , a - 0.007/kOe in the field range HgF< 
H < H /2. If we assume that the field dependence of the spin reduction 
~ С 
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in the spin-flop phase of CBO and CB48 are similar, we arrive at the 
corrected intensity in the SF phase which is given by the broken line 
in fig* 4.7. Although it results in a substantial increase of the 
calculated Intensity with respect to the MF prediction, it cannot 
remove completely the discrepancy between theory and experiment. 
A second discrepancy between the MF prediction at T • 0 and the 
observed (10 3/2) intensity appears in a rounding of the intensity 
close to both transition fields H and H . This effect is illustrated 

IA IS 
for H < H in fig. 4.8 where the recorded intensity is shown on an 
expanded scale. By measuring the width of the intensity distribution 
along the c* direction (see fig. 4.13 In section 4.4.4) it has been 
established that this intensity is due to Bragg scattering, i.e. to a 
non-zero <M >. -st 
This increase of the Bragg scattering with increasing field in the AF 
phase can not be explained by a change in <M >. At low field values, 

st,y 
the contribution в!п2ф <М >2 - 0.003 <M >2 is hardly visible 

st,y st,y 
(compare the observed intensity and the background intensity at H < 6 
kOe in fig. 4.8). Moreover, this weak contribution decreases with 
increasing field (c.f. the results in fig. 4.19 for H < H J A ) . 
Obviously some long-range order in <M > exists already at H < H , 

S t, p IA 
although it is very small in comparison with <M > at H c. In 

St,p lb 
principle, this ordering might be explained by a misalignment of the 
field out of the easy-hard (ya) plane in the direction of the 
intermediate 6 axis. However, even when a misalignment angle f s 1' ie 
assumed, the observed rounding at H can not be explained 
satisfactorily, as is shown in fig. 4.8 (At each angle i|> the intensity, 
calculated according to eq. 3*13, has been scaled to the observed 
intensity at H « - (H + H )). An approximate fit to the observed 
rounding at H would even require an angle tj> = 5°. Such large 
misalignments of the field out of the ya plane are in fact unrealistic 
given the careful alignment procedure used for the orientation of the 
crystal (<b < 14'). In spite of these minor dicrepancies however we may 
state that the observed variation of <M >2 with H//y might well be 

st ,p — 
explained with the occurence of a sequence of phases AF-I-SF. 



- 51 -

Fig. 4.8. E 1 Д 
Variation of the magnetic (10 3/2) °i 

to 
peak intensity with field for H < H , ' ^ 
compared with the MF predictions for "c 1.2 
two mismatch angles ф in the 6y plane О 
between the field and the у axis. "*o 
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Fig. 4.9. Fiel dependence of the magnetization M with field H , 
observed in CB48 and CBO for T » 1.2 K. The field values H1 
and H2 are determined by linearizing the curves. For CB48, Hj 

H H and H2 - H whereas for CBO, l^ SF 



- 52 -

4.4.3. Magnetization measurements 
In order to obtain additional evidence with respect to the existence of 
an I phase in CB48, magnetization measurements were performed on 
several compounds CBO, CB40 and CB48. The information obtained in this 
way bears upon the dependence of the transitions on the deuterium 
fraction x and on the orientation of the field in the yg plane. As was 
stated in chapter II, the experimental set-up allows the determination 
of the component M^ of the magnetization along the field direction. 
First, we will report on the measurements with the field oriented 
approximately along the у axis for CB48 and CBO. Thereafter, we discuss 
the experiments with the field intentionally oriented at larger angles 
from the у axis in the у в plane. 
Typical examples of the variation of M with external field H * H , 
observed in CBO and CB48 at T - 1.2 К are shown in fig. 4.9. The total 
field range can be divided into three parts in which the magnetization 
increases closely linearly with field: 1) in the AF phase H < H , 2) 
in the SF phase H > H and 3) a linear increase in the range H < H < 
H . Both at a first-order spin-flop transition (dM /dH » 1/N , see 
section 3.3) and in an I phase (M « sin £ sin5, 
dM /dH - (H /H )/(H -H ), see table 3.1), MF theory predicts a 

Y Y *Ъ С Lo LA 
linear increase of M with H between H, and H_. In the I phase, we 

у у 1 2 f» 
have neglected the effect of a demagnetizing field as this is only a 
second order effect. The variation of M with H in the x - 0 compound is 

Y Y 
in approximate agreement with the theoretical prediction for a first 
order spin-flop transition at НД1.2 K) - 7.80(5) kOe. The width of 
this transition in an external field amounts to ДН(1.2 К) - H2_Hi " 4 0° 
Oe. Recalling that only an approximate orientation of HRy could be 
realized and that a small misalignment (• 0.5°) cannot be excluded, we 
can compare this with the value predicted in a domain state (AH) -

_ max 
4it X jH S F « 160 Oe (Xj^l'2 K) - 1.7 x 10 taken from [З]). From a 
series of magnetization measurements in CBO at different temperatures, 
it appears that the width H2-Hj is only slightly temperature dependent 
up to the reported [5] bicritical point T. • 2.89(3) К and H, - 9.3(2) 
kOe. The results for H.and H„ obtained from these measurements are 

1 2 
shown in fig. 4.10. 
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Fig. 4.10. Variation of H. and H2 in CB48 and CBO with temperature. The 
data for CB48 were collected by means of magnetization 
measurements (circles) and neutron scattering (triangles) 
and for CBO by means of magnetization measurements 
(squares). 
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Fig. 4.11. Variation of Hj and H2 as function of the mismatch angle ф 
in the By plane between the field and the easy axis, 
compared with the MF-predictions (solid curves). For CBO, 
the effect of a demagnetizing field (N • 6) amounts to a 
shift of the calculated curve H2 (•) (broken line). 
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As a contrast, under the same experimental conditions, the linear 
variation of M in CB48 occurs in a broad field interval of 1.9 kOe, in 

Y 
good agreement with the neutron diffraction data on CB48, indicating 
again the possible existence of an 1 phase in CB48. The boundaries 
H (T) - H (T) and H (T) - H (T) of the I phase in the (H ,T) plane 
according to these measurements are shown in fig. 4.10, in combination 
with the values HTA(T) and HT„(T) obtained from the neutron diffraction IA IS 
experiments at the (1G 3/2) reflection. In striking contrast to the CBO 
compound, the width ДН(Т) in CB48 varies with temperature (cf. ДН(1.2 
К) = 1.9 kOe, ДН(2.75 К) = 0.8 kOe), which is characteristic for an I 
phase. 
The field dependence of M in CB40 has been determined at T • 2.1 K. 

Y 
The magnetization behaves quite similar as for CB48 with transition 
fields H - 8.05(5) kOe and H = 9.05(5) kOe. Hence, the width of the 
I phase decreases on reducing the deuterium fraction. 

Magnetization measurements were also performed on two compounds CBO and 
CB48 with the field deviating from the у direction in the y0 plane. As 
we showed in section 3.3, the magnetic behaviour depends strongly on 
the field direction in this plane. Durit se experiments, the 
temperature was kept constant at T a 1.2 K. In the experimental M (H) 

H 
curves for non-zero angles ф the two fields H (ф) and Н_(ф) are defined 
as the points at which the slope of the M (H) curves changes most 

H 
rapidly. This is in fact the same procedure that was used in fig. 4.9 
to determine the transition fields H1 and H2 in CBO and CB48 at ф - 0. 
The results for Н^ф) and Н2(ф) are collected in fig. 4.11. Due to the 
non-zero magnetization in the AF phase (see fig. 4.9 for ф * 0), MF 
theory at T - 0 cannot describe the Мц(Н) curves completely. However, 
we assume that the transition fields, calculated for T • 0 may be 
compared with the measurements at T - 1.2 K. In fig. 4.11 we confront 
the observed variations of Н.(ф) and Н2(ф) with ф in CBO and CB48 with 
the field values where d2MH/dH2, calculated numerically from eq. 3.13, 
are extreme. In the calculations, the MF parameters have been obtained 
by means of eqs. 3.6 and 3.9 from the ф - 0 curve at T - 1.2 К : Hj -
7.75 kOe, HTe - 9.60 kOe and H - 51 kOe for CB48 (H is taken from IS с с 
[5] for CBO). For CBO we obtain H - H - 7.80 kOe, Hc - 51 kOe, while 
we assume Д - - — D ( A ~A )» о • -0.1. For CBO this leads to the 2 у 8 
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maximum possible value for Д/А «2.10~3 and for the critical angle of 
the spin-flop "shelf" ф - 0.06° (see eq. 3.10). From fig. 4.11 it is 
evident that there is a qualitative agreement between theory and 
experiment. In CBO, Н.(ф) and Н.(ф) vary approximately linearly with ф, 
according to both theory and experiment. A quite different behaviour is 
found in CB48, where H. (ф) decreases linearly with ф whereas H (ф) 
remains almost constant in the investigated ф range, which is in 
agreement with the MF predictions for a system with an I phase. Taking 
into account explicitly the effect of a demagnetizing field (N = 6, 
N = 2), the results for CB48 are hardly influenced while for CBO the В 
calculated curve Н,(ф) is shifted with an amount N M =0.1 kOe to 
higher field values. 
Summarizing the magnetization measurements in parallel and skew fields, 
one may conclude that the data confirm the unique behaviour of CB48. 
The magnetic behaviour in CBO closely resembles the theoretical 
expectations for a usual first order spin-flop transition, whereas the 
measurements on CB48 strongly indicate the existence of an I phase. 
Combining the results of the measurements on CBO, CB40 and CB48, the 
gradual increase of the width ДН with increasing deuterium fraction x 
suggests that the (weak) anisotropy in the Y6 plane is changed in such 
a way that a stable I phase is favoured. Such an I phase implies the 
existence of two second-order phase transitions H and H . Therefore, 
the search for critical neutron scattering close to H and H , due to 

A, A Lo 

fluctuations in the magnetic moments, is a logical continuation of the 
study concerning CB48 and will be presented in the next section. 

4.4.4. Critical neutron scattering 

From the experimental results presented in the sections 4.4.2. and 
4.4.3., detailed information was collected about the field dependence 
of the magnetization and the component <M > of the staggered 

st ,B 
magnetization in each of the three phases AF, I and SF in CB48. Ir. this 
section we will consider the possible fluctuations in M and M , 

SC,Y st,В 
which will occur at H and H „ if these transitions are of second 

IA IS b 

order. As is shown schematically in fig. 4.12 , the (H ,T) phase 
diagram can be divided into two regions which have an overlap in the I 
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phase. The phase boundaries HT (T) and T (H) mark a region in the 
(H ,T) space in which the order parameter <M > j 0 while the phase Y I st,p 
boundaries HTC(T) and T (H) mark a region in which <M > j* 0. 

l.J> С St)Y 
Hence, the I phase boundaries can be characterized by critical 
fluctuations in the appropriate order parameter, i.e. <M > at H (T) 

St fp LA and <M > at H (T) (Note also the difference with a normal spin-flop st,f lb 
system in fig. 4.12 ). 

In the a*c* plane, the contribution to the neutron cross-section due to 
these critical fluctuations in the quasi-static and quasi-elastic 
approximation is determined by the generalized staggered susceptibility 
Xst^) (see first term in expression 2.16.) 

where j * Q-2ITT, the deviation from the magnetic Bragg reflections and 

sin2 ф - (1-Q2). The components of the staggered susceptibility are 
given by 

X„,. (a) e / dR exp (2wi q.R). 
st,a — •* -

4.8 

t<Mst,a <*> Mst,a ( 0 ) > - <Mst,a (*)><Mst,« ( 0 ) > b 
The first term in 4.8 represents the total cross-section and the last 
term represents the Bragg-scattering <M >2 б (q * 0). Outside the 

et,a -
Bragg-peaks, the intensity is only q dependent when <M (R) M 

st,о - st,a 
(0)> depends on R, i.e. when short-range order or spatially correlated 
fluctuations exist. The width of x (Ч ,) *п reciprocal space along 

S t }(X (* 
the a' direction is determined by the inverse correlation length к , • 
i/C .» where £ , is the correlation length in real space along the a' 

oo' aa' 

direction of the fluctuations in the о components of the staggered 
magnetization. Usually, close to a critical point the following 
approximation is used [16] 

X * (q i) - X . (0)/[l+(q ,/K , ) 2 ] 1 " n / 2 4.9 
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Fig. 4.12. Schematical picture of the shaded regions in the (H ,T) 
space where critical fluctuations occur. 
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Fig. 4.13. 
The profiles of the magnetic 
(10 3/2) intensity along the 
c* direction at several 
constant field values H < H . 
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Note the vertical shift of each 
curve. 
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where the exponent n«l represents a small deviation from a Lorentzian 
shape. It is essential that the critical scattering is always broader 
than the Bragg-peaks for which the cross-section is a 6-function. 

In our search for critical scattering near the I phase boundaries we 
will first concentrate on the transit! 
the investigation at the transition H 
will first concentrate on the transition H A, and thereafter discuss 

IA 
IS 

Critical neutronscatteringat_H 
In order to observe critical neutron scattering due to fluctuations in 
the В components, the vicinity of the (10 3/2) reciprocal lattice 
point is most suitable. Since the angle ф in eq. 4.7 is very small 

2 (Q,-(l 0 3/2), sin ф « 0.003) the critical scattering is proportional 
to x a' When the critical point H * H is approached, the 

St,p LA 
correlation lengths increase and the critical scattering profile 
becomes narrower around the (10 3/2) reciprocal lattice point. To 
detect this critical scattering effect, several scans were made 
parallel to c*, through the (10 3/2) reflection at several constant 
field values H < HT . Some results, recorded at T • 2.1 K, i.e. well у IA 
below the ordering temperature, are shown in fig. 4.13. The observed 
magnetic intensity is mainly due to Bragg scattering I « <M fl>2 as 

st ,p 
the observed profiles correspond to the resolution width (the field 
dependence of this Bragg-scattering is already discussed in section 
4.4.2, see fig. 4.8). On the other hand, one may infer from the results 
that a slight increase in intensity occurs in the wings of the profiles 
as H increases. In order to avoid the Bragg scattering completely, the 
width of the (10 3/2) reflection was determined carefully by measuring 
the variation of the intensity with H at fixed points (10 £)• from a 
set of such field scans it was established that the Bragg reflection, 

for which the intensity increases with increasing H in the whole 

investigated H -range, is confined within the range -1.53 < £ < -1.47. 

For the study of the critical scattering only points (1 0 О outside 
this range were selected. A typical set of observed intensities as 
function of H is shown in fig. 4.14 where also the transition fields 

У H, and H „ are indicated. From these raw data it is clear that the IA IS 
intensity reaches a broad maximum close to H . Also visible is that 
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Fig. 4.14. A typical set of intensities, observed in field scans at the 
points (105) at T - 2.1 K. Th« transition fields H and 
HTeare determined from the variation of the (1 0 3/2) peak 
intensity (С - -Ь5) with field. 



- 60 -

15. The profile of the magnetic (1 0 3/2) Intensity along the c* 
direction at H - H , T « 2.1 K. The peak intensity (at ? -
-1.5) is 12000 counts/9 min. The field dependence of the 
critical scattering (insert a) and the Bragg scattering 
(insert b) are also illustrated. The broken line indicates 
the conjectured variation of the critical scattering with 
q .; (0): q -scan at H c* I A* (Д) : H -scan at constant £. 

\ - - % 

h = 1 

(10-1.54) 

qa(10 Д" ) 

6. Variation of the intensity with q along a path through the 
point ( 1 0 -1.54) for H » 0 and H - H „ at T • 2.1 К (the 

1A 
path In reciprocal space is also Illustrated). The critical 
intensity Д1 - I (HIA) - 1 (H«0) Is much broader than the 
resolution width at half maximum, indicated by the double 
arrow. 
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the background scattering for H < H is somewhat higher than for 
Y IA 

H У "то* 
Y IS 
At this stage, we concentrate on the peak intensity at H_. while the 

IA 
change in the background scattering will be discussed in the following 
section. The peak intensity at H decreases smoothly when the selected 

IA 
point (I 0 C) is further away from the Bragg position (1 0 3/2). Hence, 
this component of the intensity outside the Bragg peak must be ascribed 
to fluctuations in M which increase when the critical point H is 

st,В IA 
approached. For H « H , the distribution of this critical scattering 
along the c* direction, together with the Bragg scattering at -1.53 < С 
< -1.47, is shown in fig. 4.15 where the background scattering at H • 0 
has been substracted from the data. In the inserts of fig. 4.15 also 
the characteristic variations with field of the critical scattering (I 
« X e) a n d t n e Bragg scattering (I « <M >2) are illustrated. The st,p st,В 
intensity distribution along the a direction through the point ( 1 0 -
1.54) is shown in fig. 4.16 for H - 0 (background scattering) and for 
H » H (background + critical scattering). From this figure, it is 
evident that also along the a direction, the critical scattering 
I(H ) - 1(0) is clearly broadened with respect to the resolution 
width. At temps to observe critical scattering in field scans along the 
a direction (q л • 0) for several q values were hindered by the 
presence of small (10 3/2) satellite peaks. 
These results unambiguously show that the transition H (2.1 K) is a 

LA 

critical point, as expected for a transition to an I phase. The 
critical scattering near the AF-I transition is extremely weak, even in 
comparison with the weak (1 0 3/2) Bragg scattering for H < H_ (cf. 

Y IA 
fig. 4.15). The weakness of the critical scattering might possibly be 
related with the fact that the у components of the magnetic moments are 
still long-range ordered (<M > ф 0 for H < H ). At H , a large 

styY Y 
<M > will limit the magnitude of the spin components along the В st ,Y 
direction and thus also the magnitude of their fluctuations. 
In view of the above results at 2.1 K, it was desirable to verify 
whether the transition HT. stays second-order at higher temperatures, 
closer to the possible tetracritical point. Therefore, the field scans 
at the fixed £ « ( 1 0 -1.55) have been repeated at different 
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temperatures T • 2.65 К, Т * 2.76 К and T - 2.84 К, and are shown in 
fig. 4.17, where the transition fields are determined from the 
variation with field of the (1 0 3/2) Bragg-scattering (fig. 4.18). 
In all scans in fig. 4.17, a peak is observed in the critical 
scattering at the corresponding H (T). At the highest temperature, T » 
2.84(1) K, close to the proposed tetracritical point at T - 2.82(2) К 
[l7], it becomes doubtfull whether the observed transition belongs to 
the AF-I phase boundary H (T) or to the P-SF phase boundary T (H) (see 

b C 

also fig. 4.12 for a schematical picture of the phase diagram). The 
proximity of the phase boundary T^(H) might explain the absence of 

с 
a clear second transition H_„ in the field dependence of <M >2 in 

IS st,6 
fig. 4.18 and the slow decrease of xst ft f o r H > 1° к 0 е i n f i8* 4.17. 
In conclusion, the experimental results indicate that HT (T) is a 
second-order phase boundary and that the I phase probably extends up to 
a tetracritical point. Furthermore, although we have no information on 
the distribution of the critical scattering in the reciprocal space for 
T>2.1 K, our measurements suggest that the critical fluctuations in 
M „at the transition H_.(T) are a smooth continuation of the critical st,$ IAX 
fluctuations at the transition T"(H). 

Critical_neutron_scatteringaat_HT<> 
At the phase boundary H , the order parameter <M > is expected to 

. IS st,Y 
vanish, cf. fig. 4.12 . If this transition is second-order, critical 
neutron scattering, due to fluctuations in M , should be observable 

st ,Y 
at H . In order to observe neutron scattering due to у components of 
the spins, the intensity close to the (10 1/2) reflection has been 
investigated (for the reciprocal lattice plane, see fig. 4.6). 
According to eq. 4.7 for the critical scattering and eq. 4.3 for the 
Bragg scattering, the magnetic scattering may result from both the в 
and у components, the у components being weighted with the geometrical 
factor sin2 ф s 0.54. In this experimental configuration, the magnetic 
field had to be oriented at an angle ш * 27.2° with the у axis towards 
the a axis in the a*c* plane. From previous experiments [l7], at 
various field directions in the a*c* plane, it is known that the phase 
transitions depend only on the component H of the field H along the 
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19. Observed variation with field H - H/cos ш of the (1 0 1/2) 
peak intensity, ш indicates the angle in the a*c* plane 
between H and the у axis. In the I phase, the intensity 
increases linearly with H . The com 
background scattering is not known. 
increases linearly with H . The contribution due to nuclear 
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Y axis. Hence, the variation with H = H/coso) has to be considered. A 
Y 

further consequence of this field orientation is a slight, field 
dependent shift of the crystal orientation in the horizontal plane due 
to a small magnetic torque (at H - 15 кОе, ы ш 27° this shift amounts 
to 0.5'). Therefore, in recording the field dependence of the (1 0 Ï/2) 
Bragg reflection, we have corrected the data for a slight shift of the 

position of the (1 0 1/2) reflection in the horizontal plane. In field 

scans performed to observe critical scattering outside the Bragg peak, 

this effect can be discarded. 

The variation with field H of the ( 1 0 Г/2) peak intensity at T - 2.1 
К is shown in fig. 4.19. As is expected from MF theory (see eq. 4.6, 
with e2 » 0.048«1) a linear increase is observed in the 1 phase 
between the transition fields H - 8.45(5) kOe and H » 10.0(1) kOe, 
which are only slightly higher than the values observed for H//y. The 
decrease in the intensity with increasing H in the AF phase reflects a 
decrease in <M >, which is due to the non-zero temperature. The st ,Y 
variation with H of the critical scattering close to this reflection 

Y 
has been observed at £ » (1 0 -0.55), again clearly outside the Bragg 
peak, and the result is shown in fig. 4.20 . For H »H , a similar peak 

Y IA b 

is observed as at Q - (1 0 -1.55) (reproduced in fig. 4.20 ). Closer 

inspection shows that for H >HT. the intensity in fig. 4.20 decreases 
b Y IA 

slower as in fig. 4.20 . This excess intensity must be ascribed to the 
contribution sin2 ф у « 0.54 v . The variation of Y with H y *st,Y st,Y st,Y Y 
can be determined separately by substracting from the raw (10 -0.55) 
data the contribution due to v «To this end, the (10 -1.55) 

Ast,3 
intensity may be used in the following way 

I (1 0 -0.55) » I + с [x + 0.54 у ]; 4*10 
В L st,0 st,Y 

I (1 0 -1.55) - I' + c' Y • 4 ' n 

В Ast,B 

Thus 

0.54 x8t
 e K l 0 -0.55) - (p-) • H I 0 -1.55) - IJ' 4.12 
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Fig. 4.20. Scattered intensities at the points (a) (1 0 -0.55) and (b) 
(1 0 - 1 . 5 5 ) , observed in fieLdscans at T - 2.1 K. The 
calculated variation of v ~ with field H is shown in ( c ) , 
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with 

Ч-Ч-с". 4 4-13 

The constants с and c' are scaling factors which depend on the crystal 
orientations and the magnetic form factors. I and I' are the 

В В 
background intensities which are both field dependent, as they have 
different but constant values for H«H and H»H . The ratio c/c' in 
expression 4.12 is estimated by the assumption that the variations of 

a.b the observed intensities in figs. 4.20 with field in the AF phase 
are exclusively due to x 0» thus x ж 0 f°r H<HT»* The result for 

st,B st,Y 1A 
the quantity 0.54 x as function of H is shown in fig. 4.20'. It 
may be seen that у indeed reaches a maximum around H = 10 kOe in Ast,y 
agreement with the value H « 10.0(1) kOe, determined from the (10 
1/2) Bragg intensity. These measurements around the (10 1/2) 
reflection have not been repeated at other temperatures. 
Summarizing the experimental results, it has been established that at 
T » 2.1 K, the phase transitions to the I phase are second-order, 
associated with critical fluctuations in different spin components. The 
more extensive results at the phase boundary H (T) prove unambiguously 
that the I phase persists up to a tetracritical point. In this 1 phase 
there are two order parameters of which <M „> becomes critical at HT 

St,p 1A 
and <M > at H . st,Y IS 

4.4.5^_Magneto-elastic effects 

As was stated in section 4.2, the compounds CBx with x>0.55 undergo a 
crystallographic transition from the monoclinic to the triclinic 
structure at T (x). In CoBr,.6 D,0 (T (x-1) * 37 K) this 

mt * * mt 
transformation results in small changes in the relative positions of 
the atoms. In particular, for the compounds CBx,x * 0.55 this will 
apply at low T(»l K). Furthermore, it is known that for x>0.55 small 
changes in x result in large changes in the preferred orientation of 
the sublattice magnetizations. Consequently, one may conjecture that in 
CB48 a field-induced rotation of the sublattice magnetizations, as 
occurring in the I phase, might lead to changes in atomic positions. 
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In fact, some experimental indications in support of this conjecture 
can already be found in the results presented in the preceding section. 
It appears that in the I phase the nuclear background changes smoothly 
with H between different but constant values in the AF and SF phases 

Y 
(see figs. 4.17 and 4.20). At T - 2.1 К similar variations of the 
background with H were observed close to nuclear reflections. A 
typical example at T « 2.1 К is shown in fig. 4.21 observed at ^ -
(2 0 -3.1) which may be compared with the observations at £ * 
(1 0 -1.55) in fig. 4.20b. 

An experimental verification of the fact that the enhanced background 

intensity in the AF phase has indeed a broad distribution in Q space is 

found in fig. 4.16 where the intensity at H « 0 shows a smooth 

dependence on q . Furthermore, it can be seen in fig. 4.17 that this 
e* 

variation in the background decreases at a higher temperature and has 

disappeared at T * 2.84 К (>Т ). These experimental data indicate that 
~ t 

these changes cannot be due to changes in the magnetic scattering but 
must be attributed to small variations in the nuclear scattering. 
Apparently, the small shifts in the atomic positions are in some way 
related with the skew ordering of the magnetic moments in the I phase, 
which is in turn induced by the applied field. 
In view of these experimental results, the field dependence of several 
nuclear reflections in the a*c* plane has been examined more 
systematically. For some of these scans, the field had to be oriented 
in the horizontal ya plane at an angle u> with the у axis in which cases 
the observed intensities were corrected for the changes in the 
horizontal crystal orientation in field. In accordance with earlier 
experience at the (10 1/2) reflection it is assumed that the magnetic 
order and therefore the field dependence of nuclear reflections, depend 
only on the у component Hy of the applied field. 
A careful study was made of the influence of the magnetic field on the 
intensity and the positions in the a*c* plane of various nuclear 
reflections at T - 2.1 K. T V, experimental results show that the peak 
positions are not affected up to the maximum applied field H • 15 kOe. 
Here, we like to note that possible changes of reciprocal lattice 
points out of the horizontal plane are not detectable within the 
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Fig. 4.21. 
The smooth variation of the nuclear 
background scattering in the I 
phase at T • 2.1 K, observed at the 
point (2 0 -3.1). 
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collimator angle (30'). On the other hand, the peak intensities of the 
nuclear reflections do depend on the field H . Some typical examples at 
T » 2.1 К are shown in fig. 4.22 where also one example at a higher 
temperature has been included. In general, the variation with field of 
the intensities occurs only in the magnetically ordered region and 
becomes less pronounced when the temperature is increased. Hence, these 
intensity variations are related to the magnetic order parameters and 
not to the magnetic field. For H ф 0, there is a small contribution 
from magnetic scattering (IJ at "nuclear" reciprocal lattice points, 
due to the bulk magnetization M: 

I - I . + cL. nucl M 
4.14 

I ж If I2 « M >2 + sin2
 ф <M > 2). 

M • Q' 0 ? Y 

Here I , is the observed purely nuclear contribution at H » 0 and с nucl 
is a scaling factor depending on the scattering vector ^. The 
variations with field of <Mft> and <M > according to MF theory, are 
shown in fig. 3.4 . The scaling factor с can be determined from the 
observed intensity at the (10 3/2) reflection for H>H g. The 
calculated intensities cT at T - 2.1 К are shown in fig. 4.22 as solid 

M 
curves. It is obvious that the variation of the observed intensities 
with field is not in agreement with the theoretical predictions for the 
magnetic scattering. Thus the difference between observations and 
calculations must be attributed to changes in the crystal structure. 
Unfortunately, the observed intensities are not accurate enough to 
establish in detail which kind of crystallographic changes occur. From 
a comparision of the experimental results and the theoretical nuclear 
structure factors F. , , we estimate that shifts in the relative 

hk ' 
coordinates of the atoms in the order of 10~ц are sufficient to explain 
the observed intensity changes. 
In conclusion, the experimental results presented in this section show 
that the magnetic ordering induces changes in the positions of atoms or 
groups of atoms, which indicates the presence of a magneto-elastic 
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coupling in CB48. Since these changes are most pronounced in the 

magnetic 1 phase, one is tempted to conclude that in some way, this 

magneto-elastic coupling may be related with the skew ordering of the 

magnetic moments in the I phase» 

4.5. Discussion 

From both neutron scattering data and magnetization measurements it is 

concluded that in the (H ,T) phase diagram of CB48 an I phase exists 

between the AF and SF phases. This conclusion is mainly based on the 

observation of critical neutron scattering due to fluctuations in 

M „and M at two different field values H and H , respectively. 
St, p St,Y —^—————- £д ^g 

Additional evidence for the existence of an I phase is obtained from 
the variation of the phase transitions H and H with the field 
direction in the yQ plane. Since critical scattering was observed at 
H (T) for T < 2.76 K, it is very likely that this I phase extends up 
to the paramagnetic phase boundary resulting in a tetracritical point 
(T = 2.82 К, Н * 9.8 kOe). Finally, it was established that the 
magnetic ordering in the I phase is accompanied by slight changes in 
atomic positions. 
The experimental verification of a magneto-elastic coupling might be 
important with respect to the existence of the 1 phase in the (H ,T) 
phase diagram of CB48. In principle, the magneto-elastic hamiltonlan 
H which couples the magnetic and crystallographic degrees of freedom, ME 
has to be taken into account in the calculations of the stability of 
the I phase. As can be easily verified within the mean-field 
approximation, Hu_ contains terms which -among other terms- are of ME 
fourth order in the spin components [l8]. Moreover, the experimental 
fact that the variations in the nuclear intensities are most pronounced 
in the I phase suggests that the term с <М >2 <M >2 plays an 

st,Y st,в 
important role. The constant с depends on the magneto-elastic coupling 
constants and the elastic constants and couples the order parameters 
<M > and <M >. Such a coupling term may influence the anlsoiropy st,Y 8t,B 
of the system since, depending on the sign of c, it favours an 
orientation of M parallel to either the в or у axis (c > 0) or along 
a diagonal (c < 0). In fact, the role of the sign of the constant с is 
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completely analogous to the role of the sign of the cubic anisotropy 
according to Renormalization-Group theory (see last part of section 
3.2). Thus, if с < 0 there is a competition between different types of 
ordering: the main orthorhombic anisotropy favours a parallel ordering 
(N //y or M //&) whereas the magneto-elastic coupling term favours a -st —st 
diagonal ordering< Such a competition is required for the existence of 
an 1 phase in the (H ,T) phase diagram. 
Here, it should be noted that a magneto-elastic coupling exists in any 
real magnetic system, although in most systems it is expected to be 
weak. However, in CB48, the weak stability of the crystallographic 
system, which is close to the monoclinic-triclinic transition at 
х ж 0.55 in zero-field, together with the weak magnetic anisotropy in 
the Y0 plane might result in a very subtle interplay between the 
magnetic and crystallographic system. This may explain the fact that in 
CB48 the condition for an 1 phase is fulfilled whereas in most other 
spin-flop systems (probably including CBO) this condition is not 
realized. 

A different effect, also related with the weak crystallographic 
stability is the problem of a possible lowering of the crystallographic 
symmetry in CBx for x < 0.55. In principle, when the magnetic moments 
are rotated away from the ac plane (for H > H„„ in CBO and for H > H.. 
in CB48), the magnetic monoclinic symmetry is broken. Although this 
does not necessarily imply a lowering of the crystallographic symmetry, 
it might be possible that the highly skew ordering in the I phase in 
CB48 energetically favours a triclinic distortion of the 
crystallographic structure through the magneto-elastic coupling. Given 
the fact that the shifts in atomic positions are extremely small, the 
effect on the recorded magnetic intensities can remain hidden in the 
experimental scatter. 

Finally, we like to comment upon the experimental fact that the Bragg 
scattering at the (10 3/2) reflection in CB48 shows roundings at the 
transition fields H and H „ . These roundings are not due to critical 
scattering, neither could they fully be explained by a misalignment of 
the field. Although the observed roundings are not essential with 
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respect to the existence of an I phase, we like to note that in the 
present compound some kind of rounded transitions can be expected. In 
principle, a spread in H and H may be present due to an 
inhomogeneous distribution in the deuterium fraction x over the sample 
volume. The variations of H,. and H,„ with x can be estimated from the 

IA IS 
values H_. and H_„ as were obtained from magnetization measurements for 

IA IS ° 
the compounds CB48 and CB40 at T - 1.2 K: 

H (CB48) - H (CB40) - -0.3(1) kOe and IA IA 

H (CB48) - H (CB40) - 0.6(1) kOe. 

As an estimate for the difference in mean x values for both compounds 
we take the difference between the deuterium fractions in the solutions 
in which the crystals were grown (x - 0.5 and x - 0.4). The observed 
rounding in <M > in CB48 (see fig. 4.7) in the field range 7 kOe < H st, 8 ~ 
< H » 8.35 kOe and in the field range 9.9 kOe - H < H < 11 kOe 
would imply local x values in the range 0.1 < x < 0.65. As was argued 
by Basten et al. [l], such a severe inhomogenity would be in sharp 
contrast with the linear increase of the data in the I phase and with 
the (10 3/2) intensity at H « 0 which hardly exceeds the nuclear 
background (for x • 0.65, the у axis is rotated over an angle ф(х • 
0.65) = 20° out of the ac plane). Hence, an inhomogeneous distribution 
in x is not likely to explain the observed roundings. An other possible 
explanation was suggested by De Jongh [l9]. He argued that soliton-like 
excitations in quasi-Id antiferromagnets might induce additional 
contributions to the magnetization near the spin-flop field due to a 
softening of the soliton energy. However, up to now only little 
quantitative knowledge exists on the effects of soliton-like 
excitations in quasi-2d systems such as the present system. 

Summarizing the neutron scattering and magnetization measurements on 
CB48 and the magnetization measurements on CB40 and СВ0, it is 
concluded that the (H ,T) phase diagram of CBx is drastically changed 
by varying the deuterium fraction x. This is most likely due to an x-
dependent magneto-elastic coupling and thus an x-dependent anisotropy 
in the yP plane. Within the framework of T - 0 mean-field theory, the 
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behaviour of the sublattice magnetizations with field in CB48, CB40 and 
CBO can well be explained with an appropriate set of "effective" 
MF parameters A , A and A » D -D . Finally, we like to mention the 
similarity of the field dependence of the magnetization in CB48 and the 
iso-structural compound СоСЦ.бН-О [l]. In this latter compound, the 
crystallographic transition to a triclinic structure occurs already at 
the low deuterium fraction x - 0.035 [20]. This supports the intuitive 
conjecture of the relation between the magnetic 1 phase and the weak 
stability of the crystallographic structure. 
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CHAPTER V 

MAGNETIC ORDERING IN RbFeCl3.2aq AND CsFeCl3.2aq 

5.1. Introduction 

During the last two decades, the compounds AMB..2aq, with A « Cs, Rb; 
M - Mn, Fe, Co; В - Cl, Br and aq - H20, D20 have been the subject of a 
large number of experimental investigations. These compounds have in 
common their pronounced one-dimensional (Id) magnetic behaviour, which 
make them attractive as physical realizations of theoretical model 
systems. The small interchain interactions ( J'/Jl ~10~2) induce a 
long-range three-dimensional (3d) antiferromagnetic ordering at low 
temperatures, which leads to a variety of ordering patterns and 
magnetic (H,T) phase diagrams, depending on the magnetic anisotropy. 
The compounds with the transition metal M * Mn are fair examples of a 
Id Heisenberg model with weak anisotropy. The magnetic ordering is 
collinear and the phase diagram contains a so-called spin-flop phase 
for H > H (T) (cf. chapter III). In the strongly anisotropic (Ising) 
compounds with M • Fe or Co, the magnetic moments are ordered in a 
canted antiferromagnetic array. Metamagnetic phase transitions can be 
observed in an external magnetic field in highly anisotropic systems. 
In this chapter, we report on the metamagnetic behaviour in RbFeCl,.2aq 
(RFC) and CsFeCl3.2aq (CFC). An extensive review on the theoretical and 
experimental investigation on metamagnetic compounds can be found in 
[l] and [2J. 
The organization of this chapter is as follows: Some properties of the 
compounds RFC and CFC will be reviewed in section 5.2. In section 5.3, 
the characteristic magnetic behaviour of RFC and CFC in an applied 
field will be presented, together with some calculations that relate 
the magnetic neutron scattering to the various magnetic ordering 
patterns. The experimental results will be reported in sections 5.4 
(RFC) and 5.5 (CFC). 



II — 

atom 

Rb(Cs) 
Fe 
Cl(l) 
Cl(2) 
0 
D(l) 
D(2) 
a 
b 
с 

RbFeCi3.2D20 

x у z 

1/4 0 0.1493(12) 
0 0.4624(10) 1/4 

1/4 1/2 0.1473(11) 
0.0871(5) 0.2011(7) 0.3851(9) 
0.0761(12) 0.6856(11) 0.3721(12) 
0.0251(10) 0.7008(10) 0.4467(10) 
0.1873(11) 0.7059(13) 0.3875(10) 

8.8760(6)A 
6.8724(4)A 
11.1807(12)A 

CsFeCl3.2D20 

x у z 

1/4 0 0.1470(15) 
0 0.4694(9) 1/4 
1/4 1/2 0.1514(7) 

0.0878(4) 0.2267(6) 0.3893(6) 
0.0681(15) 0.6829(10) 0.3684(10) 
0.0267(8) 0.6882(11) 0.4424(8) 
0.1721(10) 0.6962(11) 0.3817(9) 

8.9466(6)A 
7.1247(4)A 
11.3248(10)A 

Table 5.1. Structural parameters of RbFeCl3.2D20 and CsFeCl3.2D20 at T » 4.2 K, taken 
from [З]. lo-standard deviations, based on statistics only, are given within 
parenthesis in units of the last decimal. 

. 5.1. Schematic representation of the crystal structure of AFeCl .2D20 with A - Rb, 
Cs. Only one set of deuteriums and deuterium bonds is shown. 
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5»2. Crystallographic and magnetic structure 

The crystallographic structure of the deuterated compounds RFC and CFC 
has been determined by powder neutron diffraction [3]. The structure 
can be described with the orthorhombic space group Pcca with four 
formula units in the unit cell. The structural parameters at T » 4.2 К 
are shown in table 5.1. As shown schematically in fig. 5.1, the 

structure consists of IFeCl^C^] cis-octahedra which are coupled along 
the a axis by shared Cl(l) atoms. The resulting chains are separated 
from each other by layers of Cs(Rb) ions in the b direction and 
connected by hydrogen (deuterium) bonds along the с direction. 
Evidence for Id Ising behaviour has been obtained from several 
experiments [4—8], especially for the compound RFC. The relevant 
results for the nearest-neighbour interaction parameters, based on the 
effective spin S' • 1/2 Ising model are summarized in table 5.2, 
together with a schematic representation of the canted magnetic 
structure along the chain. Although the present compounds are quasi 
one-dimensional, the small interchain interactions J,, J and J. ' b с be 
induce a 3d long-range ordered structure below T - T„ (T„ « 11.96 К for 

N N 
RFC and T - 12.6 К for CFC). The 3d magnetic structures, shown in fig. 
5.2, can be characterized as four-sublattice compensated 
antiferromagnetic arrays. 
When a magnetic field H is applied along the с axis, two metamagnetic 
phase transitions are observed from the antiferromagnetic (AF) phase to 
the ferrimagnetic (FI) phase and from the FI phase to a pseudo-
ferromagnetic (F) phase. At each of the phase transitions H . and H _ 
(see fig. 5*3), the magnetization is increased with M /2, where M is 

F F 
the magnetization in the F phase. The (H, T) phase diagram for RFC [5] 
is shown in fig. 5.4. 
The two phase transitions at T * 0 can be explained [5-6] by taking 
into account the interchain interaction parameters from table 5.2. In 
order to predict the possible 3d ordering patterns in the FI phase, it 
was assumed that, due to the large intrachaln interaction and the 
large single-ion anisotropy, each chain or. be considered as one 
resulting ferromagnetic moment along the с direction. At T • 0, one 
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parameter 

VS 
VkB 
J c / k B 
J bc / k B 
u ш u „ . ac 

Uc » u s in 6M 

9M 

RFC 

-35 Ka, -39 Kb 

-0 .76 Ka 

-0 .21 Ka 

-0 .13 Ka 

4.5 uB, 4.6 Ug 
i R a » c 
1.5 uB ' 

19 e C 

CFC 

-42 Kb 

-0.47 Ka 

-0 .15 Ka 

-0.06 Ka 

4.4 ui 

1.1 u j 
15°C 

С 

Jk9 'M 

a) spin-cluster resonance [5-6J, not published for CFC 
b) magnetic specific heat [4], not published for CFC 
c) nuclear magnetic resonance [з] 

Table 5.2. The various parameters for RFC and CFC and the orientation 
of the canted magnetic moments in the ac plane along the a 
direction. 

RFC 

-<|—pof-

i; -i. 

CFC 
Fig. 5.2. The arrays of ordered magnetic moments in RFC and CFC in the 

AF phase. The heavy lines correspond to the magnetic unit 
cell. The intrachain interaction J and the three interchain 

a 
interactions J., J and J, are also indicated, b с bc 
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Fig. 5.3. Magnetization of RFC and CFC versus applied field along the 
с axis [з]. The drawn curves are for visual aid only. 
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Fig. 5.4. Magnetic (H,T) phase diagram of RbFeCl3.2H20 for H//£ [5]. 
AF, FI and F denote the antiferromagnetic, ferrlmagnetlc and 

ferromagnetic ordering between the net ferromagnetic moments 

of the chains, respectively. Mp is the magnetization in the F 

phase. 
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Fig. 5.5. Stacking in the be plane of the net ferromagnetic moments 

of the chains for the various structures. For each structure, 

the magnetic unit cell is Indicated by broken lines whereas 

the crystallographic unit cell is indicated by solid lines. 
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then expects three energetically equivalent, but structurally 
different, 3d ordering patterns in the Fl phase, which will be denoted 
as FI(1), FI(II) and FI(III). These three structures differ in the 
stacking of the magnetic chains in the b and с directions and are 
illustrated in fig. 5.5 in which the orientation of the resulting 
moments of each chain is indicated. However, it should be emphasized 
that the canted structure in each chain implies that we are in fact 
dealing with pseudo-AF, pseudo-Fl and pseudo-F structures. 

5.3. Magnetic ordering in RbFeCl3.2aq and CsFeCl3.2aq in field 

5*3.1. Introduction to the experiments 

One of the goals of the present investigation of RFC and CFC is to 
determine which one of the possible Fl structures is realized for 
H . < H < H _ and to get some insight in the dynamical magnetic 
behaviour at the phase transitions H , and H „. Before reporting the 

cl cl 

experimental results, we would like to comment on some characteristic 
features of RFC and CFC in an applied field in order to stress the 
relation between the various experiments. 
A metamagnetic phase transition between two phases is realized by a 
simple sequence of single-spin re- reals. In quasi-Ising systems, such 
as the present canted systems, these spin flips may be ac^'vated [9] by 
the action of transverse operators in the hamiltonian (e.g. the 
transverse operators S+ and S" induce transitions between spin-up and 
spin-down states). The excitation energy (energy gain or energy loss) 
of such a local spin flip depends on the orientation of the 
neighbouring spins due to the exchange interactions. Therrfore, the 
relaxation rate in quasi-Ising systems will depend on the local 3d 
ordering which may differ from the regular long-range 3d order. The Id 
character of the present compounds has a large effect on the actual 
relaxation process. A single spin flip in a long-range ordered chain of 
spins implies a breaking of the large intrachain interaction and thur 
always requires a large activation energy. Therefore, the relaxation 
rate in the present compounds (as we will see below) may be extremely 
small. 
On account . the general considerations given above, the dynamic 
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magnetic behaviour in the quasi-ld Ising compounds RFC and CFC may be 

expected to be very complicated. Therefore, we will first summarize 

some features of the experimental results to be presented in this 

chapter: 

1. When a phase transition is passed, one may distinguish -at least 

experimentally- two successive relaxation regimes, namely an initial 

"short-time" relaxation followed by a "long-rime" relaxation regime. 

The "short-time" relaxation occurs immediately after the passage of 

a phase boundary, when one magnetic ordering pattern changes 

rapidly to another pattern which in general deviates from a long-

range ordered structure. Characteristic relaxation times are in the 

order of seconds (or less) to minutes, depending on the temperature. 

The remaining disorder in the magnetic array depends on a number of 

experimental conditions: 

- increasing or decreasing field sweep; 

- the rate of the field sweep; 

- the disorder in the initial structure. 

After the "short-time" relaxation, the observations indicate slow 

relaxation processes within a quasi-stable state. During this "long

time" relaxation the 3d order grows approximately linearly with 

time. The measurements wiich are used for the determination of the 

magnetic structure at a certain combination (H, T) are performed 

within this quasi-stable state (sections 5.4.2, 5.4.3 for RFC and 

section 5.5.2 for CFC). 

2. At any point In the (H,T) parameter space, one might expect one 3d 

magnetic structure with lowest free energy. In the AF and F phases, 

these structures are well-defined. In the FI phase, H , < H < H „, 
cl c2 

the situation is more complicated due to the competition between 

different FI structures. In general, the stable ferrlmagnetlc 

structure depends on the temperature and on the way in which the FI 

phase Is entered. 

3. The "short-time" relaxation rate decreases dramatically with 

decreasing temperature. Consequently, at low T the various 

structures (AF, FI) are restored very slowly at the corresponding 
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phase transitions. As the F structure appears to be reproducible in 
reasonable times, at low T the changes in 3d structures have mainly 
been studied in decreasing field, with the fully ordered F structure 
as initial state. 

4. Since the actual magnetic array generally contains some disorder, 
specifically in the arrangement of the chains with respect to each 
other, there will be a variety of locally different chain stackings. 
Consequently, rearrangements between chains will occur at field 
values which are not necessarily equal to the thermodynamic 
transition fields H and H at which long-range ordered arrays 
transform into each other. These local rearrangements are observed 
in both RFC (section 5.4.4) and in CFC (section 5,5.3). 

The most detailed measurements, in a large temperature range T < T , 
N 

were performed on the compound RFC whereas the measurements on CFC were 
limited to the low temperature range T < 4.2 K. 

5.3.2. Neutron scattering and magnetic structures 

In this section some formulas will be derived «Mich are relevant for 
the interpretation of the neutron scattering experiments. In the 
present case, we are frequently dealing with partially disordered 
magnetic arrays. Therefore, we shall not follow the usual procedure to 
calculate structure factors corresponding to a magnetic unit cell. 
Instead, partial magnetic structure factors will be defined which 
correspond to different magnetic ordering patterns within the 
crystallographic unit cell. With this approach, one can easily relate 
the (partial) lack of translation periodicity in space to the 
distribution of the scattered intensity in the reciprocal space. 

The formula for the Bragg scattering cross-section in the quasi-static 
approximation for an assembly of magnetic moments у can be written as 
follows: (see the second term in eq. 2.16) 

2 
(do/dO) - |f | Z ( 5 ^ - ЗД) Z < u° > exp (i Q.R) . 

E < Po, > exp (-1 Q.R') 
R' 
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Fig. 5»6. Spatial arrangement of the four Fe2+ ions within the 
crystallographic unit cell of RFC and CFC. The parameter б 
represents the small 'ig-zag within each chain. 

!1/2a ! 
»" 1 

Fig. 5.7. The four different magnetic patterns within the 
crystallographic unit cell, denoted by F, F, A and A. The 
broken line represents the net magnetization of each chain. 
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where the various symbols are defined in section 2.1. The positions of 
the magnetic ions are given by 

R - R + г., 5.2 
- -n -j* 

where R denotes the origin of the n crystallographic unit cell 

R » nta + n2b + П3С, 5.3 

and r . gives the position of the j magnetic ion within the 
crystallographic unit cell. With definitions 5.2 and 5.3, expression 
5.1 can be written as 

2 
(do/dft) « | f I I (6 - $ Ö ) Z ф" е Х р ( i Q-Rn)- 5 .4 

ct|J n 

S (•„,)* exp K g . Rn) 

where ф is the partial magnetic structure factor of the a components 
of the magnetic moments in the n crystallographic unit cell 

*n " Z < MR +r > exP ( i ^•ï^) 5*5 

j -n -i J 

It should be noted that these partial magnetic structure factors depend 

on n as a consequence of existing deviations from a regular 3d order in 

the lattice. 

In the crystallographic unit cells of RFC and CFC, there are four 

different Fe2+ positions (see fig. 5.6). The positions j-1,2 and j"3,4 

belong to neighbouring chain" Due to the large intrachaln interaction 

and the strong single-ion anisotropy, the canted ant1ferromagnetic 

ordering within each chain will be realized over large distances in the 

temperature and field range of interest. Consequently, only four 

different magnetic ordering patterns actually occur in the 
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unit 

F 

A 

a 

а 

с 

а 

с 

фа; 0 - ha* + nb* + £с* 
п •* - — — 

h « even 

- 2i<u > sin (2тг«П) (1-ехр («15)) a 

2<м > cos (2*Ón) (1+exp (uic)) 

- 2i<u > sin (2w6n) (1+exp (*Ш) a 

2<u > cos (2w6n) (1-exp (irî )) с 

h - odd 

2<U > cos (2*6n) (1+exp (*ic)) a 

- 2i<u > sin (2ir6n) (1-exp (iris)) 

os ( i) (i-exp (irlc)) 

- 2i<u > sin (2лбп) (1+exp (wi£)) с 

Table 5.3. Calculated partial structure factors ф , а - a,c for ferromagnetic (F) 
and antiferromagnetic (A) ordering within the crystallographic unit 
cell. 

F F F F 
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LF__F! F F 
AF(RFC) 

F A F А 

[F~~A] F А 
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AF(CFC) 

F A F A 

LF"A~fJJS] 
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ггт 
A F 
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F 

А 

F 

FKIE) 

Fig. 5.8. The various long-range ordered arrays, visualized by a specific stacking 
of the magnetic units F, F, A and A in the be plane. The magnetic unit 
cell for each structure is indicated by the broken lines. 
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crystallographic unit cell, which will be denoted as the magnetic units 
F, F, A and A. These units, which should be distinguished from a 
magnetic unit cell (although they might be identical in some cases) are 
illustrated in fig. 5.7. F and F are "ferromagnetic" units with a net 
moment + 4 < u >, while A and A are "antiferromagnetic" units with an 
antiparallel alignment of the moments in the neighbouring chains. For 
each of the four units, the partial magnetic structure factors ф , 
defined in eq. 5.5, can be easily calculated for an arbitrary 
scattering vector Q * ha* + nb* + 5c* and are tabulated in table 5.3. 
Due to the assumed Id order along the a direction, the magnetic 
scattering is restricted to integer values of h. The structure factors 
for the F and A units are given by the relations 

•"(F) - - ф"(Р); 
5.6 

ф"(А) - - ф*(А). 

Under the assumption that the individual chains are ordered over large 
distances, any 3d ordering pattern in RFC and CFC may be represented by 
a specific stacking of the four different magnetic units along the b 
and с directions. In particular, the various long-range ordered 
structures (see fig. 5.5), can be built up with these magnetic units as 
is shown in fig 5.8. For each structure, the cross-section for the 
Bragg reflections (h к I) can be expressed in terms of the composite 
structure factors F which are defined as 

N 
F° - (l/N) Z ф* exp (i Q.Rn) 5.7 

n»l 

where the summation runs over the N crystallographic unit cells in the 
magnetic unit cell. The results for F (h к I ) are summarized in table 
5.4. The complete expression for the cross-section, eq. 5.1, can now be 
written as 
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structure 

AF(RFC) 

AF(CFC) 

Fl(l) 

«(ID 

FI(III) 

F 

h 

2n 
2n+l 

2n 
2n+l 

2n 
2n+l 

2n+l 
2n 
2n 
2n+l 

2n 
2n 
2n+l 
2n+l 

2n+l 
2n 

к 

(2n+l)/2 
(2n+l)/2 

(2n+l)/2 
(2n+l)/2 

n/2 
n/2 

n/2 
n/2 
(2n+l)/4 
(2n+l)/4 

n 
(2n+l)/2 

n 
(2n+l)/2 

n 
n 

7 

2n+l 
2n 

2n 
2n+l 

n 
n 

2n 
2n+l 
2n 
2n+l 

n 
(2n+l)/2 

n 
(2n+l)/2 

2n 
2n+l 

Fa/<U > 
a 

- 41 sin 
4 cos 

- 4i sin 
4 COS 

+ 2i sin 
+ 2 cos 

2 cos 
- 2i sin 
+ 2 sin 
+ 2i cos 

- 21 sin 
+ 2 sin 
2 cos 

+ 2i cos 

4 cos 
- 41 sin 

h 

2n 
2n+l 

2n+l 
2n 

2n 
2n+l 

2n 
2n+l 
2n+l 
2n 

2n 
2n 
2n+l 
2n+l 

2n 
2n+l 

к 

(2n+l)/2 
(2n+l)/2 

(2n+l)/2 
(2n+l)/2 

n/2 
n/2 

n/2 
n/2 
(2n+l)/4 
(2n+l)/4 

n 
(2n+l)/2 

n 
(2n+l)/2 

n 
n 

I 

2n 
2 -

2n 
2n+l 

n 
n 

2n 
2n+l 
2n 
2n+l 

n 
(2n+l)/2 

n 
(2n+l)/2 

2n 
2n+l 

FC/<"C> 

4 cos 
- 41 sin 

- 41 sin 
4 cos 

+ 2 cos 
+ 2i sin 

2 cos 
- 2i sin 
+ 2 sin 
+ 21 cos 

2 cos 
+ 21 cos 
- 21 sin 
+ 2 sin 

4 cos 
- 4i sin 

Table 5.4. Calf >. ted magnetic structure factors F , о - а, с for the various 3d 
structures. F° is normalized at the crystallographic unit cell, 
containing four Fe2+ ions. The abbreviations used are cos - cos(2wók), 
sin * sin(2ff5k). 



(da/dB) « FL |f | 2 [ ( 1 -ф И 2 + ( l - ф |FC|2 

- ЗД. (Fa(FC)* + FC(Fa)*)] 5(2 - 2ITT) 5.8 

The cross-sect ion 5.8 contains the so-cal led Lorentz factor F =» 1/s in 
L* 

28 [lO], where 28 is the Bragg-scattering angle. This factor represents 
the effect that at a specific diffractometer setting and given a non-
perfect collimated neutron beam an integration is perf id over a 
small volume in space, determined by the area of the neutron detector. 

2+ r , 
The form factor fq for the Fe -ion has been taken from [HJ. 
Our next step is to show that the specific values for the partial 
structure factors in RFC and CFC lead to approximative partial 
extinction conditions for the magnetic intensity at the reflections 
h » odd; I a even, odd. These partial extinction conditions are 
brought about by the small zig-zag in the у -coordinate of the Fe 2 + 

ions (see fig. 5.6 and table 5.1, у - 1/2 + б, Ó(RFC) = 0.0376, 6(CFC) 
* 0.0306) and the nearly antiferromagnetic alignment of the moments 

along the a axis (see table 5.2, <u > - <u> sin 8W << <u > - <u> cos 
с М a 9«; 9„(RFC) - 19°, 8W(CFC) - 15°). The consequences for the Сговеет М M 

section can be illustrated by calculating the partial structure factors 
ф„ in table 5.3 for h-2n+l, n«l/2, £-2n+l in RFC. 

<^(F) - фа(?) - ф°(А) - ф°(А) - 0 

4>C(F) - - фС(?) » - 4i <uc> sin (яб) - - 0.15 i <u> 5.9 

фа(А) - - ф3(А) - 4<u > cos (iió) - 3.75 <u> 
О 

From these values, it will be clear that the cross-section at (h - odd, 
I • odd) is mainly due to the term JF | « |ф (А)| in eq. 5.8, which 
is exclusively determined by the repetition pattern of the A(A) units. 
At (h • odd, 1 • even) positions, the complementary situation occurs 

2 2 
(|Fa| « L a(F)| ) and the intensity is almost exclusively determined 
by the repetition pattern of the F(F) units. Further examples of these 
approximate partial extinction conditions at the various Bragg 
reflections for the various 3d ordered structures are given in table 
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5.6 (page 95) and table 5.8 (page 122) for RFC and CFC respectively. 
Obviously, these conditions are very helpful in the analysis of the 
data as the disorder between the F(F) unite and A(A) units can be 
•studied separately at the reflections (h • odd, X - even) and (h - odd, 
Кш odd) respectively. In general, *. disorder m the stacking of the 
chains in the b and с directions will give rise to a broadening of the 
Bragg reflections perpendicular Co the a axis (in the b*c* plane). 
Here, one can distinguish between stacking faults a Ion?, the b direction 
(perfect long-range order in ac planes) which leads to ferr-.adening along 
b*, and stacking faults along the с direction (perfect long-range order 
in ab planes) leading to broadening along the c* direction. In appendix 
A, we present an analysis of the broadening for a specific stacking 
disorder which has been observed in RFC. 

5.3.3. Experimental details 

In addition to the general information on the experimental equipment 
presented in chapter II the following details are of interest. 
In the scattering experiments, the magnetic field could be oriented 
either horizontally or vertically. In order to observe the phase 
transitions at H . and H _, the magnetic field should be aligned as 
well as possible along the с direction. This restricts the possible 
orientations of the sample in the diffractometer. Furthermore, in the 
horizontal scattering plane, magnetic reflections should be present 
which are suitable to distinguish between the various proposed 3d 
structures* Frequently, we are dealing with disordered magnetic arrays 
and consequently with broadened Bragg peaks, which makes it necessary 
to perform scans at specific reflections along one of the principal 
directions a*, b* or c*. Combining these conditions, we have chosen for 
three different crystal orientations for RFC and one crystal 
orientation for CFC, each orientation having a specific alignment of 
the magnetic field (see table 5.5). The selected scattering planes and 
the relevant magnetic reflections are shown schematically in fig. 5.9. 
The scattering planes are oriented horizontally by optimizing the 
intensities of several nuclear Bragg reflections in the presence of a 
30' vertical collimator between the monochromator and sample. The 
accuracy of this procedure is 0.2° for the crystal orientation 
RFC(IIl). For the other orientations, the rather irregular shape of the 



- 92 -

crystal 

orientation 

RFC ( I ) 

RFC (11) 

RFC (Ti l ) 

CFC 

scattering 

plane 

(1 2 0) 

(5 0 I ) 

(0 0 1) 

(1 2 0) 

principal axes 

c*, a* + 1/2 b* 

b*. a* + 5c* 

a*, b* 

c*, a* + l/2b* 

f i e ld orientation 

A(H>O 

13.2° 

17.4° 

0 

14.8 е 

/4H,b) 

82.9° 

79.8° 

90° 

8 2 . 2 ' 

/ (H,a) 

78.9 е 

76.1 е 

90° 

77.5° 

temperature 

range 

Т - 4.2 К 

Т < 4.2 К 

Т < 15 К 

Т - 4.2 К 

Table 5.5. Selected crystal orientations, field directions and temperature 
ranges for RFC a*.d CFC. The accuracy of the field orientations 
is better than 0.4° (a//a*, b//b*, c//c*). 

(120) 

a< a**y2b*i 

_ * , 

(501) 
а 

Л1< h-O-O-O-O 

1/2 
1 к 

1 V 

T]b* 

(001) 

Fig. 5.9. The three different horizontal scattering planes chosen for RFC 
and CFC. The open and closed circles denote the investigated 
magnetic and nuclear reflections, respectively. 
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Bragg peaks leads to a systematic error of approximately 0.5°. For the 
experiments on RFC, two different crystals were selected (crystal 1: 
RFC(I); crystal 2: RFC(II) and RFC(III)). 

The dependence of H . on the orientation of the field was obtained from 
the intensity variation at the (1 1/2 3) reflection in CFC. In these 
experiments field scans were performed for different angles of the 
field with the с axis (5° <ш< 30°). The ш-dependenee of H , closely 

cl 
resembles a cosecant function H (u) • H ,(0)/cosu. This indicates that 

cl cl 
the phase transition is almost exclusively determined by the c-
component of the field. Therefore in the following experimental 
sections only the c-component of the field will be considered. 
In the magnetization experiments, the crystals have been mounted in the 
magnetometer with the external magnetic field aligned along the с axis 
with an accuracy of Iе (CFC) and 2° (RFC). This orientation was 
achieved by an alignment of the large ab crystal face. 

5.4. RbFeCl3.2aq 

5.4.1. Introduction 

This section contains the experimental results and the interpretation 
of neutron scattering and magnetization measurements in the compound 
RFC. In the presentation of the experimental results, a division is 
made between the temperature regions T < 6.4 К and T > 6.4 K, since the 
magnetic behaviour in these regions is different. In the first three 
sections 5.4.2 - 5.4.4, the ordering is investigated as function of H 
and T in the lower temperature region within the quasi-stable state. To 
collect a set of comparable experiments, the observations have been 
performed in a decreasing field scan, starting at H > H ., in which the 
phase boundary at H - is passed slowly (v<100 Oe/min). The results in 
increasing field will be presented separately. The organization will be 
as follows: In section 5.4.2, the long-range order in the FI phase at 
T » 4.2 K. is discussed. At this temperature, the "short-time" 
relaxation is terminated after ~ 10 min and the resulting quasi-stable 
FI array can easily be determined. In the next three sections, we will 
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present results on the magnetic disorder, the magnetization and the 
relaxation rate. Finally, the results obtained in the temperature 
region T > 6.4 К will be presented in section 5.4.6. The combination of 
the observed phase transitions and magnetic structures results in the 
phase diagram in the (H, T) parameter space. 

5.4.2. Ferrimagnetic long-range order at T » 4.2 К 

A list of selected reflections and their intensities for the relevant 
structures, calculated according to eq. 5.8 is given in table 5.6. The 
field dependence of some of these reflections has been recorded at 
T » 4.2 K; a characteristic set of results is shown in fig. 5.10. Also 
the phase transitions H , and H , as determined from each reflection 

cl cZ 
separately, are indicated. For the various crystal- and field 
orientations, the reader is referred to table 5.5 and fig. 5.9. 
Not shown here is the result of a field scan at the (1 1/2 7/2) 
reflection. This reflection did not show a field dependence in the 
investigated field range. Comparing these experimental results with 
table 5.6, one may conclude that the long-range ordered F1(I) and 
FI(III) structures can be excluded because of the weak (1 1/2 3) 
intensity and the absence of the (1 1/2 7/2) intensity, whereas the 
strong (1 1/2 4) and (1 3/4 5) reflections are in good agreement with 
the existence of an Fl(II) array. This conclusion is also corroborated 
by a comparison of the intensities observed at other reflections and 
table 5.6. Moreover, the magnetic intensities recorded in the Fl phase 
at the (h к ) reflections with h - 0,1, к - 1/2, 3/2 and £ - 0,4 are 

decreased to 25(5)% with respect to the intensities in the AF phase, in 

approximate agreement with the theoretical predictions (25%, see table 

5.6). 

Although the majority of the results suggests the sequence of phases 

F •*• FI(1I) * AF at T • 4.2 K, there are also some minor discrepancies 

with the theoretical predictions. The (1 1/2 3) Intensity is too large 
a 

in the Fl phase with respect to the AF phase (compare fig. 5.10 and 

table 5.6) and a peak at H . is an unexpected result. 
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(h к I) 

(1 1/2 4) 

(1 1/2 7/2) 

(1 1/2 3) 

(1 1/4 5) 

(1 3/4 5) 

(0 1/2 0) 

(0 3/2 0) 

(0 9/4 0) 

(Г 1 0) 

(Г 3/2 0) 

AF 

100 

0 

0.046 

0 

0 

100.4 

24.3 

0 

0 

171.5 

F1(I) 

(F) + (А/А) 

25 + 0.004 

0 

0.011 + 31.9 

0 

0 

25.1 + 3.8 

6.1 + 8 . 9 

0 

55.5 + 0.48 

42.9 + 0.7 

FI(II ) 

(F) + (А/ А) 

25 + 0 

0 

0.011 + 0 

0 + 1 8 . 1 

0 + 15.2 

25.1 + 0 

6.1 + 0 

0 + 9.7 

55.5 + 0 

42.9 + 0 

FI ( I I I ) 

<u >+<p > а с 

0 

31.2 + 0.007 

0 

0 

0 

0 

0 

0 

5 5 . 5 + 0.48 

0 

F 

0 

0 

0 

0 

0 

0 

0 

0 

222.2 

0 

crystal 

orientation 

RFC ( I ) 

RFC ( I I ) 

RFC ( I I I ) 

Table 5.6. Theoretical intensities derived from eq. 5.8 for the various magnetic 
structures, normalized with respect to the (1 1/2 4) reflection for the AF 
structure. The intensities for the FI(I) and FI(II) structures can be 
decomposed into contributions from the ferromagnetic (F) and 
antiferromagnetic (A/A) units, which have been listed explicity. For the 
FI(III) structure, the intensity contributions from <u > and <u > can be 

cl C 

separated. 
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12 н с о 
Н(кОе) С2 

8 Н cl 10 12 
Н(кОе) 

Н с2 

Fig. 5.10. Some magnetic peak intensities as function of the c-
component of the externii decreasing Held at T * 4.2 K. The 
transition fields H , and H „ are also indicated. 

cl c.l 
The observed intensities for H > H _, which are due to 

cz 
nuclear scattering, have been substracted from the data. 
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Also the slight increasing intensity of the (1 3/4 5) reflection with 
decreasing field at H <H<H (fig. 5.10 ) is not in agreement with the 
theoretical predictions. We shall investigate the deviations in more 
detail in the next section. 

5.4.3._Disorder in_the_FI(lI) structure 

In this section we will discuss the temperature dependence of the 
specific disorder which appears to exist in the FI(II) array at T < 6.4 
K. The disorder is studied by recording the width in reciprocal space 
of specific reflections. The chosen reflections are (see also table 5.5 
and fig. 5.9) 
- (1 1/2 4) at T « 4.2 K; crystal orientation RFC (I), very suited to 
examine the disorder between the F units in the с direction. 

- (0 1/2 0) at T < 4.2 K; crystal orientation RFC (III); this 
reflection is to a great extent determined by the F units. The 
disorder can be studied along the a and b directions. 

- (1 1/4 5) at T < 4.2 K; crystal orientation RFC II; very suited to 
examine the disorder between the A(A) units along the b direction. 

- (0 9/4 0) at T > 4.2 K; crystal orientation RFC (III); suited for 
examining the disorder between the A(A) units along the a and b 
directions, provided that the F units are arrranged in the FI(II) 
pattern. 

Before analyzing the profiles of the various reflections in the FI 
phase in detail, we like to illustrate the main type of disorder in the 
FI(II) structure by comparing the magnetic intensity along the line 
(0 n 0) at T » 4.2 К in the AF phase and FI phase (see fig. 5.11). It 
is evident that the (0 1/2 0) reflection in the FI phase is not 
broadened along b* in comparision with the Bragg peak in the AF phase, 
whereas the (0 9/4 0) reflection is strongly broadened with respect to 
the resolution width. This behaviour is typical for the FI phase at T « 
4.2 K: a sharp Bragg peak at к * n/2 reflections and a broadened peak, 
along b* at к « (2n+l)/4 reflections. 
Furthermore, the profiles of all investigated reflections are not 
broadened perpendicular to b*. The broadening of the reflections, in 
the quasi-stable state, appears to be exclusively determined by the 
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160 1.70 1.80 190 

Fig. 5.lb The profiles of (a) the (0 1/2 0) and (b) the (0 9/4 0) 

magnetic intensities along b* at T • 4.2 K. The (0 1/2 0) 

intensity in the AF phase has been scaled by a factor 4. The 

double arrows indicate the full width at half maximum of the 

resolution functions. The solid and broken curves in (b) 

represent the best fit to the data points according to eq. 

5.11. 
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temperature at which the phase boundary at H has been crossed* Once 
the FI phase has been entered, a change in the field (H .<H<H .) or 
temperature (T < 6.4 K) has no influence on the profiles of the peaks 
and thus on the amount of disorder. The observed broadening can be 
explained by the following partly disordered FI(II) structure 

F A F A F A F A F A F A F • с V F A F A F A F A F A F A F U> b 
M 

domain 1 domain 2 

which consists of long-range ordered "ferromagnetic" ac planes 
(containing the F units) which are located between "antiferromagnetir" 
ac planes (containing the A/A units). These latter planes have a 
perfect stacking along the с direction while the repetition pattern 
along the b direction (ideally 4b) is not well defined. The 
implications of this model for the profiles of the magnetic reflections 
which are almost exclusively due to the A(A) units are analyzed further 
in appendix A (case A). In the following, the disorder in the FI(II) 
structure will be discussed on the basis of the profile observed at the 
(1 1/4 5) reflection for T < 4.2 K. 
The (1 n 5) profile of the magnetic intensity close to the (1 1/4 5) 
peak at different temperatures, shown in fig. 5.12 , could well be 
fitted with the convolution integral 

I(n) • A(T)/^| (p, n') R (n'-n) dn' 5.10 

where do/dJl (p, л') refers to expression A8 in appendix A and A(T) is 
an adjustable parameter which only depends on the temperature and will 
be discussed below. The resolution fuction R has been determined at the 
nearest (1 1/2 5) reflection. The results for the correlation length £. 

D 

of the "antiferromagnetic" planes in the FI(II) pattern, i.e. the 

sequence A 0 A 0 A 0 A ; 0 > not A, A, obtained from the best value of p 
(eq. A10 in appendix A), and the results for A(T) are shown in fig. 

b 
5.12 . For T < 2.6 K, the observed magnetic intensities are too weak to 

obtain reliable results. However, it is obvious that the almost n-

independent intensity at T » 2.15 К (fig. 
vanishingly small correlation length £.. 
independent intensity at T » 2.15 К (fig. 5.12 ) corresponds with a 
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. (a): Comparison of the observed and calculated profiles of 
the (1 1/4 5) magnetic intensity along b*, after the FI 
phase is entered in decreasing field. The curves 
represent the best fit of expression 5.10 to the 
data points* The double arrow indicates the full width 
at half maximum of the resolution function. 

(b): Temperature dependence of the correlation length £./b 
b 

of the "antiferromagnetic" units and the parameter 

A(T). The point X denotes the correlation length of the 

"ferromagnetic" units in the FI phase at T - 1.8 K. 

(c): The full width at half maximum (FWHM) of the (1 1/4 5) 

peak along (a* + 5c*) in the FI phase. 



- 101 -

Our next step is to investigate whether the characteristics of the 
model are actually present in RFC for T < 4.2 K. These assumptions were 
a perfect stacking of the A(A) units along с and a perfect stacking of 
the F units both along b and с 
The stacking of the A(A) units along с was studied by measuring the 
width of the (1 1/4 5) peak in scans along (a* + 5c*) at different 

с temperatures (see fig. 5.12 ). As this width appeared to be 
temperature independent at least for T > 2.6 К and equal to the 
resolution width, we conclude that, given a long-range order along a, 
the A(A) units are ordered over large distances along с indeed (we 
estimate roughly £ /c > 50). Only at the lowest temperature, T « 2.15 К 

с *>» 
a broadening perpendicular to b* occurs. Due to the weak intensity at 
this temperature, no reliable estimate for the width could be made. 
The stacking of the F units along b was studied by measuring the width 
of the (0 1/2 0) reflection along b* at T - 4.2 K, T - 3.37 К and 
T • 1.8 K. Only at the lowest temperature, a broadening of the peak 
could be observed. In order to obtain an estimate for the correlation 
length £. between the F units, i.e. the sequence F 0 F 0 F; 0 » not F, 

D 

F, we assume that the intensity is exclusively due to the F units 

although in a non-perfect FI(II) array, there Is a small contribution 

due to the A(A) units (see table 5.6). In that case, one may apply eq. 
A22 in appendix A, where the subscript a has to be changed in the 
subscript с as only с components are involved. Again the observed 
intensity profile could be well fitted with expression 5.10 (R was 
determined in the AF phase), resulting in £./b - 6.6(5) at T - 1.8K. 

Ij b 
From this result and fig. 5.12 one may conclude that the correlations 

along b between the F units are clearly of longer range than between 

the A(A) unite. 

The stacking of the F unite in the с direction has only been checked at 
T - 4.2 К where no broadening at the (1 1/2 4) reflection was observed. 
Therefore, in view of the experimental facts mentioned above, one may 
conclude that the conjectures underlying the theoretical model, are 
realized in RFC for 2.62 К < T < 4.2 K. 
It should be noted that the factor A(T) does not follow from the model 
introduced in appendix A. This term arises from the observed variation 
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of the integrated cross-section /l(n)dn around the (1 1/4 5) 

reflection. A reduction of the factor (A(T) with decreasing temperature 

might be due to an increasing number of small inclusions in the lattice 

with the initial F structure at low T. As we will see in the next 

section, the presence of these inclusions is also corroborated by a 

magnetization M>M /2 in the FI phase, indicating that there are more F 

units than A(A) units in the lattice. 

Summarizing we state that the measurements in the FI(II) phase at T<4.2 

K, entered in decreasing field, show that the main part of the disorder 

is due to stacking faults in the A(A) units along b. The number of 

stacking faults frozen in at the transition H . increases dramatically 
c2 

with decreasing temperature. 

Results_in_increasing field 

From magnetization experiments, performed in increasing and decreasing 

field for T < 4.2 K, it appeared that the M(H) curves depend on the 

magnetic history. This irreversible behaviour has already been stated 

in section 5.3.1 and is corroborated by the results of neutron 

scattering experiments at several reflections at T - 4.2 K. Entering 

the FI(1I) phase at the transition H in increasing field or at the 

transition H . in decreasing field, qualitatively the same domain 

structure is obtained. The only difference Is that the correlation 

length £. between the A/A units in the FI(II) phase in case of an 

increasing field is roughly two times as large as In case of a 

decreasing field (at T " 4.2 K: Г/b - 6.3(1) and 5v/b - 3.0(1) 
b b 

respectively, values obtained from the (1 1/4 5) reflection). This 
quantitative difference vanishes rapidly if the temperature at which 
the FT(II) phase boundaries is entered is increased above 4.2 K. 
In the temperature interval 4.2 К < T < 6.4 К the profile of the (0 9/4 
0) reflection along a* and b* has been investigated after the FI(II) 
phase has been entered in increasing field. А1опц a*, no broadening of 
the peak could be detected in comparison with the resolution width 
(determined from the nuclear (0 2 0) reflection). This result 
corroborates the assumption of the existence of long-range order along 
the chain (a) direction. As could be expected, the profile along b* is 
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Fig. 5.13. (a): The correlation length E /b of the "antiferromagnetic" 
b 

units, as determined from the (0 9/4 0) profile, after 
the Fl phase is entered in increasing field, 

(b): The integrated cross-section A(T) and the constant B(T) 
for the (0 9/4 0) reflection, as function of T. 
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clearly broadened. Given the well- established FI(II) pattern of the F 
units in this temperature interval, the intensity at this reflection 
(see table 5.0) is exclusively due to the A(A) units, and thus the same 
correlation length is expected as at the (1 1/4 5) reflection. Hence 
eq. A8 in appendix A should be applicable, provided that (4<y > cos 

a 
2w6n)2 is replaced by (4<y > sin 2*6n)2. The long tails of the (0 9/4 
0) peak (see the broken line fig. 5.11) however, could not be fitted 
with expression 5.10. Therefore we added a constant B(T) to expression 
5.10: 

1(0 n 0) - A(T) ̂ jj| (p, л') R(Tl'-n) dn' + B(T) 5.11 

The term B(T) approximates a component in the observed intensity with a 
much larger width than the main peak and will be discussed at the end 
of this section. The variation of the relevant parameters with 
temperature is depicted in fig. 5.13. 
At T - 4.2 K, the result S./b - 7.6(1) is comparable with the result 
€./b * 6.3(1) obtained from the (1 1/4 5) data. A steady increase of £. 
D D 

on passing the transition at H .at higher temperatures is obvious from 

fig. 5.13 , until at still higher temperatures, the system undergoes a 

transition to the F1(I) structure. This latter phase transition will be 

discussed in section 5.4.6. 

With an increasing Fl(ll) correlation length, also the intensity B(T) 

in the wings of the (0 9/4 0) reflection increases. Unfortunately, the 

data are not accurate enough to decide whether the width of this weak 

intensity along b depends on the temperature. The interpretation is 

complicated by the fact that the (0 9/4 0) peak is influenced by the F 

units if there is not a perfect long-range order between the F units in 

the be plane. Although the results in this temperature range indicate 

correlations over large distances between the F units (we estimate £ > 
b 

50 atomic distances), the magnetization M • 0.58 M obtained from the 
Г 

(TlO) reflection, still indicates a deviation from an FI(II) pattern on 
a microscopic scale. This will be discussed in the next section. 
5.4.4. Field dependence of the magnetization 

In the preceding section, we have analyzed the main features of the 
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disorder which exists between the magnetic A/A units in the FI phase, 

ignoring the less pronounced disorder between the F units. Since the 

magnetization is proportional to the number of F units, our model 

predicts that the magnetization M in the FI phase should be equal to 

M„ * 1/2 Mj,. However, if the FI phase is entered at low temperatures 

also a number of inclusions with the initial F structure occurs, which 

in general results in M > 1/2 M . 
rl F 

In this section we report some additional information on the magnetic 

ordering in the FI phase obtained from the variation of the 

magnetization with field in the FI phase. The magnetization has been 

determined in decreasing field, both from direct magnetization 

measurements and from the magnetic ( 1 1 0 ) Bragg peak. As can be seen 

from eq. A18 in appendix A, the ( 1 1 0 ) Bragg intensity is proportional 

to M2. The variation of M and I (I 1 0) with field at different 
a b 

temperatures is shown in figs. 5.14 and 5.14 , respectively. In the 

experiments, different field sweep rates v were used (in the 

diffraction experiments: v (3.31 K) - v (2.23 K) - 100 Oe/min, v (2.05 

K) - 50 0e/min; in the magnetization measurements: v » 700 Oe/min). 

Apart from the variations of M and 1(1 1 0) with field at the 

thermodynamic transition fields H . and H , several step-like 

variations are observed at discrete field values H . between H . and 
ci cl 

H „. The values H ., H , and H „ are determined by linearizing the 
cZ ci cl cZ . 

curves as is illustrated in the insert of fig. 5.14 . In order to 

correct for a possible difference in field calibration in both 

experimental techniques, we have listed the ratios H ,/H . together 

with the corresponding relative magnetizations M/M_ in tables 5.7 and 

5.7 . The results in both tables are consistent in the sense that both 

experimental techniques reveal the same set of 4 different values 

H ,/H _ within the FI phase. It is obvious that the shape of the M vs H 
ci c2 r r 

curve and the magnitude of the steps AM at H -and hence their 

visibility in the experiments-clearly depend on the temperature and the 

rate of the field sweep. Apparently, the values of H are independent 
ci 

of the value of the magnetization which strongly suggests that the 
sudden variations of M occurring at H ., arise from purely local 

ci 

effects. Combining this with the fact that the step-like variations are 

only observed at low temperatures, when the magnetic array in the be 

plane deviates from a perfect FI structure, we conclude that sudden 

reorientations of entire chains occur between H and H . Here we have 
cl c2 



- 106 -

IM/MF) 

Н(кОе) 

IM/MF)' 

-0.50 

Н(кОе] 

Observed variation of the magnetization in RFC in decreasing 
field scans at different temperatures (a): magnetization 
measurements; (b): (I 1 0) magnetic peak intensity (I « M 2 ) . 
The transition fields H ., H and the fields H are 

r.i cz ci 
determined by linearizing the curves, as is shown in the 
insert in (b). 
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Field 

Hc2 
H сЗ 
с4 

Н «; с5 
Н и сб 
н 1 
cl 

Т - 4.2 К 

Hci/Hc2 

1 
0.89 

0.78 
0.70 
0.65 

М/Мр 

0.98 
0.52 

0.50 
0.49 
0.47 

Т - 3.25 К 

Hd' Hc2 

1 
0.89 
0.82 
0.79 
0.71 
0.64 

М/Мр 

0.94 
0.55 
0.52 
0.49 
0.47 
0.41 

Т - 2.98 К 

Hci/Hc2 

1 
0.89 
0.81 
0.78 
0.72 
0.64 

М/Мр 

0.94 
0.54 
0.51 
0.48 
0.46 
0.41 

Т - 2.49 К 

Hci/Hc2 

1 
0.90 
0.82 
0.79 
0.71 
0.64 

М/Мр 

0.93 
0.61 
0.54 
0.50 
0.47 
0.43 

Table 5.7 . The field values H . and M(H .) in reduced form, obtained 
ci x ci' * 

from the M(H) curves for RFC. 

Field 

Hc2 
Hc3 
c4 

H с 
c5 
сб 

H i cl 

T - 3.31 К 

H /H ci c2 

1 

0.78 

0.63 

M/MF 

1 

0.58 

0.55 

T - 2.23 К 

ci c2 

1 
0.91 
0.83 

0.73 
0.63 

M/MF 

0.79 
0.67 
0.63 

0.55 
0.48 

T « 2.05 К 

H ,/H . ii c2 

1 
0.90 
0.83 

0.72 
0.64 

M/Mp 

0.98 
0.75 
0.63 

0.55 
0.49 

Table 5.7 . The field values H . in reduced form, obtained from field 
ci 

scans at the (1 1 0) reflection for RFC. The experimental 
values M(H .) have been scaled to the magnetization M in ci * 
the F phase. 
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assumed that the ordering within the chain is not affected by the 
magnetic field. In this case, the net ferromagnetic moment of each 
chain can be considered as a basic entity and one may relate each step
like variation in M to a specific local array of (9) chains in the be 
plane in which the orientation of the net moment of the central chain 
becomes energetically unstable against reversal. 
By definition, a local AF, FI or F array is stable in the corresponding 
phases. Hence, one may relate the step-like variation at a certain 
field value with the instability of a certain local array in the 
following way (for the local arrays, see fig. 5.5): 
H „ : Local array in which all net chain moments are parallel to the cZ 

field (F array). 
H 1 : Local array in which neighbouring net chain moments are parallel 

along с and antiparallel along b (AF array in RFC). 
H J : Other local arrays which do not fit into an FI model ci 

structure (e.g. at domain boundaries). 

From the results, reported in the foregoing section, it is obvious that 
the number of irregular local arrays at the FI(II) domain boundaries 
increases as the temperature is lowered, while the relaxation rate 
decreases dramatically. Thus, for a fixed field sweep rate, the steps 
in M at H will only be visible in a limited temperature range, as is 

a evident from fig. 5.14 . Furthermore, in field scans recording the 
magnetic (0 1/2 0) and (0 9/4 0) peak intensities, which depend on the 
spatial correlations in the lattice, no step-like variations have been 
observed. Thus, the processes at H do not lead to step-like 
variations in the correlations. 

In the neutron scattering experiments, described in the foregoing 
sections, the relaxation phenomena were reduced as much as possible by 
choosing a slow field sweep (v < 100 Oe/mln) on passing the 
phase transitions H . and H «. In this section, we will report on 
additional scattering experiments, which were performed in order to 
study the relaxation of the system within the FI phase. For this 
purpose the scattered neutron intensity was recorded as function of 
time after the system was brought into the FI phase by a rapid field 
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T = 4.24K 

2.77 К 

L~******rt*- 2.03 К 
30 60 

t ( min ) 

(b) Т = 4.2АК 
о до*-*-0 

3.28 К 

X 
0 20 40 

t {min ) 

F1g' 5 Л 5 ' Increase of the (1 1/4 5) magnetic peak intensity with time 
in the FI phase after a field step from (a) the AF phase and 
from (b) the F phase. The maximum observed peak intensity at 
T - 4.2 К amounts to 2550 counts/3.1 min (correlation length 
Cb/b - 6.3). 

CO 

С 
D 
О 
о 

Fig. 5.16. 
Temperature dependence of the 
(1 1/4 5) peak intensity, 
collected in the first counting 
interval (3.1 min) in the FI 
phase, after a field step from 
the F phase (triangles) and from 
the AF phase (circles). 

T(K) 
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step (v = 7 kOe/min) from the AF phase (H - 0 to H - 8.8 kOe > Hcl) or 

from the F phase from H - 14 kOe > H „ to H - 11.9 kOe < H „. In these 
c2 c2 

relaxation measurements the variation with time t of the peak intensity 

at the magnetic (1 1/4 5) reflection has been obtained, thus 

information has been obtained concerning the change with time of the 

correlation according to the Fl(II) pattern between the A/A units. It 

should be noted that this relaxation should be distinguished from the 

reorientation processes at H , discussed in the foregoing section. 

These latter processes are purely local phenomena, which change the 

magnetization, but are not necessarily directly related to the 

relaxation of the whole system towards a perfect FI(II) long-range 

order. 
The time dependence of the (1 1/4 5) peak intensity after the field 

a b 
step is shown in figs. 5.15 and 5.15 (at t»0, the magnetic field has 

reached its stationary value). These curves could not be fitted with a 

single exponential function. This suggests that a range of relaxation 

times are present in the growth of the correlations. Experimentally, 

two different relaxation regimes are visible for T>2.7 K, where the 

time dependence for t < 20 min clearly differs from that for t > 30 

min. At these long times the intensity increases approximately linearly 

with time. Such a linear increase may reflect a relaxation with an 

extremely long relaxation time. Furthermore, the variation of the 

intensity with time for t > 30 min hardly depends on the temperature, 

whereas the relaxation rate at small values of t decreases drastically 

at low temperatures. This is demonstrated more clearly in fig. 5.16 

where the intensity, collected in the first counting interval of 3.1 

min, is shown as function of T. Due to the relatively long counting 

time, required in the present experiments in order to reduce 

statistical errors, we have no detailed information on the time 

dependence in the limit t • 0. Nevertheless, it is obvious that the 

fast increase of the intensity at small values of t does not occur at 

T - 2.03 K. 

An interpretation of this relaxation behaviour can be found on basis of 

the Id Ising character of the compound and will be discussed in chapter 

VI. 
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5.4.6. The magnetic_ghase.diagram 

In this section we present the results of the neutron scattering 
experiments in the a*b* scattering plane in the temperature region 
T > 6.4 K, with the field H parallel to the с axis. The long-range 
ordered structures were studied by means of Bragg scattering which, as 
we will show, yielded new information on the high-T part of the 
magnetic (H,T) phase diagram. Up till now, the phase diagram was 
studied by means of susceptibility measurements [5,6] in the hydrated 
compound RFC. These earlier experiments resulted in the phase diagram 
shown in fig. 5.4. 

The most interesting new aspect of our additional neutron scattering 
measurements is the sudden disappearance of the (0 9/4 0) intensity at 
about T • 7 K, observed in a scan at constant field and increasing 

a temperature. A typical example is given in fig. 5.17 , showing the 
variation of the (0 9/4 0) intensity with T at H - 9.38 kOe, after the 
phase transition at H . was crossed in a field scan at T • 5.87 K. 
This same phenomenon has been studied also in field scans at constant T 
at the (0 9/4 0) and (0 3/2 0) reflections; Some typical results are 

b,c shown in figs. 5.17 . If the intensities observed in decreasing 
b с fields (figs. 5.17 ' ) are compared with table 5.6 (page 95), it may 

be concluded that the FI(II) structure is transformed into the FI(I) 
structure. Apart from some hysteresis-like effects in the scans, the 
transition FI(II)+FI(I) in decreasing field is well defined, but the 
reverse transition FI(I)+FI(II) in increasing field is only partly 
achieved. A similar irreversible behaviour is observed in temperature 

a scans, as is illustrated in fig. 5.17 . 

The long-range order in the FI(I) array was investigated by measuring 
the widths of Bragg reflection in the a*b* plane at one fixed 
combination of H and T (H - 9.38 kOe, T - 7.2K, see fig. 5.17a). In 
these experiments no broadening could be observed, which suggests a 
regular FI(I) pattern along both the a and b directions. However, the 
long-range order along the с direction in the FI(I) structure has not 
been established. 

The Irreversible behaviour at this phase transition can be understood 
as follows: As was stated already in section 5.3.1, a phase transition 
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Fig. 5.17. Typical variations of magnetic intensities in scans across 
the FI(II) - FI(I) phase boundary T (II+I). 

с 
(a): Temperature scans at constant field (H • 9.38 kOe). 
(b,c): Field scans at constant temperature. The phase 

boundaries defining the F, FI(II), FI(I) and AF 
phases have been determined irom the decreasing field 
scans. 
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in an Ising system is brought about by a sequence of spin reversals 
where only local excitation energies are involved. Starting from the 
assumption of perfect Fl arrays, all spins are ' ' definition locally 
stable between H and H . Consequently, in this framework a 
transition between two Fl structures in the Fl phase will not occur. 
The irreversible behaviour therefore must be related with stacking 
faults in the starting arrays. These stacking faults arise when the 
system is brought into the FI(II) phase at a certain temperature (for 

a tv-t ccti.elation length see fig. 5.13 ). Once in the Fl phase, this 
partly disordered FI(II) array is actually frozen in, as a further 
increase of T has no effect until the transition T (11*1) is reached 

с 
(see the constant intensity at the (0 9/4 0) reflection in the FI(II) 

a phase in fig. 5.17 ). Hence, the irreversible behaviour close to this 
transition suggests that in the F1(1I) structure more stacking faults 
occur than in the F1(I) structure. 

The complete phase boundary T (II*I) between the Fl(II) and F1(I) 
с 

phases, as determined from increasing temperature scans at the (0 9/4 
0) reflection is shown in fig. 5.18. Also plotted are the phase 
boundaries H .(T) and H ~(T), as determined from increasing field scans 
at Che (0 1/2 0), (0 9/4 0) and (I 3/2 0) refleccions and the phase 
boundaries T (>F), as determined from Che disappearance of the magnetic 
(0 1/2 0) and (I 3/2 0) reflections in increasing field or temperature 
scans. The phase boundaries observed by susceptibility measurements 
(fig. 5.4) have been included in the figure. One can characterize the 
(H,T) phase diagram of RbFeCl3.2020, as determined from neutron 
scattering by the following points: 
The experimental values of the two critical fields extrapolated to 
T • 0 are 

H , - 7.85(5) kOe H „ - 12.25(5) kOe 5.12 
cl cZ 

For reasons to be clarified below, the data points in fig. 5.18 for the 
phase boundary H ,(T) correspond to the centre of the phase transition, cl 
The experimental value for the Niel point is 

TM - 11.847(5) К 
N 

5.13 
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Fig. 5.18. Magnetic (H,T) phase diagram of RbFeCl3.2D20 with HI//£, as 
determined from neutron scattering measurements. The data 

have been collected from increasing field scans (Д) and 
increasing temperature scans (0). The broken curves denote 
the reported phase diagram [5] for RbFeCl3.2H20, obtained 
from susceptibility measurements. 

TJK: 

Fig. 5.19. 
The width in external field of 
the transitions H (T) and 
нс2(т). 

Fig. 5.20. 
Temperature dependence of the 
(Г 1 0) and (T 3/2 0) intensities 
at constant field. The Insert 
shows the scan In the (H,T) phase 
diagram. 
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and the two end-points of the T (II+I) phase boundary are 
с 

T (H ,) * 6.3(1)K T (H .) » 7.7(1)K 5.14 
С Cl С Ci 

One may compare the values in 5.12 and 5.13 with the reported values in 
RbFeCl3.2H20 [5] 

H , - 8.1 kOe, H . - 12.4 kOe and T - 11.96 К 5.15 
cl c2 N 

The next point of interest with respect to the phase diagram is the 
observation of an anomalous broadening of the AF+FI(I) transition in 
increasing and decreasing field scans. The width of this transition, 
defined as the field range in which the (0 1/2 0) intensity shows a 
gradual variation with field between the constant AF-intensity and the 
constant FI(I)-intensity, is shown in fig. 5.19 as function of the 
temperature. The centre of this broadened transition, indicated in fig. 
5.18, is almost independent of the temperature. Due to the excessive 
broadening, the phase boundary H . becomes poorly defined at higher 
temperatures. On the basis of the reported phase diagram, represented 
by the broken curves in fig. 5.18, one would expect to pass 
successively through the transitions FI(I)+AF in temperature scans at 
constant fields H ,<H<H .. However, the gradual decrease of the (1 3/2 cl ci. 
0) intensity at H - 9.38 kOe, shown in fig. 5.20, indicates only a 
FI(I)+F transition, and no sign of an increase of the intensity at the 
FI(I)+AF transition is observed (see table 5.6, page 91 for the 
calculated Intensities in the various phases). The only observed 
irregularity is a minimum in the ( 1 1 0 ) intensity, indicating a 
minimum in the magnetization. In view of the broadening of the 
transition at H ,, observed in field scans and the absence of a cl 
FI(I)+AF transition in temperature scans it is uncertain how the 
transition at H , extends in this region of the phase diagram. This cl 
complicated behaviour will be discussed in the next section. 

5i4i7i_Summarj_>and^discueeion 

The neutron scattering and magnetization measurements yielded rather 
extensive Information about the behaviour of RFC in an external field. 
The main attention was given to the FI phase where at T • 0 -in 
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principle- three different 3d structures are stable. In sections 5.4.2 

and 5.4.3 we have shown that at low temperatures, T < 6.4 K, a partly 

disordered FI(II) array is stabilized in which the disorder is mainly 

found in the repetition pattern between the A/A units along the b 

direction. This partly disordered FI(II) array, which we have called 

the quasi-stable state, is almost exclusively determined by the 

temperature at which the FI(II) phase is entered and the disorder 

increases dramatically as this temperature is lowered. However, within 

the FI(II) phase itself, the correlations are hardly changed by 

variations in T or H. From a model calculation, we have obtained the 

temperature dependence of the correlation length £. between the A/A 

units, which are shown in fig. 5.12 and fig. 5.13 . 

From the occurrence of step-like variations in the magnetization, 

observed in a field sweep (section 5.4.4), it was concluded that in the 

FI(II) phase various local reorientations may occur at various external 

field values H ,, H ,<H ,<H .. The fields H . are listed in the table 
. ci' cl ci c2 ci 

a D 
5.7 and 5.7 . These sudden reorientations are related with specific 

stacking faults between the Ising chains which become unstable at H . 

These local processes influence the magnetization but in first order do 

not influence the correlations. 

In section 5.4.5 the time dependence of the long-range order between 

the A/A units in the FI(II) phase was studied. Experimentally, a 

division can be made between two different relaxation regimes: a 

pronounced temperature dependent relaxation for small values of time t 

and an almost temperature independent relaxation for large values of 

time t. This relaxation behaviour will be discussed further in chapter 

VI. Here we like to note that the slow relaxation for large values of t 

hardly affects the results for £. (T) in the quasi-stable state, which 
b 

were determined from measurements, performed at different times (a few 

hours) after the passage of an FI phase boundary (a typical value for 

d(Cb/b)/dt is 0.08/hour, observed for 3.6 К < T < 4.2 K). 
We now discuss the results with respect to the magnetic (H,T) phase 
diagram of RFC obtained from the neutron scattering data. For T < 6 K, 
the transition fields H (T) and H (T) hardly depend on the 
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21. Magnetic (НД) phase diagram of RFC according to MF 
calculations. The broken curves refer to a 2d array of Ising 
moments (each moment represents the net moment of a whole 
chain. T„ « J - X - 2JL ). The solid curves refer to a 3d 

* N с b be . I 
array of Ising moments (T • J J I + J - J. - ^к-)» 
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temperature. Apparently, the average, or T dependent values for the 
transitions in this temperature range are very close to the local 
values at T » 0, again corroborating the local nature of the processes 
at low T. At higher temperatures, a phase boundary T (II-*-I) between the 

с 
low temperature FI(II) phase and the high temperature Fl(I) phase is 
observed. In this temperature range, the phase boundary H (T) 

c2 
decreases with increasing temperature whereas the location of H (T) 

cl 
becomes uncertain. 
It is instructive to compare these results with a numerical calculation 
of the phase diagram in the mean-field (MF) approximation. The 
calculations were performed according to [2] and the Ising magnetic 
moments were represented by their c-components. The c-components of the 
spins in each chain are kept parallel to each other and thus belong to 
the same sublattice. It is important to recognize that the MF 
approximation does not take into account the effect of a dominant 
exchange interaction along a specific direction (such as in the present 
quasi-ld system). Therefore, in fig. 5.21, the MF predictions for the 
(H,T) phase diagram are shown for two cases. In one case, the 
appropriate set of interactions |j I j j and JL (see table 5.2) 

• a' b e be 
has been used in which we no longer assume a perfect long-range order 
within the chains. In the other case a purely 2d array of spins is 
considered, subject to exchange interactions J., J and J.. This 
latter calculation in a way reflects the behaviour of a system in which 
the chains are considered as the basic entities which are not affected 
by the temperature or the field. Because of the division of the lattice 
in different* sublattices, the free energies in the three proposed FI 
structures become unequal to each other for T ^ 0 resulting in a 
minimum free energy in the FI(I) structure (f (FI(I))<P(FI(III))< P 

(FI(II)). The phase boundaries H (T) and H „(T) have been determined 
cl c2 

by the intersections of/'(FI(I)) with/(AF) andZ'(F), respectively. The 
main conclusion from these calculations is that especially the 
extension of H .(T) to non-zero temperatures is drastically changed if 
the chains are considered as "rigid" entitles. In this latter ca»et 

the calculated phase diagram resembles the phase diagram as determined 
from susceptibility measurements (see fig. 5.4). In the 3d-MF model, 
* With respect to the с components of the magnetic moments, FI(I) is a 

four-sublattice array while FI(I1) and FI(III) are three-sublattice 
arrays. A further subdivision of the lattice does not produce new 
solutions» 
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at low values of (T/TN> the effect of |Ja >>N_ » N c » N b c is * 
substantial increase of the molecular fields due to interactions within 
each chain. If the temperature is increased, the contribution to the 
molecular fields due to the interaction J will decrease resulting in a 
gradual and almost equal decrease of both H .(T) and H AT). 

One may compare the calculated phase diagrams in fig. 5.21 with the 
experimental results, summaiized in fig. 5.18. First, we consider the 
experimentally observed phase boundary T (II*I). To explain this phase 

с 
boundary one has to take into account that the long-range dipole-dipole 
interaction favours the FI(II) structure** at T « 0 while, according to 
the NF-calculations, the free-energy favours the FI(I) structure for 
T + 0. Hence, in principle, the observed phaseboundary T (11+I) 

с 
between a low-T FI(II) phase and an high-T Fl(l) phase can be 
explained. 
If we compare the calculated phase boundaries H ,(T) with the 

cl 
experimental results (T > 7 K), we conclude that the actual ordering in 
some way is a mixture of the two calculated limiting cases. To 
appreciate this point one has to realize that at these temperatures 
(k_T/J > 0.2) the magnetic chains are no longer perfectly ordered and в а 
there will be ordered chains with finite length (clusters) with a 
certain distribution of cluster lengths [б, 12]. Since the ordering 
within the chains affects the location of the phase boundary H .(T) in 
the (H,T) phase diagram, it seems possible that the absence of a well-
defined phase boundary H . (T) at high T is related with the actual 
ordering within the chains. 
If the correlation length along the chain direction is finite, also 
fluctuations between spins may be present. Therefore, a further study 
of the behaviour of the system close to the FI(I) phase boundaries 
would be interesting in order to investigate the possibility of a 
change-over from first-order phase transitions at low T to second-order 
phase transitions at high T. 

** From a calculation of the energy E.. due to the dipole-dipole 
interaction in RFC for a spherical sample we obtain: 
E d l (FI(II)) - 0.023 K/spin; E d i (FI(I)) - 0.024 K/spin and 
Edlp(FI(III)) - 0.026 K/spin. 
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5 .5 . CsFeCl3.2aq 

5.5.1.Introduction 

To investigate the magnetic ordering in CFC as function of H and T, it 
was planned originally to perform a similar set of measurements as for 
RFC. However, in the first neutron scattering experiments in a magnetic 
field at T - 4.2 K, it appeared that the magnetic behaviour in 
increasing and decreasing field was completely different. The perfect 
AF structure, shown in fig. 5.2, was initially realised by cooling at 
H - 0 from T»T„, but this structure could not be recovered after a 
field sweep into the F phase. 

Because of this complication, the neutron scattering measurements were 
limited to 4.2 К and to one crystal orientation, defined In table 5.5. 
The main results on the magnetic ordering patterns derived from 
these measurements will be presented in the following section. The 
magnetization measurements in decreasing field scans, performed in the 
range T < 4.2 К will be discussed in section 5.5.3, whereas in section 
5.5.4 we will summarize the observations on relaxation phenomena. The 
magnetic behaviour of CFC and RFC will be compared in section 5.5.5. 

5^5. ?^ Jtagnetic j>rter^nj_a* _Т_«_4^2 JC 

The peak intensities of the magnetic reflections (1 1/2 3), (1 1/2 7/2) 
and (1 1/2 4) were recorded as function of the c-component of the 
applied field. Some typical results for the reflections (1 1/2 3) and 

a b (1 1/2 4) are shown in fig. 5.22 ' . No magnetic Intensity was observed 
at the (1 1/2 7/2) reflection and therefore these scans are not 
reproduced here. 
As was already mentioned in section 5.3.1, the magnetic ordering 
processes at the phase transitions H and H are characterized by a 
highly irreversible behaviour. This can be illustrated with the (1 1/2 
3) intensity. In the first increasing field sweep, the AF structure for 
H<H . gives rise to a strong (1 1/2 3) Bragg peak (curve 1). In a 
decreasing field scan (curve 2), the (1 1/2 3) intensities in the FI 
and AF phases are substantially lower than in increasing field. This 
indicates that the original AF and FI arrays are not recovered. The 
following increasing field scans (cf. curve 3) show the same overall 
features of the intensities in the FI phase as in the first increasing 
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22. Variation of the magnetic (1 1/2 3) and (1 1/2 4) 
intensities as function of the с component of the external 
field in CFC. Different starting arrays in the AF phase do 
not basically influence the results In the FI phase. 
(1): fast increasing field (v - 100 Oe/min) 
(2): decreasing field (5 < v(Oe/min) < 100) 
(3): slowly increasing field (v - 5 Oe/min) 
The indicated transition fields H , and H _ are determined 

cl cz 
from the curves (1). 
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(h kZ) 

(1 1/2 3) 

(1 1/2 7/2) 

(1 1/2 4) 

(1 1/4 3) 

AF 

100 

0 

0.007 

0 

FI(I) 
(F) + (A/A) 

0.004 + 25 

0 

20.4 + 0.002 

0 

FI(U) 
(F) + (A/ï) 

0.004 + 0 

0 

20.4 + 0 

0 +25.3 

FI(III) 

<„ажмс> 
0 

22.8 + 0.003 

0 
0 

F 

0 
0 
0 
0 

Table 5.8. Theoretical intensities derived from eq. 5.8 for the various 
magnetic structures, normalized with respect to the (1 1/2 3) 
reflection for the AF structure. The Intensities for the FI(I) 
and FI(II) structures can be decomposed into contributions from 
the ferromagnetic (F) and antiferromagnetic (A/A) units, which 
have been listed explicity. For the Fl(III) structure, the 
intensity contributions from <y > and <u > can be separated. 

Scan 

(1 1/2 3)// 
(1 1/2 3) 1 
(1 1/2 4)// 
(1 1/2 4) i 

FWHM (10~3 A-1) 

Resolution 
function 

3.7 
1.2 
6.5 
1.1 

fast increasing 
field (v - 100 Oe/min) 

3.9 
1.5 
6.5 
1.6 

slowly increasing 
field (v - 5 0e/min) 

H-6.5 kOe 

3.9 
1.3 
6.8 
2.3 

H-7.2 kOe 

3.7 
1.3 
6.6 
1.9 

H-8.6 kOe 

3.7 
1.4 
6.5 
1.8 

Table 5.9 Full width at half maximum (FWHM) of the resolution function and of 
the magnetic intensities in the FI phase in CFC along the c* 
direction (//) and along the (a* + l/2b*) direction (1). In the case 
of a slowly increasing field, the results depend on the field 
value. 
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field scan, although the absolute Intensities are not reproducible. 

Furthermore, from various experiments, it appears that in increasing 

field, the observed features in the Fl phase are not influenced by the 

starting (sometimes disordered) AF array but basically depends on the 

chosen field sweep rate at which the transition at H . is 

passed. 

We now discuss the results in the FI phase. From the absence of a 

magnetic (1 1/2 7/2) intensity it is concluded that the FI(III) 

structure does not occur. From a further comparison of fig. 5.22 and 

table 5.8, it can be deduced that in a fast increasing field scan 

(curves 1 in fig. 5.22), the FI(I) structure is best realized. (The 

observed peak intensities in reduced form as they are listed in table 

5.8 are for H < H c 2 : I (1 1/2 3) - 32, I (1 1/2 4) - 15). The 

corresponding phase transistions are H , - 5.90 kOe and H _ - 8.85 kOe. 
cl c2 

In decreasing field scans or in a slowly increasing field scan however, 

no well-defined FI structures are established. 

Next we turn to the results concerning the peak profiles in the FI 

phase. As can be deduced from table 5.8, it is possible to distinguish 

the disorder in the A/A units, leading to a broadening of the (1 1/2 3) 

reflection and the disorder in the F units, leading to a broadening of 

the (1 1/2 4) reflection. The peak profiles have been recorded along 

the c* and (a*+l/2b*) directions and the main results expressed in 

terms of the full width at half maximum (FWHM) have been listed in 

table 5.9. In the following, we will assume a long-range order along 

the chain (a) direction, and hence a broadening observed along 

(a*+l/2b*) will be interpreted as a result of disorder along the b 

direction. 

From table 5.9, It is obvious that in the FI(I) structure, obtained by 

a fast Increasing field sweep (curves 1), the peaks are only slightly 

broadened. In a slowly increasing field (curves 3), the situation is 

more complicated. In this case, the (1 1/2 4) peak intensity shows a 

rapid increase at the field values H , - 6.68 kOe and H , • 7.39 kOe r c6 c4 

corresponding to an increase In the range of the correlations for the F 

units along b (see table 5.9). The (1 1/2 3) peak intensity decreases 

with increasing field (note also the step-like variation at H . In fig. 
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23. Magnetic Intensity In the wings of the (1 1/2 3) reflection 
along a path parallel to (a* + j b*) in the Fl phase for 
CFC, after a slow passage of the AF+FI transition at H . 
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5.22 ) . Although the (1 1/2 3) peak remains narrow in the whole FI 

phase, a disorder between the A/A units can be inferred from a small 
side peak in one of the wings of the (1 1/2 3) reflection, as is shown 

in fig. 5.23. This small side peak is most probably a part of the (1 

1/4 3) reflection which is strongly broadened along the b* direction 

and is located below rhe horizontal scattering plane (a similar 

situation with a narrow (0 3/2 0) peak and a broadened (0 9/4 0) peak 

is shown in fig. 5.11 for RFC). From the presence of broadened (1 1/4 

3) reflection and a systematically decreasing (1 1/2 3) intensity one 

may conclude according to table 5.8 that ordered FI(II) regions with a 

small correlation length exist. In the third case, entering the FI 

phase in decreasing field (curves 2), the (1 1/2 3) peak is strongly 

broadened along both the c* and a* + b*/2 directions, resulting in a 

very weak peak intensity, whereas the (1 1/2 4) peak is only slightly 

broadened. Thus, in this case, the disorder is mainly due to a wrong 

stacking of the A/A units in the be plane. 

Summarizing, we state that completely different magnetic patterns in 

the FI phase are obtained for different field sweeps. Hence, from the 

present measurements we cannot conclude whether the final stable array 

is FI(I) of FI(II). 

Finally, we like to mention the experimental fact that the AF structure 

at H<H , can partly be improved by a slowly increasing field sweep in 
cl 

the AF phase. This results in a gradual increase of the peak intensity 

(curve 3 in fig. 5.22 ), and a sudden decrease of the intensity at the 

point (1 1/2 3.2) at two discrete field values H * 1 kOe and H - 4.4 

kOe. A second procedure to improve the AF ordering is to repeate 

several times a fast passage in field through the transition H . 
cl 

Firthermore, it turns out that once a well-defined FI(I) array is 

established in the FI phase it always transforms to a well-defined AF 

array p.t- H .. 
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Fig. 5.24. Magnetization curves in decreasing field scans in CFC at 
different temperatures. 

Field 

c2 
H •» c3 
H / c4 
c6 

H , cl 

H ./H ci c2 

M 

1 
0.92 
0.83 
0.75 
0.68 

NS 

1 

0.83 
0.75 
0.67 

Field 

c8 
H ii ell 
H i/ cl4 
cl6 
cl8 
cl9 

Hc20 
H 
c21 

Hci/Hc2 

M 

0.63 
0.51 
0.36 
0.28 
0.20 
0.16 

0.08 

NS 

0.52 

sO.l 

Table 5.10 
The field values H where step-ci 
like variations occur in a field-
scan for CFC, listed in reduced 
form. 
M • magnetization measurements in 

increasing and decreasing field 
(v * 700 Oe/min). 

NS* neutron scattering measurements 
in increasing field 
(v - 5 Oe/min). 
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5^5. 3. Field .dependence_of ̂ thg,»*^?*****^0." 

In this section, we summarize those results of the magnetization 

measurements, which are related to the changes in the magnetic array at 

the local transition fields H . Some general remarks on these 

phenomena have already been made in section 5.4.4 in connection with 

the results on RFC. 

The behaviour of the magnetization in CFC as a function of a decreasing 

field (v - 0.7 kOe/min) at different temperat -es, T < 4.2 K, is shown 

in fig. 5.24. Qualitatively, the same step-like variations occur as in 

RFC, but in CFC these steps also occur in the AF phase. These changes 

are most probably related to the disorder, observed in the neutron 

scattering experiments in decreasing field. The fields H for which 
ci 

fast changes were observed in the magnetization and the scattered 
intensities are listed in table 5.10 in reduced form. In increasing 

field, the magnetization measurements give the same set of values 

H J/H •>> provided that the system has been once in the F phase, 
ci cz 

otherwise only the step-like variations in the FI phase occur. In the 

neutron scattering experiments, we have not recorded the field 

dependence of the magnetization. This explains the different sets of 

field values H , obtained from magnetization measurements and neutron 

scattering measurements. 

Finally, we like to recall that the local reorientations of the chains 

in CFC at H and H are visible at the (1 1/2 4) peak intensities. 

Apparently, under specific conditions, a change in the correlations may 

occur at H .. 
ci 

5.5.4. Relaxation 

To study the relaxation phenomena, neutron scattering experiments 

(T - 4.2 K) and magnetization measurements (T < 4.2 K) have been 

performed as a function of time after the system was brought into the 

FI phase by a rapid change of the applied field. 

Some typical results of the variation of the (1 1/2 4) reflection with 

time after a rapid field change to H - 6.30 kOe are shown in fig. 5.25. 

Note that the (1 1/2 4) reflection is related to the correlations 

between the F units. These relaxation experiments reveal that two 

relaxation regimes may be distinguished and thus the same conclusion Is 

obtained as in the case of RFC (see section 5.4.5). 
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Fig. 5 .25. Increase of the (1 1/2 4) peak intens i ty with time in the FI 

phase, af ter a f i e l d step from the FF phase to H - 6.3 kOe 

at 4.2 K. 
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T IK] 

Fig. 5.26.(a): Variation of the magnetization with time in the FI phase 
for different temperatures, after a field step from the 
F phase. 

(b): The Initial relaxation rate т (t • 0) plotted against 
the reciprocal of temperature T'1. The drawn line 
corresponds to т « exp (3 3/T). 
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The temperature dependence of the relaxation has been observed In 
measurements of the magnetization after a rapid decrease of the field. 
Some representative results are shown in fij> 5.26 . As the 
magnetization in the initial state M(t«0) « M and in the final state 
M(t=—) * 1/2 M_ is known, the systematic deviation of the curves from 

a straight lines in fig. 5.26 explicitly demonstrates that the variation 
of M cannot be de3cribed by a single relaxation time. 

b In fig. 5.26 we depict the temperature dependence of the initial 
relaxation time т (t • 0) of the magnetization with a log-linear plot 
of T (t • 0) against T"1. In the interval 2.02 К < T < 3.25 K, the data 
can be approximated by the relation 

T (t • 0) « exp (AE/k T), 5.16 
о 

where ДЕ/кВ * 33(5)K. From this temperature dependence of т (t •*- 0) we 
conclude that the relaxation in the FI phase requires a large 
activation energy ДЕ. As was stated already in section 5.3.1., a large 
activation energy can be expected on basis of the Id character of the 
present compound. A cooparison with a theoretical model will be 
discussed in chapter VI. 

5.5.5. Discussion and comparison of RFC and CFC 

The ferriaagnetic ordering patterns in CFC have been investigated at 
T • 4.2 К by neutron scattering experiments and supplementary 
information has been obtained from magnetization measurements at 
T < 4.2 K. The actual magnetic arrays in the FI phase at T - 4.2 К 
largely depends on the direction and rate of the field sweep. In a fast 
increasing field, the magnetic array is close to a FI(I) structure 
whereas, if the field sweep rate is decreased, also FI(II) correlations 
are present. In a decreasing field, the magnetic array is strongly 
disordered. Therefore, the situation is essentially more complicated 
than in RFC and from our results we cannot conclude whether the final 
stable array is FI(I) or FI(II). 

In general, the magnetic array in the FI phase in CFC contains stacking 
faults along both the b and с directions. The same holds for the array 
in the AF phase if the field has been increased previously above H _. 
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These disordered arrays give rise to local reorientations of chains at 
specific field values H . In the FI phase, these reorientations nay 
lead to abrupt changes in the correlations. 
With respect to the relaxation behaviour in the FI phase at 4.2 K, 
qualitatively the saae non-exponential behaviour is observed as in RFC. 
The relaxation rate of the magnetization is drastically decreased at 
lower temperatures. 

Now we discuss the differences between the observed ordering behaviour 
in RFC and CFC at T - 4.2 K. The most obvious comparison is the F • FI 
transition because the starting arrays are the same. In born systems, 
the disorder in the FI phase is mainly related to the A/A units. The 
only relevant difference is that CFC contains stacking faults in two 
directions (b and c) whereas in RFC the disorder is largely confined to 
the b direction. Distinct differences however are observed in 
increasing field, which are most probably related to the different AF 
structures in both compounds. To explain this one has to consider the 
microscopic processes required to complete the AF • FI transition (see 
fig. 5.8 where the different structures are illustrated in terms of the 
units F, F, A and A). In RFC, both the AF • FI(I) and AF • FI(II) 
transitions require the same local unit transformations, namely F • A 
and F • A in which one single chain of spins is reversed. Hence, a 
possible weak preference for one of the two FI arrays might result in a 
growth of domains with the preferred structure. The same kind of 
"single chain" reversals A • F or A • F are required in CFC in the 
transformation AF • FI(I). However, in the AF * FI(II) transformation 
in CFC, also unit transformations A •• A are required in which two 
adjacent antiparallel aligned chains have to reverse. These processes 
have a much smaller probability and thus in CFC, the growth of an 
FI(II) domain at H is less probable than the growth of a FI(I) cl 
domain, although both structures have the eaae energy. These 
considerations illustrate the importance of the starting array as it 
determines the most probable sequence of spin reversals to arrive at a 
certain new structure. In a similar way the slow relaxation in CFC to 
the AF structure in the sequence F • FI • AF can be explained from the 
observed disorder in the A/A units in the FI phase. 
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Concluding this chapter, we would like to note the variety of effects 
which we have observed in RFC and CFC should in principle be present in 
all Ising-like systems. However, in the present quasi-Id systems, the 
time scale and temperature scale of the events is such that the effects 
are accessible to conventional experimental techniques, such as neutron 
scattering and magnetization. In the next chapter, we will therefore 
try to relate the observations to a more general theory. 
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CHAPTER VI 

THEORY OF MAGNETIC ORDERING IN ID ISING SYSTEMS 

6.1. Introduction 

A number of experimental investigations on the magnetic ordering in 
Ising systems has been reported previously [l-lO]. The experimental 
results for these systems all show effects comparable to those observed 
in RFC and CFC, such as irreversible behaviour, disordered magnetic 
arrays in the FI and AF phases and long relaxation times. The 
relaxation effects have been treated theoretically by Tinkham [l] in 
specific relation to the experimental results for the Id Ising compound 
СоС12-2Н20. In this chapter we will shortly review his approach and 
apply his results to the present systems. Before doing so we emphasize 
once more that in an ideal Ising system no transverse elements exist in 
the exchange interaction and therefore thermal equilibrium will never 
be achieved in principle [ll]» In all practical cases however, it is 
assumed that such transverse elements exist, allowing transitions 
between spin-up and spin-down states, but that they are sufficiently 
small to be neglected in the description of the equilibium properties 
[12]. 

6.2. The Tinkham nucleation model 

The model examined by Tinkham consists of a 2d stacking of long-range 
ordered ferromagnetic chains of Ising spine (y - u )• The energy E 

— с ш 
required to reverse m adjacent spins in one chain is [l, 13] 

E - E + m (E n. J. + 2 u.H) 6.1 
m о . i i ь -

where E refers to the intrachain Interaction J (E • 8 J S2) and the о oil 
J refer to the interchain interactions. The summation over i extends 
over the local configuration of the nearest neighbour chains. At this 
point, the approximation of perfectly ordered chains is made. Given the 
existence of a spin reversal, an extension of this cluster in the chain 
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and, ultimately, a reversal of the entire chain (m • •) will be 
realized if the nucleation condition is satisfied: 

dE/dm - (I n J + 2 u.H) < 0 6.2 
i 1 l 

Eq. 6.2 is only meaningful when at least one single spin-flip is 
already present in the chain. According to Tinkham [l], it is assumed 
that these spin-flips are thermally excited by Interactions with the 
phonon spectrum with a transition probability w. At low temperatures, 
the probability u can be written as 

ш « exp [-Е/кТ], к Т « E, 6.3 
1 В J В 1 

Expression 6.3 forms the basis for the temperature dependence of the 
relaxation rate in Id Ising systems. Since in these systems the 
magnitude of E is mainly determined by E Q > the transition probability 
depends on the position of the actual spin: in the bulk E » 81J IS2, at 

I I O i l 

J IS2. The total probability of a 
single spin-flip can now be written as (N3 is the number of spins in 
the sample) 

"surface * "* exp H J I А*в Т] 
6.4 

"bulk " N 3 exp [-8|J|S2/*BTJ 

To estimate the order of magnitude of these probabilities, we 
substitute N - 107, J/k » 35 K, S • 1/2, which leads to the 
conclusion that volume nucleation will dominate for T > 2.2 К whereas 
surface nucleation will dominate for T < 2.2 K. 
Summarizing Tinkham's approach, a transformation between different 
magnetic arrays is brought about by complete reversals of infinitely 
long chains of spins. Each chain reversal is determined by the 
nucleation condition in which the interchain energy (E n J ) of the 

i 
particular local configuration and the external field plays a role. 
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It is essential to note that a transformation between two long-range 
ordered structures requires a sequence of reversals of chains at 
correlated positions. In general this will not occur since the chain 
reversals are initiated by the phonon system and no preference exists 
for spin-flips at specific sites (for instance, in the F structure all 
chains are equivalent and thus have the same transition probability). 
Furthermore, since each chain reversal affects the nucleation condition 
of its neighbours, a certain sequence of chain reversals required to 
arrive at a particular structure will not always be possible, even if 
that structure has lowest energy. 

6.3. Predictions for RFC and CFC 

We may summarize the main results of the experiments as follows: 
1. The observation of a number of step-like variations in the 

magnetization of the system besides the main phase boundaries 
(§ 5.4.4. and § 5.5.3.). 

2. Тле observed disorder in the magnetic arrays, dependent on history. 
Most notably are: 
- The observed differences in correlations along the b and с 
directions in the tl phase (§ 5.4.3. and § 5.5.2). 

- The difference between the amount of disorder in the FI phase when 
this phase is entered from the F phase or the AF phase 
(S 5.4.3. and i 5.5.2.). 

- The observed disorder in the AF structure in CFC when the system 
once has been in the F phase ($ 5.5.2.). 

3. The non-exponential relaxation and its temperature dependence within 
the FI phase (S 5.4.5. and S 5.5.4.). 

In the following we will consider these phenomena in the >. ..work of 
the Tinkham nucleation model. 

The specification of the nucleation condition eq. 6.2. results in 

dE/dm - (nu Jw + n J + nv Jv + 2 м .Н) < 0 6.5 
b b с с bc bc uc -

where the integers п., п and n, depend on the orientations of the net 



- 136 -

magnetic moments of neighbouring chains. The field values H » H for 
which a specific local configuration labeled by n, , n and n. becomes 
unstable (dE/dm - 0) can be reduced from eq. 6.5: 

6.6 
for a •*+" chain : u H .»-•=• (n. J. + n J + n. Jw ) 

с ci 2 b b с с bc bc 

for a "-" chain : u H . « •=• (n. J. + n J + n. J. ) ис ci 2 b b с с bc bc 

The nucleation condition is satisfied if H < H . for a "+" chain and if 
ci H > H for a "-" chain. In the experiment, only the instabilities ci 

which occur at positive values for H can be observed. Therefore, all 
possible values H > 0 for RFC and CFC are listed in table 6.1 and 6.2, 
respectively, together with the experimentally observed instabilities. 
It is obvious that the experimentally observed field values H . all 
correspond to calculated instabilities. The fact that not all of the 
possible calculated instabilities are detected indicates that these 
configurations, apparently, are not or hardly realized. The occurrence 
of only a limited number of different local configurations is a direct 
consequence of the nucleation condition combined with a perfect 
starting array. We shall illustrate this for the simple situation for 
the FI array after the transition AF •*• FI in RFC. In the starting AF 
array, the excitation energies are (for the AF array, see fig. 
6.ia): 

dE/dm ("+" chain) - -2J. + 2J - 4JW + 2u H - 2y (H . + H) 
Ь С DC С С Cl 

dE/dm ("-" chain) - -2JU + 2J - 4JW - 2ц H » 2ц (H . - H) 
D С DC С С Cl 

6.7 

For H > H -, initially all "-" chains can, in principle, reverse. 
However, the reversal of one "-" chain immediately changes the 
nucleation condition for the two neighbouring "-" chains along с to 
dE/dm > 2 |i (H ,-H) > 0 and thus the nucleation condition is not 
satisfied. Furthermore, all initial "+" chains do not satisfy the 
nucleation condition for H < H ., as we will illustrate below. The "+" 
chains are parallel along с (see fig. 6.1 ). The nucleation condition 
for a "+" chain at H > H , (see table 6.1) requires at least two 

cl 
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RFC 

i 

2 
3 
4 
5 
6 
7 
1 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

nb 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
0 
2 
0 
2 
0 
0 
0 
0 
0 
0 

M 

n с 

2 
2 
0 
2 
0 
2 
-2 
0 
2 
-2 
0 
-2 
0 
2 
-2 
2 
-2 
0 
2 
0 
2 
-2 
0 

+" chain 

be 

4 
2 
4 
0 
2 
-2 
4 
0 
-4 
2 
-2 
0 
-4 
4 
-2 
2 
-4 
4 
0 
2 
-2 
4 
0 

regular 

structures 

F 

Fl(I.II) 
FI(III) 
F1(I) 

Fl(II) 

nb 

-2 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
-2 
0 
-2 
0 
-2 
0 
0 
0 
0 
0 
0 

"-" chain 

nc V 
-2 -4 
-2 -2 
0 -4 
-2 0 
0 -2 
-2 2 
2 -4 
0 0 
-2 4 
2 -2 
0 2 
2 0 
0 4 
-2 -4 
2 2 
-2 -2 
2 4 
0 -4 
-2 0 
0 -2 
-2 2 
2 -4 
0 0 

regular 

structures 

FI(I,11,1II) 

AF 

Hci/Hc2 

1 
0.89 
0.83 
0.79 
0.72 
0.68 
0.66 
0.62 
0.58 
0.55 
0.51 
0.45 
0.41 
0.38 
0.34 
0.28 
0.24 
0.21 
0.17 
0.11 
0.06 
0.04 
0 

exp. 

M 

* 
* 
* 
* 
* 

* 

NS 

* 
* 
* 
* 
* 

* 

Table 6.1 All possible local chain orientations specified by (nb, nc> 

n ) and the orientation of the central chain ("+" or " - " ) , 
be 

which may give rise to instabilities at the corresponding 
critical field H in RFC. A subset of these local chain 

ci 
orientations occur in regular structures. Also included are 
the field values where step-like variations have been 
observed in magnetization (M) measurements and neutron 
scattering (NS) intensities. 
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CFC 

i 

2 
3 
4 
5 
6 
7 
1 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

"+" chain 

n. n n b с bc 

2 2 4 
2 2 2 
2 2 0 
2 0 4 
2 2-2 
2 0 2 
2 2-4 
2 0 0 
2-2 4 
2 0-2 
2-2 2 
2 0-4 
2-2 0 
0 2 4 
2 -2 -2 
0 2 2 
2 -2 -4 
0 2 0 
0 0 4 
0 2-2 
0 0 2 
0 2-4 
0 0 0 

regular 

structures 

F 

FI(I) 
Fl(III) 
FI(I,II) 

FI(II) 

"-" chain 

n. n nt b с bc 

-2 -2 -4 
-2 -2 -2 
-2 -2 0 
-2 0 -4 
-2 -2 2 
-2 0 -2 
-2 -2 4 
-2 0 0 
-2 2 -4 
-2 0 2 
-2 2 -2 
-2 0 4 
-2 2 0 
0 -2 -4 
-2 2 2 
0 -2 -2 
-2 2 4 
0-2 0 
0 0-4 
0-2 2 
0 0-2 
0-2 4 
0 0 0 

regular 

structures 

FI(I,II,III) 

AF 

ei c2 

1 
0.92 
0.84 
0.80 
0.76 
0.72 
0.68 
0.64 
0.59 
0.55 
0.51 
0.47 
0.43 
0.36 
0.35 
0.28 
0.27 
0.20 
0.16 
0.12 
0.08 
0.04 
0 

exp. 

M 

* 
* 
* 

* 

* 
* 

* 

ik 

* 

* 
* 

* 

NS 

* 

* 

* 

* 

* 

* 

Table 6.2 All possible local chain orientations specified by (nb, nc, 
n ) and the orientation of the central chain ("+" or " - " ) , be 
which may give rise to instabilities at the corresponding 
critical field H in CFC. A subset of these local chain ci 
orientations occur in regular structures. Also included are 
the field values where step-like variations have been 
observed in magnetization (M) measurements and neutron 
scattering (NS) intensities. 
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- + -
- + -
- + -

AF array 
(a) 

Fig. 6.1. (a) 

+ 
+ 
+ 

(nc-2) 
(b) 

: Chain 

+ 
+ + + 
+ 

<nb«2, V 2 ) 

(c) 

orientations for 

- + -
+ + + 
- + -

< V 2 . nc«2,nbc~4> 
(d) 

RFC. 
(b,c,d): Construction of the configuration in the FI phase 

with a central "+" chain and minimum dE/dm. 

с parallel ("+") chains along b (see fig. 6.1 ) which in the present case 
is always accompanied by four nearest antiparallel ("-") chains along 

d the diagonals (fig. 6.1 ). Hence, the excitation energy of the initial 
"+" chains is always larger than 2|i (H . + H) > 0 and thus these 
chains cannot reverse. Consequently if the field is increased further, 
the first possible instability arises at H « H , at a '*-" chain 
position and no instability occurs at the successive fields H _, H „ 

c7 c6 
and H ,. In general, however, the situation is much more complicated 
than illustrated by this example and no configurations can be excluded 
a-priori although, as the experiments show, some of them are hardly 
realized. Such a general case, starting from the F phase and decreasing 
the field will be treated in the next section by means of a computer 
simulation of the nucleation model. 
If we want to discuss disorder in the resulting arrays, it is essential 
to stress that -given a certain probability for a thermally activated 
spin reversal- the Tinkham nucleation condition states that every chain 
for which dE/dm < 0 will eventually reverse. If our starting array is 
completely regular (long-range ordered) we can distinguish between two 
possibilities. If during a transition the chains to which the condition 
dE/dm < 0 applies are not neighbouring, they will all reverse, yielding 
again a regular and uniquely defined new structure, consequently again 
long-range ordered. 
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If on the other hand the chains for which the condition dE/da < 0 is 
satisfied are neighbours, it is arbitrary which chain is eventually 
reversed. In this case, once one of the neighbouring chains is 
reversed, the condition dE/da < 0 will not be satisfied any longer for 
the other, which inevitably will result in disorder* Note that the 
process sketched above will -in principle- occur at each of the 
critical fields (denoting a particular surrounding listed in tables 6.1 
and 6.2)* It is hardly conceivable that at each critical field the 
instable chains are always separated froa each other. Therefore, a 
coaplete field cycle will always give rise to disorder. 
In order to confront the behaviour discussed above with the present 

a,b experiaental results, we have summarized in tables 6.3 for 
convenience of the reader the positions of the chains in the starting 
array (F, FI(I), FI(II), AF) which may become unstable on varying the 
field. Ue now may summarize the predictions of the Tinkham model as 
follows: 
- The transition F + FI at H . will yield a disordered FI array since 

the condition dE/dm < 0 at H < H . will be satisfied for all chains 
~ c2 

simultaneously. The same holds for the AF • FI transition at H = H . 
In that case all the "-" chains are equivalent (and neighbouring). 
This prediction is also borne out by the experiments. 

- The transition FI • AF will yield a long-range ordered AF array since 
the unstable chains in the FI structure are non-neighbouring during 
the transition. This prediction is also corroborated by the 
experimental results for the transitions FI(I) •*• AF and FI(II) • AF 
in RFC and for the transition FI(I) • AF in CFC. 

- For fields H > H „, the nucleation condition is always satisfied for 
a "**" chain, irrespective of the orientations of its neighbouring 
chains. Hence, starting from an arbitrary array in the FI phase (not 
shown in table 6.3), for H > H _ always a long-range ordered F array 
results, in nice agreement with the experimental results. 

- The observed large differences in correlations along the b and с 
directions in the disordered arrays cannot be explained by the 
nucleation condition, since the sequence of chain reversals is 
considered to be completely arbitrary and will not lead to a 
preference in the b or с direction. 
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final 
array 

disordered 

AF(RFC) 

AF(RFC) 

disordered 

possible 
structure 

FI(I) 
Fl(II) 
Fl(III) 

AF(RFC) 

AF(RFC) 

FIU) 
FI(I1) 

Table 6.3 . The local chain configurations in the be plane for RFC 
which become unstable during the transition to the FI or AF 
phase, starting from the various regular arrays. The chains 
in the starting arrays which first become unstable in a 
decreasing (deer.) or increasing (incr.) field sweep are 
encircled. The magnetic patterns in the final arrays 
(including the possible regular structures) are also 
Indicated. 
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disordered 
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disordered 

possible 
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FI(1) 
FI ( II ) 
F I ( H I ) 

AF(CFC) 

AF(RFC) 

F1(I) 

Table 6.3 . The local chain orientations in the be plane for CFC which 
become unstable during the transition to the Fl or AF phase, 
starting from the various regular arrays. The chains in the 
starting arrays which first become unstable in a decreasing 
(deer.) or increasing (incr.) field sweep are encircled. The 
magnetic patterns in the fiaal arrays (including the possible 
regular structures) are also indicated* 
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- Starting from the perfect F array and decreasing the field, each of 
the three proposed long-range ordered FI arrays may occur after a 
specific sequence of chain reversals. Starting from a perfect AF 
array and increasing the field, however, a long-range FI(III) 
structure in RFC and both the Fl(II) and FI(Ill) structures in CFC 
are excluded. This conclusion is in agreement with the experimentally 
observed long-range ordered arrays in these compounds. Furthermore, 
the prediction for CFC that after the AF • Fl transition only FI(I) 
domains may arise might explain the pronounced dependence of the 
amount of disorder on whether the Fl phase is entered at H , or at 

cl 
c2 

- In RFC, starting from a perfect Fl(I) or FI(II) array, the thermo-
dynamically stable AF array is always realized at H < H .. 
In CFC however, only a perfect FI(I) as starting array results in the 
correct AF array at H < H ,. Hence, in the sequence F • FI • AF, the 
correct AF array is more likely to restore in RFC than in CFC, which 
is corroborated by the experimental results. 

We will now comment on the relaxation effects in the framework of the 
nucleation model. It is important to note that the nucleation model 
only determines the transition probability u(Ej/k T) for an Individual 
chain reversal through eqs. 6.2 and 6.3, which does not necessarily 
define the relaxation behaviour of the whole system. We will illustrate 
this in the following discussion. A relaxation time т * 1/w for a 
thermally induced spin flip can be associated with each chain. The 
relaxation of the whole system is governed by the rate of spin flips 
dNf^/dt per time unit at unstable chains 

dN /dt - N (t) . ш 6.8 
fl unst 

where N (t) is the number of unstable chains in the lattice, unst 
Now we will consider the special case that after each individual chain 
reversal, n chains (the reversed chain and (n-1) neighbours) become 
stable, in which case 

N „(c) - N .(0) - n N.,(0 unst unst fl 6.9 
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Inserting 6.9 into 6.8 we can write 

N{1(t) - Nfl<»> [l-exp(-t/T')] , T' - l/(n») 6.10 

Thus, in this special case a single exponential relaxation behaviour is 
expected. Note that, if the unstable chains are always "non-
neighbours", n - 1 and thus x' • 1/w is uniquely defined. However, if 
the unstable chains are neighbours, the value of n and thus т' may 
change as a function of time. This can be illustrated by considering 
the F • FI transition at H „. The first chain reversal creates a FI 

c2 
domain consisting of 9 stable chains. For the second chain reversal, 
the number of stabilized chains depends on whether the reversed chain 
is neighbouring to the FI-do*ain (n < 9) or not (n - 9). It will be 
obvious that in general, when the number of domains increases, the 
relaxation time increases between the limits т' * 1/n ш and x' » 

min шах 
1/u where n is given by the starting array (F phase: n = 9, AF(RFC) : n 
- 3, AF(CFC) : n » 5). 
In conclusion, starting from a regular AF or F array and given an 
arbitrary sequence of chain reversals, the Tinkham model predicts a 
non-exponential relaxation behaviour in the FI phase. Of course, since 
the relaxation depends on the transition probability u, the relaxation 
rate will decrease exponentially if the temperature is lowered. 
In general, a non-exponential and temperature dependent relaxation 
behaviour in the FI phase is borne out by the magnetization and neutron 
scattering experiments in RFC and CFC. An exponential behaviour of the 
Initial relaxation time x'(t •*• 0) of the magnetization with 
temperature, after a field step from the F to the FI phase has been 
established for the compound CFC (see fig. 5.26 ). According to eq. 
6.4, the measurements were performed in a temperature range (2.02 К < T 
< 3.25 K) in which we expect nucleation in the bulk with excitation 
energy ДЕ - 2IJ I - 84 К to be dominant. However, the determined value 
ДЕ • 33 (5)K suggests that nucleation at chain ends (ДБ - J I) 

I a | 
dominates for T < 3.25 K. Of course, the relaxation time also depends 
on the actual shape of the crystal and on the number of impurities 
which breaks the intrachain interaction. Nucieation at chain ends has 
also been verified L 7J for the metamagnets CoBr2.2H20 and 
f(CH ) NH]CoCl3.2H20. 
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At sufficiently long times t, after the FI phase has been entered at t 
• 0, the relaxation time T'(t) clearly exceeds the theoretical maximum 
value T' « n x'(t"0). This slow relaxation behaviour at long times max 
in RFC and CFC probably reflects the effects of chain reversals which 
do not satisfy the nucleation condition. These processes will dominate 
the relaxation behaviour when N (t) • 0 while the magnetic array is 
still far away from a long-range ordered structure. It is not unlikely 
that when N « 0 , reversal of complete chains is governed by unst 
essentially longer relaxation times than at short times. A possible 
process which may occur in RFC and CFC is the reversal of two or more 
chains simultaneously (for which one may formulate a new nucleation 
condition and transition probability). In principle, it would explain a 
distinction in two successive relaxation regimes, as was suggested by 
the experimental results. However, it does not explain the very weak 
temperature dependence of the relaxation at long times since, on a 
microscopic scale, the same spin reversal processes are required as for 
the chain reversals which satisfy the nucleation condition. 

6.4. Simulation of the Tinkham nucleation model 

The model of Tinkham, discussed in the preceding section, gives rise to 
rather complex magnetic processes on a microscopic scale. On the other 
hand, the Ising character of the interactions restricts the 
orientations of the individual spins to "+" or "-", which makes a 
numerical simulation of the system relatively simple. These two 
considerations motivated us to perform computer simulations of the 
model. The main goal of the simulations is to examine the step-like 
variations which occur in the magnetization during a field scan, the 
magnetic order in the lattice, and the relaxation behaviour in the FI 
phase. 

The central idea in the development of the simulations is that an 
assembly of Islng spins is In thermal contact with a heat bath that 
induces random spin flips between the two possible spin states. It is 
assumed that the transition probability ш(в +-s.) is not dependent on 
the history of the system. Incorporating the approximations made in the 
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Tinkham model we arrive at the following system to be simulated: 
1. Only transitions of chains as a whole are considered, hence the 

model is simplified to a 2d array of spins. 
2. The nucleation condition together with the transition probability 

eq. 6.3 of a single spin flip determines the transition probability 
ш through 

u(s +-s ) « exp (-E /к Т) if dE/dm < 0 i i IB 

u(s +-s ) = 0 if dE/dm > 0 
6.11 

In order to reduce the computation time, the transition probability is 
normalized and is set to 1 for the largest negative value (dE/dm) , 

min for H < H „, that is the largest energy gap ((dE/dm) . - -2|jJ-2|J I-c2 min • b' с 
4 К с И *cHc2 " "4 WcHc2>* 
This leads to the following expression for the transition 
probability 

и>(8,+-8,) - exp((dE/dm) _ - dE/dm)/k„T) if dE/dm < 0 1 1 mxn в 

u(si>-s1) - 0 if dE/dm > 0 
6.12 

It has to be emphasized that the variable T in expression 6.12 should 
not be identified with the actual thermodynamic temperature because of 
the normalization. To avoid confusion, the temperature in the 
simulations will be denoted by T*. The simulated system consists of a 
square lattice of N spins (N - 48*48) with cyclic boundary conditions 
both in the b and с directions. 
The behaviour of the system is now determined by choosing the initial 
spin configuration. The details of the simulations are as follows: 
In the initial spin configuration, a site i is selected at random and 
the value ui(s +-s ) is calculated. This spin is flipped only when 
b>(s >-s ) exceeds a random number between 0 and 1. This process is 
repeated many times and a sequence of spin configurations is generated 
which corresponds to states of the system in the course of time. It is 
convenient to use as time unit (steps/spin), defined as the total 
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Flg. 6.2. The simulated M(H) curves for RFC in a decreasing and 
increasing field sweep. The curves obtained for T* > 1 К 
represent the behaviour when the array reaches an equilibrium 
state at each field value. The step-like variations at H 

с 
are indicated by the label i. For T* - 0.2 K, hardly no 
variations occur in increasing and decreasing field scans. 

ci 
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decreasing field 

simulations 

40 
steps/spin 

Hc2 
Hc3 
c4 

c6 

H i cl 
c8 

Hc22 

5.4 
steps/spin 

Hc2 
Hc3 
H / c4 

H i c7 
H i cl 

experimental 

H „ c2 
c3 

H / c4 
H ч c5 
c6 

H , 
cl 

increasing field 

simulations 

40 
steps/spin 

c2 

c4 

H . cl 

5.4 
steps/spin 

H о 

c2 
Hc3 
Hc4 

Hcl 

experimental 

Hc2 
Hc3 
H / c4 

H i cl 

Table 6.4 The fields H . at which significant step-like variations occur 
ci 

in the magnetization curve in RFC. After each field step the 
simulated array reaches an equilibrium state (40 steps/spin) or 
a non-equilibrium state (5.4 steps/spin). 
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number of selected spins divided by the number of spins in the lattice. 
The results presented below have been obtained from computer 
simulations for the compound RFC. Since these simulations turn out to 
be very time consuming, we have not repeated them for the compound 
CFC. 

We will start with a discussion of the results of the simulations of a 
field scan in RFC at different temperatures T*. The starting array is 
either the perfect F array (decreasing field scan) or the perfect AF 
array (increasing field scan). The magnetic field is varied by small 
discrete steps (0.2 kOe) in the relevant field range 0 < H < H „. After 
each field step a number of sites was selected until the array is 
locally stable, that is all chains have dE/dm > 0, with a maximum of 
800 steps/spin. For the resulting array the magnetization and the 
number of different local spin configurations are calculated. 

Inspection of the simulated arrays before each field step reveals that 
the arrays are locally stable for T* > 1 K. Moreover, all calculated 
quantities hardly depend on T*. At T* • 0.2 К the process was very slow 
and within the chosen time scale neither significant variations in the 
array nor in the calculated quantiti > =>re observed. 

The characteristic variation of the magnetization with field is shown 
in fig. 6.2. We will now discuss the step-like variations which occur 
at the various H . for T* > 1 K. These field values H . are indicated ci ci 
by the label i in fig. 6.2. In decreasing field, 12 different 
instabilities can be observed whereas in increasing field only 
Instabilities occur at H , and H „. It will be obvious from fig. 6.2 

c4 c3 
that the magnitude of the steps in the magnetization varies 
considerably and can hardly be detected in some cases. Therefore, in 
table 6.4, we have only listed the instabilities which are significant 
in M, together with the experimental results obtained before. It can be 
seen from this table, that there is a nice agreement with the 
experimental results in the sense that only a limited subset of the 23 
possible instabilities are observed. The slight discrepancies may be 
due to the fact that the experimentally observed M(H) curves change 
with temperature, which might be related to the influence of non-
equilibrium states. To investigate this effect, simulations have been 
performed in which the simulated arrays are non-stable, with an 
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enhanced simulated field sweep rate (5.4 steps/spin before each field 

step). In principle, this will always lead to an increase of the number 

of different local configurations and thus also to an increase of the 

possible number of potentially observable instabilities. A consequence 

of the enhanced field sweep rate is that the M(H) curves become more 

smooth, in agreement with the experimental results, while some step

like variations practically vanish and others are increased in 

magnitude. The values H which are obvious from these simulations with 
ci 

an enhanced field sweep rate are also listed in table 6.4. As can be 

seen, a better agreement between the simulated Tinkham model and the 

experimental results is obtained, although in decreasing fields some 

minor dicrepancies remain. However, such discrepancies are not unlikely 

given the crudeness of the model. 

The disorder in the simulated stable arrays can be characterized by a 

specific (temperature independent) distribution of local configurations 

labeled by n. , n , n. and the orientation s. • "+" or "-" of the 
1 b' c' bc i 

central spin. In table 6.5 we have listed the typical distributions 
which result in the Fl phase for H < H . and H > H , in the simulated 

"» cZ ~* cl 
decreasing field scan and for H > H and H < H in the simulated 

~ ci ~ c2 
increasing field scan. Comparing these distributions with the 
distributions in case of a regular long-range ordered Fl structure, it 
is concluded that no preference exists for the F1(I) or FI(II) 

structure (the FI(III) array is excluded after the AF •*• Fl transition 

for H , < H < H , since the configuration n - -2, n - 0, nL • 0, s -cl c4 b e bc i 

"+" cannot occur). Although the simulations always result in disordered 

arrays, pronounced differences are found with respect to the amount of 

disorder after the three different transitions F • Fl, AF • Fl and 

Fl • AF. After the F • Fl transition at H ,, a highly irregular pattern 

results which hardly can be divided into domains. A clear domain 

structure, however, is found in the Fl phase after the AF * Fl 

transition and in the AF phase after the F • Fl • AF transitions. 

Typical magnetic arrays for the latter two cases are shown in fig. 6.3 

(AF • Fl) and in fig. 6.4 (F*FI • AF). In the Fl phase, the magnetic 

array shown in fig. 6.3 is hardly changed if the field is increased 

further up to Hr2. In the AF phase however, when the field has reached 

a zero value, a large number of spin flips occurs (~5N) resulting in an 
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2 
0 
2 
0 
2 

0 
0 
-2 
0 
-2 
-2 
0 
2 
-2 
0 
-2 
-2 
-2 
-2 
0 
+2 
-2 
0 
-2 
0 
-2 

n be 

4 
2 
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0 
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-

-

-

-

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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H ci 

Hc2 
Hc3 
Hc4 
Hc5 
H A c6 
H 7 c7 

-H „ c8 
ell 
cl2 
cl3 
cl5 

" H ,7 
cl7 

Hc23 
He22 
He21 
Hc20 
Hel9 
H IA cl6 
cl4 

Hc9 
He8 
H i cl 
H 7 C/ 
H * CO 
Hc5 
Hc4 
Hc3 

N./N in simulations 

F • FI 

(a) 

0.19 
* 

* 

* 
* 

* 

0 
0 
0 
0 
0 
0.06 
0 
0 
0 
0 
0.04 
0.11 
0.10 
0.01 
0.03 
0.06 
0.06 

0.11 
0.07 
0.10 
0.07 

(b) 

0.07 
0.07 
0.06 
0.04 
0.05 
0.01 

0.001 
0.008 
0.02 
0.007 
0.07 
0.05 
0.04 
0.03 
0.06 
0.09 
0.08 
0 
0 
0.04 
0.09 
0.10 
* 

* 

* 

* 

* 

AF + FI 

(b) 

0.16 
0 
0.12 
0 
0 
0 

0 
0 
0.03 
0 
0.08 
0.05 
0 
0 
0.10 
0 
0.12 
0 
0 
0.10 
0 
0.22 
* 

* 

* 

* 

* 

(a) 

0.22 
* 

* 
* 

* 

* 

0 
0 
0 
0 
0 
0.11 
0 
0 
0 
0 
0.14 
0.09 
0.002 
0.06 
0.001 
0.17 
0.07 
0 002 
0.02 
0.10 
0.001 

N./N in regular arrays 

FI(1) 

1/4 

1/4 

1/4 

1/4 

FI(H) 

1/4 

1/2 

1/4 

FI(III) 

1/4 

1/4 

1/2 

-

Table 6.5 
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• FKIÏ HlFim) 
Fig. 6.3. 

Typical simulated array in the 

FI phase after the AF+FI 

transition, consisting of FI(I) 

and FI(II) domains. The 

configurations which occur are 

listed in table 6.5. 
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Fig. 6.4. 

Typical simulated array for 
H < H after the F+FI+AF ~ cl 
transitions (LRO « long-range 
order). At H - 0 an almost 
perfect AF array results. 

Table 6.5 The simulated number of spins (N^N) in a particular 
configuration labeled by v v „^ and the orientation , 
of the central chain in the FI phase. In the simulations/ 
the arrays are locally stable; a: H < H ^ ; b: H > H ; a * 
denotes a configuration which does not occur in 1 locally 
etable array; a 0 denotes a configuration which cannot occur 
due to the Tinkham condition. The configurations expected 
for regular FI structures are included. 
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Fig. 6.5. Illustration of the simulated non-exponentidl relaxation of 
the magnetization in the FI phase at 4 - 12 kOe (at t • 0, 

400 800 
t( steps/spin) 

Fig. 6.6. Variation of the simulated relaxation time T ' U ) of the 
magnetization with time t in the FI phase (H * 12 kOe) 
between the limits т'(0) and n т'(0) - 9 т'(0). After 
t - 520 steps/spin no relaxation occurs at all. 
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almost perfect AF array. Hence, even starting from a disordered FI 
array, the AF structure, at least for H • 0, is far better restored 
than the FI array, which is in nice agreement with the experiments. 

The relaxation behaviour of the magnetization has been investigated at 
one fixed field value H - 12 kOe in the FI phase where the starting 
array was the fully ordered F structure. The variation of the 
magnetization with "time" t (in units steps/spin) is shown in fig. 6.5. 
A drastic decrease of the relaxation rate with decreasing temperature 
is evident. In case of an exponential relaxation towards M - 1/2 M 

г 
(M(t) - 1/2 M_ (I + exp (-t/x1)), the curves in fig. 6.5 would be F 
straight lines. Hence, the results also clearly demonstrate the non-
exponential relaxation behaviour. The typical variation with time of 
the relaxation time x'(t) in the FI phase is shown in fig. 6.6. The 
relaxation time x'(t) increases between the limits x*(0) and n т'(0) •* 

9 т'(0) as was expected from eq. 6.10. Moreover, after a certain time, 
the magnetic array has reached an equilibrium state with M • 0.63 M 

p 

whereafter no relaxation occurs at all. As was stated already in the 
preceding section, the nucleation model predicts a discontinuity in the 
relaxation time from x' - n x(0) to x' • «• which may be compared with 
the distinction between two different relaxation regimes in the 
experimental data. 

6.5. Final remarks 

According to the nucleation model, described in section 6.2, a 
phase transition in RFC and CFC eventually results either in a fully 
long-range ordered array or in an array which shows no substantial 
magnetic correlations along both the b and с directions. This does not 
agree with the experimental data, which reveal significantly larger 
correlations through the appearance of (broadened) Bragg-peaks. 

In principle, magnetic correlations might be increased by the influence 
of the long-range dipole fields in the samples. From calculations on 
the fully ordered FI array, it was concluded that the dipole fields at 

2+ the Fe positions are substantially different in the three different 
FI arrays. However, some computer simulations for RFC revealed that the 
simulated arrays are not essentially affected by the inclusion of 
dipole fields. 
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One might also be tempted to ascribe the discrepancies between theory 
and experiment to chain reversals that do not satisfy the Tinkham 
nucleation condition. In order to study such effects we have performed 
simulations in which the Tinkham nucleation condition was relaxed using 
the following transition probability for a chain reversal: 

a) (s • -s ) - 1 if dE/dm < 0 
6.13 

ш (s, • -s.) - exp ((-dE/dm)/knT*) if dE/dm > 0 i l в 

The transition probability 6.13 is often used in Monte Carlo studies 
[l4] and is known as the Glauber model. From the simulations of a 
decreasing field scan in RFC by this model, it appears that in a 
certain temperature region (0.01 К < T* < 0.1 K), the simulated array 
in the FI phase tends to a FI(I) domain structure whereas for T* » 0 
and T* » 0.1 К a highly disordered array is obtained. This result 
suggests that chain reversals, which do not satisfy the Tinkham 
nucleation condition might give rise to an increase of the magnetic 
order at moderate temperatures, as is indeed observed in the 
experiments on RFC. 

Summarizing, we may state that the Tinkham nucleation model -in spite 
of its simplicity- describes some of the feature as observed in RFC and 
CFC rather well. In this respect we specifically refer to the presence 
of locally stable but disordered arrays, a highly irreversible 
behaviour, the establishment of long-range ordered structures in 
certain predictable sequences and the non-exponential relaxation 
effects. The agreement with the experimental results seems to improve 
if the strict nucleation condition is relaxed. 
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APPENDIX A 

In this appendix, a theoretical model is presented by which the 
profiles of the broadened Bragg reflections observed in the FI phase in 
RFC can be calculated. It is assuaed that there exists a disorder in 
the stacking of chains along the b direction in a basic FI(Il) 
structure but a perfect stacking along the с direction is assuaed. The 
perfectly ordered FI(II) structure can be represented by the following 
array of aagnetic units 

F A F A F A F A 
F A F A F A F A 

n - 1 2 3 4 5 6 7 8 R * n . b 

The effect of two specific types of disorder will be investigated along 
different trajectories in reciprocal space. 
A: Disorder in the positions of the A and A units coabined with perfect 

order between the F units; neutron scattering along the line 
(h n ), h - odd, -с « odd. 

B: Disorder in the positions of all units (A, A, F); neutron scattering 
along the line (h n-/)» h - odd, Л > even. 

A. At the h - odd, -* - odd reflections, the intensity is almost 
exclusively due to the coaponents <u > of the A and A units in the 
lattice (see table 5.3). With the oaission of the far less important 
terms containing <u > sin (2w6n), expression 5.8 can be simplified 

с 
as 

Because of the assumed translational symmetry along the a and с 
directions, the scattering is restricted to lines//b* in reciprocal 
space. In expression 5.7 for F , one has to perform explicitly a 
summation over the N. units in one row in the b direction. For h - odd, 

D 
^ • odd we arrive at 
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N 
a b a F » E *n exp (2winn), 

n »1 

•n -2m * - 4 <"a> c o s (2w6n>» A'2 

•n -2- • 1 - ° 

With the approximation A.2, expression A.1 can be written in the 
following way 

— (n) « F |f I Ц-$ ) E E ф* ф* exp (2winn) a** ь ч а __о_ _i_<>„» n n -rn 
*<> ,_ч _ „ I, |2_ *2 

n«2m n'-2m* 
А.З 

F
Llf

Q|2(1<)(V2) Z < *2«' С « « > вХР (4ltlm "> 
m 

where the brackets < > denote the average value over all positions 
2m'. A perfect Fl(II) array is given by 

Now we introduce the probability p, 0<p<l for a stacking fault 
between nearest antiferromagnetic (A or A) units, such that we have: 
probability p for the "wrong" sequences (AFA) or (AFA); 
probability (1-p) for the sequences (AFA) or (AFA). 
Note that p»0 corresponds with a perfect FI(1I) structure and p«l 
with a perfect FI(I) structure. The FI(III) structure is excluded by 
the choice of the starting array. 
The probability P for a "wrong" correlation between two anti-2m 
ferromagnetic units, at a distance 2mb from each other, le given by 
the following recursion relation 

' г . • p2»-2 < 1- p) + «"art" A'5 
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By definition P0 * 0, thus A.5 can be written as 

1 " 2 P2m " (1_2P>'m' A'6 

Expression A.3 for the cross-section can be written in terms of the 
parameter p by the relation 

<*2». » W ' Р2ш H-I'"'**/1 + «-*2*Ж-»а<>2\ -
A. 7 

(ф^) 2 (2p-l)l 

By inserting A.7 into A.3 the cross-section can further be 
evaluated, as A.3 is a power series, which finally results in 

~ (n) « FT |fn|2(l-Q2) (N /2) (4<u > cos 2ir6n)2 d0 L1 Q* a b a 
A. 8 

# ^P(I-P) 
1 + (l-2p)2 + 2(l-2p) cos (4irn) 

The basic n-dependence is given by the last factor in A. 8 which is 
periodic with period n - 1/2 (see fig. A.1). For 0 < p < 1/2, it has 
a maximum (l-p)/p at n * (2n + l)/4 and a minimum p/(l-p) at n -
n/2, while for 1/2 < p < 1 the complementary situations occurs. As 
is illustrated in fig. A.1, the intensity is broadened when p i1 0 
or p ф 1. The case p * 1/2 corresponds to a random distribution of 
the A(A) unite between the perfectly spaced F units. Finally, a 
correlation length £. can be defined according to the relation 

<*2m' •2m'+2m> ' <*2m')2 e xP <-21и1ь/«Ь> A.9 

and thus 

(5 /b) - -2/ln|2p-l| A. 10 
b I I 
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0.5 n 075 

Fig. A.1 Profile of the cross-section in reciprocal space along b* as 

function of nb*. The parameter p is the probability for a 

stacking fault between nearest A/A neighbours along b in a 

mainly FI(II) array. 
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В. At the h * odd, t « even reflection, the intensity is almost 
exclusively due to the components <|i > of the F units (see table 

a 
5.3). Hence, one may again approximate 5.8 by A.1 with 

"b 
F* - Z фа ехр (2»inn) 

n 

ф*(Р) - 4<ма> cos 2*6n A.11 

фа (A or A) » 0 

In the following, we will omit the label a in the partial structure 
a 2 2 

factors ф • ф while also the prefactor F, fQ (1-Q_) in expression 
A.1 will be omitted. 
The simplified expression A.1 for the cross-section is again written 
in terms of correlations <фпФп+т> 

^ (Л) « NK I <Ф„Ф„^> *xp Uwimn) A. 12 

To facilitate the calculations of the effect of stacking faults in 
the cross-& 
according to 
the cross-& ion, new partial structure factors ф' are defined 

•n " *n "I*n (F)f А Л З 

which gives 

ф^ (A or A) - - j фп (F) 
A. 14 

Фп (F) - + 7 фп (F) 

and 
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<*nW - <•; к+*>+ •»«'> < • ; > + 4 к <F»2 

<•; • ; - > + (*n (F»2«v'*n (F> - {>• 

A. 16 

Iuserting A.16 into A. 12 we obtain the following expression for the 
cross-section 

% « 0 « Nb [E <•; Ф ^ > ехр (2*imn) 
m 

A. 17 

+ Nb (ФП(Р))2 (<ФП>/Ф„(Р) - j> ó(n-*)] 

Before analyzing the effect of stacking faults, it is worthwhile to 

calculate the cross-section A. 17 for integer values kof n: 

— (n«k) « Nb ( Ф п Ш ) [(М/Мр- -) + (M/Mp- p 6 (П-к)] -
A. 18 

N b
2 U n ( F ) ) 2 (M/MF)2 

This expression depends only on the bulk magnetization M. In the 
derivation of A.18, use has been made of the relations M/M_ * 

г 
<ф >/ф (F), the fraction of F units in the lattice and <*•>/* (F) * n n n n 
(M/M -1/2), which can be deduced from A.14. г 
The cross-section A. 17 outside the point n » к depends on the 
spatial order in the lattice. Deviations from a regular pattern can 
now be introduced by defining a probability p for an arbitrary 
stacking fault, thus: 
probability p for the "wrong" sequences (A A) or (A A) or (A A) or 
(F F); 
probability (1-p) for the correct sequences (AF) or (AF). 

Hence, p - 1 denotes an array which contains only F units or only A, 
A units, dependent on the value of M(M • 0 or M - M„). If p - 0, a 
perfect FI(I) or Fl(II) or a mixture of both structures is obtained 
(M - 1/2 M„) as It ensures that each A (A) unit is sandwiched 
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between two F units and vice versa. It should be noted that the 
possible values for M are restricted by the relation 
l/2(l-p) < M/M < 1/2 (1+p), 0 < p < I. An expression for the cross-

Г 
section in terms of p can be derived in exactly the same way as 
A.8 was derived. If we define a probability P for a correlation 

m 
between two units of the same type at a distance mb from each other 
(thus two anti ferromagnetic units (A/A) or two ferromagnetic units) 
we can write 
P - P . p + (1-P ,)(l-p) A. 19 
m m—l m—i 

or (p0 - 1) 

2P -1 - <*-.) «I 
m 

Inserting this in the expression for the correlations 

n n+m m n m n n 

we finally arrive at the expression for the contribution to the 
cross-section which depends on the spatial order in the array. 

£ (П) « Fjf Q| 2U-Q 2> Nb . (2<ua> cos 2*6n)2. 
A. 22 

4p(l-p) 
1 + (l-2p) + 2(l-2p) cos 2irn 

This final expression has the same form as eq. A.8 provided that in 
the last term (4irn) is replaced by (2irn). Hence a broadening of the 
к » (2n+l)/2 reflections is expected when 0 < p < 1/2, i.e. when the 
array tends to a FI-like array. For 1/2 < p < 1 a broadening is 
expected around к - integer reflections. For the correlation length 
Sb with respect to the F units, one obtains the relation 

E,Jb - -1/lnbp-l A'23 
b I ' 


