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Abstract. 

A.F.M.R. measurements in CsCoc13.2n2o performed in 

the frequenty ranF,e O - 75Gc and magnetic field ranGe 
O - '10 kgauss showed that the resonance in CsCoc1 3.2H2o 
can not be explained by the usual A.F.M.R. theory. 

The experiment can be explained by a different type 

of resonance: spinclusterresonance. A semiclassical 

approach delivers the exchange constants and a quantum
mechanical treatment explaines the deviations at the 

critical field. 

By this we find that in CsCoc1
3

.2H2o the spins are 

aligned in the a c plane very close to the c axis by a 

very strong anisotropy. 

The magnetic moments are antiferromagnetically coupled 

by a stronf, exchange interaction Ja=-20 ± 5 k, thus 
forming antiferromaenetic chains. 

The chains· are coupled in the c direction ferromag

netically by an exchange interaction Jc= 3 ,4 + 0 ,1~ K and 

antiferromagnetically in the b direction by an exchan~e 

interaction Jb= - 0,22 ± 0.03 K. 
It was not possible to get a measure of the anisotropy 

nor the canting angle from the c axis. 



.. .I -

General introduction. 

In terms of spinwave theory usual A.F.M.R. is the excitation 

of a k=O magnon. In general absorption of the microwaves 

takes place if the magnetic moments precess about their 

equilibrium position due to an internal and an external 

magnetic field , with the same frequenty as the microwaveo 

A.F.M.R. is a very sensitive way to analyse the magnetic 

properties of a solid. It gives you the equilibrium pooition 

of the magnetic moments, the anisotropy and exchange inter

actions. 

In section 1 I shall treat the usual A.F.U.R. theory 

according Keffer and Kittel ( 1 ) and by anplying their 

results to the experiment in CsCoc1
3

.2H20 I shall show 

that this theory does not agree with the experiment. 

In section 2 I shall treat the spinclusterresonance 

for a ferromagnetic chain in an Ising System,• as develloped 

far Coc12 .2H2o. I shall do it in two ways, first semi

classical according to Date ( 2) and second quantummechanically 

according to Torrance and Tinkham (3). 
Applying spincluster theory to CsCoc1

3
.2H2o it is possible 

to evaluate three exchange interactions. 
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Section 1 ANTIFERROJ¼AGT:-.TETIC RESONANCE IN CsCoC1
3

• 2H20. 

Chapter 1 A.F.M.R. theory. 

1.1 Introduction. 

The theory of antiferromagnetic resonance , AoF.M.R., 
has been treated by ,Nagamiya (4), Keffer and 

Kittel (1), Yosida (5), UbbinJ( (6), and others. 
A comprehensive revieuw of antiferromagnetism and A.F .r,1.R. 
up to 1955 has been given by Nagamiya et. al. (7). At that 

time A.F.M.R. had been observed only in CuC12 .2H2o and 
these results were revieuwd. Since then A.F.I.i.R. has been 
studied in many additional systems and the list has grown 
rapidly in the past few years. 

In this chapter I follow Keffer and Kittel's treat
ment for the uniaxal heisenberg antiferromagnet. 

1.2 Equations of motion. 

The dynamic response is calculated by first deter
mining the equlibrium orientations of the coupled sub
lattices , M1 and M2 , and by applying Kittel's equation 

? 

of motion for a ferromagnet to each of the antiferromag-
netic sublattices. 

The torque on each sublattice is given by the rate 
of change of angular momentum: 

-.:i. ~ ~ 

1 • dT<.I. = M • X, H. ff • • • • • • • • • • • • ( 1 • 2 • 1 ) 
~ at1 J. J. e 

where the magneto mechanical ratio )7=gie/2mc, gi is the 
spectroscopic splitting factor for each sublattice and 

H1 eff is the effective molecular field actin~ on the i-th 
sublattice, 
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= H.O + H.P + H.A + H. rf 1 1~ 1 1 • • 

The terms on the right are the applied static field, exchange 

field, anisotropy field and radio frequenty field respectivily. 

Damping is nerolected here and we assume that the easy axis 

or c axis is parallel to the z axis, so that the equlibrium 

orientation of Mi are close parallel or antiparallel to the 

z axis, as shown in fig.1.2.1. 

2-

lower mode upper mode spinflopmode 

figure 1. 2.1 defenition of the molecular fields and 
the three possible modes. 

For small amplitude osciliation the transverse components 

M. and M ... are much less than M .• Thus M. is approximately 
1X 1\1 1Z 12 

a constant of motion. A time dependence proportional to 

exp(iwt) is assumed for each tranverse component of Mi and 

in order to obtain equations which are linear in these small 

components, all products of these transverse components with 

each other are neglected. 

We consider the case in 

identical g-values for both 

IM1 1 = I M2 f. For simplicity 

affect HA. 

which the antiferromagnet has 

sublattices, n1A =-H2A, and 

we assume that H does not 
0 
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1.3 Resonance condition. 
l __ 

We consider two cases: H0 parallel and an~ipaialT~l to 
the z axis. 

H0 parallel to the easy axis. 

+ At. low fields M1 and M2 are close to - z. Vlri ting a own 
the x and \1 components of Mi we get the resonance frequenties 
by transforming the equations so that a linear combination 
of the vector components has a common harmonic time dependence 

• • • • • • 

The resonance in zero external magnetic field is: 

w (2H H H2 )f. -y- = E• A + -' A • • • • • • • 

(1.3.1.) contains an upper and a lower branch as represented 
in figure 1.2.1. Thefr~uenty corresponding with the lovrer 
branch becomes zero at a certain external magnetic field: 

• • • • • • • 

This is called the critical field or spinflop field. At this 
field the spinstructure changes to a new, spinflop, state,fig1.3.1. 

figure 1.3.1 : spinstructures below and above the critical field. 
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The resonance in this case is.the spinflop mode: 

I-I 2 )+ 
+ A • • 

- HO perpendicular to the easy axis. 

• • • • 

In this case there is no spinflop, but the spinstructure 
resembles figure 1.3.1.b .The resonance condition now is: 

• • • 

The equations (1.3.1.) - (1.3.4.) are valid for T=O. If the 
temperature is different from zero there are corretions to 
be made, for which I refer to Nagamiya (7). 
Usually HA is much smaller than HE and the term HA2 can be 
neglected. When HA is of the order of HE the molecular 
field approximation itself is questionable. 

figure 1.3.2: the resonance pattern for T=O. 

Ho 

When the external mae;netic field HO makes an anr_;le e , O < 0( 90, 
with the z axis, there is no spinflop and the resonance 

condition is as represented in figure 1.3.2. 
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Chapter 2 

2.'1 Preparation. 

Violet flat crystals of CsCoc1
3

.2H2o were prepared by slow 

evaporation at roomtemperature of a solution containing 
CsCl and CoC12 .6H2o in the molar ratio '1:4.8. 
The violet dihydrate converts into the blue anhydrate when 

exposed to the atmcs phere at roomtemperature. 

2.2 Structure. 

The spacegroup is Peca, found by Thorup and Soling (8). 

The unit-cell dimensions are: a=8.914, b = 7.145, and 
• 

c=1'1.360 A. CsCoC1
3

.2H20 is isostructural with CsT,InC1
3

.2H2o. 
The cobalt atom lies near the centre of a distorted okta
hedron having four clorine atoms and two oxygen atoms at 
the corners. Two clorine atoms are placed on opposide sides 

of a t:;-apezium consisting of two oxyr:en atoms and two clorine 
atoms. These six atoms form a cis octahedral coordination 
around the cobalt atom. The octahedrons sharing corners are 
arrayed in zig-zag chains alon~ the 1.0.0. direction. 
The distances between the Co atoms are in the a, band c 

c, O 0 

direction aproximately 5 A, 7.2 A and 6.5 A respectivilyo 

In the a direction the exchange path between the Coatoms 
consists of one Cl atom, in the c direction the exchanf;e 

path consists of two Cl atoms. In the b direction an 
exchange path is rather unclear. Thus we may expect that 
the exchange interactions between the magnetic moments in 

the a direction is very strong and in the b direction 

small. 
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2.3 Crystal field calculation for the Co++ iono 

Lacking any detailed knowledr.;e of the chare;e distribution 
and covalence of the ligands, we use a simple point charge 
model. Further to make the analyis as simple as possible 

only the ground 4F term will be considered. A similar 
analysis is been given previously for Coso4 and CoF2 by 
Tinkham ( 9). 
One finds that the 4Fterm splits in the octahedral field 
leaving a L~T1 state lowest. Aftherincludinr; the spin-orbit 

coupling, this 4T1 state splits with a sine;le Kramers 
doublet lying ~350 cm-1 below all other levels.The crystal 
field terms of lower symmetry affect the states in this 
doublet so as to nroduce anisotropic g values. As all 
excited states are so hi~h, at helium temperatures the 
magnetic properties of the crystal are in principle deter

mined by the ground doublet. It is convenient to introduce 
a fictitious spin S=1 and confine this anisotropy to 

effective g values. 
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Chapter 3: Measurements. 

3.1 Apparatus. 

For our measurements we had available an E.G.R. spectrometer 
build and desic;ned by D. Koningsber(;er and I'. de Leeuv,, for 
details and a description I shall refer to their reports (10). 
Since it is essential for A.F.M.R. that there are more 
frequenties to be used, we made some changes in order tomake 
A.F.M.R. possible. 
In thejrange 8-12 Ge we used a cavity to make very sensitive 
measurements of orientation, anr;ledependence and temperature 
dependa>.ce of the absorption. For shorter wavelenc;ts, frequenties 
up to 75 Ge, we did not use a cavity, but we placed the crystal 
directly in the wave guide.The three cm wave[';Uide, that went 
into the He-bath was an essential part of the pumping system, 
for shorter wavclengts we connected the klystron and the 
detector with an adapter to this system, figure 3.1.1. 

1: 3 cm wave guide, 
2: ·'adapter, 
3: detector, 
4: attenuator, 
5: klystron. 

temperatures: N2 
H2 
He 

70 K 
12 - 20 K 
1.1- 4.2 K 

frequenties: 8 - 12 Ge 
18 - 26 Ge 

35 Ge 
65 - 75 Ge 

magnetic field: 0-10 kgauss 
modulation field: 200 c, 10 gauss 

figure 3.1.1 ·:block scheme of the apparatus. 



3.2 Measurements. 

All the crystals, varying from 0,1-5,2 e;r, were first 

checked by x-rays to determine their a, band c axis. 

For all orientations of the external ma~netic field H0 
and of the radio frequenty field, we looked for absorptions 

at a frequenty Y=9.3 Ge.with the cavity. 

For all observed absorptions we did the anr;ledependence,,and 

temperature dependence of the resonance field and the 

intensity. The remaining measurements, at other frequenties, 

were made at a temperature T=1.8 K. 

3.2.1. Orientations. 

Absorption was founcl for the external magnetic field in the 

a direction and. the rad.io frequenty field in the a or in 

the b direction. For the radio frequenty field in the a and 

in the b direction we did the rest of the measurements. 

3.2.2 Angle¥ependence. 

Rotation of the external magnetic field H0 in the ac-plane 

and ab-plane gave the same result, figure 3.2.1. 

figure 3.2.1. 

2..B - - - ~ - --...... --~---

o-+--------------
-bo 0 +bo ~ e 

For the resonance field Hr(e) we find, 

Hr(O) 
• • • • • 

cos e 

angle dependence of 
the resonance in 
CsCoc1

2
.2H2o, at T=1.8 K 

and Y -9.3 Ge. 

rotation in the ab- and 
ac-plane. 

• • 

r 
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e is the angle between H0 and the a axis, Hr(0)=2.8 kgauss. 
The resonance is observable in all directions,only the 
component in the a direction is important. 

3.2.3 Temperature dependence. 

The resonance field decreases with increasin5 T and 

becomes zer~TN is approached. Above the transitionpoint 

there is no absorption observable, not even a para
magnetic line, in the temperature- and magnetic field 

ranges we had available. In figure 3.2.2 the phase

diagram of CsCoC1
3

.2H2o is represented. 

l.8 

' i 

figure 3.2.2: :phase diagram of 
CsCoC13 .2H2o at 

y =9., Ge. 

From this measurement we get: TN=3.L~:!:0.2 K and Hr(T=0)=2.8kgauss., 
In figure 3.2.3 the temperature dependence of the intensity 

is given. The intensity ~oes down if the temperature nears 

the transitionpoint or T=O. The intensity has a maximum 

for T=1.8 K. 

0 

fig. 3.2.3 :Temperature dependence of the intensity 
in CsCoc1

3
.2H2o at 'Y =9.3 Ge. 



- 13 -

From figure 3.2.4 we can see that the decrease of the 
intensity near T=O varies exponentially. 

dependence 

1: corrected for linewith 

2: corrected for splitting. 

figure 3.2.4: temperaturevof the intensity near T:O. 

If we write I=I0exp(-AE/kT) we get for ~E: 

.6. E = 20 :!: 5 K • • • • • • .(3.2.2) 

The intensity measurements are corrected for linewith 
( factor AH2 ) • From figure 3.2.4 we see that below 
T=1.3 K the intensity remais constant if we only correct 
for AH2 • This is due to line splitting, figure (3.2.5). 

dI 1 C0 CY d°H 

4r ~ ,,o,.Hr.. 1: single line 

A/.11 2: double line 
.6.H 

~I{ 

figure 3.2.5: line splitting. 

Since we measure the derivative of the absorption with 

respect to the magnetic field, the AH2-factor is 
) 

necessary • Line splitting ha"s •ra very sensitive influence 
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on the intensity found in this way: 

If we correct for line splitting we get the exponential 
decrease , figure (3.2.4). 

3.2.4 Frequenty dependence. 

The frequenty dependence is as represented in fig.(3.2.6) 

figure 3.2.6: frequenty dependence of the resonance 
in CsCoC13.2H2o at T=1.8 K. 

The limit for Y ➔ 0 is the critic al field He, from 

figure 3.2.6 we get : 

He= 2.8 kgauss ••••••••• (3.2.4) 

The resonance frequenty Y.. in zero external maronetic 
field could not be found exactly since we had no klystron 
available in this region. An. estimate from fie;ure3.2.6 

gives Yo = 90 :!: 1 0 Ge • • • • • • • 

At 26 Ge the splitting could be observed aldouch the 

two lines overlap, the same for 35 Ge. At 75 Ge the splitting 

is very clear and two, sometimes four, lines are observable. 
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3o2.5 magnetisation. 

In figure 3. 2. 7 the map,netisation LI as a function of orientation, 
external magnetic field and the temperature is represented, 
according to the measurements of Botterman, (12) 0 

/O 

2. 3 

figure 3.2.7: magnetisation as function of temperature, 
magnetic field and orientation in CsCoc1

3
.2H2o. 

From this measurement we get the jump in the magnetisation at 

the critical field: 

~ M = 10 gauss/cm3 r,r • • • • • • 

Further we can see that aft/er the spinflop there is a ferro
magnetic component along the a direction. This ferromagnetic 

component survives even above TN. 

;.206 real measurements. 
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Chapter 4 Interpretation of the measurements. 

4.1 Introduction. 

In this chapter I shall demonstrate that our measurements 
agree with the N.M.R.results of ·· de Jonge (11) and dis

agree with the usual A.F.M.R. theory as develloped in 
chapter 1. 

4.2 Agreement. 

By a comparision between the experimental local field at 
the proton sites as determined by N.M.R. and the calculated 
dipole fields for each of the three possible space groups 
de Jonge (11) reveals that excellent agreement is obtained 
when the magnetic moments are close to the c axis and the 
space group is P2bcca' • A model in which the magnetic 
moments are slightly canted from the c axis to the a axis, 
thus forming a non collinear antiferromagnetic four sub
lattice magnetic ordening (fiQire 4.2.1), provides an ex
planation for the observed spinflop in the a direction and 

the ferromagnetic component aftf.er the spinflop. 

C 

figure 4.2.1: spinstructure of 
CsCoCl .2H o, 
according io (11). 

This spinstructure also fits the orientations in which we 
observe absorption. Absorption occured when the microwaves 
were in the~ orb direction, both approximately perpendicular 
to the magnetic moments as is necessary for A.F.M.R. So 

according to pur measurements the spinstructure suggested by 
de Jonge (11) is correct. 
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4.3 Disagreement. 

Using the treatment of Keffer and Kittel (chapter 1) of the 

usual heisenberg antiferromagnet it is impossible to explain: 

1 the frequenty dependence of the resonance 

2 the angle dependence 

2 the temperature dependence of the intensity. 

ad 1 frequenty dependence. 

A rough calculation, using He= 2 .8 kgauss and Yo =90 Ge, 

yields for the g value g=40. It is clear that this is 

not allowed. 

ad 2 angle dependence. 

The angle dependence as treated in chapter 1 allows only 

an observable resonance at 9.3 Ge in the range -10.{0 t+10, 

since Yo =90 Ge. 

Our measurements indicate that the resonance is observable 

over the whole region of, e. 

ad 2 temperature dependence of the intensity. 

In the theory of chapter 1 we did not treat a temperature 

dependence, since in general the A.F.~.R.-lines are the best 

observable at low temperature. The observed decrease of the 

intensity for decreasing Tis not explainable by the usual 

A.F.IvI.R. theory. 

4.4 Discussion of the results. 

As shown in L.J-.2 we may conclude that the spinmodel of de Jonge (11) 

is correct. The ferromagnetic component in the magnetisation 

afther the spinflop and the angle dependence show that the spin

system in CsCoc13.2H2o is not a heisenberg but much more an 

Ising system, with large anisotropy. 

In a Ising system a different resonance can exist called 

spincluster resonance. This will be discussed in section 2. 
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Section 2: SPINCLUSTER RESONANCE IN CsCoc1
3

.2H2o. 

Introduction. 

Motions of spins in the usual ferro or antiferromagnetic 
crystals are well described by spinwaves, which are quantised 

as magnons, characterised by a wavenumber k. The solution 

for k=O is the usual A.F.M.R. One of the general characters 

of the spinwave is that motions of spins are not localised, 

but keep coherence over a considerable region of tho crystal. 

In a strongly anisotropic crystal, i.e. in the Isine;-like 

spin system, a different kind of excitation can exist, which 

may be called: the spincluster excitation or excitation of 

mae;non bound states. 
This spincluster theory first was applied by Date (2) on 

Coc12 .2H2o, to explain the .A.?.L'I.R. of this crystal. Later 

in 1969 Torrance and Tinkham (3) gave a good quantummechanical 

treatment of this kind of an excitation. 
I shall demonstrate that the spincluster theory gives a good 

qualitative explanation of the A.F.l:i.R. in CsCoc13 .2n2o. 

I first shall do it in a molecular field approximation according 

to Date (2). Discrepanties will be explained.by a quantwn
mechanical treatment in analogy with Torrance and Tinkham (3)o 



Chapter '1 Spincluster theory. 

'1.'1 Introduction. 

The spincluster excitation is most easily described as 

follow~: consider an isolated Ising spin linear chain, 

coupled ferromagnetically by an effective anisotropy field 

HA and an isotropic exchange field HE. For simplicity one 

ion anisotropy and external magnetic field H0 are along 

the z axis, perpendicular to the chain, figure '1.'1.'1 • 

t+itt+ttt 
,, ,,, m:I ,, 

,, 

t t f t I t t t t t 
, ,,, 

... 

' ' ' ' -- + t1'~~.t1' 
t>, = 3 

figure 1.1.1: ferromagnetic chain with a m=2 spincluster 
plus the two possible Am=1 transitions. 

The ground state, the state of minimum energy, is the state 

in which every spin is aligned parallel to the z axis, if 

we ne~lect zero point oscillations. The first excited state 

of the system is the one mac;non excitation with k=O, having 

an energy of gf(H0+HA) if HE))HA. 1:,'hen,however, HA))HE the 
uniform spinwave does not correspond to the first excited 

state. Now the first excited state is the state in vrhich 
one spin flops antiparallel to the majority of spins, with 

an energy of g_A(H- 0 + HE). This is a spincluster with m='1, 

mis the number of reversed spins. 

This spincluster state can not be an eigenstate if the 

system consists of heisenberg spins, because terms like 

J s~.s: in the heisenberg hamiltonian act so as to mix 
l. J 

the localised spincluster state with other1states. 

In the Ising spinsystem the state of the localised spin-



cluster is the exact eigenstate because there are no trans

verse components of s~ins. 

The spincluster can increase in size without extra energy 

except zeeman energy. In figure 1.1o1 is drawn a m=2 

cluster plus the two possible ~m=1 transitions. 

If we assume that the m=1 clusters are thermally excited 

and the A m=:!:'1 transition corresponds to the absorption of 

the microwaves, we find for the resonance condition of this 

idealised system: 

• • • • • • • 

The intensity of the resonance depends on the number of 

thermally excited spins and will decrease if T- o. 
If HO is no lon~er parallel to the z axis, the zeeman energy 

is determined by the component of the external field in the 

z directioIY3ince HO << HA • 

If we consider ferromagnetic chains in a lattice, these 

chains may interact giving rise to an or0erinG temperature TN 

and an additional field H* at the sites of the magnetic 

moments •. The resonance condition now is: 

- if all' the spins have the same direction, 

• • • • • 

- if the neighbouring chains are antiferromagnetically 

• • • • • 

This situation we find in an Ising spin antiferromagnet 

before,('1.'1.3), and af-tjer,('1.1.2), the spinflop. 

Spinflop in an Ising system takes place at a critical field 

Ho= H
0 

strong enough to point every spin in the direction 

of the external magnetic field, applied in the 

+z direction. -
The resonance pattern will be as represented in figure 1.'1.2, 

* a detailed calculation will show how I-t1 , H2 and H
0 

depend 

on each other. 
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figure 1.1.2: resonance pattern for 
arbitrary H1 and H2. 

1.2 Calculation of H. 
C 

Vle consider, for example, the following Isine; spin system. 

An anisotropy field H~ aligns all the snins in the +z direction. 
;~ ~ 

The exchange fields HT,, are d.iff erent in the x , jj 9-nd z direction. 
J.; 

H~ is anti-ferromagnetic and weak, 

H~ is ferroma~netic and strong, 

H~ is__ _ ferroma(jnetic and weak. 

Since H~ >) H~ , H~ there are chains in the jj direction. 

This spinsystem is dravm in figure 1.2.1. 

G t--t- t-t t-1 , ---

+ t 'l 1- t t-t --
1- ~ t t 1 .; 't --- iO 

-+- f -'\-1 t t 't 

ijz-plane xz-plane 

figure 1.2.1: spin system before the spinflop. 

z 

The situation represented by figure 1.2.1 is the T=O 

equilibrium situation. Thus the exchange fields 

H~ , H~~ and H~ are all in the direction of the magnetic 

moments. -



- d.c. -

There are two different chains : chain 1 havin5 nll the 

exchange fields in the +z direction, chain 2 havinb all the 
exchange fields in the -z direction. The correspondinG energies 
for the ma~netic moments are, H0 is in the +z direction: 

chain 1 E1 = -g fA-,3S ( +Ho+ Hx+ 
E H~+ 

l'., 
Hz 

E ) • • • • (1.2.1) 

= -g11pC-Ho+ H~+ 
i ; ~rZ ) (1.2.2) chain 2 E2 H~+ I--. • • • • l'., .J.j " .w 

Increasing of the external magnetic field decreases the 

energy of chain 1 and increases the enerey of chain 2. 

At a certain external magnetic field H0= H
0 

it is cnerGetically 

profitable for chain 2 to point in the +z direction. 

The corresponding energy of both chains now is E
3

: 

• • • 

Equating the total energy of the system before and after the 

spinflop yields the spinflop condition: 

• • • • • • • • • 

1.3 Resonance condition. 

Since we deal with an Ising spinsystem with very hich anisotropy 

it is impossible to excite spinwaves. Absorption only takes 

place when a single spin is reversed, we assume S=-½. 
The spinsystem is drawn in figure 1.3.1 • 

For a spin having a parallel and a antiparallel nearest 

neighbour in one direction the correspondin8 exchan~e fields 
cancel each other. We only consider nearest nei~hbour interaction 

in every direction and neclect the anisotrpy, since the corres

ponding energy is the same for evei--ry spin. 
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2: 2 
(J) 

t r t 1 1 'I' t r ~ 1 

t rr r 1' f <f "'(Ji J(J) Ii\ 
~ I before the spinflop 

1' 'd f i f '1J 1 
X 

t t 1' 
t t 1' t 1' f ~ 1. -i f 

1 °1 
2. '2: 

1 1 tf\ 1' t ~ 1w 1 

~ 
G) CJ) @> r rfJ ff t ~ f ? "J after the spinflop 

f' © 
K 

f r 1 1 i 1 f T 
f f 1' 1 t i 1 1 1 1' 

H0 in the z direction 

jjz-plane xz-plane exchange fields as in 1.2 

figure 1.3.1: spin system before and after the spinflop. 

The corresponding energies Ei are: 

A. Before the spinflop 

1. Before reversing Spin 3. 

E1 = -F;<~'"\ (H0 + HE +ni.i +H~) 
l', H 

.J.J 

E2 -r;)}j3 (H0 
nX TTj,i rZ) = + 1_,_-, +.,'"l;' +n-~ 

I~ JJ J_J 

E3 = -FµRUio + Hx +H~) +H~) (1.3.1.) E ,, 
.U 

EL~ = -r;µ_[3(HO + Hx +H~ +H~) E _r_, 

E -r;r,,,S ( H 0 Hx Fii +H~) = + -~ +J.1..,." 5 ;, J'., J_', 

E -r/.A;,c) (-1I0 + 
TTX i ; uZ) C: .t:..r, +H·1 + ...... 17' 6 l', T;' 

.L.J .L.J 

-r;f C-H0 + 
-.r ij 

+H~) E7 = n-; +T{. 
.i. .,7' 

IJ -'-' LJ 

2. After reversinr, snin 3. 

E'1 -rf-/)( H + Fx i i +0 ) = +H 0 'E 1~ 

E2 -[5f,p( HO+ 
X 

+O +II~) = HE l~ 

E = -P'if([;(-H -ffX Fii -Hz) 
3 ._, 1J O E - 1 • ..,...; 

J', E 



E4 = -ghS( HO Fx +1E +O +J-I~) 

E5 -rrjf ( HO 
X +H~l +O ) = +HE - 6 ~'., ( 1.3.2.) 

E -r/¼s (-H0 +O 
jj 

+H~) = +H·-
6 E 

E7 = -rv-f;C-Ho +O +Hi.i 
E +H~) 

The total difference in enerGy of this spin system 

is delivered by the microwave field 

The plus or minus sign before HO comes from the two 

different chains. 

B. After the spinflop: - -

The same calculation now yields: 

+ 4H~) 

\j X Z 
We suppose HE >)HE, HE' Ho so it will be cl ear that this 

kind of resonance will be in the infrared and does not 

correspond with our experiment in CsCoc1
3

• 2H2o. 

1.4 Spincluster resonance. 

~e have the same system as in 1.3. but we now suppose that 

one spin is reverse1 thermally and consider the enerGY 
needed for reversinp; it:; nearest neighb0l1r in the '1 
a irection. rrhi,; situatiou is repr8sented in fip;ure l .'-/.1 • 

The correspondinr; enerries E. 
l 

are: 

A. Before the spinflop: 

1. Before reversinµ: s~iw 3 . . -
E1 = -r/4) ( H + H~ + Hii + Hz) 

0 .t, E E 

E2 = -r;v; (-HO - Hx - Hjj - H~,) 
E E D 

E3 -Pj,0 ( lT + Hx + 0 + Hz) = +llo . lJ E E 

E4 = -ghS ( Ho + Hx 
E + H~ + H~) ( 1.4.1.) 



- }, -zt 

t t 
,!, t t t t' t t f r ~ 

t t I i3 

t"' t t t {' $3 i~ + 
5" 

t t t f t f fff 
t t ~ t 

~z-plane xz-plane 

-D, : thermally excited spin ( 2.) 

$ microwave excited spin (3) 

figure 1.4.1 : spinstructure for spincluster resonance. 

E5 -esff ( Ho+ 
X Hj~ + H~) = HE+ 

E6 = -r,h.,8 (-Ho+ rx LE+ Hjj 
E + H~) 

E7 -Pf'.;,S (-Ho+ X Hi,i + H~) = HE+ E 

2. Reversed: -
E'l = -~~S( Ho+ "!'.IX 

·r.:; + 1ii E + 0 ) 

E2 = -p; jt,~S (-H0-
.. x 
rtE + 0 - Hz) 

E 

E3 = -g~S(-H -
'J 0 

Hx 
E + 0 Hz) - E 

E4 -gt-,PC +Ho+ 
X 0 + H~) ( 1.4.2.) = Hl~ + 

E5 -g f',-,[' (+Ho+ Hx Hjj + 0 ) = + ,~ E .t., 

E5 = -r;~S(-H0+ 0 Hij + E + H~) 

E7 c -g f-~ S ( -H0 + 0 + Hii 
E + H~) 

The energy ciiffe:rence ap;ain is delivered by the microwave 

field. 



B. After the spinflop. 

The same calculation now yields: 

The exchange field H~ does not enter into the equation 

since this exchanGe interaction cancels out for the 

considered spins. 

The resonance pattern is drawn in figure 1.4.2. 

~ 

.7 spincluster resonance 

.. 
' 

R ➔ -,.. _____ ___.,.._ _____ _ 
He 

-

figure 1.4.2:resonance pattern of the spincluster resonance. 

X Since the resonance condition only depends on H
0

, HE and 
H~ it no1.·1 is possible to observe the absorption in the 

microwave ranr-e. 

The exchanp:,e field in the chain H~ enters in the Rbsorption 

in a different way. 

The energy Eth n0ede(1. for exci tinr-; a spin thermally is ~i ven 

in 1.3. 

Eth= gJ6 S C:t2H0 + 4H~ + Lrn~ + 4E~)* 4 Fi.f'-'ls HE~ 

Assuming a boltzman factor for the occupation of this enerp;y 

level we find for the number of· thermally excited spins n: 

n- exp (-Eth/'JT) 

and we can identify this proportionallity with the observed 

temperature depennen~e of the intensity of the spincluster 

resonance. 



I= Io exp. (-Eth/ KT) 

In figure 1.4.2. is drawn also the measuren frequenty 

dependence of CsCoc1
3

• 2H
2
o, nnrmal jsed for He and Yo 

It is clear that the ar,reement still is not very satisfying, 

especially near the critical field. 

This discrepancy will be explained by a quantummachanical 

treatment in the next chapter. 



Chapter II. 

Quantum mechanical treatment. 

2.1. Introduction. 

This tre0tment was first given by Torrance and Tinkham (3) 

to explain their infrared measurements of Coc1 2 .2H2o. 
The roenern.l exchange Hamiltonian describinr; a spin system 
is given by: 

Je = -i~G~zs~:'i!a + J~xs~si:d iji,i8j.is liJ , 8 z C 2 ) + Jd , .. · - '-rgJL H., . .1.1 J. i+ 1 r-, o 1 

It is convenient to decompose this Hamiltonian as follows: 

= HI + H~ + Ha with: 

HI L, (JZZ,....Zc, Z =- . ] d ... , . kJ • d 
lo( • J. l+ + [;~H.S~) ( 2.1.2.) 

~ 1 .L (("<+("'! - - + H =-2~ Jd ,) . ,, . d + 8 i 8 i+d) ( 2.1.3.) ]. J.+ 
L,d 

Ha =-f ~J~ ( + + ,.... - .. -
".Jd 

8 i 8 i+d + ._,i,)i+d) ( 2.1.4.) 

H1 is tte Isin~ part, H~ contains the effects due to the 

mean transverse component J~ of the exchange: 

J. 
JXY: j,i\j Jd = t( + J ) d d 

and 
Ja 

t( xx J j,jij ) d = Jd - d 

contained in Ha is a measure of the transverse anisotropy. 

I shall solve the Ising part of this hamiltonian exac\y and 
.J- a 

look for the influences of H and H in the case of a S=f 
ferrorna~nP-tic chain. 

2.2. H1 , Ising part of the hamiltonian. 

We consider a general spin system where each spin Sis 
coupled to;its p nearest neighboursby a ferromagnetic exchange 

interaction J. As we saw in the introduction the hamiltonian 

is: 

I ~ z., z 
H = -. d Jdi S.S. d ]. ' ]. J.+ 

where St may take on the values S, G-1, ••••••• -S. 
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The external magnetic field H0 is along th~ axis of magne
tisation z, and the corresponding splitting factor is g. 

The elementary excitations of this spinsystem are conveniently 

described in terms of spinclusters: An-fold spincluster 

is c'lefined as n neip;hbourinp; spinc'leviations. 

Torrance and Tinkham find for the energy of such an-fold 

cluster: 

En(n') = nE1 -n'2J_ ( 2.2.2.) • 
with E1 = 2psJ + f9L6H 

Where· E1 is the energy necessary te excite a single spin

deviation and n' is the number of bonds between neighbo;{ring 

spindeviations. There is a binding energy 2J for each such 
V 

bond which ~owers the energy of the n-fold·cluster from 

n unclustered excitations • 

For the S=f linear chain (2.2.2.) transforms into: 

These ener~y levels are represented in figure 2.2.1. 

I-/-> 

figure: 2.2.1 

energy levels for n-fold 
clusters tn) in the case 
of a S=i ferromagnetic 
chain. 

Physically zeeman enerp;y is associated with each spin in the 

cluster, while exchan~e energy (2J) is lost only at the 

ends of the cluster, independent of the size of the cluster. 



-.)U -

g.~. Effects of HL. 

For the S=f linear chain H .L transforms into: 

H ~ = - JJ. Cs +s -• • ,1 
J. l+ I 

In order to proF,ress from the Isin~ results we have te know 

what basis functions describe the excitations. These are 

called Isinr, basis functions, I.B.F, and are described in 
Tinkhams paper (3). 
We temporarily nef,lect any effects due to Ha and consider 
the hamil tonian H=HI +HJ. • Sine e the S ~S. - -1 terms of H.1. 

l J.+1 

leave the total number m of spin reversals unchanfed, the 

problem for each m value may be solved separately. 

The m=O subspacP contains only the groundstate, where all 

the spins are up. This ground state is defined as zero. 

The subspace with one spin reversal (m=1) is spannea by 

one fold cluster I.B.F. In addition to the Ising en0rgy 

E1 of the one fold cluster I.B.F. there is a diagonal matrix 

element of HJ. so that the enerp.;y of the new state is given by: 

E_, = E1 + < 1 I HJ.I 1) = 

E-, = 2(Jzz_~) + g_µ1H; 

Two magnon bound state (m=?). 

The Isinfo basisfunctions for the cGse of two _spin-reversals 

in a linear chain are the twofol<l cluster r'.B.F. ,{2), and 

Q two one fold cluster I.B.F.'s f1,e,1), withe the distance 
between the two spinreversals. For H1 these I.B.F.'s are 

ei~enfunctions with enerr;y E2 and 2E1 respectivly. The effect 
of includ inr H .L is to cause a coupling amonp; these Q+1 

different I.B.F. 's. 
For example the G~S.--1 terms in HL will couple the twofold 

l l+ I 

I. B. F'. to the two onefold I~. "P. which have e =2 • 

Similarly, the state of p;i ven e will be coupled to the states 

wi thQ.-1 ann e +1. 
Torrance and Tinkham (3) get for the energy of the twofold 

cluster (m=2): 

E' = 2 



n magnon bound states for n> 2. 

" In general the problem of spi~deviations can not be solved 
exactly without additional constants of motion. 

~ 
If we start from the Ising solution the sr.si+1 terms in H 
couple then-fold cluster I.B.F. directly to the one-fold
plus-(n-1)-fold cluster and indirectly to the other clusters 
in the m=n subspace. 
In the case of strong longitudinal anisotropy in the exchange 
( J .L )

2 {< ( Jz )2 , these couplings are small and for the purpose 
of calculating the energy of the n-magnon bound state, the 
indirect couplings may be neglected. That means for large 
longitudinal anisotropy the n-magnon bound state consists 
mainly of then-fold cluster and the one-fold-plus (n-1)-fold 
cluster I~B.F's. This reduces the problem to one similar to 
that of the two-magnon bound state. 
Using the correct I.B.F's Torrance and Tinkham (3) calculated 
the matrix elements and found by pertubation theory: 

E' 
21£1

2 
,.. E -n n 

2Jzz 

J .l. 2 
or E' • 2Jzz_ 1 + ng)'t~H (2.3.4) ~ n Jzz 

with Eis the matrix element between the n-magnon bound state 
and the one-fold plus (n-1)-fold I.B.F's, having energies 

of 2Jzz+ngf~H and 4Jzz+ ng/lJI- respectivily. 

2.4, Effects of H8. 

For the s ... f isolated ferromagnetic chain Hatransforms into: 

Ha is caused by an unequivilance of the x and~ directions. 



This anisotropy greatly complicates the problem of the linear 
Ha . + + - s-chain. contains 4.iSi+1 and Si. i+1terms which create or 

destroy two spin reversals. This is therefor a Am=+2 term, -which can cause a coupling between states with different 
m-values. For example then-fold cluster I.B.F. is coupled to 
the G:i+2)-fold and the (n-2)-fold cluster I.B.F. 1s. Tb.is 
coupling may be calculated using the appropriate I.B.F's, 

We now consider the effects of Ha on the solution of 

#(, = HI + HJ.. 

The interaction between the levels caused by Ha is largest 
when the levels are closet together, i.e. at low fields. 
At H =0 the Ising model predicts that all the levels are 

0 
degenerate. The addition of II .L causes the one-fold and 
two-fold magnon bound states to be shifted with respect to 
the other n-2 levels. These (n-2) degenerate levels are 
coupled in the presence of Ha and repel to form a band, 
whose width is given by aJ8-, (3) • 

For H > O the levels are slightly separated and the interaction 
caused by H8 ~s less, giving rise to curvature in the field 
dependence. 
These interactions are illustrated in figure 2.4.1 • 

-

1-1 -) 

('l) 

\I) 

I .L a 
H + H + H 

I J. a figure 2.4.1: effects of H , H and H on the energies of 
then-fold cluster,ln)lin the case of an 
isolated ferromagnetic chain. 
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2.5 Interacting chains. 

The results for the bound states described above were 
found by considering an isolated ferromagnetic chain, 
but the linear chains in CsCoC1

3
.2H2o are not isolated. 

There is some interaction between neigboring chains. 
The Ising part of an antiferromagnetic interchain 
interaction acts like an internal field H*, which will 
stabilize the linear chain and give rise to a finite 
Neel temperature. This effective field H* is easily in
cluded in the energies: we take the bound state energies 
to be the same as those for an isolated chain acted on 
by an effective field H0 + H* o 

The Ising part of a ferromagnetic interchain interaction, 
however, will cause spin deviations from one chain to be 
coupled to deviations on neighboring chains. These inter
actions may greatly complicate the exact form of the bound 

states, but as long as (Jferro)2 << (rZ) the effects can 
be represented by an additional term nJferro in the energies 
of the bound states. 

For the energies we now have: 

before and after the spinflop respectivily, this 
is the same result as in chapter 1. 

the energy of the magnon bound state is more complex, but 
assuming (JJ.)2 <<. (Fferro)2 , we can neglect the influence 
of if. ~ will cause a deviation from the Ising result at 
the critical field H

0
= H*. 



Chapter 3 Spin cluster resonance for CsCoc1 3.2H2o. 

3.1 Introduction. 

We now consider the actual spin configuration proposed 
by de Jonge (11), each spin lies in the ac-plane very 

_ close to the c-axis, canting angle fJ, figure 3.1.1 • 
C, 

a. 
figure 3.1.1: 

the four possible orientations 
for the magnetic moments in 
the ac-plane. 

There will be chains in the a-direction, since the 
-

exchange path in this direction is very short and contains 
only one clorine atom, we way estimate this interaction 
to be strong.The N.M.R. results of de Jonge (11) show 
that the ,ordening in the a-direction is antiferromagnetic. 
Using the structure of figure 3.1.1 we get a spinflop in 
the a-dir.ection, when we assume the cha~ns to have a net 
magnetic moment in the +a or -a directi0n and a antiferro
magnetic ordering of these chains in the b- or c-direction. 
According 1.2 the corresponding critical field is related 
to an antiferromagnetic exchange interaction. The observed 
critical field is very small, thus the direction in which 
the chains are antiferromagnetic is in the b-direction. 
We still can choose the exchange in the c-direction either 
ferromagnetic or anti-ferromagnetico In order to get a 
resonance pattern as measured in CsCoc1 3.2H2o, we need a 
ferromagnetic exchange in the c-direction,figure 1.4.2. 

This spinsystem can be described by the same hamiltenian 
as in chapter 2: ~ 

,(>/) I 
ol.,.. • H 
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The solution of the Ising part H1 again contains spinclusters, 
now consisting of antiferromagnetically ordered neigborig 
spin deviations, having a component in the a-direction 
opposite with respect to the rest of the chain, figure 3.1.2. 

< > 

figure 3.1.2: example of a m=3 
spincluster in CsCoCl~.2H2o, 
the arrows under the Chain 
indicate the a-component. 

3.2 Calculation of the critical field. 

We again consider interacting chains, giving rise to additional 
internal magnetic exchange fields at the sites of the magnetic 
moments. We assume the interaction in the a direction anti
ferromagnetic ·and strong, Ja• The exchange J~ in the c direc
tion we assume ferromagnetic and small. 
The exchange Jb in the b direction we _assume antiferromagnetic 
and small: 

The exchange interaction Jj relates to the exchange fields: 

This spinstructure is given in figure 3.2.1. 
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C b 

/\/\/ 

I \ l' \ l 

a.. 

ac-plane: 
all the chains have their 
a-component in the same 
direction 

a.. 

ab-plane: 
all the chains have their 
a-component opposite with 
respect to the next chain 

figure 3.2.1: spinstructure in CsCoc1
3

.2H2o. 

Applying the theory of chapter 1 we find for the critical 

field two possibilities: 

1 He• 
-• C 

IJcl +jJbl 

g/<IJCOS, 

¢ canting angle figure 3.1.1. 
Applying a magnetic field in the c direction it must 
be possible to point every spin in the direction of 
the external field. However we assumed the coupling 
between the spins in the a direction very strong,so 
this critical field will be very high ( ~ 600 koer) 
and therefore not observable. 

IJb \ 2. ~ a 
- C 

There is another spinflop possible since we assumed 

-

-



the chains antiferromagnetically ordered in the b direction. 
A relativilly much smaller external magnetic field applied 
in the a direction will cause all the chains to have their 
magnetic component in the direction of the external field. 

before the spinflop after the spinflop 

figure 3.2.2: spinstructure in CsC0Cl0 .2H20 before and after the 
_ spinflop, the arrows(~, inaicate the a-component. 

The angle dependence of this critical field will be as 
1/cose, since only the component of the external magnetic 

field in the a-direction is important, figure 3.2.2. 
After the spinflop the spinsystem has a ferromagnetic 
component in the a-direction as observed. 
The chains can exist above the transition temperature, 
since the coupling in the chain is much stronger than 
the couplings between the chains. This explains the weak 
ferromagnetis~ as observed by Botterman (12). 

' 
I-

A 

3.3. Resonance condition. 

The only resonance possible in the microwave range is the 
spinclusterresonance.Using the same spinstructure as in 
3.2, we find for the resonance condition according to 
chapter 1 using (1.2.2.): 

hy= gµ,p sin~C:t 2H0 )-Jb+ Jc ( 3.3.1.) 

before the spinflop and 
after the spinflop: 

h y = gt"l!s sin:cp. ( 2H0 ) +Jc + Jb 

from (3.3.1) we get for Yo ( H0 "" 0) 
l 
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Here H0 is in the a-direction and '/) is the canting angle 
of the magnetic moments figure 3.1.1. 

-The resonance patterns are represented in figure 3.3.1. 

figure 3.3.1: resonance pattern 
OsCoC1

3
.2H2o, 

He.. 

theoretical and 
observed. 

The deviation near the critical field is caused by~, 
-

-

the anisotropic part of the hamiltonian. The influence of H.,_ 

is neglected. 

The temperature dependence of the intensity we get according 

to chapter I ,(1.4.5.) -(1.4.7~. 
We assume the one fold clusters thermally excited: 

Angle dependence of the resonance is the same as for the 
critical field: 

cos 9 

since only the component of the external magnetic field 
in the a-direction is important 
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3.4 Determination of the exchange interactions. 

I now shall express the exchange interactions in degrees 
of Kelvin, using the formulas of 3.2 and 3.3. 

Jb we get from the critical field (~.2.4), 

From the jump in the magnetisation at the critical field 
at the critical field we get the ferromagnetic component 
after the spinflop and thus: 

gsin~ = 1.25 
this yields: 

J
0 

we evaluate from the resonance in zero external field 
(3.3.3) and(3.4.3) : 

I'\ 
Ja we find from the temperature dependence of the intesity: 
using ( 3. 3.4), 

Ja • -20 :t 5 K 
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Chapter 4: Conclusion. 

Fer CsCoc1 3.2H2o the usual A.F.M.R. theory does not fit the 
experimental results,since this treatment is not valid in 
systems with large anisotropy as in the case of CsCoc1 3.2H2o. 

Spincluster resonance plus the spinmodel of de Jonge (11) 
gives a good explanation of the observed resonance and the 
observed spinflop in the a-direction. 

The exchange constants evaluated in this way are not very 
accurately except for Jb. 

Jc can be found more precisely by measuring the resonance 
in zero exter~al magnetic field. 
J can be found by measuring the intensity of the resonance a 
more carefully, but a better way to do it is to measure the 
infrared transmission, what will deliver the energy-field 
dependence of all the clusters, (3). It then also is 
possible to measure Ha and H~, which are important in the 
case of CsCoc1

3
.2H2o. H~ may even have influence on the 

resonance in zero external magnetic field, this makes the number 
that I get for Jc not very reliable. 
As it was not possible to measure the canting angle from the 
c-axis by our experiment, at this moment neutron diffraction 
on CsCoc1

3
.2H2o is performed at R.C.N. in Petten (N.H.). 

This will give us, we hope, the canting angle and the chain
like structure as proposed in this report. 
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