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ABSTRACT

• '/An experimental study o~~he dynamic properties of the

•

.'

-
dimensional magnetic materials CsMnBr3 and CsMnO.89Feo.liB 3 been

carried out. In addition" some theoretical' and computer simulation work

was performed on aspects of the static behaviour of selected one-dimensional. ~

magnetic systems.

CsMnBr3 is a one-dimensional magnetic insulator. Its magnetic .

behaviour can be described by a Heisenberg anti ferromagnetic chain ~ystem

with weak easy plane anisotropy. A truly one-dimensional ,system cannot

sustain long-range order at any non-zero temperature, although short-range

correlations can be strong at low temperatures. We used neutron scatter-
'.

ing techniques to examine both the delocalized (spin wave) and localized

(soliton) excitations of CsMnBr3 in its paramagnetic phase at low tempera

tures. Our results of the spin wave response compare favourably with

recent theory of co-operative excitations in the absence of long-range

order. Our measurements of the soliton response is in qualitative agree-

'ment with, the relevant theory. Soliton-like spin configurations could also
,

'be directly observed in the results of a Monte Carlo simulation-on a system
; .

representative of CsMnBr3.

We also used the Monte Carlo method to examine static spin correlation

lengths within the XY to Heisenberg crossover temperature regime in CsMnBr3.

We measured the magnetic excitation spectrum of the magnetic impurity

chain system CsMnO.89FeO.llBr3 at low temperatures by neutron scattering

techniques. The response was qualitatively different from either.l:sMnBr3 or
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previously studied ·magnetic vacancy chain systems and showed marked host

mode-impurity mode inter~tion effects.

Finally we utilized the computational ease afforded by one.dimension

to examine the strengths of biquadratic exchange interactions in selected

Mn+2 chain systems, including CsMnBr3"
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ABSTRACT FOR THE NON-SPECIAllST

This thesis contains several studies of some special magnetic ma

terials at low temperatures. In certain 'classe6 of materials, magnetic

moments form at the atomic level in the ·sol ids. These magnetic moments

can be thought of as tiny bar magnets located on the individual atoms. At• I

high temperatures these atomic magnets flip about wildly and do not seem

to take any notice of how the magnets on neighbouring atoms are behaving.

At low temperatures, however, the direction any particularmagnet points

is very sensitive to the arrangement.of the directions which the magnets

close by to it are pointing. In many magnetic materials a preferred. direct-
,

ion for the atomic magnets to point appears at sufficiently low tempera-

tures and a magnetic structure is said to have formed. If the tempera~ure

is raised the magnets are thermally jostled about and the magnetic structure '-
..' .- ./
··w.ill eve~tually tireakc.(jown. However this thermal jostl ing .of the atomfc

•
magnets occurs only by certain 'types of motion of the magnets known as

normal modes. The experimental .sections in this thesis concern themselves

with examining these normal modes in the ma9netic materials CsMnBr3 and
-

CsMnO.89FeO.llBr3·

. These two materials are int.eresting because the atomic magnets .con-

tained in them are arranged in str~ight lines. For this reason they are·

referred to as one-dimensional magnetic materials. 'This is in contrast to

most normal, magnetic materials where the atomic magnets fill up three

dimensional space evenly, When the atomic magnets are arranged in straight
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lines. the ways in which the magnetic structure is broken down. the normal.
.-

modes. become extremely efficient. So much so in fact. that a true.mag
. t

netic ,structure can only form at absolute zero temperatures where no thermal

jostling at all is present.

Because the atomic magnets are arranged in straight lines it is

also easier to imagi~e the possible orientations of the magnets along the

lines than it is when the magnets fill. up three-dimensionfl space evenl:y;

This is because there are fewer dimensions-to worry about. We have taken

advantage of this greater simplicity in trying to model some of the mag

netic behavi our of these material s. Thi s has. been done both Ity theoreti ca1

calculations and~y use of a computer.

The thesis is thus made up of both experimental and theoretical types

of investigations of one-dimensional magnetic materials.
, .

.-

•

".

..



..

I
),..-

ACKNOWLEDGEMENTS

I would like-to express my appreciation fo~he guidance and support

given to me over the course of these studies by'my research sup,ervisor, Dr.

f1alcolm Coll ins. Malcolm pro~ed an excitin~ '9tmosPh~r:e of being

contribute to scientific understanding, while demonstrating a very

approach to the pursuit of this understanding.
"

able to

pleasant

I would like to thank Dr. Bill Buyers for his support and interest in

all of our research, and in particular for his involvement in the work on

CsMnO.89Feo.llBr3·

during my stays in. .

In addition, .

Deep River.

I w6uld like to thanK
,~ -

Bill for his hosp\tality

•

Drs. Izabela Sosnowsk~, Carl Stager and John Greedan all took an-.. . .
active interest in this research and I am grateful for their contributions.

It was a pleasure to work at the N.S.S.P. Branch of Chalk River flu-

clear Laboratories largely due to being surrounded by the very knowledgeable

scientific and technical staff. These gentlemen were Drs. Gerald Dolling,
,

Tom Holden, Eric Svensson;- Peter Martel, Peter Gerlach and Soo Kim as well

as Messrs. Harold Nieman; Don Tennant, Alan Hewitt, Jim Evans and Mel Potter.

I would also like to thank Mrs: Anne-Marie Van Dine for her help at the Branch.

The expert technical assistance I received at McMaster from Messrs.
...

Jim Couper, Jim Garrett, Frank Gibbs and Gord Hewitson was greatly appreciated.

The people who found themselves in and around Senior Sciences 440

during the course of this work added a lot to the enjoyment of my stay at

McMaster. These people included Chris ,Peters, Andy Duft, Roger Patterson,

"\.. v



;.

Mike Coombes, Frank Marsiglio, Walter Stephan, Andy Duncan, Lynne Soderholm,

Sonja Eicher, Brian Allore, Jake Vanderwal, Zhibing Hu, Isobel Davidson,

Mahboob Ash~af and Chan non and Marsha Price. Similarly my stays at Deep
,

River were more"enjoyable due.to the presence of Mike Hogan, Rose Morra,
..

Rose Morrelli, Martin Dove, Colin Broholm and Tom and Jenny Jackman.'

I am especially indebted to Karen Hughes for her friendship and many

helpful discussions over the course of this work.

I would like to thank Mrs. Helen Kennelly for the expert typing of

this manuscript.

Finally, I would like to thank Atomic Energy of Canada limited" for
.

providing experimental facilities as well as allowing me generous access to

their computer facilities. The financial support of the Natural Sciences
~

and Engineering Research Council of Canada, Les Fonds F.C.A.C. (Quebec),

the Ontario Graduate Stholarship program and McMaster University is grate

fully acknowledged.

(

•

\ ~..

r
~~'

vi



,

..



\..
. < -

..~.

TABLE OF CONTENTS

CHAPTER

1 INTRODUCTI ON

PAGE

1
. .

1.1 Why is One-Dimensional Magnetism of Interest? 1

1.2 The Direction of the Thesis 5
•

1.3 The Character of CSMnBr3 and CsMnO.89FeO.llBr3 7

2
~

NEUTRON SCATTERING 16

2.1 The Neutron as a Probe of Condensed Matter' 16

3

2.2 The Neutron Scattering Cross-Section

2.3 The Practic~ of Neutron Scattering

PARAMAGNETIC SPIN WAVES IN CsMnBr3
3.1 Introduction

3.2 The Neutron Scattering Experiment

17

22

34

34

35

3.3 Results and Low Temperature Anal~sis 35

3.4 Results and the Generalized Langevin Eq~ation . 43
. Approach to Spin Dynamics

4 SOLITONS IN CsMnBr3
4.1 Introduction

4.2 Solitons in Condensed Matter

4:3 Theoretical Treatment of the Anisotropic
Heisenberg Antiferromagnetic Chain

4.4 The Neutron Scattering Experiment

4.5 Results and Discussion

vi i

57

57

61

66

69

77



. ,

CHAPTER

5 _ SPIN WAVES AND LOCAL MODES IN CsMnO.BgFeO.llBr3

5.1 Introduction

5.2 The Neutron Scattering Experiment

5.3 Single Ion Analysis

5.4 Discussion
\

6 THE MONTE CARLO METHOD

7 BIQUADRATIC EXCHANGE FROM SUSCEPTIBILITY DATA IN
CLASSICAL ONE-DIMENSIONAL HEISENBERG SYSTEMS

7.1 Introduction-
7.2 The Classical Heisenberg Chain

7.3· The Classical Heisenberg Chain with Both
Bilinear ~nd Biquadratic Exchange

7.4 ~tonte Carlo Treatment of CsMnBr3
7.5 Discussion

8 CROSSOVER BEHAVIOUR AND SOLITONS IN AN ANISOTROPIC
HEISENBERG CHAIN

B.l Jntroduction

8.2 Static Spin Correlations

8.3 ~pin Configurations and Out-of-Easy-Plane
Solitons

. '.

g CONCLUDING REMARKS

BIBLIOGRAPHY

viii

PAGE

gO

gO

96

105

113

117,
125

125

127

129

135

140

144

144

. 145

153

164
-.';;.,,;:-..,;,:"'~

166·
..,

,d



•

•
LIST OF FIGURES

Figure

Al The· crystal structure of CsMnBr3 and CsMnO.89FeO.llBr3 8

A2 The mosaic spreads of the CsMnBr3 and CsMnO.89FeO.llBr3 15

samples

Bl A schematic diagram of the McMaster triple axis spectro- 23

meter at Chalk River
,

B2 A ph~raph of the author at the McMaster triple axis 25

B3

B4

Cl

C2

C3

spectrometer

The physical origin of the Bragg reflection condition

Examples of spurion scattering events

The measured spin wave dispersion for CsMnBr3 at 15K

with the results of zero temperature spin wave theory
'--"

Constant Q scans at (0.6,0.6,1.0) and (0.1,0.1,1.0)

for CsMnBr3 at 21K

The magnetic zone mixing argument for spin wave energy

,
31

33

36

39

42

widths

C4 Constant Q scans at (0,0,T.15) for CsMnB\3 as a function 49

of temperature. Also plotted is theory treating para-

magnetic spin waves in a Heisenberg antiferromagnet

C5 Constant Q scans at (0,0,1.2) for CsMnBr3 as a function

of temperature. Also plotted are theoretical results

from treatments of paramagnetic spin waves

ix

51



Figure

C6

\_ Page

" Constant Q scans at (0.0-,1.3) fOl" CsMnBr3 as a function- 52

of temperature. Also plotted are theoretical results

from treatments of paramagnetic spin waves

54""-

6001

Constant Q scans at (O,O,l.l)·as a function of tempera~

ture for CsMnBr3

A physical pictare of a Sine-Gordon soliton, contrasted

with that of a dissipative wave

02 Spin configurations taken up by soliton bearing magnetic 63

systems

03 The spin configuration taken up by an antiferromagnetic - 65

chain system with easy-plane anisotropy, in the presence
I

04

05

06

of an out-of-easy-plane soliton

The: scattering, geometries involved in determining

xx ) zz )S (qz'w and S (qz'w

The constant energ~ scans shown relative to the spin

wave response of CsMnBr3
Typical inelastic constant energy scans at~w = 0.5 meV

and temperatures of 15K and 47K

71

72

75

07 Typical inelastic, constant energy scans at T = 15K and 76

~ = 1.0 meV and 1.25 meV

08 The measured values of ~x(Qz'w) and SZZ(Qz,w) at 15K 78

as a function of energy transfer for CsMnBr3 "

09 The integrated intensity of SZZ(Qz,w) at 15K is compared 81

with ~he same due to the noninteracting soliton model

x



.
"

Figure

010 The 1ineshape of SZZ(Qz,w) at 15K is compared with the

Page

82
.

predicted 1ineshape of the noninteracting soliton model

011 The observed integrated intensity of SZZ(Qz,{(w = 0.5 meV)

as a functi on of temperature

012

013

The apparent temperature dependence of the soliton mass

The lineshape of SZZ(Qz;l'iw = 0.5 meV) is shown asa

function of temperature along with the 1ineshape pre-
I .

dieted by the modified soliton theory

87

89

El

E2

E3

A schematic diagram of the magnetic sites in a magnetic

vacancy. chain system as well as a magnetic impurity

chain system

Inelastic scattering at 9 = (-.15,-.15,1.0) and

9= (-.1?,-.15,1.05) at T = 18K in CsMnO.89FeO.11Br3

Ine1a.stic scattering at·Q = (-.75,-.75,1.15),

92

98

99

\

101

100

Q =dO,0,1.15) at 18K as well as Q = (0,0,1.15)- . -
Inelastic scattering at Q = (0,0,1.2) at T = 18K and

25K in CsMnO.89FeO.11Br3

Inelastic sc~ttering at Q = (0,0,1.3) and

9 = (_0.75,_.75,lj) at T = 18K as well as Q = (0,0,1.3)

at T = 25K in CsMnO.89FeO.llBr3

E6 Inelastic scattering at 9= (0,0,1.4) and Q = (0,0,1.5) 102

E5

E4

E7

at T = 18K in GsMnO.89FeO.11Br3

The dispersion of magnetic excitations in 104

.xi



Figure

E8

E9

Gl

G2

G3

G4

G5

Hl

H2

H3

H4

'.

Qualitative level scheme for Fe+2 in CsMnO.89FeO.llBr3-.
The interacting mode model for CsMnO~89FeO.llBr3 is

shown

The experimental su~ceptibility of three S = 5/2

• Heisenberg chain c~pounds as a function of redu~ed

tempera~ure

The theoretical treatments of the susceptibilities of

TMMC and MMC are compared to experiment

Theoretical and Monte Carlo simulation results of the..."

susceptibility of CsMnBr3 are compareq with experiment

Typical data from the Monte Carlo simulation for two

temperatures

Results of the Monte Carlo treatment of CsMnBr3 as.a

function of biquadratic exchange strength is compared

to experiment at T = 20K

Representative data from the numerical calculation of

(-l)n<S~S~+ > for in-plane and out-of-plane correla-
1 1 n

t ions

Values of ,!«Sa)Z> extracted from-f6e simulation as

a function of temperature

Values of <; (T),the correlation lengths,as a function
a

of temperature, extrac~ed from the simulation

Out-of-easy-plane static correlation functions

<S~S~+n> for n = 4, 5 and 6 as a function of temperature
-.-

xii

Page

107

115

128

132

133

138

139

148

150

151

-154

..

•

"

_.
-',



Figure

H5

H6

H7

•

~
..~i:~t4~,.

Spin configurations as a function of temperature

within the ~to Heisenberg crossover regime

. The section of the T = 12.5K spin. configurations which

exhibits the tw~.out-of-easy-plane solitons

Spin configurations at T = 5K exhibiting an out-of

easy-plane. but non-soliton, fluctuation

•

'--

J

•

xi i i

Page

155

159

163

;~.... .'

...

•
..



TABLE

Al

Bl

B2

-,

LIST OF TABLES'

"

, \

Experimental Parameters which Dete~ine the Resolution

Function

Hamiltonian Matrix for Fe+2 in CsMnO.89F~O.11Br3

Eigenvectors and Eigenvalues for Fe+2 in

..

PAGE

29

111

112a .b

tion.

Cl

CsMnO.8gFeO.llBr3

Flow Diagram of Computer
.....

,

Program for Monte Carlo Simula- 121

•

xiv



•

/
/

•
,

•
CHAPTER 1

INT'ml!UCTION
- -i-i: .

,

1.1 Why is One-Dimensional Magnetism of Interest?

A co-operative system is compriseQ~of many' cons~ts a..ll of

which are somehow coupled to.each other, and their behaviour "is governed

by their collective motion pnd normal modes. There are many examples in

nature of such systems; however due to the relative simplicity of":the

manner in which the constituents are coupled as well as the rich variety
\

of co-operative behaviour possi.ble, magnetic materials have become proto-

typical co-operative systems.

The constituents in magnetic materials are the magnetic moments

'formed by the unpaired atomic electron~ at the atomic sites in solids.

These moments can interact with each other via several exchange mechanisms

as well as via the real magnetic dipole interactions, The type of exchange

interactions present in a material depend on the electronic environment

present in the material. Insulators, with no free, wobile electrons can

support only the direct exchange and superexchange mechanisms. These both

require the overlap of the magnetic electron wavefunctions with either the

magnetic electron wavefunction of a neighbouring atom, or the electron

wavefunctions of an intervening diamagnetic atom, respectively. Thus these

intera'ctions tend to be very short range; usually nearest neighbour in

teractions are sufficient to understand the phenomena.



2

Magnetic phenomena in metals are complicated by two features. First

ly the,magnetic moments themse]ves can be thought of as.localized at atomic
,

sites only in special cases .(such as som~ "well behave.d" rare earth metals

and alloys). In other cases the same electrons responsfble for magnetism

are also involved in conduction. Secondly the presence of the conduction

electrons means that exchange interactions can be of much longer range than

in insulators.

The moment formation problem in metals notwithstanding, we would

expect the s~atistical mechanics of magnetism in insulators to be'an ea~ier

•
challenge than that in metals. This is because,-for the same type of system,

there are fewer variables of relevance in the insulator problem.due to the

short range of the interactions.

The Heisenberg Hamiltonian,

\

•

i , j
H = " J(i,j)S.·S.

_1 -J
(1.1 )

or some modification thereof, is frequently used successfully in understand-

ing magnetic systems. The contribution anyone magnetic moment or spin,S.,. _ _1

makes to the Hamiltonian in such a model depends on the relative orientation

of this spin to all the other spins, ~j" for which the exchange constant,

J(i,j), is appreciable. It is these relative orientations which the statis

tical-mechanical treatment of this system must consider. Clearly if the

range of interactions is shorter, then there are fewer relative orientations

of interest in the problem, and this should simplify the treatment of the
Coo

problem.

By the same toke~, if the spatial ~imensionality of the system is

reduced then there will be fewer variables ef interest. In the extreme case






























































































































































































































































































































































