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CHAPTER I 

INTRODUCTION 

In 1966 Date and Motokawa [1,2] reported about a new type of magnetic 

excitation~ in the Ising-like compound CoC12.zu2o, which were observed 

in the microwave region. A few years later Torrance and Tinkham [3,4] 

reported about magnetic excitations observed in the same compound. In 

this case, however, the excitations were observed in the far infrared 

region. It appeared that the magnetic excitations observed by both Date 

and Motokawa and Torrance and Tinkham were localized reversals of elec

tron spins. In contrast with the well-known collective excitations like 

ferromagnetic and antiferromagnetic resonance, the excitations in 

CoC1
2
.zu

2
o have a strongly localized character which is a consequence of 

the very anisotropic, so-called Ising-like, exchange interactions in this 

compound. Torrance and Tinkham observed spin reversals excited directly 

from the ground state and called the excited states "magnon bound states". 

In this thesis, however, these excited states will be called 11spin clus

ters", a concept first introduced by Date and Motokawa, and the excitation 

of a spin cluster directly from the ground state will be called "spin 

cluster excitation". The excitations observed by Date and Motokawa were 

spin reversals which change the size of thermally excited spin clusters 

and are called "spin cluster resonances". The large difference between 

the excitation energies of the spin cluster excitations (far infrared 

region) and the spin cluster resonances (microwave region) is a conse

quence of the pseudo one-dimensional or chain-like character of CoC1
2

• 

2H20, i.e. the exchange interaction in one spatial direction is much 

larger than the other magnetic interactions. 

Except for the far infrared experiments on CoC1
2
.zu2o, reports about 

spin cluster excitations and spin cluster resonances are rather fragmen

tary and are essentially restricted to systems with a dominant ferromag

netic interaction. In certain sense this is surprising, in view of the 

fact that one should expect that these localized excitations should be 

quite common in strongly anisotropic systems, since they are the elemen

tary excitations in such a system. On the other hand, because of the 

localized nature of the excitations the resulting energy spectra contain 

detailed information about the microscopie local interaction parameters. 

Thus, interpretation of the experimental spectra may yield information 



which is hard to obtain by other techniques. These arguments motivated 

us to start an investigation on these types of excitations •. The aim of 

this project includes the development and extension of appropriate theo

retica! expresslons for the excitation energies (specifically for the 

antiferromagnetic chain), a study of the influence of non-Ising terms, 

and the development of criteria for the observability of the excitations 

in real magnetic systems. The results reported in this thesis can be 

considered as part of this program and are confined to the excitations 

found in RbFeC13.zH2o. In this compound a very large number of excita

tions and some new and interesting phenomena were observed. 

It will appear (chapter V) that RbFeC13.zH2o is a good representative 

of the pseudo one-dimensional Ising model. The one-dimensional character 

of RbFeC13.zH2o, like the above mentioned CoC12.zH2o, gives rise to 

different frequency regions in which the spin cluster excitations (far 

infrared region) and spin cluster resonances (microwave region) can be 

observed. In general, such a large difference is not present in two and 

three-dimensional systems. 

The fact that in the ordered state the magnatie moments of the Fe2+ 

ions in RbFeC13.zH20 are not parallel but canted with respect to each 

other, gives rise to the interesting feature that excitations can be 

observed which show characteristics of either a ferromagnetic or an 

antiferromagnetic chain depending on the orientation of the external 

magnatie field. Since the spectra of the "ferromagnetic" and "antiferro

magnetic" ebains contain complementary information, it is possible to 

determine a large number of microscopie interactions in RbFeC13.zH20. 

Our principal aim will be the explanation of the observed excitation 

energies of the spin cluster excitations and spin cluster resonances. 

Although it is clear that also the intensities of tbe excitations contain 

important information, we will not consider these intensities explicitly, 

since our experimental data are not suited for such an interpretation. 

The organization of this thesis is as follows. The elementary magnatie 

excitations in Ising-like systems will be introduced in chapter II. The 

excitation energies of both the spin cluster excitations and spin cluster 

resonances for pseudo one-dimensional Ising systems will be derived. 

Introducing the Ising Basis Function Method, also small deviations from 

the pure Ising model can be taken into account. 

After a description of the experimental methods in chapter III, the 

crystallographic and magnatie structure of RbFeC13.zH2o are 'given in 
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chapter IV. From the bulk magnetic properties, like magnetization, 

specific heat and susceptibility, presented in chapter V, a rather com

plete model can be constructed which explains the magnetic behaviour of 

RbFec1
3

.2H
2
0 at low temperatures. 

In this thesis we will maintain the chronological order of our exper

iments the spin cluster excitations and spin cluster resonan

ces. Consequently the spin cluster resonances will be treated in chapter 

VI and the cluster excitations in chapter VII. A review of the most 

important results and some remarks will be given in chapter VIII. 

Throughout this thesis we will try to explain the various phenomena 

with the most simple model which accounts for the experimental results. 

We have chosen this approach since it has the apparent advantage that 

at each stage only the relevant parameters have to be considered. 

REFERENCES GRAPTER I 
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3. J.B. Torrance and M. Tinkham, J, Appl. Phys. 822 (1968). 

4. J.B. Torrance and M. Tinkham, Phys. Rev. I 587, 595 (1969). 
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CHAPTER II 

THE ELEMENTARY MAGNETIC EXCITATIONS IN ISING-LIKE SYSTEMS 

2.1 Introduetion 

The Hamiltonian of an in!inite array of spins, SR' interacting through 
-+ 

an exchange interaction JR R'' can be expressedas 
• 

H (2. 1) 

In its general form and without approximations such a Hamiltonian can

not be solved. Therefore it has become a common practice to introduce 

"model systems", in which the range of the interactions, the number of 

relevant spin components (n), and the spatial dimensionality (d) of 

the interactions are reduced. Although the resulting "model" Hamilto

nians can be solved analytically in only a few cases, the application 

of many approximation schemes bas resulted in a growing number of 

approximate solutions for the thermodynamic properties of these model 

systems. 

In this thesis we will be dealing with a spatially "pseudo" one

dimensional system. The appropriate model Hamiltonian can be written 

as 

-+ 
\-+T -+-+ 

Hld = - 2 L SR. J SR ' 
j J j+l 

(2.2) 

where we have limited the exchange interactions to nearest
7

neighbours 
.... 

in only one spatial direction. In general the interaction J, can in-

clude both symmetrie and antisymmetrie terms. 

The purpose of this section will be to give an introduetion to the 

theory of the elementary magnetic excitations, also called magnons, in 

pseudo Id systems. For this discussion we will restriet ourselves to 

simplified Hamiltonians which can be obtained by requiring 

(2. 3) 

and 

J • (2.4) 
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Moreover, it is assumed that all other terms in the exchange tensor 

are zero. The model system represented by Eq. 2.3 is the Heisenberg 

model, while the model is represented by Eq. 2.4. In Eq. 2.4 

the Ising Hamiltonian is obtained by simply putting Jxx = Jyy 0, 

thus assuming an anisotropy in the exchange interaction. In practice, 

however, the anisotropy often arises as a consequence of the preserree 

of the crystal field which couples the moments to a certain direction, 

in which case a spin can only be in two possible states, "up" and 

"down". Hence the Ising model involves a spinS 1/2. In a later 

stage it will appear to be necessary to introduce deviations from this 

limited model behaviour. 

If the exchange interaction is taken positive, J > 0, for conve

nience, a ferromagnetic chain is obtained. The ground state of the 

ferromagnetic chain is a state in which the spins are parallel and 

point in the same direction. 

One might expect that the first excited state will be a state with 

one local spin deviation with respect to the ground state. However, in 

a Heisenberg system a spin deviation is not localized, but is shared 

by the whole chain due to the transverse components of the exchange 

interaction, and JYY. It can be shown by both a classica! theory 

and quanturn mechanics [I] that the first excited state in a Heisenberg 

system can be visualized as a wave of spin deviations in the chain, a 

so-called spin wave. In the linear spin wave theory one assumes that 

the spin waves are independent, which condition may be fulfilled at low 

temperatures, where the density of spin waves is low. Hence the first 

excited state corresponds to the creation of one spin wave and the 

secoud excited state corresponds to the creation of two independent 

spin waves. 

In the Ising model, however, the elementary excitations have a 

different character, since a spin deviation is not shared by its 

neighbour spins due to the absence of transverse components in the 

exchange interaction. Hence spin waves cannot exist in an Ising system 

and the first excited state in an chain with periadie boundary 

conditions will be a localized spin reversal. The next excited state 

does not correspond to two independent spin reversals, but corresponds 

to a state in which two neighbour spins are reversed, since this state 

is lower by an amount of 2 Jzz in energy. Higher excited states corre-

spond to larger groups of reversed , so-called clusters. The 

5 



excitation energy of such a state is determined only by the ends of 

the spin cluster and hence this energy will be independent of the num

ber of reversed spins, at least in the absence of an external magnetic 

field. 

Experimental magnetic systems are no pure model systems. Small in

teractions between the chains may be present and the exchange inter

action may contain terms which are not included in the pure model. For 

instance, when the exchange interaction becomes anisotropic (Jxx = 
Jyy < J 22

) an Ising-like interaction enters the spin wave theory, en

hancing the attraction between the spin waves. These interactions re

sult in the formation of bound states of two spin waves as was shown 

by Wortis [2]. Physically, these "exchange bound states" can be visu

alized as two spin deviations close together in space and propagating 

through the lattice in a correlated fashion [3]. 

On the other hand, when the transverse components of the exchange 

interaction are small compared to J 22
, a spin wave-like character will 

enter in the Ising excitations. In this case it is more appropriate 

to describe the Ising-like excitations as a packet of spins which are 

spatially correlated or bound together [4]. 

Several attempts have been made to incorporate small deviations 

from the modei systems into the theory. In the Heisenberg model the 

attractive interactions can be taken into account by non-linear spin 

wave theory [1]. Silberglitt and Torrance [3] have shown that the 

bound state of two spin waves changes into the localized state of two 

reversed neighbour spins when the anisotropy (J22/(Jxx+Jyy)) is in

creased [5). Unfortunately, this method is too complicated to describe 

the multiple magnon bound states or spin clusters in Ising-like sys

tems. It is of course more convenient to take the pure Ising case as 

a starting point to describe the excitations in Ising-like systems. 

This was done by Torrance and Tinkham [4) who developed the so-called 

Ising Basis Function Method for the ferromagnetic chain. It appears 

that the expressions for the excitation energies of the one- and two

fold spin clusters in the ferromagnetic chain as obtained by the 

Ising Basis Function Metbod agree with the expressions for the exci

tation energies: of the spin wave and the two spin wave bound state, 

respectively [4]. For the antiferromagnetic chain (J < 0} comparison 

of the results of spin wave theory with the results of the Ising Basis 

Function Method is rather complicated. Since this comparison is out-

6 



side the scope of this thesis, we will not occupy ourselves with this 

problem. 

As in this thesis our a1m is to study the localized excitations as 

can be found in Ising-like systems, we will start our discussion on 

the basis of a simplified pure model Hamiltonian of which the 

excitation spectra will he derived. The ferromagnetic and antiferro-

magnetic chain will be treated, including the interchain ex-

change interactions and the Zeeman energy. Moreover, the case in which 

the spins are not parallel, but canted, will he considered. The Ising 

Basis Functions for the antiferromagnetic chain will he derived in 

section 2.3. We will show that the canted chain can also he described 

by the antiferromagnetic Ising Basis Functions. 

2.2 The magnetie exeitations in a ehain with pure interaetions 

In this section we will present a description of cluster excita-

tions in the case of pure interactions. The ferromagnetic, anti-

ferromagnetic and canted chain will be treated. We start with the 

treatment of an isolated chain of N spins and assume periodic boundary 

conditions. The Hamil tonian descrihing such an chain is given by 

N N 
Ii 2 Jzz 

z: s~ z 
z: 

zz s~ Hz (2.5) S. I - )JB g 
j=l J J+ j=l J 

For S = 1/2, as is treated, is equal to + 1/2 or - 1/2, a spin may 

be "up" or "down". When the exchange interaction is ferromagnetic 

L 
11

> t I I r r r r t r 

r r r 
a 

11
> 1 t l r t ! r l r 

l l l t 

il!l!t 

11
> l t 1 l l 

K> 1 t r 
b 

Fig. 2.1 The onefold spin clusters 11> and fourfold spin clustèrs 

14> fora ferromagnetie chain (Fig. a) and an antiferromag

netie ehain (Fig. b). 
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Em 

H 
a 

Em 

-(jZZ 

a m even 
b m odd 
c m odd 

_11. 
a 
c -

? 
L-------~H~------~ 

b 

Fig. 2.2 The field dependenae of the e:x:eitation energy of a spin 

aZuster lm>, Em, for a ferromagnetia ahain (Fig. a) and an 

antiferromagnetia ahain (Fig. b) in the pure Ising aase. 

(Jzz > 0) and Hz > 0 all the spins will be "up" in the ground state. 

The energy of the closed chain of N spins is 

(2.6) 

The lowest excited states correspond to a reversal of neighbouring 

spins. We define a spin cluster lm> as a cluster of m adjacent spins 

in the chain which are reversed wi~h respect to their position in the 

ground state. The energy Em needed to excite such a state is 

zz zz z Em = 2 J + m UB g H , m > I , (2.7) 

The excitation of two or more distinct spin clusters, involving the 

same total number of spins (m), requires an additional amount of ener

gy corresponding toa multiple of 2 Jzz. 

Some typical examples of spin clusters in a ferromagnetic chain are 

given in Fig. 2.1.a. The field dependenee of the excitation energies 

(Eq. 2.7) is plotted in Fig. 2.2.a. 

I h f t . f . h . . (Jzz < 0) n t e case o an an 1. erromagnet1.c exc a:nge 1.nteract1.on 
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direction of the spins alternate in the ground state. This confi 

has an energy 

E 
0 

(2.8) 

w'cich is independent of the applied field. 

The excitation of a spin cluster with an even number of spins re

no Zeeman energy as the change of the magnetic moment is zero. 

Tï:-.e magnetic moment of a spin cluster with an odd number of spins may 

; parallel or antiparallel to the external magnetic field. Hence th( 

>citation energy of a m-fold spin cluster can be written as 

m even, 
(2.9 

m odd. 

The plus and minus sign depend on the direction of the total magnetic 

moment of the spin cluster with respect to the magnetic field Hz. 

Some typical examples of spin clusters in an antiferromagnetically 

ordered chain are given in Fig. 2.1.b. The field dependenee of the ex-

citation energies (Eq. 2.9) is shown in 2.2.b. 

So far we have assumed that the spins are parallel. In general this 

is not necessary, sirree the spins on adjacent positions in the chain 

may be fixed to different crystallographic ~irections (z axes) due to 

crystal field anisotropy, as we will show in chapter V. A so-called 

canted chain is obtained when the spins along the chain are not par

allel with respect to each other, but are situated in a plane (called 

ac plane for convenience) at augles 6 and - 8 with respect to the a 

axis. In Fig. 2.3 a canted chain with an 

is shown. 

2.3 A eanted chain with a nearly 

ordering 
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zz' Assuming an Ising exchange interaction J , where z en z' refer to 

the different z axes for neighbouring spins, such a case has the inter

esting feature that application of a field along the ferromagnetic 

components in the c direction results in an excitation spectrum char

acteristic for a ferromagnetic chain, whereas application of a field 

along the antiferromagnetic components in the a direction results in 

an excitation spectrum characteristic for an antiferromagnetic chain. 

When the exchange part of the spin interaction is taken to he anti

ferromagnetic, Jzz' < 0, the excitation energies for U//~ are given by 

E - 2 Jzz' 
+ 2 m ]lc H m c 

(2. l 0) 

and for fit/~ by 

E = - 2 Jzz' 
m 

E - 2 Jzz' ± 2 ]la Ha m 

m even, 
(2. ll) 

m odd. 

The plus and minus signs depend again on the direction of the total 

magnetic moment of the spin cluster with respect to Ha. In these ex

pressions ]lc and ]la are the components of the magnetic moment along c 
• ! zz l zz and a, respect1.vely, with ].Ie = 2 ]JB g sine and ]la = 2 ]JB g cos6. 

So far only isolated ebains were considered. In a real crystal 

there exists a coupling between the chains, which gives rise to a 

three-dimensional ordered state. If the interchain interactions are 

dèscribed by an Ising Hamiltonian, the excitation .energies may be 

written generally for the ferromagnetic (F) and antiferromagnetic (AF) 

chain as 

E + 2 Jzz + m L Jzz 2 
........ 

(F) a ± m ]l.H m \) \) 
\) 

(2. 12) 

E _ 2 Jzz + 
ml: Jzz 

av m \) 
\) 

± 2 0 
........ 

m]l.H (AF) ' (2. 13) 

and for the "antiferromagnetic" canted chain as 

E - 2 Jzz' + m L Jzz' 2 
........ 

til!~ av ± m )l.H for m \) 
\) 

(2.14) 

- 2 
zz' 

+ m L Jzz' 0 
........ 

for U//~ . E J av ± 2 m )l.H m \) 
\) 

(2. 15) 

10 



H 
a 

Em 

Fig. 2.4 The Zd dependenee of the excitation energy of a spin 

cZuster lm>, Em, for• a ferromagnetic chain (Fig. a) and an 

antiferromagnetic chain (Fig. b) in the pure Ising case 

with interchain interactions. s represents the 

the interchain interactions. In Fig. a, the 

of 

duster 

excitations in a ferromagnetic chain, which is antiparaZZeZ 

with respect to the magnetic field, are repr•esented 

broken Zines. 

The secoud term on the right hand side of Eqs. 2.12- 2.15 represents 

the interchain interaction energy. av depends on the ordering of the 

neighbour chains with respect to the chain under consideration, while 

o 0 for even m and 6 I for odd m. Note that the minus in m m 
the field term in Eqs. 2.12 and 2.14 (compared with Eqs. 2.7 and 2.10) 

is a consequence of possible antiferromagnetic ordering between the 

chains due to the interchain interactions, JV. For sake of simpli

city we have assumed that no spin clusters are present in the 

bour chains, which condition may be fulfilled when the density of 

spin clusters is low. The field dependences of the spin cluster exci

tation energies for the ferromagnetic chain (Eq. 2.12) and the anti-

ferromagnetic chain (Eq. 2.13) are presented in • 2.4. 

In many pseudo one-dimensional systems the cluster excitation 

!I 



energies (Eqs. 2.12- 2.15) are in the far infrared region 
zz' (- 2 J /k ~ 80 K for RbFeC1 3 .2H20). However, when a thermally ex-

cited cluster is present, an increase of the clustersize requires an 

energy determined only by the weak interchain exchange interactions 

and the Zeeman energy. Such an increase of a thermally excited cluster 

is called spin cluster resonance, since it is a transition between 

spin clusters. Such a transition is shown in Fig. 2.4. For many com

pounds these spin cluster resonances may be observable in a much lower 

frequency region than the spin cluster excitations, i.e. in the micro

wave regionT The spin cluster resonance energies can easily be derived 

from the Eqs. 2.12 - 2. 15, and yield E = E - E m' with n m+n 

I E n av n 
\) 

3zz -+ -+ 
± 2 n ].J.H 

\) 
(2. 16) 

for the ferromagnetic chain, 

I 3
zz 0 

++ 
E n ± 2 lJ.H n av v n (2.17) 

\) 

for the antiferromagnetic chain, and 

I Jzz' + + n., ,-;_ E n av ± 2 n lJ.H for n \) 
(2. 18) 

\) 

I zz' ++ + + 
E = n av J\) ± 2 0 lJ.H for Hl/a • n n 

(2. 19) 
\) 

for the "antiferromagnetic" canted chain. 

2.3 Ising Basis Funation Method for the antiferi-omagnetia ahain 

In the introduetion of this chapter we have mentioned the Ising Basis 

Function Method, which was developed by Torrance and Tinkham [4] in 

order to describe.the influence of non-Ising terms on the excitation 

energies of spin clusters in the ferromagnetic chain. The Ising Basis 

Function Methad involves the definition of proper wave functions for 

tlt should be noted that in two- and three-dimensional compounds there will not 

exist in general such a salient difference between the frequency regions in which 

the spin cluster excitations and spin cluster resonances can be observed. 
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the pure case, the Ising Basis Functions, which are taken as a 

starring point to calculate the excitation energies of the spin clus

ters (including the trivial case presenred in the foregoing section). 

In this section we will extend the Ising Basis Function Methad to the 

antiferromagnetic chain. Moreover, it will be shown that the anti

ferromagnetic Ising Basis Functions may also be applied in the case of 

a canted chain. 

An eigen state of an Ising chain of N spins (S = 1/2) can be des-

cribed by the product of the spin states, since commutes 

with the Hamiltonian, 

N 
IT 

i=l 
lm .> ' 

S1 
(2.20) 

where m . may have the values + 1/2 or- 1/2. The ground state of an 
S1 

Ising chain at T = 0 K is the Nêel ground state, which is denoted by 

the eigentunetion lo>. The first excited state above the ground state 

IO> is a state in which one spin is reversed, for instanee the spin at 

position j (R.). This excited state can bedescribed by the functions 
J 

lt,R.> 
J 

s: lo> 
J 

when a "down" spin is reversed, (2.21) 

II,R.> 
J 

s-:- lo> 
J 

when an "up" spin is reversed . (2.22) 

In the ground state of a ferromagnetic chain all spins are "up" and 

only Eq. 2.22 has to be used [4]. However, in an antiferromagnetic 

chain both functions must be used. To distinguish the two functions 

(2.21) and (2.22) we define 

1+1 ,R.> 
J 

s: IO> ' 
J 

(2.23) 

1-1 ,R.> 
J 

s. IO> • 
J 

(2. 24) 

The energy levels belonging to the functions I+I,R.> and 1-t,R.> have 
J J 

a N/2-fold as the spin reversal of a "down" or an "up" 

may occur at N/2 sites. The spins at R. with j odd are defined "up" 
J 

and with j even are defined "down", in order to obtain an unambiguous 

ground state. 

When we consider a closed chain of N (N is even) the Hamilto-
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nian is periodic and the wave functions must have the Bloch form. We 

denote the distance between adjacent spins in the chain by d. The pe

riodicity of the antiferromagnetic chain amounts to 2d. Hen~e the 

Ising Basis Functions corresponding to a onefold spin cluster are 

given by 

ikR. 
J+l ,k> I27N I e J s: Jo> j even, (2.25) 

j J 

ikR. 
J-1 ,k> 12/N I e J s: Jo> j odd • (2.26) 

j J 

Physically, Eqs. 2.25 and 2.26 represent normalized linear combina-

tions of localized functions centered at all possible sites, with the 
ikR familiar phase factor e • The wave number k is a good quanturn number 

to label the N/2 degenerate functions J+l> and J-1> and may have the 

values -n/2d S k S n/2d. The factor 127Nnormalizes the wave functions 

if <OJO> = l. 
In general any excited state of the Ising chain can be obtained by 

the action of an excitation operator P on the ground state. In this 

way 

j even and s: 
J 

twofold spin clusters are obtained from the operators s: s: 
1 

for 
+ J J+ 

Sj+l for j odd and their wave functions are 

ik(R.+d/2) + -
J+2,k> 12/N I e J sj sj+J Jo> j even, (2. 27) 

j 
ik(R.+d/2) + 

J-2,k> 12/N I e J s: sj+l Jo> j odd • (2.28) 
j J 

The total change of the magnetic moment is zero in both cases. 

The wave functions of larger spin clusters are defined in a similar 

way: 

ikR.. 
J+2m,k> 12/N I e J s: sj+l ---s Jo> j even, 

j J j+2m-l 

ikR. 
J-2m,k> /2/N I J + ---s+ Jo> j e s. sj+l odd 

j J j+2m-l 

ikii. (2.29) 

J+(2m-l),k> 12/N L J s: sj+I 
+ . 

Jo> j e ---s even, 
j J j+2m-2 

ikR.. + j-(2m-l) ,k> h/N I e J s. sj+l ---s Jo> j odd 
j J j+2m-2 

14 



Here we have introduced 

R. (2.30) 
J 

the centre of the m excited spins Rv. 
The wave functions of other excited states, for instanee two one

fold clusters separated by p spins can be obtained from the operators 

s+ s-:-
1 

(j even), S~ s: 
1 

(j odd) for even p and s: s: 
1 j J+ +p - - J j+ +p J J+ +p 

(j ) s s c· odd) for odd p (p ~ 1). even , j j + 1 +p J 

The energy levels of the spin clusters (o = O) are calculated by 

diagonalization of the energy matrix of the Hamiltonian with the 

Basis Functions of Eqs, 2.25 - 2.29 as a basis. It will be clear that 

for a Hamiltonian with only Ising terms, the energy matrix is diagonal 

on this basis, with eigenvalues given in Eq. 2.13. Non-Ising terms, 

such as transverse elements in the exchange, will contribute to non

diagonal elements, the effect of which can be taken into account in 

some cases by perturbation calculations provided that these effects are 

small. Generally, however, numerical computations will be necessary. 

For a canted chain, the periodicity in the chain is equal to 

the periodicity in the antiferromagnetic chain and a good quanturn 

number m . can be defined on the local sets of axes, which are canted 
SJ 

with respect to each other. Hence, the Basis Functions of the 

antiferromagnetic chain can be applied to a canted chain. However, one 

has to be careful when one defines a spin "up" or "down", since this 

will not be self-evident in all cases, e.g. in a nearly ferromagnetic 

chain. Moreover, it should be noted that the energy levels of l+m,k> 

and 1-m,k> are degenerate when an external field is applied along the 

ferromagnetic componentsof the moments (H//~) since the + and-
.... .... 

refers to the antiferromagnetic components (H//a) only. 

Once the energy levels of the spin clusters are obtained, the 

cluster resonance energies of a ~m = n excitation are given by the 

energy difference between the energy levels of the spin clusters 

j±m,k> and l±(m+n),k>. The spin cluster resonance energies may 

on mand also on k [4]. Unlike the experimentsin which a spin cluster 

is excited from the ground state (k 0 in the far infrared 

ments) we have to consider contributions of the entire Brillouin zone 

in the spin cluster resonance experiments. 

15 



REFERENCES CHAPTER II 

I . F. Keffer, "Handhuoh der Physik 11 , edi ted by S. Fl Ügge 

(Springer-Verlag, Berlin, 1966) vol. 18, pa=t 2, p.l. 

2. M. Wortis, Phys. Rev. I 85 (1963). 

3. R. Silberglitt and J.B. Torrance, Phys. Rev. B ~. 772 (1970). 

4. J.B. Torrance and M. Tinkham, Phys. Rev. 187, 587 (1969). 

5. In fact Silberglitt and Torrance· [3] used the single ion 

anisotropy term - D S~, D > 0. 

16 



CHAPTER III 

EXPERIMENTAL METHODS 

3. 1 Introduetion 

In this chapter a survey will be given of the experimental methods 

used in the various experiments. 

First of all the microwave equipment will be described in sectien 

3.2. Five home-made spectrometers are available which cover the 

frequency region 9-60 GHz. During the experiments the absorption as a 

function of the magnetic field was recorded at a fixed frequency. 

The frequency-field dependenee of the absorptions is obtained from 

fieldsweeps at several fixed frequencies. 

For the far infrared experiments, performed at the Physics Labaratory 

of the University of Nijmegen, a Michelsen interferometer was used, 

which covered in the experiments described in this thesis the frequency 

region 15-200 cm-I = 450-6000 GHz (section 3.3). These experiments can 

be performed at a fixed magnetic field, since the interferogram contains 

information about the entire frequency region. 

In addition to the microwave and far infrared experiments, ether 

experimental techniques have provided important information about 

RbFeC13 .2H2o. Therefore we will review these experimental techniques 

briefly in sectien 3.4. 

3.2 Microwave spectrometers 

The experiments in the microwave region were performed with simple 

microwave spectrometers. The frequency range 9-60 GHz was covered by 

five frequency bands: 9-12.4 GHz, 12.4-18 GHz, 18-26 GHz, 26-40 GHz, 

and 40-60 GHz. The construction of the five spectrometers is identical 

and a sketch of one is shown in Fig. 3.1. A picture of the full 

experimental setup is presented in Fig. 3.2. The microwave power was 

obtained from klystrons (Varian and Oki), except for the 12.4-18 GHz 

band for which a solid state oscillator was used. The klystrons are 

placed in a watercocled oilbath in order to prevent excessive heating 
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oilbath with the klystron 

variable attenuator 

direct reading 

frequency meter 

variable attenuator 

tunable detectormount with 

a microwave diode 

directional coupler 

E-H tuner 

waveguide to the cryostat 

Fig. 3.1 A micrOUJave spectrometer. (By aourtesy of J.P.A.M. Hijmans) 

of the klystrons and to obtain a constant oparating temperature for the 

klystrons. 

The various microwave components are isolated from each other by 

fixed or variable attenuators. The variable attenuators can also serve 

as power regulators. The microwave frequency was measured with a direct 

reading frequency meter, with an inaccuracy of about 0.2%. The micro

wave detector, a diode, has an optimum signal to nçise ratio when 
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the microwave power on the diode is above a threshold value. Therefore 

a variabie part of the power was reflected by an E-H tuner to provide 

the necessary bias. 

The sample was placed at the end of the closed waveguide. In some of 

the experiments the end of the I.aveguide I.as replaced by a sampleholder 

in I.hich the sample could be rotated. In this I.ay it was possible to 

determine the angular dependence of the absorption signal as a function 

of the magnetic field at a fixed frequency. 

In RbFeCI
3

.2H
2

0 the spin cluster resonances can only be observed at 

temperatures above 6 K, which is outside the liquid helium region. There

fore, the end of the waveguide with the sample was placed inside a 

temperature controlled cryostat. The temperature could be established 

by a commercial temperature controller using a carbon resistor as 

sensor. The temperature I.as kept constant within O. I K for temperatures 

between 4.2 and 15 K and fields up to 25 kOe. The temperature was 

measured before every fieldsweep by a calibrated germanium thermometer. 

The magnetic field of a superconducting solenoid I.as recorded by a 

calibrated Hall-probe. 

t' ~ g. 3.2 The fuU expeY'imental setup foY' t he experiments in 

the micY'owave Y'egion. 
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F'i g . 3.3 The faY' 'in f Y'aY'ed Mi che l s on inteY'feY'OmeteY' wi t h t he 

e lec t Y'on'ic equi pment of the Physics LaboY'atory of 

t he UniVel?s i t y o f Nijmegen. 

The signals were detected by synchronous detection using a modulation 

field of 275 Hz . The output voltage of t he Hall-probe (X) and the 

output of the loek-in amplifier (y) Ivere reeorded with an XY-recorder, 

yielding plots of the first derivative of the absorption versus the 

magnetic field. 

3. 3 FaY' infY'aY'ed ex!, JVimen t s 

The far infrared experiments were perforrned with a Hichelson inter

ferometer at the Physies Laboratory of the University of Nijmegen [I] 

(see Fig. 3.3). A schematic view of a Miehelson interferorneter is· 

shmm in Fig. 3. 4 . The sample Ivas placed in a lightcone in front of the 

detector, a germanium bolometer, as is ShO~l in Fig. 3.5. 

The theory of the Miehelson interferome t er [1,2] will not be treated 
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in det&U and we simply state that when the moving mirror is moved from 

-x to +x the bolometer signal is given by 
max lc1J.X 

I(x) !I(O) + I' (x). (3. I) 

I'(x) is called the interferogram and is given by 

00 

I'(x) =.{ A(V)cos2rrvx dv. (3.2) 

A(')) is the product of the sample spectrum and the frequency profile of 

the lamp, filters and beamsplitter. To get A(v) the fouriertransform of 

I'(x) has to be determined, The sample spectrum is obtained by division 

of A(V) by the spectrum A(v)b k d' ac groun 
Ir. the experiments described in this thesis the berunsplitter (12.5 ~mi 

and filters were selected to give spectra in the frequency region 

15-200 cm-l. The frequency resolution is partially dependent on x 
ma x 

and can be increased by performing so-called single-side measurements, 

in which the moving mirror moves from 0 to +2x In the present max 

LP 

x 

Fig. 3.4 Schematic view of a Michelson inteP[ePometer. Sis the 

light source~ a medium pPessure meraury lCU11f?, L are lenses, 

BS is the beamsplittet' (rw/lar fiZm}, M1 and M2 are the 

mirrOl'S with Ml the merving mi!'rOt', LC is a brass ('One_, and 

LP is the Ughtpipe. 
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Fig. 3.5 Deteator assembly (see also [3]) showing the position of 

the sample: (1) inaident radiation, (2) Zo~ temperature 

filter, (3) superaonduating magnet, (4) ,light aone, (5) 

sample holder, (6) sample, (?) load resistor (1.5 Mn), 

(8) germanium bolometer. 

-J 
experiments this yielded a frequency resolution of 0.3 cm It should 

be noted that the incident radiation on the sample is not polarized. 

The interfarogram was obtained by synchronous detection using 

modulation of the position of the fixed mirror of the Michelsen inter

ferometer. The output of the lock-in amplifier, the interferogram, was 

converted into a digital signal, then punched on a paper-tape and 

processed by a Digital PDP 11 computer. 
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The frequency-field dependenee of the absorptions can be obtained by 

making interferograms at several fixed magnetic fields. The magnetic 

field is produced by a small superconducting solenoid (Fig: 3.5). 

The signal to noise ratio of the germanium bolometer increases 

drastically when the temperature of the bolometer is decreased. There

fore, the bolometer and the crystal (see 3.5) were cooled down to 

a temperature of about 1.2 K. 

3.4 Other experimenta~ techniques 

Most of the experimental data we will discuss in this thesis were 

obtained from the microwave and far infrared experiments described in 

the preceding sections. However, important additional information has 

been obtained from a number of other experimental techniques, which we 

will pass in review briefly in this section. 

The low temperature crystallographic and magnetic structures have 

been obtained from neutron diffraction experiments performed with a 

powder diffractometer at the HFR reactor at the ECN Petten [4]. 

Additional information about the magnetic structure may be derived 

from nuclear magnetic resonance experiments. For these experiments 

special low level radio frequency oscillators were used, which cover 

the frequency range 0.1-90 MHz [5]. 

The orientation of single crystals, which has to be known for many 

experiments, can be inferred from röntgen diffraction data of the single 

crystal. The error in the orientation can be limited to a few degrees 

for most experimental techniques. 

Specific heat measurements provide an accurate determination of the 

three-dimensional ordering temperature and give information about the 

nature and magnitude of the magnetic exchange interactions. The specific 

heat measurements were performed with an adiabatic calorimeter [6]. 
The sample consists of polycrystalline material, which is sealed inside 

a copper capsule. The specific heat data are obtained using the dis

continuous heating method, which implies a stepwise increase of the 

temperature of the sample and sampleholder upon an accurately known 

heat input. 

The magnetization and susceptibility can give much information about 

the magnetic moment, the crystal field parameters, and the exchange 
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interactions from the temperature and magnetic field dependences. 

Magnetization measurements were performed with a Faraday balance 

[7,8]. Using the Faraday balance, the magnetization is obtained from 

the force exerted on a magnetic sample in an inhomogeneous field. The 

temperature ranges that can be obtained depend on the m:ed cooling 

liquids. 

The susceptibility, x, may be derived from the magnetization, 

X = ~/bH, and from dynamic susceptibility measurements. The dynamic 

susceptibility is measured as the change of the mutual inductance of a 

coil system due to the presence of the magnetic sample [7,9]. The 

absolute value of the susceptibility is not obtained by this metbod 

and sealing with the results of other measurements, for instanee of the 

Faraday balance, is necessary. 

REFERENCES CHAPTER III 

J. W.H.M. Jongbloets, Ph.D. Thesis, Nijmegen (1979). 

2. G.W. Chantry, "Submillimete:t' Speat:t'osaopy", Academie Press, 

London and New York (1971). 

3. J.H.M. Stoelingaand P. Wyder, J. Chem. Phys. il• 478 (1974). 

4. J.A.J. Basten, Q.A.G. van Vlimmeren, and W.J.M. de Jonge, 

Phys. Rev. B ~. 2179 (1978). 

5. C.H.W. SWÜste, W.J.M. de Jonge, and J.A.G.W. van Meijel, 

Physica ~. 21 (1974). 

6. K. Kopinga, Ph.D. Thesis, Eindhoven (1976). 

7. A.C. Botterman, Ph.D. Thesis, Eindhoven (1976). 

8. H.M. Gijsman, Ph.D. Thesis, Leiden (1958). 

9. J. Wiebes, W.S. Hulscher, and H.C. Kramers, Appl. Sci. Res. !l• 
213 (1964-1965). 

24 



CHAPTER IV 

CRYSTALLOGRAPHIC AND MAGNETIC STRUCTURE OF RbFeC13 .2H20 

4.1 Introduetion 

RbFec1
3

.2n
2
o belengs to the series of isomorphic hydrated transition 

metal halides AMB
3

.2H2o (A= Cs, Rb; M = Mn, Co, Fe; B = Cl, Br). 

All memhers of this series show pronounced linear chain characteristics 

[1,2,3]. Among them are the well-known compounds CsMnC1 3.zn2o [4] and 

CsCoC1
3

.2H
2
0 [5]. 

The preparatien of single crystals of RbFeC1 3.zn2o is described 

in the next section. From the crystallographic structure, described in 

sectien 4.3, it is deduced that RbFeC13.2n2o is indeed isomorphic with 

the other memhers of the series AMB
3

.zn
2
o. The array of the magnetic 

moments in the ordered state, the magnetic structure, is presented in 

sectien 4.4. 

4.2 Preparation of the crystaZs 

Single crystals of RbFeC1 3.zn2o were grown by slow evaporation at 37° C 

from an aqueous salution of FeC1 2.4H2o and RbCl in a molar ratio of 

3.2 : I. To prevent oxidation of the crystals a few drops of HCl were 

added ta the salution which was kept in a N2 atmosphere. In this way 

large crystals (i.e. up ta 2 x I x 0.5 cm3) with well developed crystal 

faces were obtained (see Fig. 4.1). The very pale yellow, almast trans

parent crystals can be easily cleaved parallel ta the largest crystal 

face, which carresponds ta the ab plane. 

b 

Fig. 4.1 Morphology of a single 

crystal of 
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The exposure of the crystals to air has to be minimized in order to · 

prevent oxidation of the crystals at room temperature. When these 

precautions are taken, they appear to be very stable and even can be 

exposed to low pressures at room tempersture for several hours, without 

noticeable changes in the crystals. 

4. 3 CrystalZographia struatux>e 

X-ray diffraction experiments at room tempersture have shown [6] that 

RbFec13.2H2o is isomorphic with other memhers present in the series 

AMB
3

.zH
2
o of which the crystallographic structure is described by the 

space group Pcca [7]. The crystallographic structure was determined 

in more detail by powder neutron diffraction experiments at 77 K and 

4.2 Kon RbFeC1
3
.zn2o [8]. The deuterated compound was used in the 

neutron diffraction experiments, since the hydrogen atoms in 

RbFeC1
3

.zH
2
o give rise to a high background in the recorded spectra 

Table 4,1 Struatural parameters of RbFeCl3.2D2o at 77 K and 4.2 K. 

la standard deviations based on statistias only are given 

in parentheses~ in units of the least signifiaant digit. 

RbFeC1
3

• 2D2o Pee a 

77K 4.2 K 

x y z x y z 

Rb ! 0 0.1507 (11) 1 0 0.1493(12) 
4 4 

Fe 0 0.4601(9) l 0 0.4624(10) I 
4 4 

1 I 0.1509 (9) 1 l 0.1473(11) Cl (I) 4 2 4 2 

Cl (Z) 0.0871 (4) 0.2056(7) 0.38'43(6) 0.0871(5) 0.2011(7) 0.3851 (9) 

0 0.0746(12) 0.6831(11) 0.3726(11) 0.0761 (12) 0.6856(1 1) 0.3721 (12) 

D(l) 0.0262(9) 0.6954(10) 0.4460(9) 0.0251 (JO) 0. 7008 (I 0) 0.4467(10) 

D (2) 0.1838(10) 0.7030(12) 0.3864(9) 0,1873(11) 0.7059(11) 0.3875(10) 

a 8.8708(6) i 8.8760(6) R 

b 6.8848(4) K 6.8724(4) R 

c 11.1864(12) R 11.1807(12) R 
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c 

lL.' 
Fig. 4.2 Schematic representation of the crystallographic structure 

of AMB3.2H20 with A= Rb, M =Fe, and B =Cl. Only one set 

of hydrogens and hydragen honds is shown. 

due to incoherent scattering. It is assumed that the deuterated and the 

hydrated compounds are isostructural as is the case for other memhers 

of the series AMB
3

.2H
2
o [5,9,10]. 

The structural parameters of RbFeC1 3.2n2o as obtained from the 

neutron diffraction experiments are tabulated in Table 4.1 and a part 

of the resulting structure is shown in Fig.,4.2. The space group Pcca 

and the lattice dimensions are in agreement with the X-ray experiments 

at room temperature [6] (a= 8.93(4) Î, b = 6.95(4) Î, c = 11.29(2) Î), 

indicating that the structure of RbFec1
3

.2H
2
0 does not change notice

ably when the temperature is lowered. 

Like the Mn isomorph, the structure consists of cis-octahedra which 

are coupled along the a axis by a shared chlorine ion, Cl 1, thus 

'd' h 1' b h . hb . 2+ prov~ ~ng a streng superexc ange coup ~ng etween t e ne~g our~ng Fe 

ions in this direction. The magnetic coupling between the chains is 

expected to be relatively weak because they are separated from each 

other by layers of Rb ions in the b direction and by hydrogen bonds 

in the c direction. At low temperatures the exchange interactions give 

rise to a three-dimensional ordered array of the magnetic moments of 

the Fe 2+ i ons, 
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4.4 Magnatie structUPe 

In the ordered state the symmetry of the array of the magnatie moments 

is described by the magnetic space group. Information about the elements 

of the magnetic space group can be deduced from the nature of its 

generating symmetry elements by qualitative experimental observations. 

In the case of RbFec1
3

.2H
2
o it appeared that such an analysis could be 

performed by combining the information obtained from nuclear magnetic 

resonance and neutron diffraction [8]. 

The neutron diffraction experiments (ND) on a powdered sample of 

RbFeC13.2D20 were performed at 4.2 K, well below the three-dimensional 

ordering temperature (TN ~ 11.96 K [2]). 

From the obtained spectra the following qualitative conclusions can 

be drawn. The magnetic reflections (hkl) which appear in RbFec1 3.2D2o 
can be indexed with k ~ n+A. This implies a magnetic unit cell with a 

b axis twice as large as the b axis of the crystallographic cell and 

thus an antiferromagnetic ordering of the moments along the b direction. 

The (OjO) reflection was clearly visible. which indicates that the 

magnetic moments are not oriented parallel to the b direction. This is 

confirmed by the fact that metamagnetic phase transitions are observed 

when an external magnetic field is applied along the c axis (see 

section 5. 2). 

As the Fe2
+ ions are situated on twofold axes parallel to the b 

axis, the magnetic moments are oriented either along the b direction 

(2b axis) or perpendicular to it (2b axis). The latter situation. which 

applies in this case, corresponds to a "coloured" axis t. 
Further, it can be shown that the coupling along the c direction is 

ferromagnetic, since only reflections with 1 = 2n are present. 

Of all the possible magnetic space groups belonging to the 

tThe magnetic space group is the symmetry group consisting of the elements which 

leaves both the positions of the ions and their magnetic moments (axial vectors) 

invariant and therefore is a subgroup of the direct product group of the 

crystallographic space group and the time inversion or colour operator 11
• 

The effect of this time inversion or colour operator on an axial vector like 

a magnetic field or magnetic moment is a reversal of its direction. The magnetic 

space groups contain in general both normal crystallographic operations (uncoloured 

operations) and products of these operations and the time inversion (coloured 

operations). 
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Fig. 4.3 Array of the magnetie momentsin the ordered state. 

ALL moments are Zoeated in the ae pLane at an angLe 

e from the a axis. 

Opechowski-family Pcca [IJ] only two magnetic space groups fulfil 

all the conditions mentioned above, i.e. P
2
bc'ca with an uncoloured 

2c axis at the c1
1 

position and P
2
bcca' with a coloured 2~ axis at the 

Cl
1 

position, 

Qualitative conclusions about the magnetic space group can also be 

drawn from nuclear magnetic resonance (NMR) experiments. NMR in the 

ordered state on RbFeC1
3

.zH2o yielded two proton absorptions and a 

number of chlorine and rubidium absorptions. Information about the 

specific nature of the magnetic space group elements can he deduced 

from the local field directions at the special position of the cation 

Rb and of the c1
1 

(bath on Ze axis). We will not go into detail here 

[12,13] but simply state that the interpretation of the spectra shows 

that the local fields at the cation position are perpendicular to the 

c axis and at the c1 1 positions are parallel to the c axis. This leads 

to the only possible conclusion that the twofold axis has to be 
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coloured (2~) at the cation position and uncoloured (2c) at the c1 1 
position. 

Combining this information with the neutron diffraction results 

yields the conclusion that the only magnetic space group which can ful

fil these conditions is P
2
bc'ca with the magnetic moment perpendicular 

to the b axis. The final determination of the magnetic space group and 

the magnitude and direction of the magnetic moments was obtained by a 

least-sqUares profile analysis of the neutron diffraction results and 

a dipole field calculation of the local fields at the proton sites. 

The magnitude of the magnetic moments, ~ • g~BS, was found to be 
.... 

4.6(2) ~B (NMR) and 3.9(2) ~B (ND), while the angle 6 of~ with the a 

axis was found to be 19(2) 0 (NMR) and 16(3) 0 (ND). Although the ND 

results seem somewhat low compared with the NMR results, one should 

bear in mind that the results are rather sensitive to small changes in 

the angle 6. The resulting magnetic array is sketched in Fig. 4.3. 

The direction of a particular magnetic moment with respect to the 

~o0.6 

::E 

0.4 

1 
~t 0; I 

. 0.9955 8 rN I ..... L_ ' 0 2 4 6 8 10 12 14 
T(K) 

Fig. 4.4 Reduced sublattice magnetization ve~sus tempe~atu~e 

of RbFeCZ3.2H20 as deter-mined by p~oton ~esonanae. The 

a~ve ia the theo~tiaal p~ediation of the ~eatangula~ 

Iaing model with IJ/ki 39 K and IJlJ1 i 2 x 10-2. 
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0 Q2 O.f. 0.8 1.0 

Fig. 4.5 Reduaed sublattiae magnetization versus reduaed 

temperature, as prediated by (a) the reatangular Ising 

model [14] (IJ2/J11 2 x 10-2), (b) three-dimensional 

Ising modeZs [15], and (a) the Heisenberg mean fieZd 

approximation (S 1/2) [16]. 

axes of the corresponding cis-octahedron surrounding the Fe2
+ ion, 

which is not yet determined by the data quoted above, can be obtained 

from a series of dipole calculations of the fields at the proton sites 

with varying directions of the moments. These calculations show that 

the best fit moment direction is close to the Fe-Cl
1 

direction in the 

octahedron. 

As is indicated above, the proton absorption frequencies yield the 

fields at the proton sites, which are directly proportional to the 

mean value of the magnetic moments and herree with the sublattice 

magnetization. The temperature dependenee of the sublattice magneti

zation can be determined by measuring the proton absorption frequency 

as a function of the temperature. Unfortunately, the absorptions 

could only be measured for T < 8 K. In Fig. 4.4 the experimental data 

together with the theoretica! prediction of the rectangular (two

dimensional) S ~ 1/2 Ising model [14] are presented. As we will see 

in the next chapter, section 5.3, this model describes very well the 
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magnetic specific heat of RbFeC13.2H2o with IJ 1/kl = 39 K and 

!J2/J 11 = 2 x 10-2• J
1 

corresponds to the intrachain exchange inter

action and J 2 corresponds to the interchain interactions. The same 

set of parameters is used for the theoretica! curve in Fig. 4.4. The 

small inconsistency of the three-dimensiortal ordering temperature 

(M/M
0 

= 0 at T = 11.4 K, while TN = 11.96 K) is also present in the 

specific heat results and is most lîkely caused by the remaining small 

înterchain interactions. Concluding we may state that the sublattice 

magnetization is almast independent of temperature up to rather high 

temperatures as is predicted by the rectangular Ising model, in 

contrast with several other roodels as is shown in Fig. 4.5. 
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CHAPTER V 

INTERACTIONS AND S 1/2 SPIN HAMILTONIAN OF RbFeC1 3 .2H20 

5.1 IntPoduation 

From the relatively low symmetry of the crystal field around the Fe2
+ 

ion and the chain-like crystallographic structure (section 4.3) one 

may conjecture that the magnetic behaviour of RbFeC13 .2H20 will be 

anisatrapie in bath spin and space. 

In this chapter we have gathered the experimental data which yield 

quantitative results for the magnetic interactions and for the crystal 

field splitting parameters. These data include the magnetic phase dia

gram (section 5.2), the specific heat results (section 5.3), and the 

high and low temperature susceptibilities (sections 5.4 and 5.5, re

spectively). Insection 5.6 we will combine the resulting information 

and construct the S = 1/2 spin Hamiltonian which describes the lowest 

energy levels. A discussion of the results of this chapter is given in 

section 5.7. 

5.2 Magnetia phase diagPam 

When an external magnetic field is applied along the c axis of 

RbFeC1 3.2H20 two metamagnetic phase transitions are observed to a 

ferrimagnetic and pseudo ferromagnetic state, respectively. Their tem

perature dependence, or in other words the magnetic phase diagram, was 

stuclied with a Faraday balance (1.2 < T < 4.2 K) and dynamic suscepti

bility measurements (4.2 < T < 12K). Using the Faraday balance the 

magnetization as a function of the magnetic field was recorded. The 

phase transitions at Hel and Hc2 are associated with a stepwise in

crease of the magnetization as is shown in Fig. 5.1 forT= 4.2 K. 

At each phase transition the magnetization increases with one half of 

the magnetization in the pseudo ferromagnetic state (H > 13 kOe). At 

lower temperatures (T < 2 K), large relaxation effects were observed 

at these phase transitions. This resulted in less pronounced discon

tinuities in the magnetization at the phase transitions if the roea

suring time was nat increased considerably (up to 1 hour at lower tem-

34 



10 

RbFeCl3.2H20 

T-l..2K 
8 c axis 

0 
E 
:; 
E 6 
~ 
c 
g 
;;; 
.!::! 
QJ t. c 
0" ro 
E 

0 2 6 18 

H(k0el 

Fig. 5.1 Magnetization of RbFeCl3.2s2o vePsus applied field along the 

a axis at T = 4.2 K. The disaontinuities in the magnetization 

indiaate the two phase transitions at H01 = 8.1 kOe and 

Ha2 = 12.4 kOe. 

peratures, which may be compared with ~ 15 minutes at T = 4.2 K). 

Since the dynamic susceptibility is the first derivative of the 

magnetization with respect to the magnetic field, the phase transitions 

will appear as peaks in the susceptibility (Fig. 5.2). 

The temperature dependenee of the critical fields is shown in 

• 5.3. Camparisou of this phase diagram with the phase diagram of 

CoC1 2 .2H20 and Fec1 2.2H20 [I], shows a striking resemblance. In the 

latter two compounds, however, the magnetization in the ferrimagnetic 

phase is one third of the magnetization in the ferromagnetic phase. 

Due to the very large intrachain exchange interaction (see the next 

section), the ordering within the chains will nat be influenced by the 

relatively small magnetic fields used in our experiments. In that case 

the two metamagnetic phase transitions in RbFec1
3

.2H
2
0 will be asso-
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ciated with a reversal of the total ferromagnetic moments along c for 

part of the chains (see Fig. 4.3). 

To explain the two phase transitions and the values of the magne

tization at T = 0 K, we applied the method developed by Kudö and 

Katsura [2]. This methad is applicable to Ising systems and determines 

the ground state spin configurations, i.e. the spin configurations 

having the lowest energy at zero temperature in a magnetic field. 

Since the ordering within a chain does not change in the applied mag

netic fields, we eau confine ourselves to a two-dimensional model in 

which the total ferromagnetic moment of the individual chains along 

the c axis are replaced by single moments. An outline of·the method of 

KudÖ and Katsura is given in appendix A, together with the results for 

RbFec1
3

.2H
2
0. 

The two metamagnetic phase transitions eau only be explained when 

at least three interchain exchange interaeticus are present, au inter

action Jb along the b axis, au interaction Je along the c axis and au 

interaction Jbc diagonally in the bc plane. For Jb' Je, Jbc < 0 (anti

ferromagnetic) and IJ I < IJbl' IJ I < 2 IJb I au intermediate state c c c 
is obtained as well as the correct ground state spin configuration in 

zero field as determined by the neutron diffractiou and nuclear mag

netic resonance experiments [3] (see section 4.4). The component of a 

magnetic moment along the c axis is obtained from the magnetizatiou in 

T·4.6K 

6 12 14 
Hl kOel H,;z 

Fig. 5.2 EXperimental dynamia susaeptibility x versus applied field 

with H//;, The ~o large peaks in the susaeptibility indiaate 
the ~o phase transitions. 
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Fig. 5. J Magnetia phase diagram of RbFeCZ3• 2H20 for H/ /c. AF is the 

antiferromagnetia state~ while FI and F denote the ferri

magnetic and ferromagnetic ordering between the ferromagnetia 

moments of the ehains, respeetively. MF is the magnetization 

in the ferromagnetie phase. The curves are drawn as a guide 

to the eye. 

the ferromagnetic phase yielding ~c 1.6 ~B· The experimental values 

of the two critical fields extrapolated to T = 0 K (Hel = 8.1 kOe and 

HcZ = 12.4 kOe) substituted in the theoretical expressions of appendix 

A (H I = (- Jb + J - 2 Jb )/~ and H 2 = ( Jb - J - 2 J )/~ } c c c c c c bc c 
yield Jc/k =- 0.22 K and (Jb + 2 Jbc)/k =- 1.02 K. The experimental 

data are not corrected for demagnetizing fields. 

Concluding we may state that the phase transitions at T 0 K can 

be explained satisfactorily by the methad of Kudö and Katsura. At 

higher temperatures, however, the ordering of the ferromagnetic compo

r_ents of the chains may locally differ from the ordering patterns at 

T 0 K. These local arrays will be called non ground state spin con-
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figurations, which have been in fact observed, already, as there exist 

small peaks in the dynamic susceptibility at H = 7.6, 10.2, 11.1 kOe 

(see Fig. 5.2), indicating a reorientation of a ferromagnetic chain 

moment in such a non ground state spin configuration. We will see that 

these peaks coincide with the zero frequency fields of some spin clus

ter resonance branches (H = 7.3, 10.2, 11.2 kOe, Fig. 6.2). 

5.3 Speaifia heat 

The specific heat of a sample consisting of small single crystals of 

RbFeC1 3.2H2o has been investigated in the temperature range I < T < 

50 K by Kopinga et al. [4,5]. A sharp À-anomaly was found at~T = 

11.96 K indicating a magnetic phase transitiontoa three-dimensio-

10 

:..:: 

0 6 
.§ ..., 
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~ 

l4 
111 

-~ 
"ii 
c 

g'2 

0 

i 
0 

0 

TIK) 

RbFeCL3.2H20 

rect."iii'9Jlar Ising S -1/2 
model with IJ11ki=39K 
IJ2tJ11· 0.02 

40 50 

Fig. 5.4 Magnetia speaifia heat of RbFecz3.2n2o. The open airales 

are the e:x::perimenta"l data points aorreated for the Zattiae 

aontribution. Error bars refleat tbe unae"l'tainty in tbe 

evaluation of the Zattiae heat aapaaity of a-RbMnCZ3.2H2o~ 
whiah has been used in the soaZing pPoaedU"l'e. Tbe smalt 

anoma"lies at 3.3 and 4.6 K are due to sample impurities. 

Taken from Kopinga et al. [4~5]. 
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nally ordered state. The overall magnetic heat capacity was deter

mined by subtracting a scaled lattice heat capacity of the isomorphic 

a-RbMnC1
3

.2H2o. Attempts to fit the resulting magnetic contribution 

with an one-dimensional Ising model, turned out to give a poor agree

ment. However, as is shown in Fig. 5.4, the rectangular S = 1/2 

model [6] with !J2/J 1 1 = 2 x 10-
2 

and !J 1/kl = 39 K was found to give 

a remarkably good description of the magnetic specific heat both above 

and below the ~rdering temperature. The apparent small inconsistency 

in the description with this model close to the three-dimensional or-

dering temperature is most caused by the additional interchain 

interactions, which have not been taken into account. As might be ex

pected these interactions tend to shift the actual ordering tempera

ture towards slightly higher temperatures. 

It should be noted that the heat capacity measurements indicate 

that, apart from the ground doublet, below ~ 50 K na other energy 

levels of the single Fe2+ ion spectrum are present. 

5.4 High temperature susceptibility 

The susceptibility of RbFeC13 .2H2o was measured along the three 

cipal crystallographic axes in the temperature region 50 - 300 K. Data 

were obtained from both Faraday balance and dynamic susceptibility 

measurements, which are presented in Fig. 5.5. As was mentioned in 

section 3.4, the dynamic susceptibility measurements yielded no abso

lute values for the susceptibility but were scaled on the Faraday 

balance data. 

In order to explain the data, we will perform mean field calcula-

. [ 8] . 1 1 h f h . 1 Z+ . t~on~ 7, , wh~ch use the energy eve se eme o t e s~ng e Fe ~on 

as a starting point. Therefore we will start with an analysis of the 

energy level scheme of the ion. 

In a crystal field of sufficiently low symmetry (i.e. orthorhombic), 

the 5n ground state of the Fe2
+ ion will be split and an orbital sin

glet with fivefold spin degeneracy will have the lowest energy [9]. 

Given the low symmetry of the cis-octahedron which surrounds the Fe2+ 

ion, this situation will occur in RbFec1
3

.2H20. Spin-orbit interac

tions remave the degeneracy of the spin quintet. According to the 

specific heat results (section 5.3) a doublet will be lowest in ener-
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T(K) 

200 250 300 

Fig. 5.5 Exper-imentaZ susaeptibiZities of RbFecz3.2H20 and the 

theoretiaaZ fit of the data for T > 70 K with the mean 

field theory described in the text. 

gy. From the susceptibility data we will try to obtain a more detailed 

insight in the splitting of the spin quintet. 

The splitting of the spin quintet (S = 2) can be described by the 

spin Hamiltonian [8) 

(5. I) 

The first term in Eq. 5.1 denotes the axial partand the second term 

the orthorhombic part in the single ion crystal field splitting. In 

principle, higher order crystal field terros should be taken into ac

count to give a more accurate description of the splitting of the spin 

quintet by the crystal field and spin-orbit coupling. We will assume 

that these higher order terros can be neglected and that the energy 

level scheme can be represented by Eq. 5.1. 

The eigenfunctions of the energy levels of the spin quintet wil1 

be expressed in terros of the spin quantum number Jm >, yielding 
s 
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El 2D Á+3(E/D) 2 
l<lll> V2 (co sa 12> + 12 sinaiO> + cosal-2>) 

E2 2D l<ll2> ~/2 <12> - l-2>) 

-D + 3E l<ll3> ~/2 (I I> + 1-I>) (5. 2) 

E4 -D - 3E l<ll4> !/2 (I I> - l-1>) 

-2D /Î+3(E/D) 2 
l<lls> !/2 (-sinal2> + 12 cosaiO> - sinal-2>), 

with tana 
E/3 

D + D /J+3(E/D)2 

A pseudo doublet 1s lowest in energy (see Fig. 5.6) when D < 0 and 

IE[ << IDI or D > 0 and IEl ~ D. These situations are basically identi

cal but the latter implies that the axial symmetry of the Hamiltonian 

is more pronounced about a direction different from the (arbitrarily 

chosen) axis of quantization. In the present analysis we will take 

D < 0, in which case the magnetic moments of the pseudo doublet are 

along the z axis. 

In the case of RbFeC1 3 .2H2o the cis-octahedra or clusters of the 

ions and hence the principal axes of the crystal field tensors 

of two successive ions along a chain are canted with respect to each 

other (see 4.2). This gives risetosome additional complications. 

First of all we have to define the plane of canting. The magnetic mo

ments and hence the z axes of the crystal field tensors are in the 

plane of canting (ac plane, see Fig. 4,3). We will choose the xz plane 

as the canting plane. The angle of the z axis of the crystal field 

tensor with the crystallographic a axis is 8 (see Fig. 5.7, note that 

in this figure the z axis of the crystal field tensor corresponds to 

the z' axis). 

The secoud complication is brought about by the intrachain exchange 

interaction between two spins 

H - 2 (5.3) 

since Eq. 5.3 bas to be described on the local sets of axes of the 

crystal field tensors on which the wave functions, Eq. 5.2, are de

fined. For transition metal compounds it is assumed that the exchange 

interaction is isotropie in the real spin, in which case the Hamilto-

nian the exchange interaction, Eq. 5.3, is given by 
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H = - 2J [ cos26 Sx Sx + sY sY 
I 2 I 2 

+ sin26 

z z + cos26 s
1 

s2 

(sx Sz _ Sz Sx) ] 
I 2 I 2 ' 

(5.4) 

where the spin components are given with respect to the local axes of 

the crystal field tensors. Due to the canting of the clusters, an anti

symmetrie term bas entered the Hamiltonian. 

When we treat the exchange interaction in the mean field approxima

tion and include the Zeeman interaction, the Hamiltonian for an arbitrary 

spin can be expressed as 

H = -2zJ [ cos26 Sx <Sx> + sY <SY> + 
n n 

cos26 Sz <Sz> 
n 

+ sin26 (Sx <Sz> - Sz <Sx>) 
n n J -

(5.5) 

In the Hamiltonian 5.5, <s > is the mean value of one of the z neigh
n 

bour spins. The small interchain exchange interactions have been neglec
...,. 

ted, In the paramagnetic region <S > is zero in zero external field. 
n 

Calculating the zero field susceptibility we wil1 consider the exchange 

interaction and the Zeeman interaction as perturbations on the energy 

levels obtained from the splitting of the spin quintet by the crystal 

field and spin-orbit coupling (Eq. 5.2). 

The effective field experienced by the Fe2+ion, H. , is the sum of 
e 

the external magnetic field and the exchange interaction, which is 

expressed as an exchange field: 

(5.6) 

z z z . x H = H + (4J cos26 <s >- 4J s1n26 <s >)/(g ~ ), 
e n n zz B 

In Eq. 5.6, the number of neighbour spins in the chain, z = 2. 

Starting from the expression for the Hamiltonian (Eq. 5.5), the 

partition function Z and hence the zero field susceptibility for the 
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three principal axes can be calculated. The energy levels of the spin 

quintet are given by 

E~ + 
l. 

Hj 
+ s. 

e l. 
i= 1, 2. 5 (5. 7) 

j = x, y, z. 

Here f. and 
l. 

are functions of g .. , D and E. By using the partition 
JJ 

function 

Z L exp(-E./kT) and 
i l. 

G = - N kT lnZ 

the susceptibility can be written as 

After some tedious calculations one obtains 

NF 

(5.8) 

(5.9) 

From Eq. 5.9 X and X can easily be solved. F. is a function of g, D, 
x z J 

E, and the temperature T and is for E * 0 given by 

2 2 
. )2 

F = 211Bzgxx { (cosa. + 13 s ma. [ exp(-E 1/kT) exp ( -E/kT) ] x E3 El 

exp(-EzlkT) - exp(-E4/kT) 
+ 

E4 E2 

(/3 cosa. - . ) 2 
J } + 

Sl.UCX 
[ exp(-E3/kT) - exp(-E5/kT) E - E3 5 
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2 2 
F • 

2
UB 8yz f (cosa - 1:3 sina)

2 
[ exp(-E /kT) - exp(-E

4
/kT) 1 

y Z l E4 - El I 

exp(-E
2

/kT) - exp(-E3/kT) 
+ ----~~~~~----~~-E3 - E2 

+ (/3 cosa + sina)
2 

[ exp(-E
4

/kT) - exp(-E
5

/kT) ] } 
E5 - E4 

2 2 2 
F z = UB gzz { 

z 
4 . 2 

+ s~n a [ exp(-E
2

/kT) - exp(-E
5

/kT) ] 
E5 - E2 

+ E ( exp(-E3/kT) - exp(-E4/kT) ] }• 
4 - E3 

When E = 0, E
1 

= E
2 

and E
3 

= E
4

, the above expressions are not valid. 

In this case F. can be expressedas 
J 

2 2 
2l1B gxx { 2 F • ___.;:......= 

x z E3 - El 

3 

2 2 

= 
llB gzz I 1 F [ 8 exp(-E

1
/kT) + 2 exp(-E

3 
kT) • 

z Z kT 

The energy levels E. are given by Eq. 5.2, in which case the partition 
~ . 

function Z corresponds to H = 0. 

A refinement in the model presented above is obtained when the in

fluence of the next two spin quintets on the g-values and their contri

bution to the so-called Van Vleck susceptibility are taken into account. 

Using perturbation theory [10], the g-values and the Van Vleck suscep

tibility, Y ., can he expressed in the energy difference between the 
''VV,J 

next two excited orbital singlets (in the absence of spin-orbit coup-

ling) and the ground level (~ 1 and ~2) and the spin-orbit coupling 

constant À : 
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gxx 2 \rv,x 0 

2 (5 .I 0) 
gyy 2(1 - À/0.2) xvv,y 2 f.IB/0.2 

g = 2(1 - À/0.1) 
2 

xvv,z = 2 f.IB/0.1 zz 

Since also D and E can be expressed in 0. 1, 0.2 , and À 

(D =- À2 (I/D.1 - 1/20.2), E = À
2

/zD.2 [12]) we may express gjj and xvv,j 

in D, E, and À, 

gxx = 2 \rv,x = 0 

2(1 - ZE/À) 4 
2 E/Àz (5. 11) gyy \rv,y f.IB 

g = 2(1 + D/À - E/À) 
2 2 

\rv,z = 2 f.IB (-D + E)/À • 
zz 

In the derivation of Eqs. 5.10 and 5.11 we have used the fact that D < 0, 

as we assumed above, and E > 0 as is indicated by the low temperature 

susceptibilities (see sectien 5.5). 

The experimentally determined susceptibilities Xa• Xb' and Xc can be 

expressed in xx' x ' and x by y z 

Cxz cos 28 . 2 ) x = +x Sl.n 8 a x 

xb xy 
(5. 12) 

XC (~ cos 2e + x sin
2
8), z 

where 8 denotes the angle between the z axis and the a axis (see also 

Fig. 5.7, z = z'!). 

The experimental data for T > 70 K were fitted to the theoretical 

expressions for the susceptibilities given by Eq. 5.12. For the spin

orbit coupling constant we have taken a value of -115 K [11]. The best 

fit was obtained for D/k = -21 K, E/k 0 K, J/k = -2.7 K, and 8 = 30°. 

The experimental data together with the theoretical predictions are 

given in Fig. 5.5. The g-values and Van Vleck susceptibilities corres-
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ponding to the values of the parameters D, E, and À given above, are 

gxx 2, gyy = 2, gzz = 2.47, 
(5.13) 

xvv x = o, o, 1.2 x -3 
~.y ~.z = 10 emu/mol. 

' 
For T < 70 K there exist large discrepancies between the theoretica! 

curves and the experimental data. In this temperature region short 

range order effects may play an important role, in which case the mean 

field approximation of the exchange interaction is not valid. As a 

consequence the results of the fit to the high temperature susceptibi

lities are subject to large uncertainties. 

Although the results should be judged with care, we have o~tained an 

indication about the crystal field splitting of the spin quintet, viz. 

a pseudo doublet ground state and other energy levels at about 60 and 

80 K (see Eq. 5.2). We will return to this subject in the next section 

where we will analyse the low temperature susceptibilities. 

For E 0, the energy levels lm =2> and lm =-2> constitute the 
s s 

degenerate ground doublet. Hence a large anisotropy in the g-tensor is 

to be expected when an effective S = 1/2 spin Hamiltonian is used 

(section 5.6). 

5.5 Low temperature susceptibility 

In the previous section we have discussed the high temperature suscep

tibilities. We will now discuss the susceptibilities along the three 

crystallographic axes below the three-dimensional ordering temperature. 

The susceptibilities were measured with a Faraday balance at liquid 

helium temperatures (1.2 < T < 4.2 K). Asthere is no apparent tempe

rature dependenee of the susceptibilities in this temperature region, 

we may extrapolate these datatoT = 0 K (see Table 5.1). This has the 

advantage that a rather simple classica! theory may be applied. 

In zero magnetic field the total magnetization of a RbFec1
3

.2H20 

·sample is zero due to the antiferromagnetic ordering. From Fig. 4.3 

it will be clear that at least four sublattices have to be considered 

to obtain a compensated magnetic structure. When the interchain inter

actions are neglected and the spin operators are expressed on the local 
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Table 5.1 Comparison between the experimental low temperature 

susceptibilities RbFeCl3.2H2o with the theoretical 

predictions of 

in emu/mol. 

experimental X 

x.."., (section 5.4) 

X corrected for X.."., 

calculated x with : 

D/k = -21 K, J/k = -2.7 

E/k = 0 K, e = 30° 

D/k = -21 K, J/k = -2.7 

E/k = 1.4 K, e = 30° 

K 

K, 

5.15. The susceptibilities are 

X a xb XC 

4.6 x l0-3 2.73 x I0-2 
2.33 x 

0.9 x 10-3 
0 0.03 x 

3.7 x I0-3 2.73 x I0-2 2.30 x 

3.9 x I0-3 2.50 x I0-2 2.43 x 

3.8 x I0-3 2.76 x 10-2 2.31 x 

I0-2 

-? 10 ~ 

l0-2 

I0-2 

10-2 

axes of the crystal field tensors, the Hamiltonian (see Eq. 5.5) of 

four neighbouring spins helenging to different sublattices is given by 

H = -2zJ [ cos26 S~ + sY gY + cos28 Sz Sz 
1 2 I 2 

+ sin28 (Sx Sz Sz 
I 2 I 

+ Î { D [Csj) 2
- ~ S(S+l)] + E 

j=l 
+ 
+ + l Hf 

(5. 14) 

As we are interested in the zero temperature behaviour of the suscep

tibility we will consider the spins as classical vectors, in which case 

the susceptibility can be calculated from the torque balance equation 

[12]. The spin orientations which yield the lowest energy in the presence 

of a magnetLc field are determined by minimizing the free energy. The 

resulting magnetization M is a consequence of the deviations of the 
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spins in an applied field from their zero field positions. The expres

sions for the zero field susceptibilities, X = 1~-+Q M/H, a.long the 

three crystallographic axes are 

x = a 

Xb • -4J - D - 3E + W 

with A = - (D - E) cos26 

B = - (D - E) sin26 

K=A-4J 

W = (K2 + B2)! 

26 . 26 g1= gxx cos + g
22 

s1n 

26 s1'n26 g3= gzz cos + gxx 

g4= -2
1(g - g ) sin26. 

XX ZZ 

(5. 15) 

W+K 
2 2 , 

K + B 

Eq. 5.15 is in agreement with the results of Uryû [12] providedan 

adequate transformation of the crystal field [8,13] and exchange para

meters is performed. 

Since Eq. 5.15 contains four parameters, D, E, J, and 6, it was not 

possible to determine the values of these parameters from the three low 

temperature susceptibilities. Therefore we will only use these experi

mental results to check the parameters derived from the high temperature 

susceptibilities. In Table 5,1 the experimental susceptibilities are 

given tagether with the Van Vleck contribution (Eq, 5.13) obtained from 

the high temperature susceptibilities. The data corrected for the Van 

Vleck contribution are compared with the theoretica! predietien given 

by Eq. 5.15 with the parameters D/k = -21 K, E/k = 0 K, J/k = -2.7 K, 

and e • 30° obtained in seètion 5.4. The agreement is satisfactory, 

although the anisotropy between Xb and Xe is somewhat too low. The ani-
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sotropy between xb and XC (Eq. 5.15) is determined by the values of e 
and E and can be increased by increasing 8 and/or E. Given the orien

tation of the magnetic moment (8 ~ 20°, see section 4.4), it is not 
m 

very likely thát 8 will be > 30°. Hence the anisotropy between Xb and 

Xe indicates that E > 0 and for E/k = 1.4 Kan almost perfect agreement 

is obtained. 

Concluding we may state that the low temperature susceptibilities 

confirm the results obtained from the high temperature susceptibilities 

and indicate a non-zero value of E (E > 0). The energy level scheme of 
. 2+ . 1 f . the s~ngle Fe ~on based on the resu ts o both the h~gh and low temp-

erature susceptibilities (D/k = -21 K, E/k = 1.4 K) is sketched in Fig. 

5.6, which is in agreement with the conjectures made in the preceding 

two sections. 

84.6K 

67.5K 

59.QK 

Q.JK 

OK 

5. 6 The S = 1/2 spin HamiUonian 

5.6 2+ Energy ZeveZ saheme of the Fe 

ion in RbFeCZ 3.2H20 as deduaed 

from the susaeptibiZity measure

ments; D/k -21 K and E/k = 
1.4 x. 

In the previous sections we have used two different models to describe 

the magnetic properties of RbFeC13 .2H2o. The susceptibilities were ex

plained on basis of theoretica! models in the real spin S • 2 represen

tation. Other magnetic properties, i.e. the specific heat, magnetization 

and metamagnetic phase transitions, could very well be described with 

aS • 1/2 Ising model. Given the single ion energy level scheme of 

RbFeC13 .2H2o, obtained from the susceptibility measurements, with a 

pseudo doublet ground state (see Fig. 5,6), and the fair agreement of 
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the S = l/2 model with the sublattice magnetization (section 4.4) and 

the specific heat (section 5.3), it is believed that also the elementary 

magnetic excitations (chapter VI and VII)may bedescribed withanS = l/2 

spin Hamiltonian. In this sectien we will derive the S = 1/2 spin Hamil

tonian of RbFec1 3.2H20 based on the information obtained in the pre

ceding sections. Several aspects of the S = 1/2 spin Hamiltonian will 

be considered, i.e. the pseudo doublet splitting, the intrachain inter

action, the Zeeman interaction, and the interchain interactions. 

The energy level scheme (Fig. 5.6) shows a pseudo doublet ground 

state. The splitting of this pseudo doublet by the crystal field, as 

is given in Eq. 5.2, can be taken into account in the S = 1/2 spin 

Hamiltonian by [14] 

(5.16) 

with ~ = 2D(l - ~ + 3(E/D)t) according to Eq. 5.2. Of course for E 

~ = 0, the pure Ising case is obtained. 
0, 

In section 5.4 we assumed that the exchange interaction is isotropie 

in the real spinS= 2 representation (Eq. 5.3). The way by which in a 

canted system the pure isotropie exchange interaction in the real spin 

can be translated into the S = 1/2 spin Hamiltonian formalism is very 

well described by Silvera et al. [15] intheir treatment of a-Coso4• 

Following their procedure, we will determine the S = 1/2 spin Hamiltonian 

of the intrachain exchange interaction and the Zeeman interaction. To 

avoid confusion, in this section the real spin S = 2 will be denoted 

by an upper case "S", while the fictitious spin in the s = 1/2 spin 

Hamiltonian formalism is denoted by a lower case "s". 
As was shown in a previous section (5.4, see also 4.3), the clusters 

• 2+ • • h h . 'd . 1 b d • h of adJacent Fe 1ons 1n t e c a1n are 1 ent1ca ut cante w1t respect 

to each other. Hence the sets of principal axes of the crystal field 

tensors and, as a consequence, the sets of principal axes of the g

tensors are also canted for adjacent positions in the chain. To describe 

the effect of the exchange interaction on the ground doublet with a 

fictitious spin s = 1/2, the different orientations of the g-tensors of 

the ions I a~d 2 with respect to the crystallographic axes must be 

taken into account. In Fig. 5.7 three different sets of axes are drawn: 
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ion ioo 2 

Fig. 5.7 The three different sets of axes of ion 1 and 2, whioh are 

used in the treatment of the oanting meohanism. The plane 

of oanting is shown; x", y", z" refer to the orystaUogra

phio system (x"= o axis, y" = b axis, and z" a axis), 

x', y', z' denote thesetof prinoipal axes of the g-tensor . .... 
and x, y, z, oorreapond to the set of axes for wh~oh <s> 

is along the z axis. Positive values of e and ~ oorreapond 
B 

to anti-olookwise rotations. 

x", y", z" the crystallographic system, the plane in which the 

canting occurs is the x" z" plane. For RbFeC1
3

.2H
2

0 

the axes correspond to the c, b, and a axis respec

tively, 

x!' 
J 

sets of principal axes of the g-tensor of ion j, 

sets of axes for which <;.>is directed along z .• 
J J 

s 
The spin-only g-factors gll are defined by the following relation 

l 1 s l 
s = 2 gu s (5 .17) 

with l =x!, y!, z!. 
J J J 

Using this equation and the appropriate transformation from the double-

primed to the single-primed axes, the Hamiltonian 5.3 may be written as 
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-lJ s 2 :x:' :x:' s 2 y' y' 
H = (g:x:':x:') cos(28l SJ s2 + (gy'y') sl sz + 

2 

s 2 cos(28) z' z' (5.181 (gz'z') SJ sz + 

~· , gs, 1 sin(28) 
:x:' z' z' :x:' 

:x: z z (st s2 - SJ s2 l ] . 

The last term in Eq. 5.18 is antisymmetrie with regard to the spin 

components and represents the canting of s 1 and s2 in the single

p.~imed coordinate system. 
+ + 

To determine the equilibrium positions of <s 1> and <s 2> in the 

ordered state, a second transformation from the single-primed to the 
.... 

un-primed sets of axes is necessary. If $ is the angle between <s.> 
s J 

and z!, $ is determined by the condition that the antisymmetrie term 
J s 

should vanish when Eq. 5,18 is written on the un-primed bases. This 

yields the condition 

(5. J9) 

We wish to note that the same condition is obtained if <s~> = 1/2, 
J 

<s~> = <s~> = 0 and the energy is minimized. If we use condition 5.J9, 
J J 

Eq. 5.18 can be written as 

with Jxx = .!. J 
4 
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zz _ .!. J 

4 

{ [ ( s )2 cos2"' - (gs, ,/ sin2cp 1 
gx'x' ~s z z sr 

s s } - S:x:•x• gz'z' sin(2~s) sin(28) , 

2 s 2 2 
cos ~s - (gx'x 1 ) sin ~8 ] 

- gs 1 1 gs 1 1 sin(2$ ) sin(28} lf • x x z z s 

(5,20) 

cos(28) 

cos(28) 



The direction of the magnetic moment deviates from zj by an angle ~m' 

which satisfies the condition 

gx'x' 
tan ~s • 

gz'z' 

The magnitude of the magnetic moment is given by 

fl 

The value 
s 

gy'y' are 

z 
f.!B <s > 

of <sz> is 1/2 

zero and hence 

2 2 
(cos~ ) 

s + gx'x' (sin~ )
2 

s 

for T = 0 K. In the pure Ising 
Jxx and Jyy are zero, in which 

case 

case 

commute with the Hamiltonian 5.20. Eq. 5.20 is mathematically 

(5. 2J) 

(5.22) 

s and gx'x' 
z and 

z 
SJ s2 
equivalent 

with the Hamiltonian descrihing the exchange interaction of a non-canted 

system. 

For the Zeeman interaction the situation is quite different. If the 

external magnetic field is expressed by the components on the crystal

lographic axes, the Zeeman interaction for ion J is given by 

HZeeman - f.!B(gxx 
x 

Hxll 
z 

SI + gzx SJ H 11 x + gxz 
x 

SJ H 11 z 
(5.23) 

z 
H 11 + g s; Hy 11 ), + gzz SJ z yy 

with gxx gx'x' co se cos~ - gz'z' sine sin~s s 

gzx -gx'x' co se sin~s - gz'z' sine cos~s 

gxz gx'x' sine cos~ + gz'z' co se sin~ s s 

gzz -gx'x' sine sin~ + gz'z' co se cos~s s 

gyy gy'y' 
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For ion 2 the terms g and g should be reversed in sign since for zx xz 
this ion e and ~ are negative. If we identify the odd spins of a chain 

s 
with spins of type 1 and the even spins with spins of type 2 (see Fig. 

5.7), the Hamiltonian of a chain of N spinscan bedescribed by 

N N + + 
H = - 2 Jzz t z z - r -

sj+l) s. sj+l - J (sj sj+l + s. 
j=l J j=l J 

- J+ 
N 

(s; r - - + 
s. I + s. s. I) 

j=l J J+ J J+ 

N l + N 
(-l)j+l - llB 8xx Hx" t 2(s. + s:) - llB 8zx Hx" I z s. 

j=l J J j=l J 

N 
(-J)j+l l + N 

r + s:) t z 
- llB 8xz Hz" 2(sj - llB gzz Hz" s. 

j•l J j=l J 
N 

(s; - llB g yy Hy" jt TI - s:), (5.24) 
J J 

with 

The magnitude of the deviations from the pure Ising case, which may 

arise from the exchange interactions, is almost completely determined 

by the intrachain interaction. The rela.tively small interchain exchange 

interactions will be described by the Ising part of the interactions 

only. Hence the interchain coupling can be taken into account by a mean 

field or "exchange field" 

N 
H = - Î 

j=l 

with H 
e 

(5.25) 

(see section 2.2). 

The influence of dipole fields is incorporated in the exchange inter

actions as far as possible. 

The s == 1/2 spin Hamiltonian of RbFec13 .2H20 is the sum Hamiltonian 

of Eqs. 5.16, 5.24, and 5.25. This spin Hamiltonian will'serve as the 

basic model in the calculations of the spin cluster resonances (chapter 

VI) and the spin cluster excitations (chapter VII). 

54 



5.7 Discussion 

In this chapter we have presented a large number of experiments on 

RbFeC1
3

.2H
2
0. From the resulting data it appears that at low tempera

tures the magnetic behaviour of RbFec1
3

.2H20 may very well be described 

by the s = 1/2 Ising model, while at higher temperatures models in the 

real spin S = 2 representation with an Heisenberg exchange interaction 

and single-ion crystal field terms have to be used, However, an excep

tion was made for the low temperature susceptibilities. Given the fact 

that at T = 0 K the susceptibilities predicted by the s = 1/2 Ising 

model are all zero, the experimental susceptibilities will completely 

be determined by the Van Vleck susceptibility, to which the three 

higher levels of the spin quintet give a large contribution. Therefore 

it was more convenient to use a S = 2 model. 

The results of the various experiments described in chapter IV and 

this chapter are summarized in Table 5.2. If the intrachain exchange 

Table 5.2 The parameters obtained from the various experiments on 

RbFeCl3.2H2o described in chapter IV and this chapter~ 

t 

i.e. neutron diffraction (ND)~ nuclear magnetic resonance 

(NMR), specific heat (SH), high temperature susceptibility 

(HTx)~ Zow temperature susceptibility (LTxJ, and magnetization 

measurements {MM). 

parameter ND NMR SH H'fX LTx M}f 

D/k - 21 K 
t 

E/k 0 K 1.4 K 

J,.fk, s = 1/2 - 39 K 

Ja/k, s = 2 - 2.7 K 

Jc/k - 0.22 K 

(Jb+ZJbc)/k - I. 07 K 

llc 1. 6 llB 

ll 3.9 llB 4.6 llB 4.9 ilB 

8 16° 
m 19° 30° 

Assuming D/k -21 K, J/k -2.7 K, and 6 
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interaction determined from the specific heat experiments, is trans

lated into the real spin S a 2 formalism, using the typical values 

gs, , = 8 and 2s, 1 = 0, we obtain J /k = -3.2 K for 6 = 20° and J /k = 
zz --xx a a 

-4.9 K for 6 = 30° (J(S=2} = J(s=l/2)/(16cos26)). The agreement with the 

susceptibility results is reasonable for 6 = 20°, aresult which is 

obtained by NMR experiments, but large discrepancies exist when the 

canting angle obtained from the susceptibility measurements, 6 = 30°, 

is used. This may indicate that the canting angle, 6 = 30°, obtained 

from the susceptibility results is too large. 

The excited energy levels above the pseudo doublet ground state, 

sketched in Fig. 5.6, do not substantially affect the interpretation of 

the specific heat results and hence the exchange parameters of 

RbFec13.2H
2
0 determined insection 5.3. This is caused by the-fact that 

the effect of these excited energy levels can largely be compensated by 

a readjustment of the sealing factor of the lattice heat capacity of 

a-RbMnC13.2H20 [16]. 

In the preceding section (5.6) the s = 1/2 spin Hamiltonian of 

RbFec1 3.2H2o was discussed. The non-Ising terms in the spin Hamiltonian 

of the exchange interaction (Eq. 5.20) depend in principle on gs, 1 x x 
and gs, ,. It can be shown (see also [14]) that gs, , and gs, , are zero 

YY XX yy 
in the absence of exchange interactions. To which extent these g-values 

are modified by the exchange interaction is not exactly known, but simple 

calculations within a mean field approximation suggest that gs 1 , < 0.5. 
x x 

and gs, , < 0.5. Hence, we may expect that the non-Ising termsof the 
y y 

exchange interactions in the s = 1/2 spin Hamiltonian will be small. 

In the subsequent chapters we will explain .the magnetic excitations. 

In principle we have to use the full S = 2 Hamiltonian but; as we have 

shown above, it is very likely that we can restriet ourselves to the 

s = 1/2 spin Hamiltonian or the pure Ising case (section 2.2); 
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CHAPTER VI 

SPIN CLUSTER RESONANCES 

6. 1 Introduation 

In 1966 Date and Motokawa [1,2] reported a new type of magnetic reso

nance, observed in the pseudo one-dimensional Ising-like system CoC1 2• 

2H
2
o. The peculiar character of these resonances was shown specifically 

by the anomalous temperature dependenee of the absorption intensity 

compared with the ferromagnetic and antiferromagnetic resonances. The 

rapid increase of the absorption intensity with increasing temperature, 

could easily be explained by assuming that the resonances involved the 

enlargement of thermally excited spin clusters. Date and Motokawa [1,2] 

called these resonances "spin cluster resonances". 

Not only for CoC1 2.2H2o, which has a ferromagnetic chain, spin 

cluster resonances are reported, but also for Fec12 [3] and FeC1 2.4H2o 
[4]. FeC1

2 
is a two-dimensional system with ferromagnetic layers, while 

FeC1
2

.4H
2
0 may best be characterized as a three-dimensional antiferro

magnetic system. In these three compounds only spin cluster resonances 

were observed with run= 1, i.e. the spin cluster is enlarged by one 

spin deviation. 

Given the rather pronounced Ising-like behaviour of RbFeC13 .2H2o at 

low temperatures (see chapter V) and the magnitude of the interchain 

exchange interactions, it was anticipated that spin cluster resonances 

should be situated in the microwave region. Apart from the fact that 

they actually appeared to be observable [5,6,7], the spin cluster reso

nances of RbFeC13.2a
2
o show some new interesting phenomena. First of all 

resonances were observed which involve the increase of a thermally 

excited spin clusterwithup to 9 spins <lm> • [m+9>). Moreover, due to 

the canting of the magnetic moments, spin cluster resonances are obser

ved with the external magnetic field applied either along the c axis or 

the a axis, with spectra which show characteristics of a ferromagnetic 

and an antiferromagnetic chain, respectively. 

In chapter II general expressions were given for the spin cluster 

resonance energies (Eqs. 2. 18 and 2.19) • Reintroducing the three inter

e ha in exchange interactions Jb' Je' and Jbc' and the ground state spin 

configurations which explain the two metamagnetic phase transitions 
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-+ -+ 
when H//c (see sectien 5.2 and appendix A), it is possible to replace 

the general expressionsof Eqs. 2.18 and 2.19 by expressions which are 

more suitable for RbFeC1
3

.2H
2
0. It will appear (Eqs. 6.1 and 6.3) that 

in the antiferromagnetic and ferromagnetic state the contribution of 

the interchain interactions to the spin cluster resonance energies is 

equal for all chains, since all the chains have the same local environ

ment. In the ferrimagnetic state, however, the situation is quite 

different. Apart from the fact that the various chains have a different 

local environment, giving rise to different net interchain energies, 

there exist three essentially different ordering patterns (see appendix 

A, Fig. A.2). For the Ising model, the energy required to increase the 

clustersize within a chain by n spins Clm> ~ lm+n>) for H//; is by: 

AF state: E n (-2 Jb + 2 J 
+-+ 

- 4 J + 2 )l.H) An, Bn e be 
FI state: 

( 
-+-+ 

a, b, E n 2 Jb - 2 J + 4 J + 2 j.l.H) Cn e he 
a, E "' n 2 Jb + 2 J - 4 Jbe + 2 t.ïh Dn 

..._c-+ 
b, E n 2 J + 2 )l.H) En (6 .1} e 
a, b, e, E = n (-2 J - 2 J - 4 J - 2 t.ib Fn b e be 

+ 2 t.ïb a, c, E n (-2 Jb + 2 J + 4 Jbe ..._c_". 
e, E n ( 2 Jb + 2 )l.H) 

+ + F state: E n ( 2 Jb + 2 J + 4 J + 2 )l.H) Gn. c he 

The labeling of the FI states refers to appendix A, Fig. A2.II, while 

the labeling of the energies refers to the experimentally observed 

exeitations (see Fig. 6.2). If we use the expressions for the two critieal 

fields (appendix A, Table A.2) the equations An, Cn, Fn, and Gn may be 

written as: 

E "' 2 ll n e (Hel - H ) 
c An 

E 2 !le n (He-Hel) Cn 
(6.2} 

E 2 !le n (H 
2 

- H ) Fn c e 
E 2 )le n (H - H 

2
) Gn. e e 

With an external magnetio fiûd applied a long the a a:cis, no phase 

transitions were deteeted in the experimental field region. The energy 

needed to increase ·the clustersize in the AF ground state spin eon

figuration by n spins is given by: 
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E E 

a 

I 
I 

I 
I 

I 
I 

I 
I 

I 

H 
b 

Fig. 6.1 FieZd dependenee of the spin aZuster resonanae energies E of 

RbFecz3.2H20 as prediated by Eqs. 6.1 (Fig. 6.1.a) and 6.3 

(Fig. 6.l.b). The ratio of the interahain e~ahange interaations 

is Jb : J
0 

: Jbc = 8 : 2 : 1.5. The broken Zine (Fig. 6.1.b) 

represents the e~aitation jm+l> * lm>. 

(6.3} 

with ö = 0 for n even and 6 = l for n odd. 
n n 

The spin cluster resonance energies Al, BI, •••• , Gl defined by 

Eq. 6,1 and the spin cluster resonance energies defined by Eq. 6.3, 

are schematically drawn in Fig. 6.1.a and 6.J.b, respectively. In Fig. 

6.1 the ratio between the interchain exchange interactions areabout 

Jb : Je : Jbc = 8 : 2 : 1.5, which will appear (see sectien 6.3) to 

reflect the experimental situation in RbFec13 .2H20. 

Because the spin cluster resonance experiments were performed at 

T * 0 K, the ordering of the ferromagnetic components of the chains may 

locally differ from the ordering patterns determined in appendix A for 

T = 0 K. These arrays were called non ground state spin configurations 

(see sectien 5.2). Spin cluster resonances.which originate from such 

non ground state spin configurations are not contained in Eqs. 6,1 and 

6.3 but they may be calculated from the more general Eqs. 2.18 and 2.19. 
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The spin cluster resonance data observed in RbFeC13 .2H20 are presented 

in the next section. In section 6.3 the experimental results will first 

of all be confronted with the Ising predictions given above. Since some 

of the experimental results cannot satisfactorily be described by the 

Ising model, we will use the Ising Basis Function Methad (see section 

2.3) to include non-Ising terms which are present in the S = 1/2 spin 

Hamiltonian derived in section 5.6. The spin cluster resonance results 

of RbFec13 .2H2o and some other Ising-like compounds are discussed in 

the final section. 

6.2 ExperimentaZ resuZts 

As was indicated in the introduetion of this chapter, the number of 

thermally excited clusters and hence the intensity of the spin cluster 

resonances will be very low at low temperatures. This is illustrated by 

the fact that at T = 4.2 K no absorptions could be detected in RbFeC13• 
+ + 

2H
2
o. The actual experiments for H//c were performed at about 8 K. At 

higher temperatures the interpretation of the spectra is hampered by 

the large number of spin cluster resonances originating from non ground 

state spin configurations. 

The spectra with H//; are less complicated, since only a small num

ber of spin cluster resonance absorptions is observed. Therefore no 

other restrictions prescribe the experimental temperature than the 

maximum intensity of the absorptions. 

In Fig. 6.2 the observed resonance frequencies are plotted versus the 

magnetic field H, for H//~. For the resonances Gl only data for v<40 GHz 

are shown. It is obvious that the absorptions show a linear relation 

between frequency and magnetic field, as is expected for the Ising case 

(Fig. 6.1). Note that changes in clustersize with even up to nine spins 

can be observed (see also Fig. 6.3). A number of spin cluster 

resonances in non ground state spin configurations are observed, which 

are represented by braken lines in Fig. 6.2. It can be shown that the 

splitting of some of the resonances (Al, A3, Gl, G3) is due toa mis

orientation of the crystal in the ac plane by about one degree. Only odd 

excitations split and the splitting decreases when more spins are invol

ved in the excitation. This will be explained below when the rotatien 

diagram in the ac plane is treated. 
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T-7.81< H 1/caxis 

magnetic field (kOel 

Fig. 6.2 ObsePVed Pesonanae frequencies plotted'versus the magnetia 

field H~ for H along a. The linea are the theoretiaal pre

diations for the Ising model~ solid linea represent spin 

aluster resonances in a ground state spin aonfiguration and 
braken lines repreeent spin aluster resonanaes in a non 

ground state spin aonfiguration. The labeling of the resonanae 

Zines aorresponds to the labeling in Eq. 6.1. 

Fig. 6.3 shows a typical recorder output of the resonance lines A2 

to AS. Spin cluster resonances could be observed even above TN at 
-to 4- + ...). • • • • 

T = 14K for both H//a and H//c, Lnd1cat1ng the ex1stence of local 

three-dimensionally ordered regions. The resonance condition appeared 

to he temperature independent. The resonance linewidth increases at 

higher temperatures, a typical value at 8 K being 100 Oe. As might be 

expected, the intensity of the spin cluster resonances originating from 

non ground .state spin configurations is found to be considerably lower 

:han the intensity of spin cluster resonances originating from ground 

.tate spin configurations. 
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The absorptions could be detected with the direction of the micro

wave field along the a and b axis (crystal mounted at the bottorn of the 

waveguide) and along the c axis {crystal mounted at the small side of 

the waveguide at À/4 above the bottom). 

In Fig. 6.4 the observed resonance frequencies are plotted versus 

the magnetic field H, for H//~ (H < 8 kOe). At fields higher than 8 kOe 

only very weak absorptions are detected. A large number of spin cluster 

resonances originating from non ground state spin configurations are 

present. Since we used constant frequencies and a varying magnetic 

A2 

RbFeCl3;2H20 
V ~37.03GHz 

T =7.SK 
H//caxis 

A3 

magnetic field (kQe) 

Fig. 6.3 Reaorder output versus the magnetia fie~d; the first 

derivative of the absorption with respeat to the magnetia 

f{e~d is shown. 
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g 
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0 

RbFeCL3• 2H2Q 
H /fa axis T-9.5K 

, ..... 
L. 6 B 

magnet ie field <kOel 

Fig. 6. 4 Obsewed resonanae froequenoies p Z.O tted persus the magne tic 

fie td H, for H a tong a. The Unes are dr>aJ.,m for visuat aid 

only. The open airales repreaent strong spin cluster resonanaes. 

field in the experiments, no spin cluster resonances of even spins are 

observed as these are field independent (see Eq. 6.3 and Fig. 2.4). 

The absorptions having the highest intensity will originate from 

excitations in the antiferromagnetic ground state spin configuration 

and are presented in Fig. 6.4 by open circles. When we campare the 

field dependenee of these absorption frequencies witlL tlie p1;ediction of 

the Ising model shown in Fig. 6.l.b. it is obvious that the observed 

curvature of the resonance lines is not predicted by the simple Ising 

model. We will return to this subject in the next section. 

In Fig. 6.5 and 6.6 we present the angular dependenee of the spin 

cluster resonances in the bc and ac plane, respectively. Field sweeps 

were performed at fixed frequencies for different orientations of the 

crystal with respect to the external magnetic field. 

In Ising-like systems only the coupling of the magnatie field with 
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the z component of the spin is of importance. This yields for the mag

netic field at which the absorption will be observed 

H = H /coslji, 
0 

(6.4) 

where H is the resonance field for 1jJ = 0, i.e. the magnetic field 
0 

parallel to the net excited moment of the spin cluster. 

The Ising predietien for the angular dependenee of the resonance 

field in the bc plane may be 

resonance field for H//~ and 

obtained from Eq, 6.4 with H 
+ 0 

1jJ the angle between H and the c 

H , the 
c 

axis. 

In Fig. 6.5 the experimental data are given for the resonances Al to AS, 

tagether with the behaviour predicted by the theory (Eq. 6.4). We may 

20 

RbFeCl3· 2H20 

T;8.7K 

bc plane 

~ •28.9GHz 

angle between c axis and H 
90 

Fig. 6.5 Angular dependenee of the resonanae field of the resonances 

Al to,A5 for magnetic fields in the ba plane. The drawn Zines 

are the theoretical prediations of Eq. 6.4. 
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conclude that the angular dependenee of the spin cluster resonances in 

the bc plane confirma the Ising-like behaviour of the spin cluster 

resonances with H//~. 
The angular dependenee of the resonance field in the plane of canting 

(ac plane) is rather complicated (see Fig. 6.6). The direction of the 

excited moment is parallel to the c axis for all even excitations. For 

odd excitations, however, the angle with the c axis decreasas when the 

number of spins involved in the excitation increases. Moreover, the 

total moment can have a component either along the positive or negative 

a axis. The directions of the magnetic moments and the angular dependences 

in the ac plane predicted by a eosine law (Eq. 6.4) are shown in Fig. 

6.7. Comparing Fig. 6.7 with the experimental results presented in Fig. 

6.6, deviatioRs are observed when the magnetic field is not near the c 

axis which are very pronounced for the set labelled Al. 

The large splitting of the odd resonance lines, even for small angles 

from the c axis, observed in Fig. 6.2 is clearly demonstrated by both 

Fig. 6.6 and 6.7. 

1 

RbFeCl3· 2H20 ac plane T-9K 'IJ -29.1GHz 

8 
Cli 
2 
"0 6 lil 
;.;;:: 

.!J 
"i) 
c: 
liP 4 
E 

0 0 

2 0 0 0 
0 0 

0 300 
angle 

Fig. ·e.6 Angular dependenee of the Pesonance field foP magnetia fields 

in the aa pUxne. NeaP the a ~is the resonances aPG labeZZed. 

The lines are d:t:>awn for visuaZ aid only. 
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u 
·~ l. 

~ 
E 

3 

2 

0 . 

V ·29.1GHz 

-60 -30 caxis 
angle 
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00 aaxis 

Fig. 6.7 Angular dependenee of the resonance field for magnetic fields 

in the ac plane as predioted by Eq. 6.4. The parametera are 
+ + 

ohosen to reflect the experimental situation for H//c (solid 

circles). The labeling refers to the number of spins involved 

in the spin cluster resonanoes. The arrows indicate the orien

tation of the total moment of the exoited spins in the ac plane. 

Summarizing the experimental results we may state that the spin clus-
+ + 

ter resonances for H//c may be explained on basis of the lsing model, 

while the spin cluster resonances for H//~ show distinct deviations from 

the Ising predictions. 

6,3 Interpretation 

We will start with a more detailed interpretation of the spin cluster 

resonances presented in the preceding sectien with a comparison of the 

experimental results with the Ising predictions given in the introduc

tion, Eqs. 6.1 and 6.3. 
. -+//+ As is shown in Fig. 6.2, the spLn cluster resonances for H c can 

very well be described by the Ising predictions. The drawn labelled 
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lines in Fig. 6.2 repreaent the Ising predietien of Eq. 6.1 with Jb/k = 
........ 1 .... ! -0.76 K, J/k • -0,21 K, Jb/k = -0,13 K, and l-f.H/ H • llc = 1.50 lJB' 

The demagnetizing field was also considered as an adjustable parameter 

in the fitting procedure. Not all sets of spin cluster resonances 

predicted by Eq. 6.1 were observed. The broken linea in Fig. 6.2 repre

sent spin cluster resonances in non gPound state spin configuPations 

contained in the more general equation 2.18 with the sameset of para-

meters. 

However, as was already noted in the preceding section, the spin 

cluster resonances with H//~ (Fig. 6.4) show distinct deviations from 

the Ising predictions (Eq. 6.3 and Fig. 6.l.b). Therefore our next task 

will be to understand what kind of deviations from the simple Ising 
.... ,,.... . model given in sectien 5.6 can explain the spectrum for H a wLthout 

.... ,,... . affecting the results for H c serLously. 

It is obvious that the deviations from the pure Ising behaviour of 
. ...,, ... the SpLn cluster resonances for H a occur at low frequencies. General-

ly, the spin cluster resonance frequency goes to zero when the energy 

levels of the spin clusters intersect. In the pure Ising case the ener

giesof the spin clusters 1-(m-1)>, 1-m>, l+m>, and l+(m+1)> (m even) 

are equal for H,. = H /(lJB g ), as can be deduced from Eqs. 6.3 and z e zz . 
5.25, and careful application of the definitions of the functions given 

in Eq. 2.29. Apparently, the experimentally observed deviations from the 

pure Ising behaviour are due to matrix elements between the four statea 

mentioned above. Inserting the complete Hamiltonian, including all non 

Ising terms derived in secdon 5.6 (see also appendix B, where the 

Hamiltonian and the matrix elements are given) results, apart from com

mon diagonal ·elements -i(N-~)Jzz and -iNH , in a submatrix given by: 
e 

1-(m-1)> 1-m> l+m> l+(m+l )> 

<-(m-1) I 
(m-1) He 

+\lBgzzHz" 

-!ll -lt. 
+!JlBgxzHz" +!\1B%zHz" 

0 

<-mi 
-~ll 

+!JlBgxzHz" 

-!t. 
mH 0 

+!J1Bgxz8z" e 

(6.5) 

<+mi 
-lll 

+I11B%zHz" 

-!ll 
0 mH., 

+!JlBgxzHz" 

<+(m+l) I 0 
-!ll -!ll (m+l) He 

+!JJBgxz8z" +!JJBgxzHz•: -\1BgzzHz11 
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It is clear that only the pseudo doublet splitting ~ and a field 

dependent term, which is due to canting, enter this submatrix. Note that 
+ -

these four states are not mixed by the exchange terms J and J . There-

fore J+ and J do not contribute directly to the repulsion of the energy 

levels. As a consequence the k dependenee brought about by these terms 

(appendix B, Eq. B.4) can be neglected in the current analysis. Inspee

tion of the matrix 6.5 shows that because of the interaction between 

the four states the intersectien of the energy levels at the external 

field H 11 = H /(]J.B g ) is removed. The energies of the four states at 
z e zz 

this external field are: 

E m H + (-~ + H g /g ) 
e e xz zz 

"l-Cm-I)>" 

E = m "1-m>" 
(6.6) 

E m "l+m>" 

"l+(m+l)>" , 

where the notatien "lm>" is used since lm> is no langer a proper eigen

function. 

In this model the energy separation between the clusters is at least 

s = (~- H g /g ), Gomparing this with our experimental results 
e xz zz 

(Fig. 6.4) we note that apparently the exchange field dependenee of the 

minimum splitting s is rather small, as a number of resonance lines 

have approximately the same minimum frequency for different values of 

He (the very weak resonances for V< 16 GHzare not considered). Conse

quently g ~ 0 and s ~ ~. Equating s with the observed minimum frequen-xz 
cy of the spin cluster resonances in the antiferromagnetic ground state 

spin configuration (open circles in Fig. 6.4), yields ~/k = 0.76 K. 

Our next step will be to calculate within this framewerk the expected 

overall field dependenee of the spin cluster resonance frequencies by 

treating the full matrix (appendix B) of which Eq. 6.5 is only a part. 

Fig. 6.8 shows the calculated energy levels for several clusters assum-

ing ~/k = 0.76 K, all other non-Ising terms like J+ and taken equal 

to zero, He/k = 1.60 K, and g
22 

= 8.6. The deviations from the pure 

Ising behaviour, also presented in Fig. 6.8, are obvious. From the energy 

levels the spin cluster resonance frequencies can be obtained. It appears 

that transitions between large clusters, lm> ~ lm+n> where m > 4, are 

69 



250 HNaaxis 

2 4 6 8 
HlkOel 

Fig. 6.8 Fie~ dependenee of the energy of the apin aZuetere for H//~ 
in the preeenae of a aryetaZ fieZd epZitting of the ground 

doubZet 6. The contribution of the intraahain exchange inter

action -2~z to the energy is not taken into account since it a 
is equaZ for aZZ spin aZustere. The braken Zines are the pre-

diations for the pure Ieing aaee. 

rather insensitive to the clustersize m. However, even transitions inval

ving smaller clusters (except "l+l>") deviate only l GHz from the tran

sitions between larger clusters. In Fig. 6.9 the spin cluster resonance 

frequencies (for large clusters) originating from the antiferromagnetic 

ground state spin configuration (A/k = 0.76 K, H /k = 1.60 K, and g = 
e zz 

8,6) as well as those originating from non ground state spin configura-

tions (H /k = 1.22 K and H /k = 2.02 K) are shown together with the cor-
e e 

reaponding experimental data. The agreement is rather satisfying. 

Concluding we may state that the introduetion of only the pseudo 

doublet splitting 6 is sufficient to explain the deviations from the 

Ising behaviour of the spectrum of the antiferromagnetic chain (R//~). 
We will now have to investigate to which extent the introduetion of 

6 affects the spectrum for the ferromagnetic chain (R//~). which- as 

70 



we showed before - could excellently be explained without any non Ising 

terms at all. 

In the pure Ising case the energy levels of the functions l+m> and 

I + + 
-m> are degenerate when H//c (the splitting of the absorption in Al 

and Bl is a consequence of the antiferromagnetic ordering between the 

chains). Calculating only the influence of the pseudo doublet splitting 

~' it is convenient to introduce new basis functions, viz. 

"l+m>" = ~12 <l+m> + 1-m>) and "l-m>" = <l+m>- 1-m>). When we use 

H 11 a axis Mk8 =- 0.76K 9zz 8.6 

magnetic field (kOe> 

of the spin 

cLuster resonanae frequencies, in the presence of a crystal 

splitting of the ground doublet ~. The e:r:perimentaL 

spin cLuster resonanae data of the antiferromagnetia ground 

state contiguration (open airales) and two non ground 

state aonfigurations are also shown. 
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these basis functions the matrix elements generated by the Hamiltonian 

HA given in Eq, 5,16 are (see appendix B): 

."<+(m-1) I" HA "l+m>" "<+(m+t)l" Hfj, "l+m>" - fj, 

and (6. 7) 

"<-(m-1)1" Hb. "l-m>" = "<-(m+l)l" Hfj, "1-m>" = 0. 

Since there exist no matrix elements between the functions "[+m:>" and 

"1-m>" in the current model we may i:reat the influence of f1 on both 

sets of functions separately. 

The functions "1-m>" are not influenced by the pseudo doublet 

splitting. Hence these states will have the energies of the Ising model. 

However, it is not very likely that the functions "[-m:>" alone can 

explain the transitions lm> • lm+n> with n > 1 (Fig. 6:2! since the 

f1m =I selection ruleis not relaxed. (Note that this, f1m =I, is 

equivalent with the selection rule f1m = ± I for magnetic dipole transi-
s 

ti ons.) On the other hand the functions "I +m>" mix when the influence 

of b. is taken into account, giving rise to deviations of the energy 

levels from the Ising prediction. Moreover, in this case f1 relaxes the 

f1m = 1 selection rule for the functions "l+m>", giving rise to transi

tions between spin clusters with n > I as observed in the experiment 

(Fig. 6.2). 

When we consider the influence of f1 on the energy levels of the func

tions "l+m>" we can distinquish two major effects. Firstly, the devia

tions from the pure Ising case will be most clear when the energy levels 

of the clusters approach each other. This is the case in those spin 

cluster resonance branches which approach zero frequency or for most of 

the branches near the two critical fields. Secondly, the deviations 

decrease with increasing clustersize as is shown in Fig. 6.10. This 

effect was also shown by Fogedby and Jensen (8] in a similar case. How

ever, unlike the antiferromagnetic case H//~, the energy difference 

between cluster levels (thus the spin cluster resonance frequency) 

does not approach a constant value, but is a continuous function of the 

cluster length. Given some distribution of the cluster lenghts this would 

certainly. lead to a broadening of the resonance lines when H approaches 

the critical fields. Inspeetion of the experimental .results (Fig. 6.2) 

shows that such an effect cannot be resolved in view of the collapsing 

of several spin cluster resonance lines near the critical fields. Never-
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theless, calculations showed that insertion of /:;. would also result in 

rather pronounced deviations from the pure Ising behaviour in the frequ-

ency regions where we have enough distinct data, provided that the spin 

clusters are of small size. The absence of these deviations :t.n our exp-. 

erimental results thus indicates that apparently either only excitations 

from large spin clusters are observed or only large spin clusters are 

present. 

To investigate this problem we performed some calculations on the 

cluster distribution in a field for a ferromagnetic chain, which des

cribes the chain of RbFeC1
3

.2H
2
0 for H//~. The field is the sum of 

an external magnetic field and an exchange field arising from the inter

chain exchange interactions, For the ferromagnetic Ising chain the mag

netization and the energy are exactly known as a function of the 

temperature T, the field Ht' and the intrachain exchange interaction J 

[2]. The total number of reversed spins n
8 

is calculated from the 

magnetization and the total number of clusters n is calculated from 
c 

N 
:r: 
8 

-2 

-t. 

;;;; ·6 
~ 

~ 
~ -B "1+1>" 

-10 

8 
H <kOel 

Fig. 6.10 Deviations of the spin cluster energies from the pure Ising 

prediction~ caused by the splitting of the ground doublet ~. 

as a function of the cluster lenght for H//~. 
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the magnetization and the energy. Hence ns and nc may be expressed in 

T, Ht, and J. Date and Motokawa [2] used a statistica! distribution of 

the reversed spins over the clusters. The cluster distribution can also 

be obtained by the stochastic model of Alexandrowicz [9], In this model 

the probability whether a spin j is "up" or "down" depends only on the 

direction of the (j-1)th spin. This probability can be calculated for 

the Ising chain by minimizing the free energy. Using this probability 

we have generated a chain which has the correct thermadynamie properties. 

The cluster distribution obtained in this way was in agreement with the 

results found by Date and Motokawa [2]. Calculations showed that a 

small concentratien of impurities (< 17.) does not change the cluster 

distribution appreciably, although the number of clusters may increase 

drastically [10]. 

When nc and ns >> 1, the number of clusters with l spins (nl) is 

given by [2] 

n l-1 
(I - -E.) 

n s 
(6.8) 

The cluster distribution is shown in Fig. 6.11 for several fields and 

kT/J • 0.2, which matches the experimental conditions. Note that 

~Ht/J • 0.02 at zero external field and that Ht is zero at the critical 

fields for those ebains which yield the zero frequency resonances. From 

Fig. 6.11 it can beseen that when the critical fields are approached 

the number of large clusters increases and consequently the relative 

number of small clusters decreasas drastically. This mechanism may very 

well be responsible for the experimental fact that no significant 

deviations from the Ising behaviour of the spin cluster resonances, 

originating from small spin clusters, are observed. 

So far we have not considered the effect of other non-Ising terms 

like J+ and explicitly. Although we have shown that the introdue-

tion of the pseudo doublet splitting ~ was sufficient to obtain a 

consistent and satisfactory description of the experimental data, there 

is no argument which precludes terms containing J+ and J to enter the 

problem. Of course these terms would modify the energy levels of both 

"l+m>" and "1-m>". It can be shown that the modification decreases with 

increasing clustersize, as we noticed also in the case of A. 

The fact that we did not observe deviations in the experimental 
. + -

results, which had to be ascribed to J or J , indicates either that 
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Fig. 6.11 Number alusters, nl, of a ferromagnetia ahain of n spins 

as a funation of the alustersize l. 

J+ and J are small or indicates once again that only excitations from 

large spin clusters are observed. Quite generally one has to add that 

introduetion of the anisotopic exchange terms and J gives rise to 

a k dependenee of the energy levels, causing rather wide resonance 

lines (up to several kOe) for excitations from small spin clusters, 

which could easily escape detection in a spectrum of many sharp 

resonances. 

So far little attention has been given to the question whether the 

observed resonances are allowed. In the case of the ferromagnetic chain 

of CoC1 2 .2H20, the term J coupled all the odd spin clusters and sepa

rately alltheeven spin clusters [11]. Excitations of even spin clusters 

could only be observed with the "microwave" field parallel to the moments 

and excitations of odd spin clusters with the "microwave" field perpen

dicular to the moments. However, in the case of a canted chain or in the 

case of a compound with a pseudo doublet ground state, like RbFec1
3

.2H
2
o, 

the odd spin cluster functions and the even spin cluster functions are 
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mixed. Therefore, it is in principle possible to observe all spin cluster 

resonances with an arbitrary orientation of the microwave field. 

6.4 Discussion and aonclusions 

In this chapter we have presented the experimental spin cluster resonance 

data on RbFec1
3

.2H
2
o. The data for U//~ and U//~ can be explain~d simul

taneously by taking into account the crystal field splitting of the 

pseudo doublet ground state of the Fe2
+ ion and the spin cluster distri

bution. This model yielded an Ising-like behaviour of the spin cluster 

resonances for U//~ and correctly described the observed deviations for 

ntt~. 
Fitting the theoretica! parameters to the experimental data yielded 

a detailed set of exchange and crystal field parameters. It appears that 

in the ordered state the effective coupling between the ab planes is 

very weak since the coupling by J is nearly compensatèd by Jb 
c c 

((J - 2 Jb )/k = 0.05 K). This may indicate why the specific heat data 
c c 

(section 5.3) could be fitted surprisingly well by the two-dimensional 

Onsager model both above and below TN. Moreover, the agreement between 

the interchain interaction IJ2/kj = 0.8 K determined from the specific 

heat and the corresponding exchange interaction in our model Jb/k = 

-0.76 Kis striking. 

The two critical fields found in the spin cluster resonance spectrum 

for U//~ agree very well with the critical fields obtained from the 

magnetization measurements presented in section 5.2 (spin cluster reso

nance: 8.0, 12.3 kOe; magnetization: 8.1, 12.4 kOe}. The magnetization 

measurements yielded ~c = 1.6 ~B for the component of the magnetic 

moment along the c direction, while the spin cluster resonances yielded 

~c = 1.5 ~B' The direction and magnitude of the magnetic moment (angle 

with the a axis em = 19° and ~ = 4.5 ~B) may be compared with the results 

of nuclear magnetic resonance (Bm = 19° and ~ = 4.6 uB) and neutron 

diffraction (Sm= 16° and u 3.9 UB) presented in section 4.4. 

We have shown that in an antiferromagnetic chain deviations from the 

Ising predietien are most directly visible in the spin cluster resonances 

if matrix elements are present between "intersecting" energy levels of 

spin clusters. Other deviations from Ising behaviour may he masked by 

the fact that the excitations from large spin clusters will always show 
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the Ising behaviour, while the linewidth of the excitations from small 

spin clusters may be large due to the k dependenee of the spin cluster 

energy levels. 

However, when the spin clusters are directly excited from the ground 

state, k = 0, large deviations from the Ising model behaviour are ex

pected and in fact have been observed [11]. The small spin clusters 

are reported to have the highest intensities and to show the largest 

deviations. Therefore it is worthwhile to study the far infrared spectra 

of RbFec1
1

.za2o in order to determine the spin cluster energies for both 

H//; and H//~. The results of the far infrared experiments on RbFec1
3

• 

2H
2
0 are presented in the next chapter. 

During our study of the magnetic excitations in Ising-like systems 

we have not only observed spin cluster resonances in RbFeC1
3
.za2o, but 

also in a number of other Ising-like compounds. One of these is 

CsFeC13 .2H20 [12] which is isomorphic with RbFeC13 .2H
2
0. In CsFeC1

3
.2H

2
0 

the magnetic moments are also canted along the chain, giving rise to 

a ferromagnetic moment of the chains in the c direction [12]. Two 

metamagnetic phase transitions are observed in CsFeC1
3

.2H20 when the 

magnetic field is applied along the c direction, at H 6.2 kOe and 

H = 9.2 kOe [12]. The spin cluster resonances in CsFec1
3

.2H
2
o are quite 

similar to the spin cluster resonances observed in RbFec1
3

.2H
2
0 and 

changes in the clustersize with up to five spins were already observed 
+ + 

in preliminary experiments with H//c. Apart from RbFeC1
3
.za

2
o and 

CsFeC13 .2H2o, spin cluster resonances are observed in the pseudo one

dimensional Ising-like systems CoBr 2.2H
2
o, CoC1

2
.2(NC

5
H

5
), and 

[(CH3) 3NH]CoC13.za
2
o. 

We have stated in the introduetion (chapter I) that spin clusters 

should exist in all Ising compounds. However, in order to abserve spin 

cluster resonances in the ordered state, there have to be enough 

thermally excited clusters below TN. In low dimensional systems, where 

the ratio kTN/jJj is very small, this condition will not always be 

satisfied [13, 14]. 
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CHAPTER VII 

SPIN CLUSTER EXCITATIONS IN THE FAR INFRARED REGION 

?.1 Introduetion 

This chapter will be devoted to the direct excitation of spin clusters 

from the ground state. As we mentioned already in section 2.2, in 

RbFeC1
3

.2H20 these spin cluster excitations will be situated in the far 

infrared region. 

The most extensive study on spin cluster excitations was clone on 

CoC1
2

.2H
2
o, the system in which spin cluster resonances were detected 

for the first time (1]. In the far infrared experiments by Torrance and 

Tinkham [2] on Coc1
2

.2H
2
o spin clusters withup to five spins were 

observed. Nicoli and Tinkham [3) observed spin clusters with even up to 

14 spins in their experiments on this compound by using a laser beam. 

It was found that the onefold spin cluster excitation in CoC1 2.2H20 

interacts with a field independent absorption, whichwas assumed to be 

an optica! phonon. The coupling between the phonon and the magnetic 

system could be explained by assuming that lattice vibrations modulate 

the crystal field at the magnetic ion and in this way, via the spin

orbit coupling, modulate the spin system [4]. It was shown [4) that the 

optical phonons correspond to vibrations of the water molecules with 
2+ 

respect to the Co ion. 

Torrance and Hay [5) observed a new type of excitation in their far 

infrared experiments on CoBr
2

.2H2o, which was believed to be the sirnul

taueaus excitation of an onefold spin cluster and an optical phonon. 

Furthermore, the ordinary spin cluster excitations withup to three spins 

were observed. 

A coupling between the spin cluster excitations and low lying optical 
2+ 2+ 

phonons seems to be quite general for Co and Fe compounds [4]. Hence 

such effects may possibly also appear in the case of RbFeC1 3 .2H2o. 
Spin cluster excitations can also be observed by Raman scattering 

and inelastic neutron scattering experiments. In the pseudo one-dimen

sional Ising antiferromagnet CsCoC13 Breitling et al. [6,7] observed 

onefold spin cluster excitations in Raman scattering experiments and far 

infrared experiments. Inelastic neutron scattering experiments were done 

by Kjems et al. on CoCl2.zn2o [8) and by Ikeda and Hutchings on Rb 2CoF
4 
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[9]. In these two cases only onefold spin clusters were observed. Note 

that far infrared and Raman scattering experiments yield essentially the 

k .. 0 excitations (see section 2.3) while inelastic neutron scattering 

experiments can yield spin cluster excitations in the entire k space. 

Returning now to RbFec1
3

.2H
2
0, we would like to note that predictions 

for the spin cluster excitation energies, assuming an Ising model, can 

easily be obtained from Eqs. 6.1 and 6.3 by adding the term -2 J:z to 

the expressions for the spin cluster resonance energies. It is doubtful 

whether these expressions are applicable in the present case, since we 

have shown in the preceding chapter that insartion of non-Ising terms is 

necessary. Moreover, it will appear that additional complications emerge 

from the non-adequacy of the theoretica! description for the excitation 

of small spin clusters. Hence it is difficult to predict exactly what 

will be observed in the far infrared experiments, which we present in 

the next section. The interpretation of the experimental results will be 

given in section 7.3, while a discussion of the results (section 7.4) 

will conclude this chapter. 

0 
H ....... 
H 

1.0,--------------------------------------------------------. 

RBFECL3.2H20 
0.8 H = 0 

0,8 

WAVENUMBERCCW') 

Fig. 7.1 A typieaZ transmission speatPUm Tof RbFeCZ3.2H20 reZative 
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to the transmission lJithout speaimen T , as a funation of the 
0 

frequeney in zero magnetia fieZd at T :::: 1. 2 K. The absorptions 

A, B, and Care referred in the text (A in seetiàn ?.2, Band 

C inseetion ?.4). The ezperimentaZ resoZution is 0.3 em-1• 



"H11t 

51 

~8L_ ________ l----,~--~--~----~--------~------~ 
0 5 Hc1 10 Hc2 15 20 25 

HCkOel 

Fig. 7.2 The resonance frequency of absorption A, see Fig. 7.1, versus 

the magnetic field H, for H//;. The lines are the theoretical 

predictions given in the text. H
01 

and H
02 

are the two critical 

fields. The experimental resolution is indicated by: Res. 

7.2 Experimental results 

The far infrared experiments on RbFeC1 3 .2H20 were performed in caoper

ation with the Physics Labaratory of the University of Nijmegen with 

the far infrared equipment described in section 3.3. 

During the experiments the bolometer and crystal were caoled down to 

about 1.2 K. This temperature warrants both an optimum bolometer per

formance and an optimum signal shape for the spin cluster excitations 

[3]. 

The samples used in the experiments were about I rnrn thick. This 

thickness was experimentally found to yield the best transmission spectra 

for the present compound. 

In Fig. 7.1 a typical transmission spectrum of RbFec1 3 .2H20 as a 

function of the frequency at zero magnetic field is shown. Since the 

spectrum is rather complicated, we will only consider the absorptions 

which show a dependenee on the external magnetic field. Fig. 7.2 and 
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Fig. ?.3 The resonanae jrequenay of absovption A, see Fig. ?.1, versus 

the magnetia field H, foP Îi! ;-;_, · Three additional field inde

pendent absorptions are labelled with Roman numerale. The 

slight splitting of absovption I and the two field dependent 

absovptions at highe!' magnetf-a fields aan be e:r:pZained by a 

misorientation of the arystal by about 3°, The breken lines 

are dPawn to indiaate that the energy levels of the upper two 

absorptions do not intePseat. 
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Fig. 7.3 show field dependent absorptions near 50 cm-
1 

for H//~ and H//;, 

respectively. In zero field, part of these absorptions may be identified 

with the absorption marked by A in Fig. 7.1. The experimental linewidth 
-1 

of the absorption A equals the experimental resolution of 0.3 cm 

(see section 3.3). The central pos~t~on of the absorption can be deter

mined with an accuracy of 0.1 cm-I 
-1 

From the value of the excitation energy (50 cm ) and the field 

dependenee for H//; and H//~ it is reasonable to assume that the absorp

tion line A is an onefold spin cluster excitation. At first sight no 

multiple spin cluster excitations are observed, with the possible excep

tions of one or more of the field independent absorptions marked by 

I, II, and III in , 7.3, which showsome peculiar repulsion effects 

and might he identified as excitations of spin clusters with an even 

number of spins. In the next section we will interpret the experimental 

results in detail. 

?.3 Interpretation 

In this section we will first investigate whether one of the experimen
+ + 

tally observed field independent absorptions (H//a, Fig. 7,3) can be 

identified as a twofold spin cluster excitation. 

The twofold spin cluster excitation energy is field independent for 

the magnetic field exactly parallel to the a axis (or in the ab plane). 

When this is not the case, a field dependenee may be anticipated, due 

to the coupling of the magnetic field with the ferromagnetic c compo

nents of the magnetic moments. Note that the effect of this coupling 

has a different sign for neighbouring chains which are antiferromagnet

ically coupled. Therefore a splitting of the original signal (H//;) 

will result. We have measured additional spectra with the field 

in the ac plane directed 6° from the a axis. These spectra showed unam

biguously only a splitting of absorption I, having the expected order 

of magnitude. The other field independent absorptions II and III are 

therefore identified as phonons, which interact with the onefold spin 

cluster excitation (see section 7.1). 

Having identified the twofold spin cluster excitation, the question 

remains why this excitation cannot be observed in zero magnetic field. 

This question is closely related to the fact that the intensity of the 
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absorption of the twofold spin cluster excitation is field dependent 

(illustrated by the absence of data points in Fig. 7.3 for H < 10 kOe) 

and reaches a maximum value near the fictitious level cross.Lng of tr.c 

energy levels of the one- and twofold spin clusters. The exchange term 

J+ cannot account for this mechanism, because the action of J+ mixes 
a a 

the ground state and the twofold spin cluster (see appendix B) and thus 

relaxes the ~ = I selection rule, which would result in a fie~d 

independent contribution to the intensity of the twofold spin cluster 

excitation. From the fact that at zero field the twofold spin cluster 

excitation is not observed, it is clear that this contribution can be 

n~3lected. The field dependenee of the intensity of the twofold spin 

cluster excitation clearly indicates that an interaction term between 

the one- and twofold spin clusters plays an important role. In the 

preceding chapter the crystal field term ~ has already been identified 

as such a term. 

At this stage it is nat difficult to realize that the m-fold spin 

cluster excitations with m > 2 could not be observed in the experiments 

with the magnatie field along the c axis, since the energy levels of the 

one- and twofold spin clusters do not interseet for H//J. 
From Fig. 7.3 it can he deduced that at zero field the excitation of 

-1 the one- and twofold spin cluster requires an energy of 49.7 cm and 

56.2 cm-I, respectively. The resulting energy difference of 6.5 cm-I 

between the one- and twofold spin cluster excitations at zero field, 

however, is much larger than the value of the interchain coupling 1.6 K = 
-1 t 1.1 cm expected from the Ising prediction (chapter VI). Moreover, 

the difference cannot be explained by taking into account the'non-Ising 
+ terms ~. Ja, ·and Ja. At zero f~eld the effect of the pseudo doublet 

splitting, ~. on the energy levels of the one- and twofold spin clusters 
-I 

is small (~ 0.2 cm ), as is shown in Fig. 6.8. The.anisotropic exchange 

term J: is expected to he small, as was shown ab~ve (see also section 

5.7), while J- would split up the onefold spin cluster excitation in 
a 

zero field, as can be inferred from Eq. B.4 appendix B, Yhich effect is 

not observed in the experiments. 

t The microwave frequencies are gi~en in GHz, the fa:r infrared frequencies 

in cm-
1

• while energies, E, are expressed in Kelvin (E/k). 'I'he corres

ponding values of these three units are given by: 

I cm-I = 1.4388 K I K = 0.6951 cm-I 

! cm-I = 29.979 GHz I K = 20.84 GHz 

"' Of 

-1 
1 GHz = 0.033357 cm 

I Gllz = 0,04798 K. 



However, we have to realize that so far we have used the effective 

S = l/2 spin Hamiltonian and have nat taken into account a possible 

mixing of higher energy states into both the ground state and spin 

cluster states due to the exchange coupling, All the results treated 

in the preceding chapters showed that this effect did not hamper an 

interpretation in terms of the S = l/2 spin Hamiltonian formalism. We 

will show that this is caused by the fact that only the behaviour of 

large spin clusters has been observed. It can be argumented in an 

a 0 B 

He=J 

b ---1 r r r i 1 t t t---
A A A A A A A A A 

c ---1 i i l ti i ti--
A A B c B A A A A 

d ---1 t Î ! ! t i i i---
A A 8 B B 8 A A A 

e i 1 i ~ l ! ! t t 
A A B 8 A A B 8 A 

Fig. 7.4 Energy level seheme of a spin S 1/2 in an "exchange field" 

J (Fig. a). In Fig. b, e, d, and e the ground state, an 

a twofold, and a fourfoZd cluster state is shown, respec-

tively. The energy of eaeh spin is indicated by A, B, and C 

corresponding to the energy levels shown in a. 
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intuitive way that in a certain sense the onefold spin cluster is an 

exception. Consider for sake of simplicity a ferromagnetic S 1/2 Ising 

chain. All spins will be parallel in the ground state, i.e., lm =1/2> s 
at zero temperature. In the Ising case the total energy of the system 

is the sum of the single spin energies. The spins experience an "exchange 

field" H J from their neighbour spins in the chain, yielding a single 
e 

spin energy level scheme as is shown in Fig. 7.4.a. In this figure we 

have also indicated the energies of the spins in the ground state and 

in an one-, a two- and a fourfold spin cluster. It is obvious that only 

for the onefold spin cluster the highest energy level C is occupied. 

In an analogous way it can be shown that the same difference exists in 

the antiferromagnetic Ising chain. Although this argument by itself 

does not explain the anomalous behaviour, it may serve to indicate, 

however, a possible souree of complications. 

In order to obtain some quantitative results, we have performed 

perturbation calculations on the energies of the ground state and the 

onefold and multiple spin cluster states of a finite chain of n spins 

(n > 4) in the real spin S = 2. Assuming an isotropie exchange inter

action J in the real spin and neglecting - for sake of simplicity- the 

orthorhombic contribution to the crystal field we obtain the following 

Hamiltonian (see also sectien 5.4) 

n 
{nr<sj)

2 
- t s(s + H = I I ) J _ 2Jzz s: z 

j=l J sj+l 

J+(s-:- + s: + 
J sj+l J s j+l) 

J -(s+. s+ s- s- ) 
J j+l + j j+l 

- Jj
5

[<s; + sj>sj+1 - sj<s;+l + sj+1>J}, 

with Jzz = J cos26 

J+ =! J (cos28 + I) 
2 

- 1 
J = 2 J (cos28- I) 

Jas = - J sin28 

(7.1) 

The energy difference between the one- and twofold spin cluster excita

tion energies is obtained from second order perturbation calculations 
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in which the effect of J is considered as the perturbation. The result is 

(7. 2) 

These calculations showed also that the effect of the exchange coupling 

with higher states is the same for the multiple spin clusters excita

tions, m ~ 2, which corroborates the fact that this effect was not obser

ved inthespin cluster resonance experiments. Using Eq. 7.2 and the 

results of the preceding chapters, D/k = -20 K, E/k = 0 K, J/k = -3.2 K 

(S=2), and 6 20°, an energy difference between the one- and twofold 

spin cluster excitation energies .of JO K = 7 cm-I is obtained. Given the 

uncertainty in the parameters, the value of JO K = 7 cm-I is in fair 

agreement with the experimentally observed energy difference 7.7 K 
-1 5.4 cm • (Note that this value is the experimentally observed energy 

diEferenee of 6.5 cm J corrected for the interchain coupling, which 
-J amounts to 1.1 cm .) The perturbation calculations show also that the 

estimate for Jzz obtained from the onefold spin cluster excitation will 
a 

be about 2% too low. Further, the perturbation calculations predict a 

reduction of the magnetic moment at zero external field of about 8% for 

the onefold spin cluster, while it is negligible for the multiple spin 

clusters. Since the spin cluster resonances were explained as transitions 

between large spin clusters, the spin cluster resonances give the correct 

value for the magnetic moment, ]J = 4.5 ]JB (chapter VI). Gomparing this 

value with the magnetic moment lJ 4.2 ]JB found by the far infrared ex-

periment for the onefold spin cluster excitation, we may conclude that 

the observed reduction of the magnetic moment (7%) is in fair agreement 

with the reduction predicted by the perturbation calculations c~ 8%}. 

In Fig. 7.3 a linear field dependenee is observed for the onefold 

cluster excitation, with the obvious exception of the effect of the 

interactions with the twofold spin cluster excitation and optical phonons. 

Hence we may conclude that a magnetic field has no appreciable effect 

on the perturbed states and the magnetic moment for the onefold spin 

cluster excitation as derived above. 
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. .... + 
The same conclusion can be drawn for the spectrum WLt~ H//c, Fig. 

7.2, in which a linear field dependenee of the absorption frequencies 

is observed. The relative position of the absorption lines with respect 

toeach other (Fig. 7.2) yield information about the interchain exchange 

interactions. The absolute frequency of the absorption lines is deter

mined by the - slightly modified - intrachain interaction. 
+ .... • 

In order to compare the results for H//c with the spLn cluster reso-

nance experiments we fitted the data of the excitations in the ground 

state spin configurations of the various magnetic phases to the predie

tions of a spin S = 1/2 model (see also Eq. 6.1). This yielded J~/k = 
-35.0 K, Jb/k = -0.7 K, Jc/k = -0.2 K, J0c/k = -0.13 K, and ~c = 1.6 ~B. 

The drawn lines in Fig. 7.2 represent these predictions, In the fitting 

procedure we have made use of the fact that two absorptions are observed 

in more than one magnetic phase, viz. at 8,4 and 13 kOe. This yielded a 

demagnetizing field of 400 Oe in the ferrimagnetic phase and 800 Oe in 

the ferromagnetic phase. Since the sample was rather plate-like, the 

above values may be compared with the values calculated for an infinite 

plate, i.e. 490 Oe for the ferrimagnetic phase and 980 Oe in the ferro

magnetic phase. 

7.4 Disaussion and aonaZusions 

The spin cluster excitations in the far infrared region yielded infor

mation about the one- and twofold spin clusters. From these experiments 

it appeared that the onefold spin cluster is 6.5 cm-I lower in energy 

than the twofold spin cluster, This has to be compar.ed with the expected 

energy difference, 1.1 cm-I, for the pure Ising case. The larger energy 

difference could satisfactorily be explained by considering the influence 

of higher energy states in the S = 2 model. 

Assuming that only the pseudo doublet splitting term 8 contributes 

to the repulsion between the one- and twofold spin cluster excitation 

energies (U//!), the value of 8 can be obtained from the inferred minimum 

frequency difference (€ ~ 0.6 cm-I) between the onefold and twofold spin 

cluster excitations (Fig. 7.3). Since 8 = 12 8, this yields 8/k = 0.6 K, 

which value compares favourably with the result, 0.76 K, of the spin 

cluster resonances. (In the calculation of the energy difference only 

the energy levels of 1-I>, l-2>, and 1+2> (see Fig. 7.5) are of impor-
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Fig. 7.5 The excitation energies of the spin clusters l±l> to 1±6> 

for H//; (Fig. a) and H//~ (Fig. b). These predictions for 

the excitation spectra are based on both the spin cluster 

resonance and spin cluster excitation results. The parameter 

values are given in the text. The braken Zines in Fig. a 

represent excitations in a chain with a total chain moment 

antiparalleZ with respect to the field (see also Fig. 2.4). 

tance yielding an expression for s which differs from Eq. 6.6 for the 

spin cluster resonances.) 

Only the onefold spin cluster excitation is observed when the magnetic 

field is applied in the c direction. Fitting the experimental data to a 

S = 1/2 model yielded values for several parameters (see section 7.3). 

In chapter VIII these results will be compared with the results of the 

spin cluster resonances and various other experimental techniques. 

Combining the results of both the spin cluster resonances and the spin 

cluster excitations yields predictions for the spin cluster excitation 
-+ -+ -r -+ 

energies for H//c and H//a which are presented in Fig. 7.5. The drawn 

curves in this figure represent the excitation energies for: J
22

/k = 
a 

-35.0 K, J:/k = 0 K, J:/k 0 K, Jb/k = -0,76 K, Jc/k = -0.21 K, Jbc/k 
0 

-0.13 K, E2 - E1 = 9.4 K, ~ = 4.1 ~Band 8m = 20 for the onefold spin 

cluster, ~ = 4.5 ~Band 8m = 20° for the multiple spin clusters, and 
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A/k = 0.76 K. The coupling of the onefold spin cluster excitation with 

the óptical phonons is not taken into account. The effect of the down
-+ .... 

ward shift of the onefold spin cluster excitation energy for H//a can 

be obtained by camparing Fig. 6.8 and Fig. 7.5.b. 

In the experiments with H//~ also the twofold spin cluster excitation 

was observed, which can be excited due to a magnetic field dependent 

coupling with the onefold spin cluster by the crystal field term 11 (see 

appendix B). From the fact that the twofold spin cluster excitation 

is only observable because of its mixing with the onefold spin cluster, 

it was inferred insection 7.3 that J+/Jzz << 1, confirming once again 
a a 

of RbFeC13 .zH2o at low temperatures. the strong anisotropic character 

Given the field dependenee of 
. . .... ,,.... . exc1tat1ons for H a presented 1n 

the one- and twofold spin cluster 

Fig. 7.3 and 7.5, one may conjecture 

that transitions between the one- and twofold spin clusters should be 

observable in our experiments in the microwave region for magnetic 

fields > 13 kOe (E2 - E1 < ·z cm-l = 60 GHz). No spin cluster resonance 

data in this field region, H//~, were presented in chapter VI, although 

it was mentioned that at fields higher than 8 kOe very weak absorptions 

were observed. An analysis of these weak absorptions showed that they 

repreaent the transitions between the one- and twofold spin clusters 

indeed. In Fig. 7.6 these spin cluster resonances are shown (open circles) 

together with the energy difference between the experimentally observed 

one- and twofold spin cluster excitations presented in Fig. 7.3 {solid 

circles). Moreover, the predietien for the transition energy between the 

one- and twofold spin clusters based on the results presented in Fig. 

7.5.b is shown. The agreement between the spin cluster resonance data 

and the predictions based on the far infrared measur.ements is satisfying. 

The overall shift of the spin cluster resonance data with respect to the 

far infrared results to lower magnetic fields may be caused by systema

tic errors in the calibration of the magnetic fields (< 100 Oe) and 

small misorientations of the crystals in both experiments. Although not 

all parameters, which determine the intensity of the spin cluster reso

nances (like the cluster distribution for H//~) are known, the very 

small intensity of the spin cluster resonances presented in Fig. 7.6 

confirms that the spin cluster resonances presented in chapter VI contain 

the contributions of a large number of spin clusters with different 

clustersize. 

As we saw in Fig. 7.3 the onefold spin cluste'r excitation shows also 
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interactions with two optical phonons, giving rise to hybridization of 

the phonon and the onefold spin cluster excitation in the spectra for 
+ + -1 
H//a. The phonon energies, 47.4 and 51.2 cm , are somewhat larger than 

the energies of the optical phonons observed in CoC12 .2H2o (29.3 cm-I 
-] 

[2]) and FeC12.2H2o (31.5 cm [10]). The magnon-phonon coupling constauts 

• SCE 

o SCR 

N 
I 
~ 
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c 
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:::l 
er 
Q) .... 

25 
H(kûel 

Fig. ?.6 Observed spin cluster resonanoe frequenoies versus the magnetio 

fie~d H (H > 10 kOe), for H along the a axis (open ciroles). 

The prediction from the far infrared experiments is obtained 

from the energy difference between actually observed one- and 

twofold spin cluster exaitations (solid circles). The curve 

denotes the aalaulated behaviour for ~ 4,1 ~B' 8 
-1 m 

- E1 = 6,5 cm at zero field, and ~/k 0.76 K. 
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Fig. 7.7 The field dependenee of the absorption jrequenay of a number 

of absorptions in the jrequenay regions 70 - 77 cm-1 and 

95 - 105 cm-1• The auwes are dPatim as a guide to the eye. 

Note the diseontinuity in the frequenoy axis. 

are 0,3 K for pbonon II and 0.25 K for pbonon III (see Fig. 7.3). These 

values are of the same order of magnitude as was found for CoC12.2H20 

(0.8 K [2]) and Fec1
2
.za2o (1.4 K [10]). The values of the phonon 

energies and the magnon-pbonon coupling constauts indicate that the 

optical phonons observed in RbFec13.2H20 correspond to vibrations of 

1 1 . h h Z+ . . the water mo ecu es Wlt respect to t e Fe 1on. 

The absorption A in Fig. 7.1 is not the only field dependent absorp

tion. but at higher frequencies field dependent absorptions are observed 

also. i.e. near 75 and 100 cm-I. The field dependenee of the absorption 

frequencies is small for H//~ and could not be résolved. When the mag

netic field is applied along the a axis, however, the absorption frequen

cies depend much strenger on the magnetic field as is shown in Fig. 7.7. 

Probably these excitations correspond to higher'excited statesof the 
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spin quintet, drastically modified by the exchange interaction. 

In conclusion the typical field dependenee of the intensity of ab

sorption Band C (Fig. 7.1) has to be mentioned. Although the frequencies 

of the absorptions B and C do not depend on the magnetic field, their 

intensities depend strongly on the phase of the magnetic system, H//~, 
in which they are observed. The intensities in the ferrimagnetic phase 

are one half of the intensities in the antiferromagnetic phase, while 

the intensities are zero in the ferromagnetic phase. As the frequencies 

of the absorptions B and C are field independent, it is expected that 

they are phonons. Yet, the mechanism which is responsible for the typical 

behaviour of their intensities is not known. The value of the intensi

ties in the ferrimagnetic phase suggests that the magnetization or the 

ordering pattern is of importance. Nevertheless, this phenomenon confirms 

the existence of a coupling between phonons and the magnetic system. 

REFERENCES CHAPTER VII 

I. M. Date and M. Motokawa, Phys. Rev. Lett. ~. 1111 (1966); 

J. Phys. Soc. Jap. 24, 41 (1968). 

2. J.B. Torrance and M. Tinkham, Phys. Rev. 187, 587, 595 (1969). 

3. D.F. Nicoli and M. Tinkham, Phys. Rev. B !• 3126 (1974). 

4. E.N. Economou, K.L. Ngai, T.L. Reinecke, J. Ruvalds, and 

R. Silberglitt, Phys. Rev. B ll• 3135 (1976); and references 

therein. 

5. J.B. Torrance and K.A. Hay, Phys. Rev. Lett. 163 (1973). 

6. W. Breitling, W. Lehmann, T.P. Srinivasan, R. Weber, and U. DÜrr, 

Solid State Comm. 24, 267 (1977). 

7. W. Breitling, \v. Lehmann, r.P. Srinivasan, and R. Weber, 

J. Magn. Magn. Mat.~. 116 (1977). 

8. J.K. Kje~s, J, Als-Nielsen, and H. Fogedby, Phys. Rev. B ~. 

5190 (1975). 

9. H. Ikeda and M.r. Hutchings, J. Phys. C ll• 1529 (1978). 

10. K.A. Hay and J.B. Torrance, Phys. Rev. B 746 (1970). 

93 



CHAPTER VIII 

CONCLUSIONS AND REMARKS 

In this thesis we described the elementary magnetic excitations in 

RbFec1
3

.2H2o. This system exhibits a pseudo one-dimensional and Ising

like behaviour at low temperatures and is therefore very suited to study 

the Ising-like excitations. Moreover, the magnitude of the relevant 

parameters is such that the experiments can be performed at easily 

attainable temperatures, magnetic fields, and frequencies. Because of 

the canting of the magnetic moments it is possible to abserve spin 

cluster resonance spectra and spin cluster excitation spectra, which 

show characteristics of either a ferromagnetic chain (H//!) or an anti

ferromagnetic chain (H//~). A large number of excitations are observed, 

from which detailed information about the exchange and crystal field 

parameters can be obtained. The final results (chapter VI and VII) are 

presented in Table 8.1 tagether with the results of various other tech

niques, described in chapter IV and V. 

Gomparing the results obtained by the spin cluster resonances with 

the results obtained by the spin cluster excitations (see Table 8.1), 

we may state that the agreement is remarkably good. Moreover, the com

parison with the results obtained by various other techniques is also 

satisfactory. 

Since the experimental results were already extensively discussed in 

the preceding chapters, we want to present here some additional and 

general remarke about the Ising-like excitations. 

- We have shown in this thesis that - as was predicted in chapter I -

from the excitation spectra microscopie and local interaction para

meters in RbFec1
3

.2H20 can be derived, which are difficult to obtain 

by other experimental techniques (see Table 8.1). However, the inter

pretation of the spectra is not in all cases straightforward. To 

illustrate this point, we note that an interpretation of only the spin 

cluster resonances and spin cluster excitations for H//! (ferromag

netic chain) would lead to the conclusion that RbFeC13 .2H20 is a per

fect Ising system. In such a system, however, excitations are in 

principle not observable in contrast with the experimental results. 

It will be clear that only a combination of the spectra of the anti-
+ + 

ferromagnetic chain (H//a) and the spectra of the ferromagnetic chain 
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Table 8.1 The parameters obtained from the spin cluster exoitation 

(SCE) 3 and spin cluster resonance (SCR) experiments3 compared 

with the results of other experimental techniques as described 

in chapter IV and V. 

parameter SCE SCR 

-
D/k 

E/k 

Mk 0.6 K 0.76 K 

Jzz/k 
a ' s = 1/2 35 K 

- 2.8 Kt J /k, s = 2 a 

Jb/k - 0. 7 K - 0.76 K 

Jc/k - 0.2 K - 0.21 K 

Jbc/k 0. 13K - 0.13 K 

(Jb + 2Jbc)/k - 1.0 K - 1.02 K 

]Je I. 6 ]JB 1.5 ]JB 

].1 4. 2 ]JB 4.5 ].JB 

e 22° 19° m 

t e = em = 20° 

2 

high temperature susceptibility 

low temperature susceptibility 

magnetic specific heat 
4 magnetization measurements 

nuclear magnetic resonance 

neutron diffraction 

other techniques 

1 
- 21 K 

1 2 
0 K , 1.4 K 

2 

0.3 K 
3 

- 39 K 
1 3t 

- 2.7 K , 3.2 K 

4 

- 0.22 K 

4 

- 1.07 K 
4 

1 • 6 ]JB 
5 6 

4.6 ].JB , 3.9 11B 
5 

19°, 16° 
6 
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(H//~) enables a complete interpretation of the excitations, since the 

former spectra showed distinct deviations from the Ising behaviour. 

- The Ising Basis Function Metbod is very well capable to account for 

the non-Ising terms, as long as the S = 1/2 spin Hamiltonian is appro

priate. This is apparently not the case for the onefold spin cluster 

excitation in RbFeC1 3• 2H20, for which we had to consider the effect of 

higher single ion energy levels, in order to explain the anomalous 

downward shift of the excitation energy. One may speculate that a 

similar effect precluded the observa ion of multiple spin cluster 

excitations in FeC12.2H2o [i]. There! we it would be worthwhila to 

investigate whether spin cluster resc 1nces can be observed in Fec12• 

2H20 and to demon~rate in this way ti ~ existence of multiple spin 

clusters in this compound. 

In Co2
+ compounds, on ~he other hEnè, the excited single ion energy 

levels are situated at a few hundred .Këlvin above the ground doublet. 

Hence the downward shift of the onefo~J spin cluster excitation energy 

is expected to be very small. As a r:ons·"quence it is more likely that 

multiple spin clusters can be obs~rved ir. pseudo one-dimensional Co2+ 

compounds than in pseudo one-dimensional Fe2+ compounds. 

- In a ferromagnetic chain the auisot~opic exchange term J- = (Jxx-Jyy)/2 

mixes spin cluster states which differ by two - adjacent - spinrever

sals and hence relaxes the Am= I selection rule (2]. In an antiferro

magnetic chain, however, this type of mixing is caused by the exchange 

term J+ = (Jxx+JYY)/2 (see appendix B). Since Jxx and Jyy have the 

·same sign, we conjecture that multiple spin cluster excitations are 

more likely to he observed in an antiferromagnetic chain, provided 

that other coupling terms, like A, are zero. 

- For RbFec1
3

.2H20 the pseudo ground doublet splitting term ~ relaxes 
2+ 

the Am = I selection rule. Such a term may be present in other Fe 
• 2+ d ' he 2+ ' (S 3/2) . compounds, but not Ln Co compoun s, FLnce t Co 10n • LS 

a Kramers ion. 

- In CoC12• 2H2o [3], FeC1 2 [ 4], and FeCl2 ~.H20 [5] only spin cluster 

resonances which change the clusters:':.ze w~th one spindeviatien have 

been reported. Given the far infrarèd experiments on CoCl2.2H20 [2], 

it is expected that in this compound the multiple spin cluster 

resonances should also be observable, We believe that the absence of 

multiple spin cluster resonances in the experiments of Date and Moto

kawa on CoC12.zH2o [3) is a consequence of their experimental tech-
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nique (pulsed magnetic field) and the collapsing of the spin cluster 

resonance lines near the critical fields. 

- One of the necessary conditions to observe spin cluster resonances is 

that the number of thermally excited spin clusters is sufficiently 

large. In pseudo one-dimensional systems the number of thermally exci

ted spin clusters in the ordered state will be small if kTN/IJI is 

small (J is the intrachain exchange interaction). Since in RbFec1 3 .2H2o 

the spin cluster resonances were not observed for T < 6 K, we conclude 

that with the microwave equipment described in sectien 3.2 spin cluster 

resonances can only be observed if kTN/IJI > 0.15. 

- lt is interesting to note that the localized character of the Ising

like excitations in the present experiment is clearly reflected by: 

a) the observation of spin cluster resonances in different ferrimagne

tic arrays and non ground state spin configurations (see chapter 

VI and [6]), 

b) the temperature independenee of the spin cluster resonance energies 

and the observation of spin cluster resonances even above the three

dimensional ordering temperature TN (see chapter VI and [3,4]). 

- There exists a direct relation between the magnetic excitations and 

some phenomena observed in ether experiments. The dynamic susceptibi

lity, for instance, can be regarcled as the "zero frequency" spectrum 

of the spin cluster resonances. This is corroborated by the fact that 

in the plot of X versus H (Fig. 5.2) small peaks are observed at 

magnetic fields which are equal to the V = 0 intersectien of some 

absorption lines (Fig. 6.2) corresponding to spin cluster resonances 

in non ground state spin configurations. These effects should also be 

observed as additional small discontinuities in the magnetization. 

Furthermore, it is quite possible that the large relaxation effects, 

which were observed at the phase transitions at low temperatures, are 

related to the absence of thermally excited spin clusters, since these 

spin clusters facilitate the reversal of the ferromagnetic moment of 

the chain. 
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APPENDIX A 

ISING SPIN ORDERING 

Kudo and Katsura [1] considered an model with up to n-th neigh-

bour interactions in a magnetic field. The number of neighbouring down-

down pairs was denoted by rk' k = I ' 2, --- • n and the total number of 

down spins was denoted by m. Inequalities of the same type as used by 

Kanamor i [2] and Kaburagi and Kanamori [3] were considered in the n+l 

dimensional space (r
1

, r
2

, ---, rn' m). A spin configuration can only be 

constructed when it satisfies these inequalities tagether with the in

equality m < N/2. These inequalities are constructed in the case of 

RbFeC1
3

.2H
2
o by consiclering a rectangular basic element (Fig. A.l). 

In n+l of the inequalities the inequality sign is replaced by an equality 

sign and r
1

, r
2

, ---, rn' mare solved from the n+l equations. A spin 

configuration for given J
1

, J
2

, ---, Jn and H is a ground state spin 

configuration if all other inequalities are satisfied for this salution 

[I] . 

We have determined these solutions for RbFeCl3 ,2H
2
o. Sixteen different. 

inequalities were used which gave rise to five different solutions. 

Seven spin configurations from these solutions may be constructed which 

are presented in Fig. A.2. Three different ferrimagnetic arrays (Fig. 

A.2.II) with the same energy can be constructed for one set of the 

parameters r
1

, r 2 , ---, m. Next the spin configuration with the lowest 

energy was determined for given values of the exchange interactions and 

the magnetic field. In Table A.l the ground state spin configurations in 

Fig. A.1 The basic element with three different exchange interactions 

as is used for the construction of the inequalities. 
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Fig. A.2 Theseven spin aonfigurations for the square lattiae aonstru

ted by the methad of KudÖ and Katsura [1]. The ordering 

patterns are periodia. 

zero magnetic field are presented for all possible values of J 1 = Je' 

J 2 = Jb, and J 3 = Jbc' The ordering of the net ferromagnetic moments of 

the chains in RbFeC13.2H2o in zero magnetic field corresponds to array 

III in Fig. A.2 (see Fig. 4.3). For large external fields the ferromag

netic ordering (I) is the ground state for all values J 1, J
2

, and J
3

• 

If the external field decreases, other spin configurations may become 

lower in energy. The new ground state spin configurations and the 

corresponding critica! fields are given in Table A.2 for all values of 

Jl, J2, and J3. 
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Table A.l The ground state spin aonfigurations in zero magnetia 

SC(H=0) 3 for all values of the exahange parameters J1 ~ 

and J;r 

No. Sign of the exchange Conditions SC(H=O) 
parameters Fig. A.2 

I J 1' J2, J3 < 0 IJ 11 < I I , IJl I < ziJ31 III 

2 " IJ21 < IJ 11, IJ2 1 < 21 I IV 

3 " ziJ31 < IJ 11, 2IJ 3 1 < IJ21 V 

4 Jl > 0; J2' J3 < 0 lil 

5 J2 > 0; J 1' J3 < 0 IV 

6 J3 > 0; J I' J2 < 0 V 

7 Jl, 32 > 0; J3 < 0 Jl > z!J31' Jz > z!J31 I 

8 lt 

J2 > Jl, ziJ31 > Jl IV 

9 !I 
Jl > 3 z• 2 13 31 > J2 lil 

10 J I' 33 > 0; J2 < 0 Jl > IJzl, 2J3 > jJ21 I 

11 lt 

Jl > 2J3, 13 21 > 2J3 III 

12 " 1 32 1 > J 1' 2J3 > Jl V 

13 3z· 3 3 > 0; Jl < 0 J2 > I 3 11, 2J3 > 1 3 11 I 

14 " IJl I >ZJ3,J2> 2J3 IV 

15 lt IJ 1 1 > 3 2' 23 3 > J2 V 

!6 Jl' ' J3 > 0 I 
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TabZe A.2 The criticaZ fieZds at which phase transitions occur between 

F-phase and FI-phase, between FI-phase and AF-phase, and 

between F-phase and AF-phase. The first coZumn corresponds 

to the numbering in TabZe A.l and indicates the range of 

vaZues of J 1, J 2, and J
3

• 

No. F-phase Hc2 FI-phase Hel AF-phase 

M=~ M=~~ M=O 

I I -Jl - J - 2J3 II Jl - J2 - 2J3 III 
2 

2 I -Jl - J2 - 2J3 II -JI + J2 - 2J3 IV 

3 I -Jl - J2 - 2J3 II -Jl - J2 + 2J3 V 

H 
c 

4 I -J2 - 2J3 III 

5 I -Jl - 2J3 IV 

6 I -JI - J2 V 
.. 

7 I 

8 I -Jl - 2J3 IV 

9 I -J2 - 2J3 Ill 

JO I 

IJ I -J2 - 2J3 III 

12 I -Jl - J2 V 

13 I 

14 I -Jl - 2J3 IV 

IS I -Jl - J2 V 

16 I 
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APPENDIX B 

ENERGY MATRIX ON BASIS OF THE ANTIFERROMAGNETIC ISING BASIS FUNCTIONS 

The matrix elements of the energy matrix on basis of the antiferromag-

Ising Basis Functions of the Hamiltonian of RbFec1
3

.2H20 will be 

given below. As was shown insection 5.6 at low temperatures RbFeC1
3

. 

2H20 may bedescribed with the S = 1/2 spin Hamiltonian (see Eqs. 5.16 

5.24, and 5.25): 

H = 
N 

!:; I 
j=l 

+ -
!(s.+ s.) 

J J 

N N -Jzz I z z I - 2 s. s. 1 J 
j=l J J+ j=l 

N + - + J+ 2 (s j sj+t + S j+ I) 
j=l 

N 

- llB gxx Hx" I l(s: + S~) 
j=l J J 

N 
(-J)j+J 

Hz" I I + 
- 11B gxz ~ (S. 

j=l J 

N 
(s: - ;..tB gyy Hy" j~l 2i 

- S~) 
J J 

N 
(-J)j+l - H I s: 

e j=l J 

+ + 
+ 1) (sj sj+l + s. 

J 

N 
(-l)j+J 

- 11B gzx Hx" I s: 
I J 

N 
+ S~) Hz" I s: - 11B gzz J J 

(B. I) 

In order to simplify the expressions for the matrix elements we first 

define: 

N 

N 
\ z z 
L SJ. Sj+l 

j=l 

\ + + 
L (S. S. 1 + 

j=l J J+ 
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+ N + - - + H+ = - J I (S. S. I + sj sj+l) 
j=l J J+ 

I 
N 

(s: Hl = (lJB gxx Hx" + h.) I + s:) -2 
j=l J J 

I 
N 

(-1 )j+l (s: Hz - 2 lls gxz Hz" I + S~) 
j=l J J 

I 
N 

H3 = - 2i llB gyy Hy" I (s: - S~) (B.2) 
j=l J J 

As an example we will calculate the matrix element <+l,kl H- 1-I,k'>: 

-ik 1 R. 
\' e t. I L ::;_ _ _..;:... S.; 0> , 
i INïï " 
j even and i odd, 

- 2 J 
=-N--

\' i(kR.-k'R.) x 
L e J t. 

j,Z.,i 

- 2 J 
=-N--

\ i(kR.-k'R.) 
L e J t. (Ö. 1 Ö. 1 I+ 5. '+Id.,) 
1 • J • ... 1- • ...... J • " 1- • " 

j •"•'~-

- 2 J- \ i(k-k')R. -ik'd ik'd 
= -N-- L e J (e + e ) 

j 

- 2 J coskd_ök,k' (B.3) 

(ok,k' = 0 for k * k', ok,k l; d = Rj+l- Rj). 
The energy matrix elements can be derived for arbitrary k, since there 

are nooperators in the Hamiltonian (B.I) which involve a change of k. 

Matrix elements which involve a change in the number of separated spin 

clusters (p * 0) are not given. Some comments on these matrix elements 

will be given below. Only the matrix elements H .. with i< jare given, 
l.J -

since H .. is complex conjugated to H ..• 
J l lJ 
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< + m,k I H7 I + m,k> <- m,k I H~ I - m,k> !(N-4) Jzz 

< + (2m+ l),k 

< - (2m + l),k 

+ (2m + l),k> 

- (Zm + l),k> 

- 11B gzz Hz" 

+ )JB gzz Hz" 

< + m,k + m,k> <- m,k I H~ I - m,k> ~ i(N-Zm) (H + llB g H .. ) e ZX X 

< + l,k - l,k> 2 J cos kd 

< + (m- 2),k H+ + m,k> <- (m-Z),k I H+ 

< + (m- l),k H
1 

< ± (m- l),k H
1 

< ± (Zm- l),k Hz 

+ m,k> 

- 2m,k> ;= + llB gxz Hz" e 

< ± (2m l),k I HZ + Zm,k> ~ + ]JB gxz Hz" e 

m,k> ~ - Z J+ cos kd 

-+ ikd/Z 

-
+ ikd/Z 

± ikd/2 

< ± 2m,k H2 I - (Zm + l),k> - ! ].JB gxz Hz" e+ 
ikd/Z 

< ± 2m,k H
2 

+ (Zm + l),k> 

< + (Zm- l),k H
3 

ikd/2 

< + (2m l),k H3 + 2m,k> ± i" g H 
,..B yy y"_ 

ikd/2 

< ± 2m,k H
3 

(2m + 1) ,k> 

< ± 2m,k H
3 

+ (2m + l),k> (B.4) 

In principle the energy matrix will have infinite dimensions. To 

enable numerical computations of the energy levels we have to use a 

finite matrix. In order to ensure that the energy levels of the spin 

clusters l!l,k> to I:S,k> do notdepend significantly on the matrix 

dimension used in the calculation, the numerical computations of the 

energy levels were performed on a 40 x 40 matrix <l!l,k> up to and 

including l!20,k>). 

As was mentioned above, the interactions of the spin cluster of which 

the energy levels are calculated with the ground state and other spin 

clusters (p * 0) are neglected. Apart from matrix elements which 
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- + 
originate from the Zeeman interaction, also H , H , and H1 give rise to 

matrix elements between a spin cluster and the ground state or other 

spin clusters. The influence of H- on the spin cluster energies due to 
- 2 zz the coupling with other spin clusters is of the order (2J ) /J , as may 

be derived from an analogous case treated by Torrance and Tinkham [1]. 

The effect of H+ and H
1

(Hx 11=0) is quite different, since they give 

rise to a coupling with the ground state 

(B,5) 

The wave function of the ground state is drastically altered by an 

arbitrarily small perturbation H+ or H1• This problem is in several 

respects similar to the antiferromagnetic ground state problem [2] • 

Although the antiferromagnetic ground state is in principle altered from 

the simple Nêel ground state, the excitations from the new ground state 

are only slightly different from those from the Nêel state. and these 

complications are commonly neglected. Moreover it is expected that in 
- + the case of RbFeC13 .2H2o the values of J • J • artd ~are much smaller 

than the energy difference - 2 Jzz between statea which differ by one 

spin cluster. However, these interactions may be of primary importance 

if they relax the ~ = I selection rule and enable the direct excitation 

of m-fold spin clusters (m > l) from the ground state. 
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SAMENVATTING 

In dit proefschrift worden de elementaire magnetische excitaties in de 

pseudo ééndimensionale antiferromagnetische verbinding RbFeC13 .2H20 

beschreven. De magnetische anisotropie in deze verbinding is bijzonder 

groot. - Ising waardoor de electronspins slechts twee realiserings

mogelijkheden hebben. De geëxciteerde toestanden in een dergelijk Ising 

systeem zijn toestanden waarin afzonderlijke spins of groepjes spins, de 

zogenaamde "spinclusters", omgedraaid zijn ten opzichte van hun positie 

in de grondtoestand. In het algemeen kan men twee soorten excitaties 

onderscheiden. Allereerst de directe excitatie van een spincluster van

uit de grondtoestand, "spincluster excitatie", en ten tweede de uit

breiding van een thermisch geëxciteerd spincluster met een zeker aantal 

spins, "spincluster resonantie". 

De excitatie energieën voor een pseudo ééndimensionaal systeem worden 

afgeleid in hoofdstuk II. De spincluster resonantie energieën zijn onaf

hankelijk van de relatief sterke magnetische wisselwerking in de keten, 

waardoor er een groot energieverschil bestaat tussen de spincluster 

excitaties (verre infrarood gebied) en spincluster resonanties (micro

golf gebied). Een magnetische verbinding- zoals RbFeC13.2H20- is 

slechts een benadering van een ideaal model systeem. Teneinde de afwijk

ingen die deze verbinding van het ideale model vertoont in rekening te 

kunnen brengen, wordt de "Ising Basis Funktie Methode" behandeld voor 

de antiferromagnetische keten en de keten met "gekantelde" momenten, 

In hoofdstuk lil worden de experimentele technieken beschreven. De 

magnetische structuur van RbFeC13 .zH
2
0, P

2
bc'ca, bepaald met behulp van 

neutronenverstrooiings experimenten en kernspin resonantie experimenten, 

wordt beschreven in hoofdstuk IV. De magnetische momenten van de FeZ+ 

ionen bevinden zich in het ac vlak en zijn ten opzichte van elkaar 

gekanteld. 

In hoofdstuk V wordt, aan de hand van de resultaten van verschillende 

experimentele technieken, een theoretisch model opgesteld dat in staat 

is het magnetische gedrag van RbFeC1
3

.zH20 bij lage temperaturen op 

bevredigende wijze te beschrijven. 

De experimentele resultaten die zijn verkregen door middel van spin

cluster resonanties worden beschreven in hoedstuk VI. Omdat de magnetische 

momenten in de keten ten opzichte van elkaar gekanteld zijn, is het 

mogelijk afhankelijk van de richting van het externe magneetveld, 
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excitatiespectra waar te nemen die of het karakteristieke gedrag ver

tonen van een ferromagnetische keten of dat van een antiferromagnetische 

keten. Hoewel de experimentele resultaten - waaronder zelfs excitaties 

van 9 spins - niet zonder meer verklaarbaar zijn aan de hand van het pure 

Ising model, blijkt een bevredigende verklaring te kunnen worden gegeven 

met behulp van het in hoofdstuk V geformuleerde model, waarbij expliciet 

rekening gehouden wordt met een zeer kleine "doublet" opsplitsing van 

het grondniveau van het Fe2
+ ion en de aanwezigheid van spinclusters met 

verschillende lengten. Met behulp van deze gegevens kunnen de verschil

lende exchange interactie parameters, de kristalveld parameters en de 

grootte en de richting van het magnetische moment bepaald worden. de 

resultaten verkregen uit andere experimentele technieken zijn hiermee 

in goede overeenstemming. Het lokale karakter van de spincluster reso

nanties volgt ondermeer uit de waargenomen excitaties in zogenaamde 

"non growid state spin configurations", de onafhankelijkheid van de 

resonantievoorwaarden van de temperatuur en de aanwezigheid van deze 

excitaties zelfs boven de driedimensionale ordeningstemperatuur. 

In hoofdstuk VII wordt nader ingegaan op de spincluster excitatie 

experimenten. Experimenteel blijkt dat slechts de excitatie van kleine 

spinclusters (een of twee spins) geobserveerd kan worden. Hoewel men 

zou verwachten dat ook deze resultaten geÏnterpreteerd zouden kunnen 

worden met het in het vorige hoofdstuk behandelde model, blijken er af

wijkingen op te treden. De mogelijke oorzaken van deze afwijkingen, die 

overigens met behulp van een meer uitgebreid model eenvoudig te verklaren 

zijn, worden uiteengezet. 

In Hoofdstuk VIII worden de resultaten zoals die in- de voorafgaande 

hoofdstukken verkregen zijn onderling vergeleken. Hieruit blijkt onder

meer dat spincluster excitatie en spincluster resonantie waardevolle 

technieken zijn waarmee, in verbindingen met een Ising karakter, gegevens 

over lokale microscopische interactie parameters verkregen kunnen worden 

die op andere wijze of zeer moeilijk of zelfs in het geheel niet te 

bepalen zijn. 
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Het in dit proefschrift beschreven onderzoek is uitgevoerd binnen her. 

kader van het onderzoekprogramma van de groep magnetieme onder 

van dr>. ir. W.J.M. de Jonge en prof.d:t>. P. van der Leeden. 

Aan het totstandkomen van dit proefschrift hebben veZen meegewerkt. 

Verschillende stagiairs en afstudeerders~ in het bijzonder> ir. M.S.J. 

SchuiZwerve, hebben een bijd:t>age geleverd aan het verzamelen en 

verwerken van de meetgegevens. 

De technische assistentie werd verleend door fJ_,M,J. DuijmeUnck en 

ing. J. MilZenaar. De kristallen werden bereid door drs. H. Hadders. 

- De groep experimentele natuurkunde IV van de Katholieke Universiteit 

te Nijmegen onder Zeiding van prof.dr. P. wyder wil ik danken voor 

hun gastvrijheid. In het bijzonder dank ik drs. M.J.H. van der 

en dr. J.H.M. Stoelinga voor hun hulp bij de ver infrarood metingen. 

- Ir. J.P.A.M. Hijmans ontwierp de microgolf opstelZing en bracht mij 

op de hoogte van de mogelijkheden van de diverse resonantie technieken. 

-De discussies met dr.ir. K. Kopinga en d:t>.ir. C.H.W. Swüste hebben 

een zeer positieve invloed gehad op de inhoud van het onderzoek en 

de presentatie daarvan in dit proefschrift. 

- Bijzonder veel dank ben ik echter verschuldigd aan mijn 11co-promotor 11 

dr.ir. W.J.M. de Jonge voor zijn stimulerende belangstelZing en 

begeleiding. 

- Ik dank Mej. M.C.K. Gruijters voor de verzorging van het tekenwerk en 

Mevr. M.T. Koseen-Schnabel voor haar bijdrage in het 
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1. De door Thornton in FeC12 .4H2o waargenomen sterke resonanties in het 

microgolfgebied zijn doo~ hem ten onrechte geÏnterpreteerd als anti

ferromagnetische resonanties. 

D.D. Thornton~ Phys. Rev. B ~ 3193 (1970). 

2. Bij de interpretatie van de magnetische susceptibiliteit van 

CsCoC1 3.2H20 door McElearney, wordt onvoldoende rekening gehouden 

met het orthorhombische karakter van de magnetische anisotropie in 

deze verbinding. 

J.N. MeElearney, Solid State Commun. 863 (1977). 

3. De door Foner et al. voorgestelde magnetische structuur van 

Cv(NC5H5) 2Cl 2 is niet in overeenstemming met de resultaten verkregen 

uit recente spincluster resonantie metingen, welke een interpretatie 

op basis van een gekanteld vier subrooster systeem zulks 

in overeenstemming met de magnetische structuur gerapporteerd door 

de Jonge et al. 

S. Foner, R.B. Frankel, W.M. Reiff, H. Wang en G.J. Long, 

J. Chem. Phys. 68, 4781 (1978). 

W.J.M. de Jonge, Q.A.G. van Vlimmeren, J.P.A.M. Hijmans, C.H.W. 

Swüste, J.A.H.M. Buys en G.J.M. van Workum, J. Chem. Phys. 751 

(1977 ). 

4. Het verdient aanbeveling te onderzoeken of in FeC1 2 .2H20 spincluster 

resonanties waargenomen kunnen worden. 

Dit proefschrift, Hoofdstuk VIII. 

5. De door Fisher afgeleide uitdrukking voor de oriëntatie van de optimale 

t = 0 schalingsas heeft, behalve in laag-dimensionale systemen, ook 

in driedimensionale systemen een beperkte geldigheid. 

M.E. Fisher, Phys. Rev. Lett. 34, 1634 (1975). 

J.A.J. Basten, E. Frikkee en W.J.M. de Jonge, Phys. Lett. 385 

(1978). 



6. Door niet-plaatvormige kwartskristallen toe te passen is het mogelijk 

het bereik van de massametingen volgens de methode van van 

Baliegooijen te vergroten. 

E.C. van BaLZegooijen~ F. BoePsma en C. van deP Steen, 

J. Aeoust. Soe. Am. 62, 1189 (1977). 

7. Het is wenselijk dat een auteur, in wiens naam een of meerdere voor

voegsels voorkomen, zelf door de plaats van de hoofdletter in zijn 

naam boven publicaties aan kan geven onder welke letter naar hem 

gerefereerd dient te worden en dat de keuze van de auteur bij 

referenties e .• d. ook gerespecteerd wordt. 

8. Daar oefening in het houden van voordrachten een essentieel onder

deel vormt van de wetenschappelijke vorming, dient het gebruik van 

"posters" op wetenschappelijke bijeenkomsten beperkt te blijven. 

9. Het ware gewenst dat bij de verlening van de doctorstitel aan de 

gebruikelijke zinsnede "en verleen ik u de rechten die verbonden 

zijn aan de doctorstitel" nader inhoud gegeven wordt. 

Q.A.G. van Vliromeren Veldhoven, maart 1979. 




