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Samenvatting 

Met behulp van warmtegeleidingsmetingen is geprobeerd 
de aanwezigheid van magnetische solitonen in de quasi 
een-dimensionale S=~ ferromagneet CHAB aan te tonen. 
Andere experimenten, zoals kernspin-rooster relaxatie 
tijd metingen en soortelijke warmte metingen, gaven 
aanleiding solitonen in CHAB te mogen verwachten. Na 
toetsing van de experimentele resultaten aan een door 
ons gehanteerd model voor de berekening van de warmte
geleidingscoefficient in een magneetveld, moeten we 
concluderen dat een interpretatie van de warmtege
leidingsexperimenten met behulp van solitonen geen 
bevredigende overeenstemming geeft tussen theorie en 
experiment. 

11 elke gave is tegelijk een opgaven 

aan mijn ouders 
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CHAPTER 1 Introduetion 

Ever since the introduetion of quantummechanics, waves and particles 
are closely related toeach other. The dualismof particles behaving 
like waves has lead physicists to introduce the phenomenon of quasi 
particles. Vet such quasi particles also seem to appear the other way 
around. Starting from classical wave equations, solutions can be 
obtained that do not disperse when moving. John Scott Russell seems 
to be the first who reported the existence of solitary waves more than 
hundred years ago. Observing a boat in a narrow channel he suddenly 
noticed that a solitary wave propagated along the water surface, 
retaining its initial form over a few miles. Theoretical support was 
delivered in 1895 by Korteweg and De Vries, whogave an analytical 
treatment of nonlinear equations in hydrodynamics. Non dispersive 
waves or solitons thus seem to behave like particles do. 

It is now understood that solitons show up in many other disciplines. 
In 1978 Mikeska has pointed out that in one dimensional systems of 
spins with ferromagnetic exchange coupling between neighbours, 
solitons of sine~Gordon type should be present in an appropriate range 
of temperature and magnetic field. 
Since then experimental evidence on the existence of solitons has 

been obtained in several cases, in particular by neutron scattering 
experiments by Steiner and Kjems in the case of CsNiF

3 
(Kjems 1978), 

a ferromagnetic S=1 system and by Boucher in the case of (CH
3

)
4

NMnC1
3 

(Boucher 1980), an antiferromagnetic S= 5h system. Additional 
information on the dominant character of these excitations has been 
obtained from nuclear spin lattice relaxation time- (Goto 1981), 
specific heat- (Borsa 1982, Ramirez 1982) and heat conductivity 
measurements (Buys 1983). 
Recent relaxation time- and specific heat experiments as performed 

in our own laboratory (Kopinga 1984) on the one dimensional S=~ XY
ferromagnetic system CHAB yielded also strong evidence for a dominant 
soliton like contribution, which surprisingly could be interpreted 
fairly well in the classical (S~) theoretical frameworkof Mikeska. 

In a recent experiment Buys et al. (1983) measured the heat 
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conductivity of the soliton be~rtng systerns TMMC and DMMC. The results 
are illustrated in figure 1.1 • Buys et al. were able to interpret 
the field dependenee of the thermal conductivity as a soliton contri
bution to the scattering of the phonons, although the mechanism 

0 0 

0. 

60 80 

Hl kOel 

figure 1.1 CaZcuZated fieZd 

dependenee of the thermaZ 

conductivity, based on a 

resonant soZiton-phonon modeZ. 

The circZes are experimentaZ 

resuZts. (Buys 1983) 

governing this process was not quite 
understood. It seemed worthwile 
therefore, to investigate the 
thermal conductivity of CHAB in 
order to possibly get additional 
information on a soliton contribution 
to the thermal conductivity in such 

·a system as well. This can be 
considered as the main aim of the 
investigations described in this 
report. For this purpose we have 
also made use of another isomorphic 
Chlorine compound, CHAC, which 
according to current wisdom, due to 
a different Ising-like behaviour, 
is not assumed to support soliton 
excitations. 
The organization of this report 

is as follows: In chapter 2 the 
crystallographic structure of CHAC 
and CHAB will be treated. In chapter 
3 we will pay attention to the 
theory of thermal conductivity and 
the role of magnetic excitations 
like spinwaves and solitons therein 
will be considered. Furthermore we 
will pay attention to these magnetic 

exci tations themsel ves. The experimental set up which has been used to 
measure the thermal conductivity of CHAC and CHAB in magnetic fields 
up to 70 kGauss will be described in chapter 4, while, finally, in 
chapter 5 the results will be presented of both our experiments and 
the calculations based upon the resonant magnon-phonon and the 
resonant soliton-phonon models. 
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CHAPTER 2 Crystal structure of CHAC and CHAB 

Introduetion 

Dirac suggested in 1928 that the spin dependent contribution to the 
Coulomb energy of interaction between electrons, arising from the 
Pauli principle, may for magnetic insulators beregardedas caused by 
the two body spin-spin interactions of the farm: 

H = -2 ~. J .. S .. S. 
l.,J l.J l. J 

2.1) 

H is universally known as the Heisenberg Hamiltonian, although as 
mentioned, its farm was deduced by Dirac. J

1
j isisotrooicand called the 

exchange energy, whereas Si and Sj are spin operators. If J is pos i ti ve 
minimum energy corresponds to a parallel orientation of the spins, 
favouring a ferromagnetic ordering below the Curie temperature. 
On the other hand, a negative value for J will support an anti
parallel orientation below the Néel temperature, leading to a zero 
bulk magnetization. 

In a more genera 1 case, a 11 owi ng ani sotropy, the interaction wi 11 
aften be written as: 

In this expression the exchange tensor has already been diagonalized, 
yielding thus the principal components. One can now distinguish three 
different model cases. For the isotropie case ( J =J =J ) the 

x y z 
Hamiltonian is referred to as the Heisenberg model (equation 2.1).Due 
to crystal field effects some anisotropy may exist, reducing the spin 
dimensionality. In the case that J =J and J =0, the so called XY model 

x y z 
is obtained and putting J =J =0, J=J we speak of Ising anisotropy. Of 

x y z 
course all intermediate possibilities of these model systems can occur 
in practice. 
Furthermore, the exchange constant is in general quite sensitive to 
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the distance between the magnetic ions. Depending on the 
1 i gands between the magnet i c i ons, the exchange can vary by 
orders of magnitude. Hence, apart from the spin dimensionality, we 
should consider the lattice dimensionality also. If the exchange 
constantineach crystallographic direction is denoted J

1
,J

2 
and J

3 
we can distinguish quasi one dimensional ( J

1
>>J

2
,J3) lattices from 

quasi two dimensional (J 1 ~J 2 , J 3~o) and three dimensional systems. 
Until approximately fifteen years ago no physical realization of a 

quasi one dimensional ferromagnet was available. In 1969 Achiwa was 
the first to report the existence of such a magnetic crystal, CsCuC1 3. 
Vet many other ferromagnetic systems have been synthesized and 
reported in the literature. (table 2.I) Accurate systhematic examination 
of these systems has given some insight in the correlations between 
crystal structure and properties like exchange interactionor 
dimensionality. 

In 1980 Groenendijk and Willett have synthesized the S=i quasi one
dimensional ferromagnetic system Cyclohexylammonium trichloro cuprate 
(CHAC). Specific heat experiments on CHAC were being carried out, which 

Author date crystal exchange J/k 

Achiwa 1969 CsCuc1
3 -

Li 1972 CsCuBr
3 

-
Te:x:tor 1974 (c6H

5
)4AsCuC1

3 
30K 

Gruwford 1976 Cu(pyridine) 2cl2 64K 
Barnes 1977 3CuC12.2(1,4dioxane) 94K 
Steiner 1978 CsNiF

3 
23.6K 

Landee 1979 TMCuC , TTMCuC 30K,SOK 
Swank 1979 CuC12(TMSO), CuC12(DMSO 39K,45K 

Kahn 1980 (Cu(C
5
H

3
NH2)20H) 2so4 .H2C 11.4K 

Groenendijk 1980 CHAC 70K 
Kopinga 1982 CHAB SSK 
WiUett 1982 CPAC -
Hoogerbeets 1984 NiTAC 14K 

tabZe 2.I some ferromagnetic systems 
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made it seem worthwile to synthesize a slightly different crysta11ographic 
system, since CHAC has the disadvantage th~t the three dimensional 
ordering peak in C interferes severely with the typical one dimensional 

m 
Schottky type anomaly. (Schouten 1980) For this reason the isomorphous 

~; 

~l 
o I 
E ' 
- I 

~2~ 

l!?:-~ 
0 5 

ICsH11NHJ )CuClJ 

---J/k•~5K 

lo 
T (K) 

I 

' 
1 
' 

crystallographic system Cyclohexyl 
ammonium tribromo cuprate (CHAB) had 
been synthesized. (Kopinga 1982) 
Indeed the three dimensional ordering 
temperature was reduced from 2.1K 
(CHAC) to 1.5 K (CHAB)as shown in 
figure 2.1 . Moreover it appeared 
that, although the intrachain 
interaction in both systems can be 
considered as almast isotropie or 

-...-....... __",-r:--__j1 Heisenberg like at high temperatures, ...... 
- ------------------:--..- bath systems differ sl ightly with 
l: 
u --- Jik·55K 

10 15 
T (K) 

figure 2.1)Magnetic heat capacity 

of CHAC and CHAB ( Kopinga 1984). 

respect to the anisotropy, which, 
in the case of CHAC, is Ising-like 
and XY-like for CHAB. Therefore it 
was conjectured that solitons could 
be present in CHAB at low temperatures 
as predicted by Mikeska (1978) for 

The data corrected for the Lattice such a system. Kopinga (1984) has 
contribution are denoted by bLaak investigated the possibility of 
circLes. describing the experimental results 

of specific heat and nuclear spin
lattice relaxation time measurements with a soliton theory as developed 
by Ramirez (1982) and Goto (1981) respectively. (see figures 2.2 and 2.3) 

In this chapter the essential properties of the magnetic system will 
be introduced insection 2. A relation has been established between 
the magnetic properties of a crystal and its crystallographic structure. 
Lead by the artiele of Groenendijk (1980) where a review is given 
on the crystal structure of CHAC, the magnetic and crystallographic 
properties of CHAC and CHAB will be discussed in more detail in 
section 3. 
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8//c-axis 
o 8 ·l.SkG 
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•B·OkG -1 
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• 
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Experimental results for CHAB (Kopinga 1984) obtained with 
sp~Îific heat (figu:Pe 2.2) and nucl.spin-lattice rel.-time 
(T1 ) experiments (figu:Pe 2.3). In figure 2.2 the calculated 
magnon contribution is shown by a dashed cu:Pve. As one can 
see, this contribution does not cope with the experimental 
results, in contrast with !qe soliton theory (dotted curves). 
The same app U es for the T 

1 
experiments. Here the ins et 

shows the prediction from magnon theory and better agreement 
is found with soliton theory. 

The Exchange in CHAC and CHAB 

Magnetic ions are usually surrounded by anions which have large radii 
so that the direct interaction between the magnetic ions is quite 
small. Groenendijk (1980) shows that the transition metal complexes 
like CHAC and CHAB contain chains of doubly bridged Cu2+ ions where 
the bridging ligands either are Cl or Br (see figure 2.4). Since it 
has been shown experimentally that the bridging atoms between the 
metal ions determine the sign and magnitude of the exchange interaction 
(Crawford 1976, Estes 1978) electron overlap interactions between the 
ligand atomie orbitals and the metal orbitals are held responsible 
for the magnetic coupling. Such interaction between magnetic ions 
which is provided via the intervening anion is called superexchange 
interaction. Hay gives the following expression for the superexchange 
interaction J: (Hay 1975) 

J = K -
AB 

2.3) 
J - J 
aa ab 
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The denominator (Jaa-Jab) is always positive and almast constant. 
Here ~B is inherently positive 
and in the range of lK to lOOK. 
Furthermore, E and E are the one 

s a 
electron energies of the symmetrie 
and antisymmetrie molecular orbitals 
formed by the magnetic orbitals of 
the individual capper ions. {figures 
2.5 and 2.6) Several authors 
(Crawford 1976, Estes 1978, Hay 1975) 
claim that these electron energies 
depend on the bridging angle 6 {fig. 
2.6) In figure 2.5 typical curves for 
the electron energies as a function 
of this angle are given. For 6~90° 
(fig. 2.6) the configuration is 
symmetrie. Since bath overlaps are 
equal, one should expect E to equal 

s 
figure 2.4) The py.oposed chain- E and stronger ferromagnetic coup-

a 
Zike structure of CHAC (Gy.oenendijk)ling to occur. 

( equation 2. 3) 
The preceding analysis has proven to be useful if 
the bridging cu ..... ze~cu -unit is planar. Kahn(1980) 

'er ..... 
has concluded that for non planar systems E and 

s 
E depend on another 

a 
parameter, D, the dihedral 

, angle {figure 2.7). Fig. 
L. 

2.5b) shows a typical 

(eV) 

-126 

80 90 100 110 
8._ 

fig.2.5a) Electron 
energy as a function 
of the angZe 6. 

variatien of the electron w 

energi es E and E versus 
s a 

the dihedral angle D, 
fig.2.6)Schematic view keeping 6 fixed. Thus we 
of th~ eZecty.on overZapare able to explain the 
funct~ons (Kahn 1980) 

different exchange values 
for CHAC (6~ss.6°,D=l55.8°,J=70K) and for inst. 

180 

Ea --------
160 140 

Do 
120 

fig.2.5b) Electron 
energy as a function 
of diherb.oaZ angZe D. 
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3CuC1 2.2dioxane (8=85.5°,D=I30.6°,J=94K). If D deviates from 180° 
the interactions seem to hPcome more ferromagnetic. In 

Cl Cl 
~-------::::1\ 

figure 2. 7) The simplified chainstructure for CHAC 

figure 2.7 the somewhat simplified chain structure for CHAC is shown. 
Adjacent chains are tied tagether in the b-c plane by exchange 
pathways of the farm Cu - Cl - H - Cl - Cu . The hydragen atoms 
belang to the NH3+ moiety of the organic group. The three 
hydragen bands with the apical Chloride are streng enough to stabilize 
the electrastatic charge to this Chloride. Thus no sufficiently large 
overlap between the molecular orbitals p of the Chloride and the 

z 
d 2 2 of the unpaired Cu(II) - electron can be established, preven-

x -y 
ting efficient superexchange between adjacent chains in the b-c plane. 
The rather low values found for the interchain interactions (see 
table 2.II) are therefore hardly surprising. In the a-direction the 
chains are separated by two CHA-cations. No super exchange pathway 
seems available, so dipole-dipole 
interaction might probably be 
responsable for the antiferromag
netic interchain interaction JAF . 
As the lattice distance in the a
direction amounts to approximately 
20 ~ and since dipole-dipole 
coupling decreases like r-3 again 
very weak interchain interaction 
should be expected. This is 

\ 
Cu~CI 

) 
Cl.::-:,;.cu 

D:CI 

) 
Cl~cu 

·; c~ 0 b 

figure 2.8) Representation 
of the distinct interactions 

confirmed by Groenendijk (1980) who calculated the factor zAFJAF at 
the metamagnetic phase transition, using mean field approximation 
theories. Here zAF is the number of neighbour spins which indeed do 
contribute to the antiferromagnetic exchange JAF between two chains 
in the a-direct1on. The result is given in table 2.II}. 
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The magnetic array and anisotropy in CHAC and CHAB 

Below the ordering temperature, T =1.5 K for CHAB and 2.1 K for CHAC, 
c 

the small interchain interactions induce a three dimensional ordered 
state. The resulting magnetic array is canted, as shown in figure 2.9 

and figure 2.10, yielding a non compensated •antiferromagnetïc• array 
with a spontaneous moment along a. This ferromagnetic component results 
in a domain structure at zero magnetic field, which will disappear 
when a field along the a-axis is applied, as shown by magnetization 

figure 2.9) Schematic spin configuration 

of both CHAC and CHAB. 

b 
1 

~ 

l 
I ~ 

I ........_ 

f I '"z 

b 

I 

\ 
\ \ 

\ ..?'z 

figure 2,10) The same schematic spin 
configuration for CHAC and CHAB. The 
arrows indicate the ferromagnetic 
moments of the chains along the c-axis 

measurements.(see figure 2.11) 
The canting angle e can be 
obtained from a comparison 
of the experimental moment 
along the a-axis and the 
total moment Ng~Bs. The 
resulting angles are shown 
in table 2.II for CHAC and 
CHAB. 
Another interesting feature 

regarding the different 
anisotropy of bath systems as 
already mentioned in the 
introduction, is also illu
strated by the same magneti
zation measurements. Appli
cation of a field along the 
b- and c-axis shows that in 
CHAB apparently the moments 
can be easily rotated to the 
c-axis, resulting in a 
magnetization which approxi
mately equals the magnetization 
along the b-axis. This is in 
marked contrast with CHAC 
where the magnetization along 
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the c-axis stays rather small and comparable to the magnetization 
along the a-axis. These features are indicative for the XY anisotropy 
in CHAB and Ising anisotropy in CHAC and have also been verified by 
specific heat and more recently, by ferromagnetic resonance experiments 
by Phaff et al. (1983) The resulting parameters for the exchange 
components arealso shown in table 2.11 . 

CHAC and CHAB: a comparison 

To conclude this chapter we will 
now briefly discuss the proper
ties of bath systems and try to 
relate them to the structure 
parameters. In table 2.11 some 
properties of CHAC and CHAB are 
presented. The structure of bath 
crystals is orthorombic, space 
group P

2 2 2 
• The Cu 2+ ions 

1 1 1 

" 0 
E 

-CHAB 

--- CHAC 

a 

---___ ..!------

------c ---------
soo B f(i) 1000 

figUPe 2.11) Magnetization of 
CHAB and CHAC as a fu:nction of 
the external field, along a-, b
and c-axis respectively. (T=1.2K) 

From Kopinga (1982) 

within a chain are coupled by a ferromagnetic exchange interaction. 
Compared with the interchain interactions JF and JAF, J is large enough 

J /k (K) 
x 

J /k 
y 

(K) J /k (K) 2 AFJAF/k z 
(K) z.FJ/k (K) 

CHAC 45.52 44.99 44.49 -0.014 0.08 

CHAB 55.92 55.91 53.18 -0.03 0.15 

ord.temp. canting angle lattice-distance Ó~> 
CHAC 2.14K 17° a=19.4 i b=8.55 i c= 6. 19 

CHAB 1.5K 25° a=19.8 i b=8.9 i c= 6.4 

table 2.II some relevant parameters of CHAC and CHAB 
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to conclude that bath crystals are very good approximations of one 
dimensional systems. The intrachain interaction J, found in CHAB 
crystals is somewhat larger than in CHAC, according to Schouten(1980) 
and Kopinga (1982), probably due to the exchange of Chloride atoms 

figure 2.12 

for Bromide atoms. Although as mentioned above, bath crystals are 
almast isomorphous, a few properties will be affected by the fact 
that the radius of the Bromide- is somewhat larger. A few arguments 
to state this have been .published lately. Willett (1977) has found 

0 
in CuX

2
.DMSO (X~Cl ,Br) that the Cu-Cu di stance is about 0.15 A 

larger for the Bromide compound. As the radius of the Br-atom is 
0 

about 0.15 A larger, compared to the Chloride, it can be determined 
by simple trigonometrie arguments (figure 2.12) that the bond-angle 
e for the Cu-Br-Cu bond should be larger, leading to stronger 
ferromagnetic coupling if the bond distance Cu-Br is equal to the Cu-Cl 
bond. No evidence however, has been reported for the latter condition. 
Therefore the different magnitude of the intrachain interaction J 

cannot be explained by camparing the cell dimensions only. 
Another remarkable distinction would be the different ordering 

temperature. One is tempted to conjecture that CHAB would show long
range ordering at higher temperatures than CHAC because the intrachain 
interaction in CHAB is larger. 

Since this is apparently not the case, other mechanisms may be 
important. As we saw before, CHAB displays XY-like behaviour at 
lower temperatures and it is well known that the anisotropy also 
influences the ordering temperature. If the exchange parameters 
are comparable, the anisotropy raises the ordering temperature 
(Boersma 1980). Therefore Ising systems generally order at higher 
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temperatures than Heisenberg systems. This can also be illustrated 
by reference to two-dimensional systems, which only order when an 
Ising anisotropy is present, in contrast to two dimensional 
Heisenberg or XY-like systems. 

CHAC displays Ising anisotropy and this may explain for the higher 
ordering temperature in the latter case. 
Finally we would like to camment on the effect of the temperature. 

From table 2.11 one can deduce that the anisotropy values of the 
systems involved are in the order of 1 Kelvin and therefore only 

play a role in the thermodynamics 

A 0.8 

"V: 0.6 
y 

0.4 

0.2 

0 

·-·-· -·-isrö
9 

x 

2.5 TtKl 

figure 2.13) expectation value 
of the spin-components S 3 S 

and S in the Zow temperai~ 
regio~ for a slightly anisotropic 
system (Boersma 1980). 

for moderate temperatures. For 
higher temperatures, the systems 
therefore display Heisenberg 
behaviour. Lowering the tempera
ture, a cross-over will be 
observed from Heisenberg to XY 
or Ising behaviour. Such cross
over can be illustrated by the 
behaviour of the expectation 
value of the spins {figure 2.13 
from Boersma 1980). In a pure 

Heisenberg system, <S~> will be equal to 1hS{S+l) :ar all spin 
directions =x,y,z. In a Heisenberg system with small anisotropy 
as described by the Hamiltonian 2.2 with J ~J ~J , the values for 

x y z 
the expectation value <S 2 > will depend on the spin component. At a 
low temperatures where the thermal energy becomes in the order of 
magnitude as the anisotropy energy, deviations of <S 2 > from the 

a 
isotropie value will be induced. In CHAB this results in a temperature 
region where <S2 >~<S 2 > and <S 2 > is small for T<10.5 kelvin, the 

x y z 
cross-over temperature. The anisotropy parameters in CHAC do not 
give analogous behaviour for the expectation values. In this case, 
below another cross-over temperature (T~SK) a cross-over from 
Heisenberg to Ising-like spin behaviour can be expected. 
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CHAPTER 3 Heat conduction 

Introduetion 

Heat transport in condensed matter can occur through three different 
physical mechanisms, free electrons, lattice- and the magnetic 
excitations. A description of the separate contributions is essentially 
similar because of the quasi-partiele character they all passes. In 
the systems considered in this report, magnetic insulators, we 
assume the heat to be transported by a gas of quasi-particles, i.e. 
phonons, magnons and solitons. The electronic conductivity will not 
be considered, Phonons represent the common collective vibrations of 
a coupled array of atoms. Magnons or spinwaves and solitons are 
magnetic excitations. They contribute to the heat transport through 
interactions with the lattice. Without these interactions heat cannot 
be transferred from the phonon system to the magnetic system. 

Such interactions arise from magneto-elastic effects. (Buys 1983 and 
references therein) The specific mechanism underlying the soliton
phonon interaction however, is not yet quite understood. Analogous 
to the magnon-phonon interaction it is believed that soliton-

phonon coupling adjusts the phonon dispersion (Schöbinger and Jelitto 
1981, Buys 1983), In general the strength of the mutual interaction 
determines whether magnetic excitations will have a net positive or 
negative contribution to the thermal conductivity. 

By measuring the magnetic field dependenee of the thermal conductivity 
at a certain fixed temperature, insight in the character of spin
lattice interaction processes has been obtained. Based on these 
experiments we have concluded in the present case, by camparing the 
high field thermal conductivity with the zero field conductivify, that 
the magnetic excitations merely act as a scattering mechanism for the 
phonons. Therefore we wi 11 restri ct oursel ves to these mechanisms. 
In this chapter we want to treat two simple scattering models, the 

resonant magnon-phonon interaction and the resonant soliton-phonon 
interaction, For this purpose, the possible magnetic excitations will 
be treated first in sectien 2, while a review of thermal conductivity 
theories and the role of magnetic excitations therein will be given 
in section 3. 
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SECTION 2 Elementary magnetic excitations 

Introduetion 

The energetically lowest or ground state of the ferromagnetic systems 
CHAC and CHAB, corresponds to a situation in which all spins in 
equivalent chains are pointing in the same direction. By means of the 
spin-lattice coupling, the magnetic system can absorb energy by 
allowing spin deviations from the original orientation. In this way 
a transition from the ground state to a higher energy level can occur. 
Generally, in systems with a small anisotropy, these excitations can 
be described by the creation of linear spinwaves; the spin deviation 
is collectively absorbed by the whole system. 
For some classes of magnetic systems, alternatively, the equation 

of motion can be mapped on a sine-Gordon equation. This sine-Gordon 
equation allows, besides the above mentioned linear solutions or 
spinwaves, other non linear solutions, usually referred to as 
solitons. They are localized non dispersive waves that seem to behave 
like particles since solitons are believed to preserve identity 
after colliding, suffering small phase shifts only. 

In the following we will review some properties of bath types of 
excitations as far as they are relevant to the present purpose of 
calculating their influence on the thermal condu~tivity. 

MAGNONS 

figure 3.1) Representation of a magnon or spinwave 

Beekman (1984), Bol (1983) and Mutsaers (1983) have reviewed parts 
of spinwave theories necessary for a description of the magnetic 
systems CHAC and CHAB. We wi 11 restriet oursel ves to summari:zi ng the 
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final results, which are the 
dispersion relations of the spin 
waves in CHAC and CHAB. Mutsaers 
(1983) shows that the dispersion 
relation with the magnetic field 
parallel to the easy~ or x-axis 
of a ferromagnetic system can be 
formulated as: 

1 
E = (A2- B2)2 
k k k 

Ak= 4SJx+ g~BBx- 2S(JY+Jz).coska 

Bk= -2S(Jy-Jz).cos(ka) 3.1) Wavenumber k 

/ 
/ 
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By B Bz 
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/ 
/ 

/ 

' /. 
/ 

figure 3.3) The fieLd 
dependenee of the energy 
gap, with the magnetic 
fieLd appZied to three 
different directions. 

figure 3.2) A typicaL dispersion 
reLation for CHAC or CHAB. 

The values of Jx, JY and Jz are given in 
table 2.11 . In the absence of a magnetic 
field, the dispersion relation 3.1 can 
berepresentedas is illustrated in fig.3.2 
For k=O, the energy of the spinwave is not 
equal to zero. The magnitude of this 
energy is called the energy gap. When the 
field i~ applied in other directions than 
the original x-axis, two distinct methods 
can be developed to solve the ultimate 
dispersion relation. First of all, if the 
field is applied along the original y- or 
z-axis, the resulting spin direction will 
be along the field direction when the 
field exceeds a certain threshold value 

at which the additional preferenee for the field direction equals the 
exchange anisotropy. In that case equation 3.1 will apply again, 
provided that one inserts the proper new easy, intermediate and hard 
anisotropies, including the field. Figure 3.3 shows the resulting 
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field dependenee of the k=O energy gap. The methad is useful for B 
larger than B and B (figure 3.3). For the range B<B , B<B as well 

y z y z 
as arbitrary field directions, another approach is necessary, since 
in those cases the spin moments are no langer parallel to the field 
direction and therefore equation 3.1) is not directly applicable. 
However, the problem can be solved then, by determining the momenta
rily equilibrium position of the spins , which determine a new (field 
dependent) coordinate system (X'Y'Z') and transforming the original 

8 l c-as 

CHAB 
oc= s• 

8(kG) 

figure 3.4) An illustration of the energy gap versus 
field-curves as a function of the field direction. 

anisotropy as well as the field induced anisotropy to these new 
coordinates. Equation 3.1) is now again applicable in this new 
coordinate system with adjusted set of anisotropy parameters and B=O. 
The resulting field dependenee for B<B and B<B along y and z is 

y z 
also shown in figure 3.3) and figure 3.4) shows the effect of a small 
field rotation,obtained this way,close to the z-axis. The general 
behaviour of the field dependenee of the energy gap has been verified 
by FMR- measurements by Phaff (1983) as shown in figure 3.5). 
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Concluding we note that for CHAC and CHAB the field dependenee of the 
energy gap, which as we will see determines to a great extent the 
influence of the collective excitations on the thermal conductivity, 
has been established theoretically as well as experimentally. 

SOLITONS 

As we have mentioned in the introduetion already, the equation of motion 
of some classes of magnetic one dimensional systems can be mapped on the 
sine-Gordon equation: 

3.2) 

~: angle between the spin vector in the easy XY-plane 
and the x-axis 

c: magnon velocity 

m: magnon mass 3 or magnon gap 

y: position coordinate in the chain direction 
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A mathematical expressionfora soliton 
can be obtained from this sine-Gordon 
equation, using Bäcklund transformations 
(Ruijgrok 1983) 

~(y,t)= 4tan- 1 exp{±ym(y-vt-~ )} 3.3) 

){) : center of the rest frame 

V : soliton-velocity 

Y : Lorentz factor, y=(l-v2 /c 2 )-~ 

The ± sign in the exponent of 3.3) 

-20 -<0 tO y 20 

figure 3.6) mathematical 
representation of expression 3.3 

refers to the two possibilities of soliton and anti-soliton. In a 
ferromagnetic system, a soliton physically means a complete turn of the 
spin in the XY-plane as one proceeds along the chain. There is no 
physical distinction between the spins behind the soliton and those in 
front of the soliton. (see figure 3.7) Furthermore a soliton can be 
appointed a soliton length l: 

3.4) z,.,. 6/m 

-

J 

- -
B 
x..____ 

x 
27T-soliton 

figure 3,?) schematic representation of a soliton in a 
ferromagneticaZZy ordered array of cZassicaZ spins. 

-
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The equation of motion of certain classes of magnetic systems can only 
be mapped on the sine-Gordon if a number of conditions is satisfied. 
In general, the magnetic system should be one-dimensional (i) and the 
continuurn approximation should be valid which demands classical spins 
and a continuous lattice (ii). Furthermore restrictions are layed upon 
the symmetry of the magnette anisotropy of the systems. In the case of 
CHAB i.e. with XY-like exchange anisotropy at sufficiently low tempera
tures, such mapping could be applied if some external symmetry breaking 
magnetic field B is present. 

Starting from the Hamiltonian: 

H = -J E S .S I + AE (Sz} 2 - gu_BE Sx 3.5) 
n n n+ n n 'tl n n 

we can obtatn the sine-Gordon equation 3.2) either by variational 
principle (Enz 1983) or straightforward calculations using the Landau
Lifshitz equation of motion (Riseborough 1981). 
The magnon mass m and the magnon velocity c can now be determined, 

using equations 3.2) and 3.5): 

Here, a is the distance between two neighbour spins. A soliton can be 

appointed an energy Esol : 

3.6) 

This soliton energy depends on the soliton-velocity v and the magnette 
field Band can in the case of CHAB be written as: 

Es01 (v) = 10.85yiB {B in kGauss) 3.7) 

Trullinger (1981) shows that the soliton density obtained with an 
heuristic non-relativistic ideal gas model, does not deviate too much 
from the results obtained with exact transfer matrix methods. 
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Trullinger gives the following expression for the soliton-density: 

~ E ~ 
nsol = 1~1 . m. 1~1 .exp-(E

80
/kT) 3.8) 

0 1 2 3 4 5 B!kG) 10 15 

figure 3.8) GraphicaZ 
representation of 
expression 3.8) for 
three temperatUl?es~ 
T=3K~ T=5K~ T=7K 

Substituting the right parameters for CHAB, we obtain from 3.8) 

~ -1 1 -1 n
801 

= 0.183 . B4 .T 2 .exp-(10.85B 2 .T ) 3.9) 

Rarely however, the conditions mentioned above are met exactly. 
CHAB for instanee has some properties (S=~, A/k=5K, discrete 
lattice) which force us to adjust our classical approach to reality. 
This can be done by assuming any deviation from the classical con
ditions to be small perturbations giving rise to a semi-classical 
approach. (Maki 1979, Maki 1980, Kopinga 1984) Others (Coleman 1975, 
Dashen 1975) have developed a more elementary quanturn field theory 
for the description of soliton theory. 

In practice the semi-classical renormalizations will adjust some 
parameters in the expressions for the soliton-energy and the soliton
density, up to approximately 20%. These adjustments are called quanturn 
corrections or fluctuations. (Maki 1980, Riseborough 1983) and their 

. 1 magn1tude seems todependon the coupling constant g2 (g 2= I2A/JS 2
1 2 ) 

(Dashen 1975), which gives an indication for the validity of such 
semi-classical treatment. If g2 is small enough, it seems not necessary 
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to use quanturn field theories insteadof semi-classical calculations. 
According to Maki•s suggestions (Maki 1981) we have found for CHAB 
that equations 3.7) and 3.9) would become: 

* E 
1

(v) so 
= 9.4yBo.s 1 3.10) 

and: 
Tl* 

Bo.1 1 
exp-(9.4 -1Bo.s1) 3.11) sol = 0.1511T~ I 

In figure 3.9) the effect of this renormalization has been illustrated 
for the soliton-density. 
Apart from these correcti ons brought about by the extreme quanturn nature 

also the other conditions underlying the mapping of the system to a 
sine-Gordon system are only met approximately and in limited ranges 
of field and temperature. For CHAB we have indicated this limited 

I 
c.•,o Classical 

-·- Renormalized 

figure 3.9) 
IZZustration of the 
effect of quantum
il'enormaUzations on 
the expressions for 
the soZiton-density 

0 1 5 B!.kGl 10 15 

existence area in aB-T phase diagram (figure 3.10). The area is 
surrounded by five lines, which all correspond to some conditions 
for the existence of solitons. Line 1 indicate the phase transition 
from the ferromagnetic to the paramagnetic phase. Line 2 originates 
(Mikeska 1978) from the condition that the continuurn limit should be 
applicable, which in the case of CHAB demands: 

1 
3.85B 2 < T 
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figure 3.10) Existence area of the soliton 
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Furthermore it is assumed (i.e. Magiyari 1982) that solitons will be 
unstable if the applied magnetic field exceeds some critical value, 
depending on the magnitude of exchange, spin and anisotropy. In the 
case of CHAB this would yield: B< 12.4 kGauss. (line 3) 
As we have mentioned in the latter chapter, CHAB exhibits XY-like 
behaviour in a restricted temperature range only. For sakes of simplicity 
we will assume that independent of the magnitude of the field, below 
T=10.5 Kelvin such XY-like behaviour can be expected. (line 4) Finally 
we have to aceomadate for the restrietion to soliton theories that 
expression 3.10) for the soliton density only holds if the following 

1 
condition is obeyed (Trullinger 1981): T<7.1B 2 

SECTION 3 Thermal conduction 

For a review of thermal conduction theories which are relevant to our 
case, we have gratefully made use of the reports of Smeets (1979) and 
Buys (1983). For the original literature we kindly refer to the 
references in these reports. 
Smeets gives the following expression for the thermal conductivity of 

a n-dimensional isotropie magnetic insulator: 
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c 3=% Tr2; c 2=l;frr; c l=Jrrr 

n: Zattice dimensionaZity 

zP(wk): mean free pathof the phonon 

hwk : phonon energy 

v(wk): phonon veLocity 

k : wave nwriber 

p: poZarization of the phonon modes 

cPrwk): specific heat of a phonon gas 

For our purposes we may assume that only acoustic phonons contribute 
to the heat transportand that their dispersion relation is given by: 

3.13) 

Furthermore we have restricted ourselves to the isotropie k-space. The 
free path lP(wk) in equation 3.12 depends on the distinct scattering 
mechanisms of the phonons. If these distinct scattering mechanisms are 
all independent of each other, the final free path is given by: 

{lP(k)}-1= ~{lp{k)}- 1 3.14) 
1 

Generally, scattering mechanisms are described by their relaxation 
time T{k) which is the typical time for the recovery of equilibrium 
during the scattering. 

3.15) 

Analogous to equation 3.14, we can write for the total relaxation time: 

3.16) 
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The most important non-magnetic phonon scattering processes are 

scattering by crystal boundaries and lattice imperfections, bath with 
a temperature independent relaxation time, and pnonon-phonon 
scattering processes. Each of these mechanisms will contribute 
significantly to the total scattering of the phonons in different 
temperature regions. According to Nernst•s law thermal conduction 
can not be provided for at zero temperature and hence the thermal 
conductivity should be equal to zero. The qualitative behaviour of 

T 

figure 3.11) typical shape 
of the thermal conductivity 
versus temperature. 

the thermal conductivity for a perfect non magnetic crystal is 
illustrated in figure 3.11) . At the lowest temperatures phonons will 
only be scattered by crystal boundaries p,,..., Tn , ·smeets 1979) 
Gradually, phonon-phonon scattering becomes increasingly more 

important. In the higher temperature range ( T > TD, Debye temperature) 
the thermal conductivity is inversely proportional to the temperature. 
Thus, a maximum value for the thermal conductivity should be expected 
in the cryogenic temperature range. Finally it should be mentioned 
that lattice imperfections in general give rise to a decrease of the 
thermal conductivity ( Parrot 1975) 

In the Debye model, the free energy of one phonon mode is given by: 

u ;:; nwk 
3.17} 
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Hence the specific heat cP(wk) for each polarization type p is equal 
to: 

::; A.x2exp(x) 2 (exp(x )-1) 
3.18) 

Since we assumed that the phonon velocity is constant, we can write 
equation 3.12 as: 

,..., 
Cl 
L.. 
Cll 
c 

UJ 

0 Wàverumber k 

figure 3.12) The hybridization 
of the phonon- and magnon 
dispersion relation for a 
ferromagnetic system. 

And with the aid of equation 3.13 
we can finally obtain: 

_ ,. n x exp x n+l ( ~ 
À-Cn.T f {exp(x)-1 2.-r(x).dx 3.20) 

The phonon-velocity v(k) has been 
discounted inthefactor c~·,since, 
as mentioned above, this phonon 
velocity is assumed to be constant. 

Due to the phonon-magnon 
interactions, the phonon dispersion 
relations are hybridized by the 
presence of the magnon dispersion. 

This hybridization is visualized in figure 3.12) . In fact, magneto
elastic modes are created and we should no langer think in terms of 
phonons and magnons. Kittel (1958) has proposed a mechanism to 
calculate the thermal conductivity, based on these new magneto-
elastic modes. Unfortunately, using Kittel•s methad for the calculation 
of the thermal conductivity, many difficulties are encountered. For 
sakes of convenience we will use a phenomenological description, 
which is possible since we have concluded that for our purposes we 
may assume that magnons as well as solitons merely serve as another 
scattering souree for the phonons. Buys (1983} has verified that 
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the phenomenological description 

is in good agreement with the 
methad of Kittel (1958) in the 
case of CoBr2.6(H20). In the case 
of magnon-phonon interactions, 
Tiwari and Ram (1980) have 

>.. 
Cl 

proposed the following relaxation ~ 
c: 

ra te: 

3.21) 

S:spin-phonon coupZing 
parameter 

x. :the intersection 
~ energy of the unper

turbed magnon and 
phonon modes3 divided 
by kT. 

LU 

0 Wavenumber k 

figure 3.13) The intersection 
of an unperturbed phonon- and 
magnon dispersion reZation. 

This relaxation rate describes a resonant magnon-phonon interaction. 
In real systems, with phonon veloeities much larger than the magnon 
velocity, the intersectien will occur at very small wave numbers and 
consequently w. can be approximated by w (O) (Buys 1983). hw (O) is 

1 m m 
the energy gap of the magnon dispersion relation. (equation 3.1) This 
energy gap is field dependent (figure 3.3) and thus, by means of 
this resonant magnon-phonon interaction model, we are able to describe 
the field dependenee of the thermal conductivity. Although the process 
described above is nat the only one by which phonons can be scattered, 
we will restriet ourselves to this mechanism in the comparison with 
the experimental data since it appears that higher order scattering 
processes very aften qualitatively resemble the results of the 
resonant magnon-phonon model. 

As for the so 1 i :ton effect on the heat conduction, we can a dopt an 
intuitive scattering model based on the fact that the magnitude of 
the exchange integral between neighbouring spins depends on their 
instantaneous separation. Thus the influence of the soliton can be 
interpreted as a lattice defect which will be more rigarous if the 
soliton length decreases. Buys, in the case of TMMC and DMMC, has 
found reasonable qualitative agreement between the results of this 
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defect model and experiments. Quantitatively, however, better 

agreement was found witharesonant soliton-phonon interaction model. 
Anal ogous to the resonant magnon-phonon i nteraction, Buys ( 1983) · 

has introduced the resonant soliton-phonon model, despite the fact 
that solitons are non-dispersive quasi-particles. In the latter 
model, use has been made of the "quasi .. -sol iton dispersion relation; 

E 
sol 3.22) 

p: momenturn of the soliton 
Equation 3.22 shows great resemblance to the magnon dispersion relation 
(equation 3.1) which lead Buys cum suis to the following expression 
for the thermal conductivity: 

With: -1 -1 T (x) = 1 + RS.T (x) 
sp 

x := E 
1

(0)/kT 
0 so 

The rate n 
1
/n h accounts for the density difference of corresponding 

so p 
soliton and phonon states. With the aid of equation 3.9), or 3.11) and 
3.17) we find: 

n 1/n h = C.B~.x~.(1-exp(-x )) 3.24) 
so p 0 0 

The parameter RS in equation 3.23) is called the relative strength and 
has been introduced to balance the magnetic and non-magnetic scattering. 
Finally, expression 3.8) or 3.10) can be used for E 

1
(0). 

so 
This concludes the review and introduetion of the theoretical 

framewerk which we will apply to campare the experimental data on CHAC 
and CHAB with theory. 
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CHAPTER 4 Experimental set up 

Introduetion 

The heat conduction data on CHAC and CHAB, to be reported later on, 
were obtained with a home made, conventional experimental set up based 
on a stationary heat flow. In this chapter we will shortly review the 
basic equipment and the measuring methad in sectien 1. Thereafter we 
will camment on the specific experimental details concerning the 
experiments on CHAC and CHAB. 

SECTION 1 THE EQUIPMENT 

All measurements have been performed in a 4He cryostat, restricting the 
lewest obtainable temperatures to 1.2 Kelvin. The thermal conductivity 
measuring system was assembled in a capper can (11) which can be 
immersed in the liquid Helium bath. The cryostat also contains a 

4 

11 

figure 4.1) The crystaZ assembZy 

superconducting solenoid (10) 
wiht a fixed orientation, allowing 
us to apply a vertical magnetic 
field in the range from 0 Tesla 
till 9 Tesla. The crystal of 
interest (2) was mounted at 
the sample-holder (4), which 
served as a heat sink and is 
connected with the 4He bath 
through capper (5 and 7) and 
brass (6) bars. A heat flow Q 
can be supplied at one end of 
the crystal by means of a metal 
film resistor (1). The Joule 
heating Q is equivalent to: 

Q = V.I 4.1) 

32 



Bath Voltage V and current I through the metal film resistor were 
measured with a digital multimeter, An Allen- Bradlev carbon 
resistor (8) and a manganine wire (9}, which are incorporated in a 
temperature controll unit, are attached to the intermediate capper 
bar. By means of this controll unit the crystal temperature can be 
raised to any desired value between the bath temperature and 
approximately 40 Kelvin. 

' Due to the heating Q, a temperature gradient will be present in the 
crystal. If this temperature gradient is constant with respect to 
time, (statie method) the heat conductivity coefficient À can be 
determined from: 

4.2) 

This equation will only hold, provided 
that no additional heat exchange between 
crystal and surroundings can occur. For 
this purpose the capper can is evacuated 

heater heat stnk 
sample 

figure 4.2)Schematic 
diagram for the static 
measuring method. 

during the experiments. Usually, experiments are performed at pressures 
of ~I0- 6 Torr. The relevant parameters to measure À are shown 
in the schematic diagram 4.2). A is the mean interseet area of the 
crystal and Lis the distance between the two thermometers T1 and T2 
( two lOOn Allen Bradley carbon resistors, number 3 in figure 4.1 ). 
To ensure an isothermal contact between these resistors and the 
crystal, part of the insulating mantle, covering the resistors, was 
grinded away. A capper wire was twisted around the bare carbon at one 
end and around the crystal on the other end . Also, to make sure that 
a good thermal contact between the crystal and the copper wire was 
obtained, GE-varnish was used. Finally, great care has been taken to 
prevent any direct thermal contact between bath thermometers. 
If the temperature difference T1-T2 is small enough, the thermal 

conductivity will be almast constant between bath thermometers. In 
that case equation 4.3) will apply: 

4.3) 
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And thus, it follows from equation 4.2): 

V. I 
À = L\T. (A/L) 4.4) 

Typical values for ÄT are in the order of 0.1 Kelvin. 

Two step measuring methad 

For the measurement of the thermal conductivity a methad is employed 
whereby in essence only one precision thermometer is used. The two 
step measuring methad enables us to measure the temperature difference 
L\T directly, in contrast to the more common technique which consists 
of determining ~T from the measured values T1 and T2. We will now 
discuss the steps involved in more detail, starting from figure 4.3) 
where a fictitious temperature dependenee for the resistance of the 
carbon resistor thermometers is given. 

R 

T 

i) First a steady heat flow Ó is applied 
to the crystal which should induce a 
temperature gradient between the 
thermometers. After a few minutes, a 
stable situation will be obtained and 

figure 4.3) A typical R-T 
curve for a carbon resistor 

the resistance of bath resistors R1 
and R2 can be measured. Our 3-wire 
measuring bridge (Buys 1983, Kopinga 
1978) has been set up to measure R1 
and ~R=R1-R2 . 

T T~ T1 

fig~ 4.4) Determination 
of ~T from R2 and R2· 

ii)Now, Q is switched off. Thus the crystal 
will reach a uniform temperature. The 
resistances of both thermometers will 
now have the values Ri and R2 . With 
the aid of the temperature controll 
unit, the temperature of the crystal is 
regulated such, that Ri=R1 . Thus, T1 
must be equal to Ti. Of course, R2 is 
not equal to R2. 
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So: 4.6) 

We are now interested to find accurate values for ~T from the 
measured resistances ~Rand ~R·. From the equations 4.5) and 4.6) it 
simply follows: 

4.7) 

As we will see in a moment, we can determine relevant values for the 
temperature difference ~T between the thermometers by measuring the 
resistance values R2 and R2 of one carbon resistor only. This will 

~_0~ ......... R2 
-- ~-~-

I " 

T2-
figure 4, 5) The sZope ashouZd be equaZ to the sZope 

of the tangent at T~~(T1 +T2J. 

greatly diminish the experimental error since only one calibration 
curve (R-T curve) is involved. The figures 4.4) and 4.5) will 
elucidate the procedure described here. From figure 4.5) we can see 
that: 

4.8) 

The essential geometrical tric is the assumption that tana~ tans. 4.9) 
Expression 4.9) will generally be valid if T is smal enough. From 
equation 4.8) we can easily find: 

R2-R2 R2-R2 
~T = tanB = oR 

l<rrl HT l+T 2) 

4.10) 
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And thus, with the aid of equation 4.7): 

~T = (~R'-~R ). ~~~~~(T1+T2) 4.11) 

The factori~~~~(T,+T1 ) has been calculated numerically with a polynomial 
fitting procedure for all temperatures between 1 Kelvin and 8 Kelvin. 

Accuracy 

Buys (1983) has analysed the accuracy that can possibly be obtained 

with the two step measuring method. Buys comes to the conclusion that in 
the temperature range below 9 Kelvin the accuracy of ~T determines the 
magnitude of the total relative error in the values for the thermal 
conductivity. Obviously in the determination of À from equation 4.4) 
more sourees of error are present. 

oÀ = o.Q + o~~L) + ~ 
T Q L ~T 

4.12) 

Expression 4.12} gives an estimation of the maximum relative error in 
the determination of À. The latter factor of the three terms at the 
right hand side is the one mentioned in equation 4.11). Both o(Q)/Q 
and o(A/L)/(A/L) are systhematical errors and are in the order of 5% 
till 10%. Of course, Ö and A/L could be measured more accurately, but 
this is not necessary since we are interested in the magnetic field 
dependenee of the heat conductivity relative to the heat conductivity 
in zero field. And: 

= lo(óT)I + lo(óT) I 4.13) 
~T B ~T B=O 

Buys states that the relative error o(~T)/ ~T does not aceeed 1%. This 
error is based upon several factors, the calibration of öT/dR and the 
error in the determination of ~R. 
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SECTION 2 EXPERTMENTAL DETAILS 

Same large single crystals of CHAC and CHAB were available in this 
laboratory for our experiments. We have used different samples of 
bath compounds, a11 synthesized in the period 1980-1983 in our group. 
By means of X-ray examinatien we have been able to determine the 
crystal1ographic axes of the samples. Hereafter the crystals had 
to be prepared for mounting them to the experimental assembly. They 
were, if necessary, sawn and grinded to enable the attachment of the 
heater and thermometers. To ensure fair thermal contact between 
crystals and all objects like sample-holder, thermometers and heater, 
we used GE-varnish. Unfortunately, in the case of CHAB, we had to use 
Apiezon-grease instead, which gives a poor thermal contact, because 
CHAB crystals were found to resolve in GE-varnish. 

In table 4.1 typical values forA and L are given for most crystals 

range 

tabZe 4.I 

L 3mm - 6mm 

After mounting the crystal the capper can was evacuated and put in 
liquid Nitrogen. By experience we have noticed that the right sequence 
of evacuating the capper can first befare cooling the entire system is 
rather essential for the performance of the experiments. In the course 
of our experiments we noticed that the results of farmer experiments 
could not be reproduced. Therefore we looked for possible explanations 
for these discrepancies between different experiments performed on the 
same crystal. Besides the rather trivial causes, like breaking of the 
crystals during the experiments due to fast cooling or wrong assembly 
to the sample-holder or changing of the chemical composition due to 
oxidation or resolving in GE-varnish, some more fundamental causes 
have been established. The following part of this report will deal with 
these more fundamental causes and with the actual accuracy we were 
able to obtain. 
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In chapter 3 the qualitative temeperature dependenee of the thermal 
conductivity has been discussed. Several experiments performed on 
CHAC and CHAB confirmed this qualitative behaviour, although the 
absolute magnitude may differ. (figures 4.6-4.9) One of the outeernes 
of these experiments is the phenomenon that after every cool-down, 
the heat conductivity is changed. We believe that the increase of 

I 

lattice-imperfections in the cr.vstal aftereach 
cool-down should be responsabl~ for this. We - • /· • CHAC 

-
0.11>- I 

0 

' / 

/ • also noticed that the isothermal quantitative 
behaviour of the thermal conductivity in field 
changes after every cool-down. This is illustrated 

0.16f-

'i-- 0 

c,r I :.r • 

4--

- figure 4.8) Therma~ 
cond. versus temp.T 
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in figure 4.10) . The squares represent 
measured values of the relative thermal 
conductivity in field, one thermal 
cycle after the circles were measured. 
Between these two experiments, the 
crystal assembly remained unaffected. 
This was the first experimental 
confirmatien for our suggestion that 
the quantitative behaviour of the 
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figu:t'e 4 • 10) 
relative thermal conductivity in field 
(/dB)/À(O)) depends severely on the magnitude of À(O). Later experi
ments have established more evidence, see for instanee figure 4.11). 
Besides this conneetion between À(O) and the quantitative behaviour 
of À(B)/À(O) which will prove to be rather useful fora right 
interpretation of the experiments as discussed in chapter 5. We have 
also examined the influence of the cooling procedure on the 

~o qualitative behaviour of the thermal 
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crystal, the capper can should be evacuated 
befare we can start precooling the entire 
measuring system in liquid Nitrogen. 
Otherwise gases could condense to the wall 
of the capper can or, what would be more 
severe, to the surface of the crystal. 
Such condensed gases could stress the 
crystal, leading to bursts in the crystal, 
or could be responsable for some unexpected 
heat transport at the surface of the crystal. 
The importance of a right sequence in the 
cooling procedure has been established by 
means of a simple experiment (see figure 
4.12). First the isothermal field dependenee 
of the thermal conductivity has been 

10 20 3o B<kGJ 5ll 60 70 measured, after the crystal assembly had 
figu:t'e 4.11) The field- been caoled in the right way. Hereafter 
dependenee of À for 
different experiments. 
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air was led in ta the capper can, 

which was still situated in the liquid 
Helium. Thus the pressure increased, 
until the air-input was stopped. At 
the moment, the pressure in the 
capper can had reached its initial 
value, we again measured the isothermal 
field dependenee of the thermal 
conductivity at T=4.8 Kelvin. The 
distinction between bath curves is 
abvious, even though the crystal was 
kept at the same temperature during 
the entire experiment. Thus, it seemed 
desirable to make sure that, befare 
any experiment was to be performed, a 
standard cooling procedure should be 
followed. 

Actual accuracy 

140L 

! 

uoL 

120~ 

CHAB 
B#c-as 

60 10 &0 

figure 4.12) Isotherma"l field 
dependenee of the same crysta"l 
befare (•) and after (o) some 
air was Zet into the capper can. 

After having established a passible explanation for the non reproducing 
results, we will now discuss the accuracy obtained specifically for 
the experiments performed on CHAC and CHAB. As we have seen in the 
first part of this chapter, the accuracy in the determination of À(B)/À(O) 

is mainly governed by the magnitude of o{~T)/~T. The latter relative 
error is build upon twa factors, the determination of ~R and the 

calibration of ~~~IT· 
The Wheatstone bridge allows determination of ~R in the total 

temperature range with an accuracy of approximately 0.02D at a 
sensitivity of 25 ~Volt. At the lower temperatures (2K), typical values for 
~R were in the order of lOOD, but at higher temperatures (BK) ,~R decreases 

and reaches values of lOD. Thus o(~T)/~T will be enlarged for rising 
temperatures. Furthermare, due to the accuratenessof the splines-
fitting for oT/oR , it was found that Fi~T) Is increases for higher 
temperatures. So, the conclusion must be, that a tendency seems to 
be present, \'lhich diminishes the experimental accuracy if temperature 
dses. 
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By experience we have found out, that the relative error in the 

determination of 6T in magnetic field experiments increases from 

1% at 1.5 K to approximately 3% at 8 K, in the case of CHAB. 

Sometimes, the relaxation time of the crystal assembly, 
that is the characteristic time to obtain a stable temperature 
profile, was in the order of ten minutes due to the high thermal 
resistance between crystal and heat sink. Especially in the case 
of CHAB-crystals this relaxation time could rise to approximately 
30 minutes at the lower temperatures. Usually GE-varnish is used 
to imprave the thermal contact, but unfortunately the CHAB-crystals 
were found to resolve in this varnish. Therefore a choice had to 
bemadebetween economical arguments ( excessive use of liquid He4) 

and desired experimental accuracy. Since the thermal resistance is 
proportional to T- 3

, the relative error rises at lower temperatures. 
We conclude that the maximum relative error increases with increasing 
temperature for all crystals. Furthermore, the results obtained for 
CHAB are less accurate due to a larger thermal resistance between 
crystal and heat sink. In the case of CHAB we were, in practice, 
satisfied if a maximum relative error of approximately 4% could be 
obtained. For CHAC we were able to perfarm experiments with relative 

errors, estimated to be 1%-2%. 

1.5 

1.0 

0.5 

0 

The performance of the total equipment 
I 

o has been tested by ~eans of a calibration 

T(K) 15 

sample, consisting of stainless steel. 
The results (figure 4.13 from Keusters 84) 
were in very good agreement with earlier 
experimentsof Smeets (1979). The drawn 
line in figure 4.13) represents the 
results of the National Bureau of Standards. 
In order to get an inpres,sion of the 

field dependenee of the equipment, we 
have also applied a magnetic field to 
the stainless steel sample, although 

of course a non metallic and non maqnetic 
figure 4.13) Thermal sample would have been more appropriate 
conductivity of stainless 
steel. as we wi 11 see. 
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The heat conduction in the stainless steel sample is hardly affected 

by the magnetic field and decreases smoothly with increasing field to 
a value of À which is in the order of 2% less than À(O), at maximal 
field. (figure 4.14) 
This decrease is not a priori an instrumental effect since in 

principal the electronic heat conduction in metals (like stainless 
steel) might be affected by a magnetic field. This effect, which has 
been extensively reviewed by De Lang (1977) is, crudely spoken, brought 

0 

~ 
~ 

about by the Lorentz force acting on 
the drifting electrons, which decreases 
the mean free path. This effect can tOOr -c:r- a-~-----------

a a a a however only be measured in a specific 
configuration (The Corbino configuration 
in which the heat flow runs from the 
center of a circular disc to its circum
ference) where the counteracting Righi
Leduc effect (comparable to the Hall-

0.98 1-

I I l I I 

10 20 8 (kG) 60 70 

figure 4.14) Isothermal 
field dependenee of the 
stainless steel sample 
at T=5.5 Kelvin. 

voltage) is avoided. Although this effect in pure metals can decrease 
À over orders of magnitude, one should note that in our case we are 
dealing with an alloy where the heat flow was directed in the bar, 
parallel to the field. Therefore the effect is expected to be 
suppressed to a great extent. However,additional experiments to 

-

verify this conjecture are not available, and therefore the data shown 
in figure 4.14 may be due to an intrinsic effect of the material. 

As for the instrumental effect, we may thus conclude that, if it is 
present, it is apparently small (<2%) and smoothly dependent on the 
field. Since, as we will see later on, we will employ a rather 
qualitative analysis of the data in this report, this possible 
instrumental effect will not interfere with our main conclusions. 
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CHAPTER 5 Results and discussion 

Introduetion 

In this chapter we will present the results of our thermal conductivity 
experiments, performed on CHAC and CHAB. As we saw in chapter 2, both 
systems are isomorphic and therefore we will assume that the non 
magnetic scattering causes an almost identical temperature dependenee 
of the thermal conductivity for both crystals. An introduetion to the 
theoretical description of the heat conduction has been given in chapter 
3. As it is our aim to get some 
information about the presence of 
soliton-like excitations in CHAB by 
means of soliton-phonon interactions, we 
have investigated the isothermal magnetic 
field dependenee of the thermal conducti
vity in CHAC and CHAB for a range of 
temperatures. We expected on forehand, 
that any difference between CHAC and CHAB 
that would occur in this field dependenee 
might be attributed to the presence of 
solitons in CHAB. 

Resul ts 

Analogous to the zero- field experiments 
as described in chapter 4, the thermal 
conductivity in field also is measured 
by means of the two-step method. Thus 
isothermal field dependenee plots of the 
thermal conductivity, like presented in 
figure 5.1 with the field along the a
axis, could be obtained for several 
temperatures in the range 2K - BK. Such 
experiments have been performed with the 
magnetic field applied along the three 
principal crystallographic axes. 
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figure 5.2) Experimental 
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figure 5.3a)Isothermal 
field effect of the heat 
conduction for CHAC,with 
the field along the c-axis. 

In the figures 5.2 and 5.3 similar plots 
are presented with the magnetic field 
parallel to the b- and c-axis respectively. 
The isothermal field effect of the heat 
conduction with the field along the c-axis 
has been measured at two different sessions 
using the same CHAC-crystal (figures 5.3a 
and 5.3b). As one can see, the results seem 
to disagree to a certain extent. For the 
session corresponding to figure 5.3a very 
pronounced maxima occur at fields in the 
range from 20 kGauss to 40 kGauss. The 
results of identical experiments, performed 
one thermal cycle later, are illustrated 
in figure 5.3b and show maxima at higher 
fields with smaller magnitude. 
Although the mechanism causing these 

dissimilarities is nat completely under
stood, we believe that the magnitude of 
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of the thermal conductivity in zero magnetic field, and thus the 
relative strength of the magneto-elastic interactions RS, is at least 
a crucial factor, if not decisive. 

This is, once again, illustrated in fig.5.4 
where for CHAC, at T=5K with the field 
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figure 5.4)The heat cand. 
in field at T=5K for three 
distinct cases. Lines ~ 
and ll correspond to the 
same crystal for and after 
one thermal cycle. 0 cor
responds to another crystal 

along the c-axis, the isothermal field 
effect of the heat conduction is shown for 
three different cases, corresponding to 
different values of the heat conduction at 
zero field. 

For all field directions, the qualitative 
behaviour of the curves, apart from the 
absolute value of À(B)/À(O), is in the 
essence rather similar. Starting from 
B=O kGauss, all curves display a rising 
tendency, shading off into a flat maximum. 
At higher temperatures a tendency can be 
observed for these maxima to shift towards 
higher values for the magnetic field. 
Behind the maximum, the heat conduction 

seems to decrease in most cases. As we 
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have seen in chapter 3, the excitation 
energy to create magnons or solitons 
increases fast (see equation 3.1 and 
3.7) with increasing field strength. 
Thus we might say that at high magne
tic fields, magnetic excitations 
hardly influence the thermal conduc
tivity and we therefore can conclude, 
by camparing the high field thermal 
conductivity with the zero field 
conductivity that the magnetic 
excitations merely act as a scatte
ring mechanism for the phonons, 
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despite the small decrease of the thermal conductivity behind the 

maxima as we observed in CHAC. 
In CHAB, no such decrease for the high field thermal conduction was 

encountered. Therefore, in this case the conclusion that solitons or 
magnons Scatter the Phonons 
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327K 8//b·as 
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0 
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11 
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only, is beyond doubt. 
As we can see in the figu

res 5. 5-5. 7, the qua 1 i tative 
behaviour of the isothermal 
field dependenee of the 
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lower temperatures, we systhematically observed a small maximum at 5 

kGauss, followed by a minimum at ~15 kGauss. Such maxima definitely 
could nat be observed when the field was applied to the c-axis. (fig. 
5.7a and 5.7b) At higher temperatures however (T>6K), these typical 
maxima disappeared, and the qualitative behaviour of the heat conduc
tion in field was found to be similar for all field directions. 
Finally it can be noticed that in CHAB a tendency seems to be present 

for the heat conduction to decrease with increasing temperature. The 
fact that, as shown in figure 5.7b, the thermal conductivity for CHAB 
with the field along the c-axis seems to be smaller at T=3.5K than at 
T=4.9K, should be attributed to the smaller value for the thermal 
conductivity in zero field at the lower temperature. 
For the present purpose (a qualitative consideration), we will nat 

pay too much attention to the observed low field details for reasans 
we will comeback to later in this chapter. 

Numerical results 

We will now present the results of our numerical calculations for the 
heat conductivity, basedon our resonant interaction models. As we 
quoted already in chapter 3, solitons should be expected to exist and 
contribute to the conduction in a certain region of field and tempera
ture (figure 3.10). 
In order to discriminate between possible magnon and soliton influences 

on the observed thermal conductivities of CHAC and CHAB, we have 
calculated numerically the soliton influence on the thermal conductivity 
in field. For this purpose, the phonon spectrum of CHAB was assumed 
to be three dimensional (n=3 in equation 3.23) and the relative strength
RS has been varied in order to get an impression of the importance 
of its magnitude for the effect of the soliton-phonon interaction 
on the thermal conductivity. Finally, we only considered the influence 
of the magnetic field component in the easy-plane. The results of 
these calculations are shown in figure 5.8. According to this model, 
the heat conduction in field should always be smaller than the conduction 
in zero field, because we assume the soliton density to equal zero at 
zero field. Furthermore, due to the increase of the soliton density 
with increasing temperature, the influence of the solitons will be 
stronger at higher temperatures. 
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figure 5.8) The calcu~ted field 
dependenee of the thermal cand. 
due to a rP.sonant soliton-phonon 
interaction model. The phonon
spectrum is assumed to be three 
dimensional (CHAB) 3 and the field 
applied in the easy-plane. 
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We have also calculated the heat conduction in field, based on the 
resomint magnon-phonon model, for both a one- and a three dimensional 
phonon spectrum. In contrast to the resonant soliton-phonon interaction 
model, where the typical soliton influence is reflected within the 
rate n 

1
/n h (equation 3.23} and in the relaxation time, in the 

so p ' 
resonant magnon-phonon interaction model the magnon influence finds 
expression in the relaxation time only. Thus the field dependenee of 
the resonant magnon-phonon interaction is expressed by the field 
dependenee of the k=O magnon energy. The calculated behaviour of the 
magnon gap in field, with the field applied to one of the three 
principal crystallographic axes is shown in figure 5.9 for CHAC and 
CHAB. 

From this behaviour of the magnon gap in field, we may already 
conclude that in CHAB the calculated behaviour of the heat conduction 
in field, basedon the resonant magnon-phonon interaction model, 
should be very similar for the cases where the field is applied to 
either the b- or the c-axis. This can be verified in the figures 
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5.10-5.15, where for several temperatures, the calculated behaviour 

of the heat conduction in field is shown. In contrast to the calcu
lations for the resonant soliton-phonon model, the results in these 
figures are obtained, assuming the phonon spectrum to be one-mmensional. 
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figure 5. 9) The calcu.lated fie"ld behaviour of the magnon gap for 
CHAB (left) and CHAC (right. The field is applied to the three 
crystallographic axes. ---- b-axis; -.-.- a-axis; ----- c-ax~s. 

Thus, better agreement is found between the experimental data and the 
calculations basedon the resonant magnon-phonon model. To ilustrate 
this we refer to figure 5.16, where the results of our calculations 
with a three dimensional lattice are given. 

With respect to the dimensionality of the lattice we may argue, that 
most real crystals can be described satisfactory assuming a three 
dimensional spectrum (TMMC and DMMC, Buys 1983). Kopinga (1976) has 
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figure 5.10) CHAB~ 
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Calculated heat 
conductivity in field. 
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established that for temperatures above 5K, TMMC could have a phonon 
spectrum of lower dimensionality. This might apply to CHAB anct CHAC 
as well. On the other hand, it is believed that the phonon spectrum 
should be three dimensional at the lowest temperatures {Tarasov 1963) 
We can thus only conclude that o~r calculations on the heat conduction, 
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figure 5.11) CHAB 
field along the 
b-axis. 
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based on the resonant magnon-phonon interaction with one-dimensional 
lattice, give better agreement with the experimental results for CHAB. 
Broadly outlined, the results of our calculations on CHAC are 

similar to those for CHAB. At the higher temperatures, the heat 
conduction first decreases with increasing field and than, behind 
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figure 5.12) CHAB, field along 
the c-axis. Calculated behaviour 
of the thermal conduction in field 
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the minimum at approximately 30 kGauss increases. According to this 
model, no such minimum should be present at the lowest temperature. 
This can be understood by examining the expression for the specific 
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heat of a phonon gas very 
carefully.(equation 3.18) 
This equation can be re
presented graphically as: 
From this figure we can 
easily see that phonons 
corresponding to x<<1 
contribute most to the 
heat conduction. 

70 

A necessary condition for 
resonant magnon-phonon inter
action to take place, is: 

Emagnon ~ Eph 5· 1) 
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figure 5.16) CHAB3 field along the 
c-axis. Calculations based on the 
three dimensional res.magnon-phonon 
interaction. 
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figure 5.1?) A graphical 
representation of expression 
3.18) for the specific heat 
of a phonon gas. 

As one can see in figure 5.9, at zero field Emagnon ~ 1 Kelvin for 
CHAC and CHAB. Thus, at zero field phonons which will be scattered 
at T=7.8K correspond to x~0.125, while at T=1.67K, the scattered 
phonons correspond to x~ 0.6 . By increasing the magnetic field 
strength, the magnon gap energy smoothly increases (figure 5.9). At 
B=50 kGauss, the magnon energy in CHAB with the field along the c-axis 
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reaches a value corresponding to x=l.l at T=7.81K and to x=5 at T=l.67K. 

Thus, due to the increase of the field strength, at T=1.67K only 
phonons are scattered which hardly contribute to the heat conduction, 
and therefore the heat conduction at T=1.67K will be much larger 
at higher field strength than in zero field. 
At T=7.8K, however, the change of scattering phonons corresponding 

to x=0.125 toscattering phonons corresponding to x=l.l hardly 
affects the heat conduction. 
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Conclusions 

In order to facilitate our discussion, we will first summarize the 
results of our experiments and calculations in four representative 
figures. 

0 10 :i!> B(kG) 50 0 10 8( kG) 30 40 50 

0 10 :i!) B(kG) 50 o 10 20 B(kG) 50 

figure 5.18) typical behaviour of the 
heat conduction in field for CHAB (left) 
and CHAC (right). The above figures repre
sent the experiments~ and the lower figures 
the theoretical results of our calculations. 

It is beyond doubt that in CHAB with the field along the b- and a-axis 
some systhematical structure can be recognized. It is also clear that 
this structure can not be interpreted by means of our calculations with 
the resonant soliton-phonon or resonant magnon-phonon models. Perhaps 
more detailed mechanisms might accountforthese small effects. However, 
as we are not even able to understand the distinctions between theory 
and experiments for the main features, we will not go into these 
more detailed mechanisms. 

For example, according to our theory, we would expect an (extremely) 
analogous behaviour of the heat conduction in field for CHAB with 
the field along the b- or c-axis, because of the almost identical 
behaviour of the magnon gap in field. Apparently the experimental 
results do notsupport this view. Therefore, a confrontation of our 
exoeriments with the theory, should only be done with great care. We 
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have come to the following conclusions for the results of our 
investigations: 

- Great care should be take when trying to campare the experimental 
results which havenotbeen obtained in the same thermal cycle. 
It has been established, that the qualitative and quantitative 
behaviour of the heat conduction in a magnetic field heavily depends 
on the magnitude and temperature characteristics of the thermal 
conductivity in zero field. 

-Apart from some details at low magnetic field, the qualitative 
behaviour of the thermal conduction in CHAB if a field is applied, 
agrees fairly with the theory based on a resonant magnon-phonon 
interaction. 
Especially, the influence of the temperature is surprisingly well 
accounted for. 

- As for CHAC, such conclusion should be less positive. Especially, 
the experimentally observed decrease of the heat conduction at 
high fields cannot be explained by means of our resonant magnon
phonon interaction model. 

Experimentally, a distinction between CHAB and CHAC concerning the 
behaviour of the heat conduction in field, has been positively 
established. 

-A dominant soliton influence on the heat conduction as observed 
in TMMC and DMMC (Buys 1983), cannot be demonstrated in CHAB, 
despite the incontrovertible presence of solitons in CHAB which 
has been established by means of specific heat- and nuclear spin
lattice relaxation time experiments (Kopinga 1984). 

- In the range of temperature and magnetic field, where indeed a 
soliton influence on the heat conduction might be expected, a 
distinct behaviour of the heat conduction in field can be observed 
with respect to CHAB and CHAC. However, it would go too far to 
conclude that this distinction should be attributed to the presence 
of solitons in CHAB since, firstly we are not able to interpret 
the experimental results for CHAC and secondly, in contrast to the 
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experiments performed on TMMC (Buys 1983) we cannot describe our 
experimental results adequately with the resonant soliton-phonon 
interaction. 
Roughly spoken, if the difference in the experimental data must be 
due to soliton influence, the experimental evidence stronger supports 
the confecture of solitons in CHAC at high fields than solitonsin 

CHAB at low fields~ 

In view of these conflicting results in TMMC and CHAB, it would be 
interesting to examine another interesting ferromagnetic crystal, 
namely, CsNiF3. 

56 



REFERENCES 

Achiwa (1969) J.Phys.Soc.Japan 27,561 

Barnes (1977),Weakly Acta Crystallogr.Sect ~33,921 
Beekman (1984), afstudeerverslag T.H.Eindhoven,vakgroep M.O. 
Bol (1983), stageverslag T.H.Eindhoven, vakgroep M.O. 
Boersma (1980), the anisatrapie classical chain, a thesis, T.H.Eindhoven 
Borsa (1982) Phys.Rev. B25,3430 
Boucher (1980), Regnault, Renard and Rossat Mignod. Sol .St.Comm.33,171 
Boucher (1980), Renard Phys.Rev.Letters 45,nr.6, 486 
Buys (1983), thermal conductivity of some magnetic system, thesis T.H.E. 
Coleman (1975), Phys.Rev. Dl! ,2088 
Crawford (1976) et al. Inorg.Chem. ~' 2107 
Dashen (1975), Hasslacher and Neveu. Phys.Rev Dl!, 3424 
Enz (1983), Nederlands Tijdschrift voor Natuurkunde A49(1) 
Estes (1978), Wasson, Hall and Hatfield. Inorg.Chem.ll, 3657 
Goto (1981), and Yamaguchi. J.Phys.Soc.Japan 50, 2133 
Groenendijk(1980) et al. Physica 106B 
Hay (1975), Thibeault and Hoffman. J.AmChem.Soc. 97, 4884 
Hoogerbeets (1984), preprint 
Landee (1979), and Willett. Phys.Rev.Letters 43,463 
De Lang (1977), transport properties of solids, a thesis, Nijmegen. 
Li (1972), and Stucky. Inorg.Chem. ~' 441 
Kahn (1980), and Jeannin. Inorg.Chem. ~' 1410 
Keusters (1984), warmtegeleiding aan CHAB en CHAC, stageverslag T.H.E. 
Kittel (1958), Phys.Rev. 110, 836 
Kjems (1978), and Steiner. Phys. Rev. Letters 41, 1137 
Kopinga (1978), Internal report THE/VVS/M0/78-10 
Kopinga (1982), Tinus, de Jonge. Phys.Rev.B25,4685 
Kopinga (1984), Tinus, de Jonge. Phys.Rev.B29,3 (Rapid Communications) 
Kumar (1982), Phys.Rev.B25, 483 
Magiyari (1982), Thomas 
Maki (1979), Takayama. 

J.Physics.C, Solid State Physics ~' L333 
Phys.Rev. B20 , 3223 

Maki (1980), Journal of Low Temperature Physics il' 327 
Maki (1981), Phys.Rev. B24, 3991 
Mikeska (1978), J.Physics Cl!, L29 

57 



Mikeska (1981) 
Mikeska (1982) 
Mikeska (1983) 
Van Mil (1983) 
Mutsaers (1983) 
Phaff (1983) , 

Journal of Applied Physics 52 (3), 1950 
Phys.Rev.B26, 5213 
Physica 120B, 235 
afstudeerverslag T.H.Eindhoven 
stageverslag T.H.Eindhoven 

Swüste and de Jonge. Journal of Physics Cll, to be published 
Parrot (1975), and Stuckes. Thermal conductivity of solids, Pion Lim. London 
Ramirez (1982) and Wolf. Phys.Rev.Letters 49, 227 
Riseborough (1981), Mills and Trullinger. J.Physics C14, 1109 
Riseborough (1983), Solid State Comm. 48, 901 
Ruygrok (1983) , Nederlands tijdschrift voor Natuurkunde A49(1) 
Schouten (1980), Van de Geest, De Jonge, Kopinga. Phys.Letters 78A,398 
Schöbinger (1981) and Jelitto. Zeitschrift zur Physik B.43, 199 
Smeets (1979), afstudeerverslag T.H. Eindhoven 
Swank (1979), Landee and Willett. Phys.Rev.B20, 2154 
Textor (1974), Dubler and Oswald. Inorg.Chem. 1l' 1361 
Tiwari (1980) and Ram. Journal of magnetism and magnetic materials 15,897 
Thomas (1982), and Magiyari Phys.Rev.B25 , 531 
Trines (1983) stageverslag T.H. te Eindhoven 
Trullinger (1981) Solid State Comm. Vol38, 521 
Willett (1982), Livermore, Gaura and Landee. Inorg.Chem.~, 1403 
Tarasov (1963), New problems in the physics of glass, Oldbourne Press 
Kopinga (1976), thesis T.H. Eindhoven 

58 


