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magnon effect cannot be clearly identified. It is found that Takahashi’s, and Schlottmann’s recent low
temperature expansions for the isotropic Heisenberg ferromagnet fit the zero field data of TMCuC.
Numerical results of finite chain calculations of 12-spin, and 14-spin for the isotropic Heisenberg
ferromagnet are discussed.

The low temperature EPR measurements along the easy axis of the Ising system FeTAC above the
ordering temperature 3.1 K are presented. The expected paramagnetic resonance signal corresponding
to the g-value = 7.5 as well as a broad signal of 2-fold spin cluster (bound magnon) resonance are
observed below the equivalent intrachain exchange temperature. This is the first observation of spin
cluster resonance above Te Forbidden resonances from the excited doublets are also reported, and the
possibility of observing higher order spin cluster resonances are discussed.



EXPERIMENTAL STUDY OF BOUND MAGNONS AND SPIN CLUSTER
RESONANCES IN ONE-DIMENSIONAL S=1/2, ISING-HEISENBERG
FERROMAGNETS

by
Kathirgamathamby Ravindran

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Doctor of Philosophy
in

Physics

MONTANA STATE UNIVERSITY
Bozeman, Montana

© May 1991




APPROVAL

of a thesis submitted by

Kathirgamathamby Ravindran

This thesis has been read by each member of the thesis committee and has been
found to be satisfactory regarding content, English usage, format, citations, bibliographic
style, and consistency, and is ready for submission to the College of Graduate Studies.

Approved for the Major Department

Date

Approved for the College of Graduate Studies

[Tl
Ddte % Graduate Dean



STATEMENT OF PERMSSION TO USE

In presenting this thesis in partial Ifulfillment of the requirements for a doctoral
degree at Monfana State University, I agree that the Library shall make it available to
borrowers under rules of the Library. Ifurther agree that copying of thisthesis is allowable
only for scholarly purposes, consistent with "fair use" as prescribed in the U.S. Copyright
Law. Requests for extensive copying or reproduction of this thesis should be referred
to University Microfilms Intemnational, 300 North Zeeb Road, Ann Arbor, Michigan
48106, to whom I have granted "the exclusive right to reproduce and distribute copies
* of the dissertation in and from micfofilm and the right to reprodice and distribute by

abstract in any format."

Signature K : &Q\,\.‘ /\J&/

Date 2-4 N\Q»J}G \d ]




iv

to my mother and late father




ACKNOWLEDGMENTS

I am very thankful to all the people in the physics department for their kindness
and help (iuring my graduate studies at Montana State Universfty. My deepest gratitude
goes to my advisor, Jack Drumheller, who guided me with éontinual support | and
encouragement. Special thanks goes to Don Haines for hisinitial guidance and continuous
collaboration. Also I would like to thank Stefan Waplak for helping me with the EPR
experiment. Other people, who deserve a special mention are George Tuthill, Hugo
Schmidt, Zhou Ping, Jerry Rubenacker, Roy Rubins, Craig Zaspel, and Stuart Hutton.

I appreciate the physics department for recognizing students from Sri-Lanka and
giving them an opportunity for graduate studies. Special thanks goes to Bob Swenson

in this respect.

This work was supported by NSF grant number DMR-90-11072




vi

TABLE OF CONTENTS

INTRODUCTION .« ot et e e et e e e e e e e e e e e e i .

One Dimensional Magnetism, Basic Models . ................
One Spin Reversals, Dispersion Relation, Spin Waves ..........
Two Magnon States and Bound Magnons . . .................

A SHORT REVIEW OF THETHEORIES ....................

S=1/2, 1-D, Ising-Heisenberg Ferromagnet . .................
Johnson and Bonner Analytical Expression ...............
S=1/2, 1-D, Isotropic Heisenberg Ferromagnet ...............
Takahashi-Yamada Zero Field Expression ................
Schiottmann’s Zero Field Expression ...................
S=1/2, 1-D, Ising Ferromagnet ................vvuvvunn..
Fisher’s Exact Expression ............. ..o,
Spin Cluster Excitation and Spin Cluster Resonance . ........

EXPERIMENTS . ...ttt iliiiiiiiiieiiinanaannns

Introduction ............. ... .. ..... e
Magnetization Measurements .. .......... ... o
Ac Susceptibility .. ........ .. o i i e
Zero Field Adjustment Using Pb Sphere . ................
Demagnetizing Effects .............. e e e
EPR Measurements ... ... ......cuoueueoennenneneenenons

RESULTS AND ANALYSIS ................ P
FeTAC - an effective S=1/2, 1-D Ising Ferromagnet .........

Effective S=1/2 Behavior at Low Temperature .............
Magnetization Measurements . . . ... ... v

EPR Measurements . ... ...t reeeennennnnneaannn

Ac Susceptibility MEASUTEMENLS . . .. oo oo veeeennennnns
Discussion . . .. ... S P




vii

TABLE OF CONTENTS - Continued
TMCuC - S=1/2, 1-D, Nearly Isotropic Heisenberg Ferromagnet . . .
Susceptibility at ZeroField . ..........................
Susceptibility at Finite Fields . . . . . . e e e e
CuCl,»DMSO - S=1/2, 1-D Heisenberg Ferromagnet ...........

Ac Susceptibility Measurements . . . ... ..... ... ...
Phase Diagram alongthe c-axis ........................

5. CONCLUSION .........ivuiiinnnnnannnnnns [

REFERENCES CITED . ............ e




Table

viii

LIST OF TABLES

1.  Quasi-one-dimensional ferromagnetic systems




Figure Page
1. Behavior of a quasi one-dimensional magnetic system ................ 5
2. Energy of 2-magnon states in a linearchain. .................... .12
3. Johnson and Bonner susceptibility as a function of

temperature for J/k=45K and g=2.1:

(a) at different magnetic fields fory=0.95 ....................... 17 -

(byat1 Teslafory=095.......... e e et e e e e 18

(c) for gifferent valuesof yat 1 Tesla .......................... 18
4, yT°J" vs TJ! for the S=1/2, isotropic Heisenberg linear chain.

Solid line is Takahashi’s expression, dashed line is Schlottmann’s

expression, and crosses are results of Bethe-Ansatz integral equations. . ... 21
5. The Ising spectrum for In> fold ( 11>, 12>,....) spin clusters.

I1,1>, 11,1,1> represent two and three one-fold clusters . .............. 24
6. Spin configuration in an Ising system for spin-cluster resonance which

invloves a transition of Im> -->m 1> ....................... .. 26
7. Paramagnetic resonances which are involved in the flipping of clusters

of I.,and 2-spin . ... ... . e e 28
8. (a) M vs H curve illustrating differential susceptibility measurement . .... 31

(b) Energy level splitting of a two-level system and the EPR resonance

isillustrated . . . ... .. o e e 31
9. Susceptibility measurement system . . ... ..... . ittt i i i 34
10. Typical M vs H diagram for a :

(a) Type Isuperconductor . .................. e e 36

(b) Type O superconductor .............. .. il 36
11. Crystal structure of FeTAC. Adjacent chains are shown projected onto

the bc plane. Dotted lines indicate interchain hydrogen bonding between

water molecules and interchain free chloride ions. All iron atoms lie

in a plane. All other atoms lie slightly above or below this plane ... .... 44
12, 2+ .

ix

LIST OF FIGURES

Energy level splitting of Fe“" in FeTAC for D>0,D>>E ........... 46




13.

14.

15.

16.

17.

18.

19.

20.

21.

22

X

LIST OF FIGURES - Continued

M vs H data for FeTAC at various temperatures measured along the b-axis
(easy axis). The applied fields were corrected for demagnetizing effect ... 49

The EPR signal of FeTAC at v = 9.24 GHz and T=5.5K for H parallel to
the easy axis. Note the resonance signals; weak (at H=2160 Oe), strong
(at H=1Q50 Oe) and broad (near 760 £50Oe) . .................... 51

Angular dependency of the resonance signal at 5.5K. Here 0 denotes the

angle between the easy-axis and the external magnetic field. The symbols

O, 0, and A denote the weak, strong and broad signals. Dotted lines

are drawn to guide theeye ............... ... ... ... ..o ... 52

Linewidths (AH]) and peak to peak amplitude (A) as a function of
temperature. Same symbolic notations are used as in Figure (15). |
The amplitude for weak signal (O) shown in the figure are 100
times magnified to fitintothescale ......................... .54

Intensity I = A(AH)?, calculated using the values from Figure (16)

are plotted as In(I) vs 1/T. Same symbolic notations are used;

(O) for broad, () for strong, and (A) for weak. Most of the

points for weak signal follow a straight line with a slope of 3D=45.3K . ... 56

Effective g-values as a function of temperature. Same symbolic
notations are used . . ... ... L e 59

(a) x, vs T data for FeTAC at zero field. Solid line is the JB

bound magnon susceptibility for J/k=17.5K, y=0.01, and g=7.5 ........ 61
(b) x vs T data for FeTAC in the fields of 500, 1000, and 1500 Oe.

Data are represented by (A) for 500 Oe, (O) for 1000 Oe, and (O)

for 1500 Oe, and theoretical fits by lines. Solid lines are the

JB bound magnon susceptibility for J/k=17.5K, v = 0.01, and g=7.5.

-Dashed line is the JB single magnon term multiplied by50 ........... 62
Figure taken from Reference [43] showing the observation of a plateau

type curve instead of a usual sharp peqk, due to the demagnetization . . . .. 65
Zero field data of FeTAC showing long range ordering below 3.1K . . . ... 67
In-phase signal vs Magnetic field for FeTAC along the easy axis -

at various temperatures near Tc=3.1K. The maximum value of the
data at 2.39K is approximatelely equal to the inverse of the
demagnetizing factor . ........... ... . ... . . e e 68




23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

xi
LIST OF FIGURES - Continued

Zero field susceptibility data for TMCuC plotted as 4T vs T. The data
curving upwards indicates the presence of ferromagnetic interaction . . . . . . 74

Zero field susceptibility data of TMCuC. Solid lines represent
(a) Takahashi and Yamada’s expression for J4k=50K and g=2.1 ......... 75
(b) Schlottmann’s’ expression for J/k=38K and g=2.1 ..... e 75

% vs T data for TMCuC at different magnetic fields. (X) for 1 Tesla,
O)for1S5Teslaand (+)for2Tesla ........... ... ... 77

Numerical results of a 12-spin ring of S=1/2, isotropic Heisenberg
ferromagnet at fields of 0,1 and 2 Tesla. Takahashi and Yamada's

zero field expression is drawn for comparison .. ................... 79

Numerical results of 14-spin are compared with 12-spin results and

Takahashi and Yamada's expression . . . ... .......... ... 80
14-spin results for J/k=S0K and g=2.1 .............. .. ..., 81
%, vs T data for TMCuC powder measured at different fields:

(@atl Tesla(X) . ...ttt e i i e it e e i... 82
()at L5 Tesla (O) . ... vttt i ettt 83

(c) at 2 Tesla (+) are compared with JB expression for J/K=45K,
Y =0.01, and g=2.1. The dashed lines are the bound magnon contribution
and the line just above the temperature axis are spin wave contribution ... 83

x vs T data for CuCl, DMSO measured along the c-axis. Solid line is
Takahashi’s expression for J/&k=45K and g=2.15 with a mean field correction
A B ) 88

Data shown in the last figure plotted as YT vs T ................ ... 9

% vs T data for CuCl2.DMSO measured along the c-axis at fields of
2000 and 6000 Oe .. ... ...t 91

Inphase signal vs Magnetic field for CuClz.DMSO at 4.16K. H is applied
parallel to the C-aXiS . . ... ... .ottt e 92

Expected behavior of Magnetization and Susceptibility of a weakly
anisotropic Heisenberg antiferromagnet along the easy axis . . .......... 94




xii

LIST OF FIGURES - Continued

35. In-Phase signal vs Magnetic field for CuCl DMSO at different

temperatures

36. Magnetic phase diagram for CuClZ.DMSO for fields parallel to the c-axis

.97




ABSTRACT

Differential magnetic susceptibility of one-dimensional S=1/2, ferromagnetic
compounds, [(CH,),NH]FeCl,.2H,0 (FeTAC), (CH,)NCuCl, (TMCuC), and
CuCL,.C,HSO (CuCl,.DMSO) are presented. The data are analyzed using the Johnson and
Bonner theory to look for expected bound magnon effects. It is found that in FeTAC (Ising)
and TMCuC (Heisenberg) the low temperature susceptibility is almost entirely represented
by bound state excitations and that the usual spin wave excitations fail to represent the data.
Analysis on CuCl,.DMSO shows that owing to the strong interchain exchange significant
deviation from a 1-D system occurs below 13K so that the bound magnon effect cannot be
clearly identified. It is found that Takahashi’s, and Schlottmann’s recent low temperature
expansions for the isotropic Heisenberg ferromagnet fit the zero field data of TMCuC.
Numerical results of finite chain calculations of 12-spin, and 14-spin for the isotropic
Heisenberg ferromagnet are discussed.

Thelow temperature EPR measurements along the easy axis of the Ising system FeTAC
above the ordering temperature 3.1 X are presented. The expected paramagnetic resonance
signal corresponding to the g-value = 7.5 as well as a broad signal of 2-fold spin cluster
(bound magnon) resonance are observed below the equivalent intrachain exchange .
temperature. This is the first observation of spin cluster resonance above T.. Forbidden
resonances from the excited doublets are also reported, and the possibility of observing
higher order spin cluster resonances are discussed. :




CHAPTER 1
INTRODUCTION

The study of thermodynamic properties of magnetic materials has been an excellent
way of characterizing them and has lead to a fundamental understanding of theirbehavior.
Inrecent years a considerable amount of interest has been focussed on trying tounderstand
one-dimensional magnetic systems. It has been shown that there is no long range ordering '
in one-dimensional magnets except possibly at T=0."" Because of the absence of long
range ordering the mean field and standard lﬁlear spin wave type calculations, which
explain three-dimensional magnetic systems, are inadequate for explaining the
thermodynamics of the one dimensional case. From the theoretical point of view, these
systems are among the simplest non-trivial many-body systems, displaying a large variety
 of unexpected features resulting from the strong fluctuations.”? Mikeska demonstrated
that an easy plane chain of classical spins (S > 1/2) in a magnetic field can be mapped
to a sine-Gordon (SG) equation.” Apart from linear excitations (magnons) this equation
has nonlinear solutions called kink solitons.”! Theoretical development and experimental
verification of the existence of soliton excitations in quasi-one dimensional systems are
ratherextensive. In paﬁicular, the results of neutron-scattering studies on CsNiF; (S=1)"
and (CD,),NMnCl, (TMMC, S=5/2)'", nuclear-spin-lattice relaxation and heat capacity
measurements on CsNiF, ™, and TMMC ®'” are interpreted in terms of the SG model.

On the other hand, in a ferromagnetic Ising-Heisenberg quantum chain (S= 1/25, the
excitation spectrum contains non-linear excitations called bound magﬁons (BM). These

bound magnons resulting from the Ising-like anisotropy were predicted by the pidneer
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Hans Bethe.'" A number of theoretical studies following Bethe’s Ansatz reveal that
even a small amount of anisotropy may have a drastic influence on the
thermodynamics.'*! In particular, the work of Johnson and Bonner predicts that under
certain experimental conditions thermodynamic properties are almost entirely
répresented by bound magnons.!” Despite the theoretical activity, the experimental
evidence on these quantum systems is scarce. Besides the earlier experimental study by
Haines and Drumheller ** on CHAC (1-D, S=1/2 Heisenberg ferromagnet), we are aware
of only one other experimental investigation done, also on CHAC, (C¢H,;NH,)CuCl,,"*",
by Hoogerbeets et al., in which they used ESR to measure energies of the first seven
BM levels.

In an Ising system, the elementary excitations are localized spin clusters, where an
n-fold spin cluster (bound magnon) is defined as having n adjacent spins which are
reversed with respect to other spins. Experimentally, bound magnons in S=1/2, quasi
1-D Ising systems were first observed by Torrance and Tinkam''® using far-infrared
absorption in the effective S=1/2, 1-D Ising ferromagnet CoCl,.2H,0. Other studies
using infrared absorption and ESR to measure the energy levels have since been done in
CoBr,.2H,0 (S=1/2, 1-D ferromagnet)'™” and RbFeCl,.2H,0"", However, to our
knowledge no experimental stﬁdy has been done to investigate the possible effect of
bound magnons on the thermodynamic properties of Ising~ chains. Most of the
experimental studies focussed on antiferrofnagnets and mostly on their static properties,
whereas the ferromagnets have received little attention and thus their dynamics are not
understood. |

The purpose of this thesis is to investigate é%pe_rimentally the importance of bound -
magnons in the presently available one-dimensional S=1/2, ferromagnetic éystems,

FeTAC (Ising like), TMCuC (nearly isotropic Heisenberg), and CuCl,.DMSO (also




nearly isotropic Heisenberg). Differential susceptibilities of these compounds have been
measured at low temperatures in zero and higher magnetic fields: The data has been
analyzed using the Johnson and Bonner theory and also using other expressions such as
that of Takahashi and Yamada and of Schlottman in the case of isotropic Heisenberg
system at zero field. A
Quasi-one-dimensional magnetic materials also have the interesting feature that
due to the weak interchain interaction they order at temperatures significantly below the
equivalent temperature of the intrachain exchange energy. Consequently, they develop
strong short range spin correlations in their "paramagnetic” phase, and exhibit significant
spin cluster fluctuations above T, and below the equivalent exchange energy temperature.
In an Ising system spins have discrete symmetry, i.e., a spin either points up or down.
Therefore it is possible to stimulate spin cluster flip resonances in this "paramagnetic”
phase. Our low temperature EPR results and the observation of spin cluster resonances

are discussed in Chapter 4.

One Dimensional Magnetism, Basic Models

A one-dimensional (1-D) magnet is an idealized systém in which the spins lieon a
chain and interact only with spins on the same chain. However, it is difficult to find such
an ideal system‘for experimental study. In general, linear chéin systems that have been
synthesized so far do show weak interchain (3D) interaction (quasi one-dimensionél),
Nevertheless, if the interchain interaction (J°) is very small compared to the intrachain
interaction (J), (for example, |17'|~10'3 —10™) the system can be well-described by a
one-dimensional model. In quasi one-dimensional systems, this weak interchain

interaction leads to long-range ordering at low temperatures and thus there will be a
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dimensionality crossover from one to three. However, well above the ordering
temperature the long range effect is small and can be neglected and the system can be
treated as one-dimensional. Figure 1 illustrates the area of interest.

Next we look at the exchaxfge Hamiltonian which describes the one-dimensional
magnetic systems. For a simple case of two interacting spins (dimer) the exchange
Hamiltonian is given by:

H=-2JS,-S,

where J is the exchange constant, which is positive for ferromagnetic exchange and
negative for antiferromagnetic exchange.
It is widely accepted that for a system of N interacting spins the isotropic exchange

Hamiltonian would have the form:

ij

14

Considering only the nearest neighbor interaction, a one dimensional anisotropic

magnetic system can be represented by

N
H =_2i§l {JxS;xSxx+l +JySl'ySiy+l +J’=S"S"+l}

The values of J,,J,, and J, define the nature of the exchange coupling. When

J,=J,=J,=J, the coupling is isotropic in spin space and this case is known as the
isotropic Heisenberg model. The extreme situation when J, =J, = 0 and J, # 0 defines
the Ising model. Similarly, the case whenJ, = 0andJ, =J, #0,leads to an other extreme,
referred to as the XY model. The later two cases are anisotropic systems showing easy
axis qnd easy plane anisotropy respectively. |

In order to complete the spin Hamiltonian and account for the effect of an applied




long range prominent I-D behavior  paramagnetic

ordering also the region of behavior
due to J* spin—eluster fluctuation
Tc J/K
Temperature

Figure I. Behavior of a quasi one-dimensional magnetic system.
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magnetic field and possible anisotropy (for orthorhombic crystal field) we add the

following terms:

Zeeman term: —g U - §

Single ion anisotropy term (axial): D (S ) ( )S‘(S + l)

Single ion anisotropy term (thombic): E(S? —S?)
where the single ion term accounts for the anisotropy arising from the axial crystalline
electric field and the thombic term is from the anisotropy in the plane. D and E are the
measure of these anisotropies. For S=1/2 systems (example Cu®*) the single ion term
vanishes.

Other Hamiltonians have been uséd for mathematical convenience but they all give
the same results. Afnong them Johnson and Bonner used the following form:

H=-2 Z [S7 S/, + WS S +5787, )

where 7is the anisotropy parameter and can vary from y=1 (isotropic Heisenberg) to y=0
(Ising). | |

For experimental purposes, measurements. on powders are often sufficient for
isotropic or weaidy anisotropic materials whereas in the limiting cases (Ising or XY) |
magnetic measurements along the crystal axes are usually neceésa:y to identify the nature

of the anisotropy and to a]l_ow'comparison with theory.

Spin wave theory was first introduced by Bloch in 1930."” Let us imagine a
Heisenberg ferromagnet in its ground state (T=0). At each lattice site assume there is a

localized spin with a spin quantum number S and z-component S*. In the ground state,
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all the spins are completely aligned parallel to each other in a preferred direction. Each
- spin in this state has the maximum allowable value S* = S. ‘
A possible ground state is:
ITTT .. TTs.
but, infact for the isotropic Heisenberg system the ground state is (N +1) fold degenerate.
As the temperature increases, the system will be excited to a higher energy state. -
The theory of Bloch showed that at low enough temperatures these excited states can be
represented by spin waves (like elastic waves in solids) and as linear combinations of
spin waves.. In these excited states a spin wave may be described as a sinusoidal
disturbance of the spin system with amplitude at each site proportional to S-S,. The
applications of this to a S=1/2 system will be shown below. .

Using Pauli spin matrices an isotropic Heisenberg 1-D system can be described by

the Hamiltonian:
H'——lJZ lcs"(s'+l<5‘<5"+<5’6’
T2\ T2
where
o;=0; tic],

oioy=+oy;, of;=-P,

where o,’s and B;’s represent the wave functions:
oy =|T>i,
B; =l‘l'>i'

The ground state is (for N spins):

Yo = 00, ... Oty
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This is the state at T=0; it represents the maximum alignment of spins or saturation
magnetizatiori. As temperature increases, the system will be excited out of the ground
state. The next state may be thought of as one in which a single spin is reversed, however

the function .
¢] = 0L10!2 oo (Xj_lﬂjajH oo OLN
does not diagonalize the Hamilitonian. An eigenfunction y, may be formed by taking

a linear combination containing a reversal at a different lattice site:

\Vk=§'c;"¢j

Substituting this function into the Schrodinger equation H "y, = E y, and equating the

coefficient of C} we get™™:
1 1.1)
[E +5 0N -4 J]c; +J [C},,+C;_1=0
This equation has solutions of the form,
Ct= N2 gt (1.2)
J

where ’a’ is the distaﬁce between the spins. This solution represents the wave nature of
the excited states (spin waves), i.e., the excited state is equivalent to a spin wave of wave
number k. Here the allowed values for k can be determined with the assumption of
periodic boundary conditions that require Cf=Cp": (Nka)l(2m) =0, £1,42, ... IN/2.

Further substituting (1.2) into (1.1) gives the dispersion relation:

E+%(N—4)J+2Jcoska=0




or E-E, = 2J(1-coska),

where E,=-NJ/2 is the ground state energy level.
Each of these wave-like quantum states is called a magnon. The magnon energy for
small k is given by ‘

E, =hok =~ (const) - Ja’k’

As temperature is increased more spin waves are excited. Bloch assumed that the '
interaction between the spin waves may be neglected and any number of spin waves of
a given k can be excited. However this assumption is not accurate.

Actually, spin waves have a repulsive or attractive interaction. For S=1/2, the
repulsion results from the fact that there cannot be more than one spin deviation on a
given atom. Thus if two spin deviations approach the same lattice site, they will be
scattered because of this interaction. The attractive part comes from the fact that the
energy of a configuration in which two spin deviations are located on nearest neighbors
(bound magnon), is lower than that of a configuration in which the two spin deviations
are further apart. In a one dimensional system this can lead to bound spin complexes.

This was first pointed out by Bethe.!""!

As the temperature increases more spins are flipped from the ground state
configuration. While the dispersion relation obtained above is true for a single n=1 spin
flip, the question arises whether the spin wave picture is valid for n =22 (where n labels
the number of single spins). Bloch argued that at low temperatures, the presence of a
second spin wave cannot seriously modify the derivation of the dispersion law for a

second spin wave, and similarly on up to n spin waves, provided n is much smaller than
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the number N of spins in the sample. Further, Bloch assumed that the eigen function
should be very hearly a linear superposition of non intéracting spin waves.

Following this picture, the wave function for two spin reversals is:

Y = l>2m Cgl bsn

where, ¢, =040, ... By ... By -0 Oy

where K =k +k’ and K is the total momentum (which is a good quantum number).
Substituting the above into the Hyy = Exyx equation we obtain

(E - Eo - zgwo - 4J) C”K;' +J(Cfm -1 + Cll,(m +1 + lel,m + Cf-— l,m)'
=0 ifl, mnot neighb:ors, (1.3)

=J[CK¥+CE —CX —CK) if 1,m are neighbors

If 1, m are not neighbors, a possible solution is
‘ CE =e™ cos pr
withr =(l +m)a/2; R = ({ —m)a.
This implies that
(E — E,) =Ey(p) =2gpH +4J (1 — (cos Ka/2) cos pa)]
‘ with, ' l
K=k+k', p=(k-k)2"
This can be rewritten as
Ey(p) = 2gWH, + 27 (1 — cos ka) + 2J (1 _cosk'a)
‘which repfesents the sum of the energies of two "non-interacting” spin waves of

momentum k and &’, where k and k" determined by
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k =zw;+v g = where m and ;' are integers < N, and |m —m’ |22 and ¢
la ? Na
determined by:
¥ ka Ka

2cot; = cot —cot .

If the neighboring spins are reversed, then the non zero term in equation (1.3) would
account for bound states. The energy levels for such a bound state can be shown to be:

(E — E%yopa = 2gWH +J (1 = cos Ka)
The derivation of this expression is more complicated and lengthy than for linear spin
21

waves, so we refer the reader to Mattis.

In the limit ka=+r, the magnon and BM energies become:
E-~E°=2gpH +4J
(E — E®Yooua = 2¢HH +2J.

Note the bound state energy is 2J below the two spin wave continuum and is shown as
the solid line in Figure 2. The existence of the lower lying bound magnon states caught
the attention of theorists. There has been considerable interest in trying to understand
the 2-magnon bound state and possible higher order bound magnons. Exact bound

[23)

magnon energy levels have been calculated by Bethe!, Wortis™ Hanus™?,

Majumdar'®, and Reklis and Drumheller **). Bethe’s solution for an isotropic chain is:

E (k) =%z'— (1 —cos ka)+nguH.

where n represents the bound spin reversals of n spins. Bethe’s work further provides a
formalism which involves the bound spin complexes. Although his formalism is
complicated and difficult to interpret physically, it serves as a powerful technique to

obtain analytical expressions for thermodynamic properties.
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Figure 2. Energy of 2-magnon states in a linear chain. Shading indicates continuum,
single line represents bound state.
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CHAPTER 2
A SHORT REVIEW OF THE THEORIES -

One-diménsionai magnetic systems are the simplest systems but still present
difficult theoretical problems. Finite chain calculations and high temperature series
expansions may be used to understand the thermodynamic properties of these systems
at higher temperatures. But the low temperature properties were not clearly understood
because of the lack of exact expressions. The difficulty in finding exact solutions gave
rise to the application and development of new techniques for solving nonlinear
differential equations. Mikeska®™ demonstrated that an easy plane chain of spins (S >
1/2) in a magnetic field is equivalent to a sine-Gordon system, which possessés soliton
solutions. However, this continuum approximation is not applicable in the quantum limit
S=1/2. It has been found that Bethe’s ansatz formalism is an excellent way to approach
this problem, although, due to its cbmplexity, it took several years to develop to a stage
where it could be used to derive thermodynamic properties. In particular the work of
Gaudin™ and Takahashi?” are relevant in this respect. Gaudin was able to express the
free energy as an elliptic integral containing an energy function whose forrﬁ is determined
by an infinite set of coupled, nonlinear, integral equations. Extending Gaudin’s work,
Johnson and Bonner!'” obtained ‘an analytical expression for the low temperature
thermodynamic properties of Ising-Heisenberg linear ferromagnetic systems. On the
other hand, Takahashi et al., and Schlottmann tried to solve the coupled equationé
" numerically. In this section we review the relevant expressions for the low temperature

susceptibility (and specific heat in some cases) of S=1/2, isotropic-Heisenberg,
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Ising-Heisenberg, and Ising linear ferromagnetic systems.

d I ical Expr
Johnson and Bonner (JB) used the Hamiltonian:

H==20 X (S} Si, +US7S7 1 + 5757, )] —gnH X 87

where 0 <y < 1 is the anisotropy parameter, (Y = 0 for Ising Y= 1 for Heisenberg). They
analytically solved Gaudin’s expression for the free energy, which is an infinite set of
coupled nonlinear equations, and obtained expressions for the thermodynamic properties

at the low temperature limit. For the susceptibility they obtained

- 2.1)
) ' H2 3]t (
x=Taexp| (&~ 1)1 [4{'4“0 +T; exp(~(A - 1)"2/1"0)} ]
+ (2T, ™" exp(~(A+ H, — 1)/T,
and for the specific heat:

C, =(A*~1) exp[—{A2 _ l)tm/T(J {I%g_'_ 72 exp[—(A2 _ l)llz/TJ} | 2.2)

H? 32\-1
x(4T°{TO+T3 oslcx ") )

+@nT) ™ (A+H, - 1) exp[~(A+ H,— 1)/T]
which are valid for A= 1/y> 1 and T, << 1. T, and H, are defined as T, = (ksT')/2yJ and
H,=(guH)/2yJ . The first term in each of the above expressions is the contribution from

the bound magnon (BM) type excitations and the second term is the contribution from

the linear spin wave (SW) type excitations. These expressions provide one way to
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investigate the effect of bound magnons and spin waves 6n the low temperature
thermodynamic properties of 1-D magnetic systems.

The above expressions, obtained from the‘ free energy formalism given by Gaudin,
are exact at least at the low temperature limit. The approximation methods involved are
complicated and long. However, JB showed that their expressions for the susceptibility.’
and specific heat can be obtained from a simplified physical argument.” InJB notation,
the zero-temperature dispersion curves for the S=1/2, 1-D, Ising-Heisenberg ferromagnet
are given by |

E,(P)=nH,+sinh ¢(coshn$ —cosP)/sinhnd

whefe coshp =A=1/y, n=1,2,...... and P is just a number that satisfies 0 <P <2n. The
P’s are distributed uniformly between 0 and 2x and for a given n, obey a Fermi-like
exclusion principle. The n=1 excitations and a linear combination of the n=1 excitations
are spin waves and higher-n excitations are bound states of spin waves. The energies of
the first excited states are E,(q)= Ho +A—-cosq. There are N such states with
q =2rm/N,0 <m <N. When these states and their degeneracies are used to form a -
partition function, and the thermodynamic functions are calculated, it gives an expression
which is exactly the same as the spin wave term in the above expressions. Accordingly
the thermodynamic functions obtained from using the high n-bound states, after making
low-temperature approximation, give the bound magnon term in the above expression.

Since we are interested in the susceptibility measurements and the comparison with
JB theory, the éxpression for y is plotted in Figures 3(a)-3 (c) to demonstrate the behavior -
of the susceptibility as a function of field, temperature and the anisotropy parameter Y.
Recall the exprgssions given by Johnson and Bonnef are unitless. Looking at thése
expressions at the high tempera@e limit at zero field and comparing with the Curie-law

one can find the unit conversion factor to be N,g’p*/2y/. All these theoretical curves
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shown are the JB susceptibility expression multiplied by this conversion factor.

Figure 3(a) shows % vsT infields of 0, 1, 1.5, and 2 Tesla. The solid lines are drawn
for the parameter J/k = 45K, g=2.1, and Y= 0.95(5%anisotropy) and represent the total
contribution of both SW and BM. The behavior of Y is distinctive, showing a broad
maximum at higher field. Also the maxima at higher fields occur at relatively higher
temperatures. These maxima are not related to any ordering phenomena, but rather are
due to the freezing out of dynamic modes. Figure 3(b) shows the temperature dependence
of the SW,BM, and tOt;ll contribution separately at H=1 Tesla. It is clear that the maxima
are almost entirely due to the BM contribution to the susceptibility. The SW term éives
very little contribution and can be almost neglected. Figure 3(c) showsyvsT for different
anisotropy parameters Y. Note that the locatiqn of the maxima is sensitive to y. A further
description of the JB expressions and a summary of calculations based on these
expressions can be found in Donald N. Haines’s Ph.D. thesis (1987).

In the Ising limit the Johnson and Bonner expression for the susceptibility exaqﬂy
follow the Ising expression given by Fisher ( see the section below). However, the
Johnson énd Bonner theory is not valid at the exact isotropic Heisenberg limit. The only

available expressions for S=1/2, isotropic Heisenberg systems are of Takahashi and

Yamada™), and of Schlottmann[”’ They approached this limit numencally and used the
Hamiltonian:
‘ 1
H=-J Z[Siz S.'zﬂ +887 4 +87874y _Z] —-2H Z S

Compared to the JB Hamiltonian, there is a factor of 2 in the Zeeman term and J is used
for the couphng constant instead of the usual 2J. Therefore, care must be used when
comparing this expression with other expressions for the susceptibility. It turns out that

we need to multiply the.expression for the susceptibility by a conversion factor N, g*y’/4.
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JIk = 46K

7 =09

Figure 3.  Johnson and Bonner susceptibility as a function oftemperature for J/k=45K,
g=2.1:
(a) , at different magnetic fields for y= 0.95. The solid lines represent the
total (SW+BM) contribution to the susceptibility.
(b) .atl Teslafory= 0.95. The contributions from spin waves (SW), bound
magnons (BM), and total (SW+BM) are drawn separately.
(c) .fordifferent values ofyat | Tesla.
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=1/2, 1- ic Heise e

T i-Yam ro Field Expr

" Following Takahashi’s earlier work””), Takahashi and Yamada obtained
expressions for free energy, f, and susceptibility, X, by numerically solving the
thermodynamic Bethe-Ansatz integral equations of the planar XXZ7 model and

extrapolating the anisotropy to zero.”” Their results are:'

f~|J|{104z( ) +100(T)’ 09( )”w(l.)’} -

171 7] 171 171 (23)
i 171 171" 171), 171 "’} 2.4)
17| {01667(T)+0581(T) +068( )+O(T) , .

These are valid for 0 < T/J < 1.00 and zero field. Here the first term of the free energy

1931 The first term of the

expression coincides with the spin wave calculations.
susceptibility expression diverges as;_l; at T=0 similar to the behavior of Fisher’s solution
for classical (S > 1/2) Heisenberg ferromagnet.®? It would be interesting to extend their

work to finite magnetic fields, but it would not be trivial.

Schiottmann’s Zero Field expression
Schlottmann on the other hand, truncated the infinite set of coupled nonlinear
integral equations so that only a finite set of coupled nonlinear equations are solv_ed.[3°]

For the zero field susceptibility near T = 0, he obtained:

]

(2.5)
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This shows that y diverges asJ/(T? In(J/T)), whereas Takahashi and Yamada’s expression

for i, diverges as J/T>. Schlottmann further solved the integral equations analytically
and obtained the same results. However, Takahashi questioned the approximation that
Schiottmann made in his extrapolation .method and for this reason he did not believe that
this derivation is exact. Figure 4 shows Takahashi’s comparison‘ of his éxpression (solid
line) with Schlottmann’s expansion (dashed line) and the numerical results (crosses) of
the Bethe-Ansatz integral equations from Ref. [29]. It appears that Ta;kahashi’s formula
coincides accurately with numerical results of the Bethe-Ansatz integral equation.
Nevertheless, Lee and Schiottmann™' extended the Schlottmann results for very large
magnetic fields, resulting in expressions for magnetization and specific heét as a function

of (H/T) which are given as

_J1 6[T]* (-3H |
M—Zli2 n:[lJ|] ex T )+] 4 26)

I p[_—_;*_fz] HH] 2[H] 1] @
CH_TCI:'JI] €X T X "f + 7 +§ +...

These are valid for T « H «| J |. Again the results are not particularly useful since, for

- example, for a field of 5 Tesla the temperature needs to be T << 3.35K for the very large
exchange J/k = 45K. As far as we know, no further attempts have been made to solve
the integral equations to obtain expressions for thermodynamical properties at finite fields

and low temperatures at the isotropic limit.
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Figure 4. vs TJ~I for the S=1/2, isotropic Heisenberg linear chain. Solid line
is Takahashi’s expression, dashed line is Schlottmann's expression, and
crosses are results of Bedie-Ansatz integral equations. 8
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S=1/2.1-D, Ising Ferromagnet

Fisher’ i
In a S=1/2 Ising ferromagnetic system, the exchange coupling is very anisotropic
and the spins have a discrete symmetry, i.e., the spins can be either pointing up or down

with respect to an "easy" axis. The Hamiltonian is given by:
H=-2 XSS}, ,— L guis;

Exact solutions are known for both parallel (H is parallel to the easy axis) and

perpendicular (H is perpendicular to the easy axis) susceptibility for this model. The

model was first studied by Ising®®! who evaluated only X, Fisher®™ and Katsura®
independently arrived at an expression £Or X perpendicutar-
_Ngiw't  (J | (2.8)
;NAg'ZuZ*' 1 {t T\, | L | sech J_ } @9
Kperpendicutor =41 (7710) 2T )T 2k 2%T )

The Johnson and Bonner expression for the BM term given in equation (2.1) agrees with

the above expression for X, in the Ising limit.

The elementary magnetic.excitations inanIsing system arenot collective spin waves
as in a Heisenberg system, but localized spin reversals called spin clusters or bound
magnon states as discussed earlier. An m-fold spin cluster is defined as a cluster of m

neighboring spins which are reversed with respect to their direction in the ground state,
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Such a reversed spin eluster is short range and appears randomly in crystals and has a
character different from usual spin waves."™®! Tt should be pointed out that the
spin-cluster state cannot be an eigenstate if the system consists of Heisenberg spins
because terms such as JS;'S; in the Heisenberé spin Hamiltonian act to mix the localized
spin-cluster state with other states. In the Ising spin system however, the state of the |
localized spin cluster is an eigenstate because there are no transverse components of
spins.

In the presence of a magnetic field, the total energy E,, necessary to create (excite)
an m-fold cluster is given by:

E,—E,=2] +mguH
where the external field H is along the easy axis and E, is the ground state energy level.
Note that the first term ,2J, is independent of the cluster length. This eﬁergy E,, is much
less than m times the energy E (= 2J + gpH ) required to create a single spin excitation.
For example, the energy required to flip two non-adjacent spins is equal to ‘
2E, = 4J +2guH, while a 2-fold spin cluster requires energy E, = 2J + 2g\H , which is
energy 2J lower than 2E,. Figure 5 describes the energy levels for an Ising system for
small magnetic fields.

Recall the behevior of a quasi-one-dimensional‘sysfem illustrated in Figure 1.
Although ﬁo long range ordering is possible in an ideal one-dimensional system, a
quasi-one-dimensional system can erder at a finite temperature due te the small interchain
interaction. Spin cluster resonances have been observed in Ieing systems in the
temperature region below T where spins are correlated over an infinite range. The next
two paragraphs review' the results. However, we are interested in the region above T,
where spins are only coupled to their nearest neighbors and the one-dimensional behavior

is very clear. We point out that a different kind of spin-cluster resonance can be observed




Figure 5. The Ising spectrum for In> fold ( 11>, 12>,....) spin clusters. 1I,1>, II,1,1>
represent two and three one-fold clusters.
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in this region.

At zero field all clusters (m = 2) have the same energy independent of m. The
applied field splits the degeneracy. Unlike spin waves, these energy levels are discrete
and are only separated by the difference in the Zeeman energy. The energy required to
create a spin cluster is of the order of the intrachain coupling 2J, whereas the energy
needed to change the length of such a cluster is determined by the Zeeman energy.
Therefore it is possible to have transitions between spin clusters Im> --> Im+> called
spin cluster resonance (SCR) which can be observed in the microwave region. A simple
spin cluster resonance which involves a transition of Im> --> Im%1> is illustrated in
Figure6.

The first direct observation of spin cluster states was reported by Torrance and
Tinkham''® using far-infrared absorption in the effective S=1/2, quasi 1-D, Ising
ferromagnet CoCl,.2H,0. They observed absorption lines coﬁesponding to the g-values
of about 7,14,21,28 and 35 as compared to the g value of 7 for the single magnon. This
was a direct indication for two-, three-, four-, and five-magnon states. Recently, van
Vlimmerren et al., " have observed SCR in the pseudo- one-dimensional canted Ising
antiferromagnet RbFeCl,.2H,0. They reported that they observed SCR in the microwave
region corresponding to the transition between clusters of up to 9 spins (Im> --> Im+9>).
Although this compound is an antiferromagnét, because the spins are canted in the cﬁain
with respect to each other a net ferromagnetic array results along the chain axis. All of
these SCR and spin cluster states were observed in the one dimensional Ising systems
but below the long range ordering temperatures. The interchain interaction was therefore
taken into account in the calculations. For this reason the results must be interpreted -
cautiously.

Next we introduce a different kind of spin-cluster resonance which may be observed




Am -+

Figure 6. Spin configuration in an Ising system for spin-cluster resonance which
invloves a transition of [m >— >m+ | >,
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in quasi-one-dimensional Ising ferromagnetic systems in the temperature region above
the long range ordering temperature but below the equivalent intrachain exchange.
temperature ( T, < T < J/k), i.e., in the region where spin cluster fluctuations exist and
the one dimensional behavior is dominant (see Figure 1)_. Spin clusters of different sizes
may momentarily stay coupled to form clusters of different sizes in this region. The
members of the spin clusters may keep switching partners on a rapid time scale. For
~ example, at a‘given point in the chain theré might be a 2-fold spin cluster for which the
cluster size has changed at a later time (including of course the case of the cluster
disappearing). If, however, the spin clusters stay coupled long enough (witﬁ respect to
the EPR microwave frequency), then paramagnetic resonances which are involved in
flipping of clusters of different sizes (1,2,3,...) may possibly be observed in this
temperature region (see Figure 7). In an EPR experiment the microwave frequency is
usually kept fixed and the magnetic field is swept to look for resonance signals. A
resonance peak will appear when the condition Av = gpH is satisfied where v is the
microwave frequency. Spin clusters of 2,3,.. can be considered as éffective spin 1/2 with
corresponding effective g-values of 2g, 3g,.... Therefore, for a fixed frequency, resonance
" signals for spin clusters of 2,3,.. may be seen at magnetic fields of H/2, H/3,...., where H
is the field corresponding to the resonance of a single spin cluster. However, the
appearance and the sharpness of 'such a resonance signal will depend on several factors
such as spin-spin relaxation time, spin-cluster relaxation times, microwave frequency
(time scale), exchange interaction between the spins and the temperature. Our
experimental results on FeTAC (Ising system) do indeed show evidence for the cluster
resonance corresponding to 1, 2, and possibly higher number of spins. Much higher order

spin cluster resonances are too broad to be seen. Further discussion is given in Chapter 4.




Figure 7. Paramagnetic resonances which are involved in the flipping of clusters of
1-, and 2-spin.
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CHAPTER 3
EXPERIMENTS -

Introduction

The experimental techniques used in this thesis work afe dc magnetization, ac
susceptibility and the EPR spectrtum. The main work has been measurement of the low
temperature ac susceptibility at different magnetic fields in order to investigate the bound
magnon effects by comparing the data with the Johnson and Bonner theory. In addition,
dc magnetization meas'urements have been performed to vérify certain reported values
of exchange (J/k) and g-tensor values (g). First we give a short description of dc and ac
susceptibility measurements.

In the dc magnetization measurements the total magneﬁzation of the sample .is
measured as a function of applied magnetic field at constant or different temperatures.
The static magnetization measurements were made using a Vibrating Sample
Magnetometer (VSM, see below). Although in a VSM the magnetized sample is vibrated
between pickup coils, the magnetic moment of the sample does not change with time so
that the static magnetic measurement is performed. The static susceﬁtibility, X« (=M/H),
therefore can be determined simply by dividing the measured magnetization M by the
applied field H. Such an approach can only be useful if M o< H, or at least the relation
between these quantities is-uniquely defined. However, in tackling unknown magnetic
systems, this assumption is not always justified.

In an ac measurement this problem can be avoided because the quantity measured
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is ye = dM/dH, i.e. the slope of the M vs H curve (see Figure 8(a)). A small ac signal,
dH, perturbs the system and allows dM/dH to be measured. Because it is the slope which
is measured, the ac susceptibility is sometimes referred to as differential susceptibility.
In this measurement the moment of the sample is actually changing in response to the
small applied ac field, permitting the dynamics of the magnetic system to be studied. Ac
susceptibility. measurements were performed using an éc-SQUID susceptometer (see
below). One of the major advantages of ac susceptibility measurements 1s that zerb field ’
or low field measurements may be performed even at Qery low ac field amplitude
(depending on the sensitivity of the system - a SQUID system is the very best for this),
whereas with an VSM a substantial field is necessary in order to make measurements.
The actual physics of that which is happening in an ac measurement is far more
complicated than for dc measurements. ), will reflect the slope of the dc magnetization
curve, for example, only whgn the operating frequencies are much lower than the time)
scale of any relaxation procéss which might occur.

Additional physics, which is not avﬂable in a dc measurement, can be obtained
from an ac measurement. Since the actual response of the sample to an applied ac field
is measured, the magneto-dynamics can be studied through the complex susceptibility
(' +iy"). The real component ) represents the component of the susceptibility which
is in phase with the applied ac field, while %" represents the component of the
susceptibility which is out of phase. %" is related to the energy losses which occur witlﬁn
the sample or, in other words, the energy absorbed by the sample from the ac field.

In ac or dc susceptibility measurement, the magnetic properties measured are the
macroscopic average of the moments of all the spins in the system. However, in EPR
measurements, the situation is different (Figure 8(b)). The spins can be set at resonance

between energy levels which satisfy certain resonance conditions so the details of the
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Figure 8. (a). M vsH curve illustrating differential susceptibility measurement, (b).
Energy level splitting of atwo-level system and the microwave perturbation
which sets up the EPR resonance is illustrated.



32

energy levels can be studied. In an Ising system (which is included in this thesis) the
energy levels corresponding to bound magnons are discrete and only separated by the
Zeeman energy. Therefore, one should be able to observe the resonance peaks due to the
transition between the bound magnon energy levels.

Intherest of this chapter the VSM, ac-SQUID susceptometer, and EPR spectrometer
are briefly described. Because the VSM and EPR apparatuses are commercially made
and the technical details and experimental procedures are well described in the instruction
manual, we refer to these manuals for further details. The ac-SQUID susceptometer that
we used to perform measurements was designed and built by Dr.Donald N. Haines, so
for details of that apparatus we refer to his Ph.D. thesis.”” However, the special
techniques that we used to .adjust the residual field to zero, and the expression derived

to correct for the demagnetization effect, are described in detail.
M tization men

The VSM basically contains a pickup coil to measure the change in magnetic flux
due to the presence of a magnetized sample. The sample in question is mounted at the
lower end of the sample rod which is usually situated inside the detection or pick-up coil.
A meéhanical assembly vibrates this sample rod so that ;m‘ac current is-induced into the
pickup coil. This induced signal is proportional to the magnetic ﬁoment of the sample |
and when it is properly calibrated with a nickel standard, yields the value of the magnetic
moment. The teﬁxperature is varied using a helium flow-thru valve and a heater, and it
is measured via a. calibrated cmbon-glass resistor by measuring the resistance. The
magnetic field from 0 — 5000 Oe can easily be obtained by controlling the current in

the electromagnet (EG&G PAR model 155).
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A block diagram of the measurement system for the ac susceptometer is shown in
Figure 9. Briefly, its operation is as follows: changes in the sample (S) magnetization
in turn change the flux through the flux transformer (FT), which consists of a closed loop
of superconducting wire and.has a sample coil (inductance L,) and two compensation '
coils (each of inductance L) wound as part of the loop. These flux changes.are detected
by the SQUID sensor. The SQUID and the 330X controller act together as a flux to
voltage converter/amplifier, and produce a voltage V,, which is directly proportional to
the flux change sensed by the SQUID. This voltage is measured by the lock-in amplifier
and it is directly proportional to the susceptibility when properly calibrated. The
susceptibility of an unknown sample can be measured directly. The in-phase and
out-of-phase (quadrature) signals are separated in the lock-in amplifier. Current for the
ac excitation field I, generated by solenoid L, is provided by the RBU bridge oscillator.
The oscillator voltage also provides a reference signal V. for the lockin. The excitation
frequency is limited to four values: 16, 32, 80 and 160 Hz. The apparatus seems to
perform best at 80 Hz.

This system is also equipped with a superconducting magnet such that the desired
field between 0 and 8 Tesla can be obtained by setting a proper current through the
superconducting magnet. A calibration chart of the field at the center of the magnet (and
also at different points inside) as a function of the current is provided in the manual.
Although in principle one can obtain fields betwéen 0and8 Tesla, in practice it is difficult
to make measurements in the presence of magnetic fields because the SQUID detector
is so sensitive ( output voltage = 20 mV/,, where ¢, is the flux quantum: ¢, =2.07x10"

G cm?) and the maximum amplitude for the reversed locked loop operation is limited
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Susceptibility measurement system.
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(see manual) by the slew rate of feedback amplifiers ( 3x10 ° ¢;/sec). However, the
performance has been improved with a use of an active filter (80 Hz) which is designed

to filter any large fluctuation coming from the 330X controller output.

Zero Fiel j i re

The residual field is a general problem in superconducting (SC) magnets. ‘Most of
the time, when the magnet current is brought to zero aftef measurements have been made
there tends to be a small amount (~ 10-20 Oe) of residual field in ihe SC magnet. For
(_:ertain experimental purposes measurement at this small field is sufficient and may be
approximated as zero field data. However, it is often necessary to adjust the field more
nearly to zero. The general procedure to do this is to simply apply a.small amount.of
current in the forward/reverse direction to cancel the residual field. This can be achieved
if the field near the sample can be measured. Unfortunately, our system is not built with
any cryogenic Hall probe fo measure the field. However, the field inside can be adjusted
to near zero by using a separate sup¢rconducting sample such as a small lead sphere and
monitoring the magnetization (Meissner effect) value.

Theideaissimple. A typeIsuperconducting sample will expel the external magnetic
field due to the Meissner effect. A typical M vs H diagram for a type I supercondu;:tor
is shown in Figure 10(a). Note that M decreases h'r_learly with H and reaches M = 0 when
H = 0. Also the stéte above T, is paramagnetic so at zero field M=0. Therefore, by
monitoring the magnetization of a type I superconductor the magnet current may be

adjusted to minimize M. A type II superconductor (Figure 10(b)) can also be used for

this technique. We were able to adjust the field to near zero (& 1 Oe) by using a sample

of Pb-sphere (type I, T.= 7.18K) and using'a Keithley constant current source (Model
227) to adjust the current through the magnet.
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(1) Type I

(b) Type I

Figure 10. Typical M vs H diagram for a (a). Type I superconductor (b). Type H
superconductor.
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Demagnetizing Effect

Much of the work in this thesis required correction for the demagnetizing effect.
Although a general expression to correct the measured susceptibility for the
demagnetizing effect can be found in the literature (for example see Morrish™), no
explicit expression is given for the case in which the i1uadrature signal is non-zero
(x” #0). Since this calculation has not appeared elsewhere we include the details and
present the proper expression to be used for the correction of both )’ and %”. We also
show that our expression reduces to the standard expression for >N

The demagnetizing correction is a correction to the applied field, owing to the fact
that the field H' inside a sample is different from the applied field Ha:

In a static field:

D
H = H-_-M
: v

where M is the magnetization of the sample, D is the demagnatizing factor and V is the

volume of the sample.

The static (or dc) susceptibility (= g—) is;

M
measured Hn
- _ M M Xmen
meed = T S .- T TTp
H H-5M 13k 3.1)
In an alternating field:

dH=h, = hcosmt
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where, h is the amplitude of the ac magnetic field and © is the frequency. Suppose the
change in maénetization, dM, (due to this field) lags the field by a phase ¢ then
dM = mcos(®t—¢)
= (m cosd)cosmt + (m sin ) sin o
where m is the amplitude of dM. The real (in phase) and imaginary (out of phase) ac
susceptibility (= %) is:

, m cos ¢

=
2
1
R
"
_~

Aimaginary = X A

Now consider the demagnetizing effect

m
h = h,-D—
i v
D .
= hcoswt-—v(mcos(bcosmt+msm¢sm(ot)
D D .
= (h—Vmcos¢)coscot—(7msm¢)smmt
k' = |h'|cos(ot + )

where, © |A'| = \ja2+b2, a=h—§mcos(¢), b=€—msin(¢), and

-1 b
oL = tan l(;).

but the applied field is h, = h cos wt. This means the field inside the sample (effective

field) leadé the applied field by a phase "o".

, _ mcos(a+¢)
x comect | hl l

” _m sin(ol + ¢)
x correct - l hll

but
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m cos
” m sin
X mea xlmn = h ¢

Therefore we have

' - mcosol.cdsq)—msinozsinq)
o NP
(m cos §) = ~ (m sing) 5=
(mcos¢)(h--—mcos¢) (msmq))( m sin )

(0 =5 meose] + (5msine]]

x’m“( mee) x nea vx mea
it
W ma = 5 (O mea) + X e’
(1= ] + (5"
” _ msinoicos ¢ +m cos oLsin ¢
Xeom = \/a~2+b2
_ (mcos¢)(€;msin¢)+(msin¢)(h—%mcosq))
B I_(h —P';m cos(l))2 +(€;m sinq)ﬂ '

A (B

o =] + (o

which will further reduce to ' 3.3)

For = ]

Suppose that %" is small " » %" (e.g., paramagnet) then the expression (3.2) becomes

X corr
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’ x’men (3 ‘4)
Xeow = D,
' 1- Vx mea

which has the same form as for the static susceptibility given in expression (3.1).

EPR Measurements

Electron paramagnetic resonance (EPR), [known also as electron spin resonance
(ESR)] is a kind of spectroscopy in which, as usually performed, the sample is placed in
an appropriate magnetic field (typically, a few thousand Gauss) and is irradiated with
microwaves (typically 9 GHz) in order to satisfy the resonance equation Av = glH. By
sweeping the applied magnetic field a pﬁttern of energy absoxptibn is detected reflecting
the magnetic properties of electrons in the sample. These properties reveal considerable
information about the microscopic structure and dynamics of the sample. The technique
hasthe advantages of beiné nondestructive and sensitive and has contributed significantly
to our knowledge of magnetic systems.

In EPR we are concerned with transitions between energy levels v_vhich are only
separated by Zeeman splitting. Forexample, consider the case for S=1/2. In zeromagnetic
field the energy levels are two fold degenerate (m = * 1/2). An appiied field will split
the degeneracy and the energy levels will diverge linearly with H, with slopes :I:%g wWH
(see Figure 8(b)). Transitién between these energy levels is allowed when the resonance

condition is satisfied:

hv =guH
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where v is the microwave frequency. For a general §pin S, transitions are alloned for
Am =%1and hv=guH.

The experimental results presented in this thesis were performed using a Varian
EPR spectrometer. This was built with an Oxford flow-throu ghcryostat. The microwave
frequency is near 9.2 GHz and can be fine tuned for resonance. The details of the

experimental procedure can be found in the instruction manual.
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CHAPTER 4

RESULTS AND ANALYSIS

This chapter is divided into three sections. In the first section, the experimental

data on the compound FeTAC is presented. In the second and third sections, the

results of compounds TMCuC and CuCl, » DMSO are presented, respectively. A short

description of these quasi 1-D, ferromagnetic systems is given in the following table.

Table 1. Quasi one-dimensional ferromagnetic systems.

Compound [(CH,),NH]FeCl, (CH,),N CuCl, CuCl, -C,H SO
2H,0 (FeTAC) (TMCuC) (CuCl, - DMSO)
Type Ising Heisenberg Heisenberg
Magnetic Fe** Cu®* Cu®
Ton
Spin S=2 S=1/2 S=1/2
effective S = 1/2 at ‘
low T
J 17.5 35-45 45
ALY
7’ 2% 10° - 10" 3.6 10?
J
T(K) 3.1 1.25 5.0




In this section we present the low temperature magnetization, susceptibility and
EPR measurefnents on the compound [(CH,),NH]FeCl,.2H,0 (FeTAC). This compound
was chosen for this study because it is the best quasi-1-D, spin-1/2 Ising ferromagnet
available at this time. The samples were provided by Professor C. P. Landee of Clark
University, Worcester, Massachusetts. \

The structural and magnetic properties of FeTAC have been recently studied by
Greeney et al. and found to consist of bichloride-bridged Fe’* ions extending along the

%1 These chains are linked into a 2-D network

b-axis of the orthorhombic unit cell.
through hydrogen bonding in the ¢ direction with the resulting planes well isolated in the
third direction (a-axis) by the organic molecules. Figure 11 shows the projection of the
chains on the bc plane. The coupling along the chains is the strongest interaction (J, =
17.5 K) making this compound a good approximation to an ideal one dimensional
ferromagnet. Owing to the weak interchain interaction (J.= -0.04 K) a transition to an
antiferromagnetic state was observed near 3.1 K with the easy axis along the b-direction
(needle axis). The phase diagram is metamagnetic with a T=0 critical field of 90 Oe.
Recent specific heat measurements at zero field and the analysis of the data indicates
that this transition is due to a state of 2-D long range order.*” Although the b-axis is the

effective easy axis the local anisotropy fields are alternatively canted with components

along both ¢ and a axes.
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Figure 11. Adjacentchains are shown projected onto the be plane. Dotted lines indicate
interchain hydrogen bonding between water molecules and interchain free
chloride ions. All iron atoms lie in a plane. All other atoms lie slightly
above or below this plane. 13
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In FeTAC, Fe?* ions belong to the 3D° (L=2,S=2) state. However the ground state
will split in a crystal field giving an orbital singlet with five fold (S=2) degeneracy as
the lowest in energy level. The combined éction of a crystal of orthorhombic symmetry
and spin-orbit interaction splits this remaining degeneracy resulting in a single ion energy
level scheme with a pseudo-doublet ground state.*" The splitting of the spin quintet of

a single ion is represented by the Hamiltonian
H=-DS!+E(S.-S))—guHS,

where magnetic field is applied along the z—axis.A Note that besides the Zeeman term,
two crystalline electric field terms are added. These represent respectively the axial and

rhombic crystal field splitting. In FeTAC, the axial field is very strong: D>>Eand D > 0.
For E=0, the stafes and the energy levels are’

|¥2>; E,=-4D +2guH
|£1>; Ey=-D+gpH

10>; E,=0

This results in a ground state doublet (+2) at zero field. The next excited state is above

the ground state by an energy of 3D as shown in Figure 12. Therefore at low enough
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iemperatures (T << 3D/k) only this lowest doublet will be populated so that this system
can be treated as an effective S=1/2 with an effective g value g =4g where g is
approximately equal to 2. '

If E # 0, the thombic term further splits the doublet and results in a small increase
inthe effective g-value.*" In order to obtain the energy level it is necessary to diagonalize

the Hamiltonian. For simplicity consider the case H=0, then the Hamiltonian becomes:

E
H=-DS!+E(S:-S)= —Ds:+5(sj+s_2)

Using S.Hl,m>=\Il+1)-m@m=*1)|l,m+1> in the basis of

{12>,]0>,]-2>,|1>,|-1>}, the following matrix obtains:

(4D N6E 0 0 0

N6GE 0 ~6E 0 0
0 V6E —-4D 0 0
0 0 0 -D 3E

L0 0 0 3E -D

Diagonalization yields the following eigenfunctions and energy levels (see Figuie 12).




2
'y, >={|2>|-2>} E,=-2D -2D\[1+3 5)

IWZ>={|2>’IO>’|—2>} E2=—‘4D
Iy, >={1>[-1>} E,=-D -3E

ly,>={l1>|-1>} E,=-D +3E

2
lys>={]0>,12>,]-2>} E;=-2D+2D"\[1+3 g)

In either case ( E=d or E #0), it is clear that the lowest energy level is a (pseudo)
doublet so that at temperatures well below 3D (T << 3D/k) the magnetic behavior can
be explained by an effective S=1/2 model with an effective g-v'alue. Greeney et al.,*
as well as our own susceptibility and magnetization measurements, which we describe

below, confirm this behavior.

Magnetization Measurements

In order to verify the effective S=1/2 and Ising behavior and to obtain an average
g value to compare with the reported value (g=7.5), we measured the magnetization as
a function of field at different constant temperatures using the VSM. A single crystal of
FeTAC weighing 1.26 mg was used in this experiment. Applied fields were corrected
for the demagnetizing effect which is expiained in detail in the EPR measurements (see
below). Figure 13 shows the magnetization measured along the easy axis in the field
region of 0 to 5000 gauss. The magnetization reaches a maximum value of 20000 emu
Oe/mole. at4.7K. These datapoints are found to fit very well with the S=1/2 Ising model.
The solid lines represent the theoretical fits drawn for the same fitting parameters g=7.5
and J/k=17.2k which are in excellent agreement with those of Greeney, et al.”” Note

that no other fitting parameters are used; interchain interaction is very small a molecular
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Fiinire 13 M vs H data for FeTAC at various temperatures measured along the b-axis
(easy axis). The applied fields were corrected for demagnetizing effect.
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field correction was unnecessary.

eme

In an attempt to observe the possible spin cluster resonance and to measure the
g-value, EPR measurements were carried out on the same crystal of FeTAC. The
temperature was varied from room temperature to liquid helium temperature by
controlling the helium flow and the heater current in an Oxford flow-thru cryostat. The
long range ordering temperature is 3.1K, lower than the lowest pbssible temperature of
our cryostat therefore, the results which we present below were all made in the
paramagnetic region. The magnetic field was applied along the (easy) b-axis.

No distinct spectrum was observed ﬁntil below 10K. A typical spectrum obtained
at 5.5K is shown in Figure 14. This shows a very distinct strong resonance signal at
H=1050 gauss as an indication of a regular single spin paramagnetic resonance. In
addition, this spectrum indicates a very weak resonance at H=2160 gauss and a very
broad resonance near H=760 (£50) gauss. The gain settings are denoted in the figure.
Note that the weak signal is about 100 times smaller in intensity than the sharp one in
the middle. | Because the broad signal overlaps with the shérp sjgnal the exact location
of the broad signal is subject to a large uncertainty (i50 gauss). For convenience we will
label these signals as "weak", "stroﬂg" and "broad". |

Iﬁ order to make sure that none of these peaks originate from the sample holder or
any other impurity in the system we also measured the angular dependence (anisotropy)
of this system. Figure 15 shows the aniostropy measured at 5.5+ 0.1K. Here 0 denotes
the angle between the b-axis and the external magnetic field. It is clear from the figure
that these resonance peaks belong to the same family and originated from the sample.

Any of the peaks not originating from the sample would have a different angular
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Figure 14. The EPR signal of FeTAC at V= 9.24GHz and T=5.5K for H parallel to the
easy axis. Note the resonance signals; weak (at H=2160 Oe), strong (at

H=10SO Oe) and broad (near 760 £50 Oe).
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Figure 15. Angular dependency of the resonance signal at 5.5K. Here 9 denotes the
angle between the easy-axis and the external magnetic field. The symbols
O, 0, and A denote the weak, strong and broad signals. Dotted lines are
drawn to guide the eye.
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dependence or none at all.

The spectrum was also studied as a function of temperature in the temperature
region, 4.2K < T < 10K. From this spectrum the peak to peak amplitudes, (A), and the
line widths, (AH), are obtained and the results are plotted as a function of temperature
inFigure 16. This shbWs that the resonance peaks are broadening as temperature increases.
In fact the "broad" signal is so broad above 7K that it is difficult to identify.
Correspondingly the peak to peak amplitude appears to decrease as temperature increases.

The results presented were all made above the long range ordering temperature (T
> T, =3.1K) but significantly below the interchain exchange energy (2J=35K)
temperature. This means that although we are observing the resonances in the
"non-ordered” paramagnetic region (T > T;) significant spin cluster fluctuations should
be contributing (T < J/k). An n-fold spin cluster in this case can be viewed as a spin
cluster of n neighboring spins which are momentarily coupled and pointing in the same
direction with respect to each other. A typical paramagnetic resonance then can be
pictured as a transition which involves the resonance, or spin flip, of the entire n-fold
spin cluster. The ordinary single spin resonance is of course a "cluster” of a single spin.
There are clusters of different sizes (orders) which exist in this region and therefore the
EPR spectrum coneépondjng to flipping of 2,3,...fold clusters (spin-cluster-flip) shoﬁld
be observed. ‘

In the Figure 14 we identify the "sharp” signal as the paramaénetic resonance or
the one-fold spin flipped cluster resonance. This transition corresponds to the transition
between the energy levels of E, and E, (see Figure 12) whereas the "weak" signal is
interpreted as the transition between the levels E, and E,. At this temperature these energy
higher levels are weakly populated; therefore the spectrum is several orders of magnitﬁde

weaker than that of the "sharp” one. The "weak" signal originates from the excited levels
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Figure 16. Linewidths (Aff) and peak to peak amplitude (A) as a function of
temperature. Same symbolic notations are used as in Figure (15). The

amplitude for weak signal (O) shown in the figure are 100 times magnified
to fit into the scale.
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and therefore the intensity is expected to increase with temperature due to the Boltzmann

population, I o< exp(=3D/kT). From the results in Figure 16 intensities are calculated
using I = A(AH )*. This is plotted in Figure 17 as In(I) vs T'. Results for the "weak"
signal are found to fit a straight line with the slope of 3D =45.3K. Note that the intensity
corresponding to the "sharp” signal also increases with an increase in temperature but
notlinearly. This may be due to the thermal energy tending to break the large spin clusters
and form more single spin clusters as temperature is raised.

The appearence of the "broad" signal is very enéouraging. Because the ordinary
single spin cluster resonance occurs at H=1050 gauss we would expect to see the 2-fold
spin cluster resonance at H/2 =525 gauss, and the higher order spin cluster resonances
at H/3, ﬁ/4,...etc (see the last section in Chapter 2). However, the "broad" signal appears
near 760 gauss which is larger than H/2 =525 gauss. One of the reasons is that the values
_ of these magnetic fields are the measure of the external applied field and not the internal
field. Because of the demagnetization effect the‘ actual field experienced by each spin'
will be less than the external field (see below). Also it is possible that the "broad" signal
is a superposition of 2 and higher order spin cluster resonances therefore, the exact
location of the resonance signél cannot be clearly defined.

The trgnsitions between the energy levels are determined by the selection rule
AM = %1 (for the usual resonance in which the microwave perturbation is perpendicular
to the applied magnetic field) and AM =0 (if the pe'rturbati'on is p.arallel to the field).
AWith these selection rules no transition would normally be allowed between the | 2 >
doublet or | 1 >doublet for the case when E = 0. However, in the presence of E (even
for very small E) the states are mixed and have a matrix element of the type
<{<2|, <20 18448, 1{I2>[-2>|0>}ow,
<{<1],<-1[ 18 48, 1{l 1>,]-1>}>so that the transitions are allowed within the
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Intensity 1=A(AH)2 calculated using the values from Figure (16) are
plotted as In(l) vs 1/T. Same symbolic notations are used; (O) for broad,
(O for strong, and (A) for weak. Most of the points for weak signal follow
a straight line with a slope of 3D=45.3K.

Figure 17.



57

energy levels (E,, E,) and (E;, E,) for the microwave field along the z-axis (see Figure
12).#Y Neglecting the small corrections to g that arise from the admixtures of the other

states, the resonance condition would yield:
2 5 172
BLE); hv={(4guH) +(-3E"D)} =g uH

(EnE); hv={QgpH'Y +(6E)} " =g suH’
An example of such a transition has been observed by Tinkham (1956) in the ground
state doublet of Fe?* in ZnFe, which has rhombic symmetry."? In our experiment the
FeTAC crystal was mounted at the edge of the microwave cavity so that in practice there
was enough perturbation aloﬁg the z-axis to allow this normally forbidden transition.
The above resonance condition can be used to calculate the effective g-values
corresponding to the resonance signals that we have observed in FeTAC. However, this
expression is true for non-interacting spins. In our case, the spins are Ising-like exchange
coupled to their nearest neighbors in the experimentally interesting temperature region, ,
T.< T < J/k. Also in the presence of external magnetic field, the magnetization data
shows a large value for M ( M=20000 emu Oe/mol at 4.2K above H=2000 Oe) at low
temperatures. This means that there would be an induced internal demagnetizing field,
h,,and therefore the effective field experienced by eachspin willbe; H 4.... = Happtica — a-
Then the resonance condition can be written as hAv =g quH, ;s—h;). This
demagnetizing‘field isequal to hy = %M , where D is the d‘emagnetizing factor, V,, is the
molar volume (volume per mole) and M is the total magnetic moment per mole. The
demagnetizing factor depends only on the geometry of the sample. In order to precisely
calculate the demagnetizing field, the sample has to be in a special shape such as spherical
or ellipsoidal. Irregular shaped samples; would have non uniform internal fields.

However, by carefully approximating the shape of the sample to a spheroidal shape crystal
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the demagnetizing factor can be ’estimated.

The sample dimensions were carefully measured to be approximately
(0.64)5:(1,93)x(0.95) mm’ and the demagnetizing factor (divided by the molar volume)
was estimated to be —% =0.016 emu™mol. Using the measured value for M(H,T) in Figure
13), the corrections to the fields are estimated to be: hy(weak)=283 Oe, }g(suong)=210
Oe and hy(broad)=160 Oe for the peaks observed at 5.5K. This results in the effective
g-values: g(weak)=3.4, g(strong)=7.5 and g(broad)=10.7 for the peaks observed at 5.5K.
Similarly the temperature dependence of these g-values are estimated and the results are
plotted in ‘Figure 18 for the temperature region of 4.2K < T < 8K, indicates that the
g-values are almost constant in this temperature region. This implies an average g-values:
g.o(weak)= 3.4 10.1, g, (strong)= 7.63%0.29, g, (broad)=(10.9 -- 12.0). Note that the
Z.o(strong) is in good agreement with the xhagnetization result, 7.5. For a two-fold spin
cluster resonance, the effective g-value is expected to be near 15 which is slightly larger
than the average value we obtained for g(broad). Th1s is because the exact location of
the broad signal is not well defined or may be because the broad signal is a superposition
of 2-fold, and higher-fold cluster resonances. Also, although the b-axis appears as the
easy-axis, the local anisotropy fields are alternatively canted with components along both
cand aaxes.P? A detailed theofeticél analysis is therefore necessary to further understand

the discrepancy in the g-values. However the evidence for spin-cluster resonances is

clear from the appearance of the broad signal.
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T(K)

Figure 18. Effective g-values as a function of temperature. Same symbolic notations
are used.
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AcS ibility M

EPR and magnetization measurements clearly indicate the effective S=1/2, Ising
ferromagnetic behavior of this system, FeTAC, at low temperatures and the existence of
spin clusters. Although the 1-D, Ising model fits the dc-magnetization data very well it
does not give any insight as to how the spin cluster dynamics affect the thermodynamics.
As we mentioned in the theory (Chapter 2), the Johnson and Bonner expression fbr the
ac susceptibility provides a way to investigate this question. In this section we present
the experimental results of ac susceptibility measurements and the analysis using JB
results.

A single crystal weighing 0.403 mg with the approximate dimensions 1.7x0.6x0.4
mm was selected for this experiment. The sample was examined under a polarizing
microscope to minimize the possibiltity‘of twinning and other imperfections. The crystal
was visually oriented with its long axis(b), corresponding to the magnetic easy axis,
parallel to the applied field in the SQUID susceptometer. Differential magnetic
susceptibility was measured as a function of temperature in the range 4.2K <T<20K
in fields of 0, 500, 1000 and 1500 Oe. The amplitude and frequency of the excitation
field were 6 mOe and 80 Hz. The data were corrected for demagnetization effects by
assuming an approximately prolate spheroidal shape of the crystal, résulting in a
demagnetizing factor D, = 1.3(8)£ 0.30. Molar volume was estimated to be V= 21(4)+
50 cm®. The data and theoretical fits of Johnson and Bonner bound magnon (spin cluster)
susceptibility are plotted as ) vs T in Figure 19(a)-(b); with data points shown as open
symbols and fits of the JB theory as solid lines. Relative errors in the data are less than
or equal to the symbol radius. The spin wave susceptibilities are indistinguishable from

the temperature axis in both figures. For example, the dashed line in Figure 19(b) shows
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T(K)

Figure 19. (a). %v;T data for FcTAC at zero field. Solid line is the JB bound magnon
susceptibility for J/Jk=17.5K, Y=0-Olland g=7.5.



Figure 19.
Continued
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(b). XvsT data for FeTAC in the fields of 500, 1000, and 1500 Ge. Data
are represented by (A) for 500 Oe, (O) for 1000 Oe, and (O) for 1500 Oe,
and theoretical fits by lines. Solid lines are the JB bound magnon
susceptibility for J/Jk=17.5K, Y=0.01, and g=7.5. Dashed line is the JB
single magnon term multiplied by 50.
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the magnon contribution (for 500 Oe) multiplied by a factor of 50. Except for small
deviations which will be discussed below, the fit of the JB bound magnon term to the
data is good, demonstrating that high-n excitations dominate the susceptibility of the 1D,
Ising ferromagnet.

All four of the theoretical fits of Xyp gy to the data shown in Figure 19 are drawn
for the same fitting parameters, J/k = 17.5 K, y=0.01, and g = 7.5. The JB theory is
relatively insensitive to changes in Ynear the Ising limit so ihis value cannot be taken as
a measure of the extent of spin wave deviations from the Ising axis. Xpr gives identical
results for the same exchange and g-factor, and these parameters are the same as those
reported by Greeney et al.”” Since x;px is exact, and fits the data in zero field, any
deviation from the data must be attributed to either experimentél error or nonideal 1D,IF
behavior in FeTAC. The systematic variations of the 1500 Oe data from the theoretical
line above 12 K are probably due to the drift in the background signal. The 500 Oe
theoretical peak falls below the data peak because of the demagnetization effect.
Although the data were corrected for demagnetization, applied field values were used in
the theory. For the 500 Oe peak the demagnetizing field is about 50 Oe; using 450 Oe
for the field in ¥ 5\ increases its height by a factor of 1.11. Other systematic deviations
between the data and theory are not easily explained, but probably are due to the slight
misalignment of the crystal and or due to the nonideal behavior of FeTAC.

Despite small deviations between data and theory, the general agreement of JB
theory with data is obvious. Thus, these data provide further verification of the existence
of bound magnons in the S=1/2, 1-D, Ising ferromagnet. Further, from the size of the
magnon susceptibility shown in Figure 19(b) and the fits of the JB bound mégnon term
to the data, it is clear that magnon theory, based on single spin excitations, cannot possibly

account for the observed behavior, and that high-n excitations (bound magnons) are
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predominant in determining the susceptibility.

Di .

It appears that demagnetization correction is a crucial part in all the calculations.
Our method of calculating tﬁe demagnetizing factor is only an approximation. Because
the shape of the sample is irregular, the demagnetizing field is not uniform. It is therefore
important that we experimentally verify the estimated value of D/V. This can be

approached in the following way. Recall:
Xeor 1
Xonea = =1

- D
1 + 7 Xeorr X;;-*-V

For a first order phase transition (_,,, = % ~ co. This implies that ¥,,., — 51;. Therefore
if we measure % as a function of the magnetic field at constant temperatures below T,
because § reaches a maximum value of 51,—'; instead of a sharp peék we should obtain a
plateau type curve. This technique was used by Landau et al.,"* on the metamagnet
dysprosium aluminum garnet (DAG) and we present their results in Figure 20 as an
example to illustrate this idea. In their notation 1/N represents 1/(D/V).

This technique is particularly useful in FeTAC because the phase diagram is
metamagnetic and the phase goes through a first order (discontinuous) transition from
antiferromagnetic state directly to the paramagnetic state without passing through a
spin-flop state ( T, = 3.1K, H[T=0] = 90 Oe).”™ Details of this unusual case are as -
follows. In a usual antiferromagnetic system; say in an anisotropic Heisenberg
antiferromagnet, the phase from AF -->P (para) cah go through in two stages: as the

field increases (at constant temperature below T,) the phase changes from AF --> SF
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T-U IS 1K-
T -1.882 1K
DIFFERENTIAL SUSCEPTIBILITY
T.2.106 PER VOLUME
OF DAG
v# APPLIED MAGNETIC FIELD
T-2.276 1K- IN 1l DIRECTION
T -2.419 1K
T-2.497 1K

APPLIED MAGNETIC FIELD He (kOe)

Figure 20. Figure taken from Reference [43] showing the observation of a plateau type
curve instead of a usual sharp peak, due to the demagnetization.
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(spin flop) --> P. Because the interaction between the spins is antiferromagnetic the
spins want to stay apart when they flip. Further increase in the applied field makes the
spins point in the direction of the applied field and slowly brings the system to the
paramagnetic phase. However, the SP phase depends on the anisotropy present in the
system. If the anisotropy is strongiy Ising-like, then the spins can only point either up
or down. Hence, the phase transition occurs directly AF --> P state withéut the
intermediate SP phase. This case is 'refened to as metamagnetic. FeTAC is a strong
Ising like system therefore the metamagnetic behavior is not surprising.

In order to verify the antiferromagnetic state and to check the value of T,, we have
measured the zero field susceptibility at temperatures as low as 2K (lower-than the -
previous measurement). These meaéurements were taken on a different sample of FeTAC
(21.5 mg). The data are shown in Figure 21 and show a sharp peak near 3.1K as an
indication of a phase transition. Also note that ) goes to zero below 2K as expected for
3-D antiferromagnetic ordering.

In order to measure D/V experimentally, we measured ) as a function of magnetic
field at constant temperatures near 3.1K ( T,). The data are shown in Figure 22. From
the upper maximum value of the data at 3.3K, we obtained D/V = 0.02 cm™. On the
other hand our estimated value is D/V = 0.017 cm™ which is reasonably close to the
experimental value. For a more prec1se value, measurements should be taken to lower
temperatures. However, the experimental value provides an upper limit for comparison

with our estimated value.

The ac susceptibility measurements presented so far are the real component, ), of

the complex susceptibility, () +i)"). The component,y” is related to the energy losses
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Figure 21. Zero field data of FeTAC showing long range ordering below 3.1K.
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Figure 22. In-phase signal vs Magnetic field for FeTAC along the easy axis at various
temperatures near Tc=3.1K. The maximum value of the data at 2.39K is
approximatelely equal to the inverse of the demagnetizing factor.
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which can occur in the system due to a spin relaxation mechanism. To understand the
relaxation phenomena consider paramagnetic ions in a magnetic system that can occupy
two energy levels,.one with m = -1/2 (the magnetic moment aligned with H) and one
with m = +1/2 (the moment antiparallel to H). If the oscillating component of the field
is added to the static contribution (as in ac measufements) it is obvious that the
paramagﬁetic ions should continuously redistribute over the two energy levels according
to the Boltzmann distribution according to the temperature. This distribution requires a
certain time constant T. There is no problem if the change in external field dH takes place
over a long time compared to this time constant; in this case the spins have time enough
to reach equilibrium so that M is at equilibrium over the time scale of the experiment.
Then the measured Y, is indeed equal to % (the slope of the M vs H curve). In this
case)” =0 and %, (=) is generally referred to as the isothermal susceptibility X
The situation is different if the oscillation of the ac field is faét compé:ed to the
time constant T. The épins are then distributed over the energy levels and cannot relax
on the time scale of the experiment. The measurement of ), now gives the adiabatic
susceptibility ¥, (which is lower than J,.) since the magnetic system is effectively
isolated from its surroundings. In this case also " = 0.
If the measurements are made at an intermediate frequency, the éusceptibility will
be frequency dependent and will give a value between ) and Xs. A non-zero in-phase

(x") and a quadrature () signal results. The susceptibilify is given by:

Ar—Xs)
l1+iot

(@) =y +ix" =xs+

and can be illustrated in the so called Argand diagram which is a map of (®)in a complex
plane. This diagram is particularly useful because it will be a semicircle for systems

which have a single relaxation time, and will appear as a broadened curve for relaxation
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processes not characterized by a single relaxation time (for example see our work on spin
- glass, ref. [44]). We will not discuss this further here.

For a regular paramagnet, the relaxation time is of the order of 10 "' sec. In our ac
susceptibility measurements the excitation frequency was at 80 Hz ( ~10"?%sec). However,
the measurements were taken in the temperature region where fluctuation of spin clusters
exist. Thus, a distribution of relaxation times is expected. The excitation frequency was
~1072 so that the measurements were near Xr. The imaginary component,y”, in most
measurements was nearly zero or too small to be measured. Although the relaxation
phenomena in a cluster system is not straightforward and needs further explanation, the
simple idea of the relaxation time described above gives an insight as to how the frequency
affects the ac susceptibility measurements.

The same picture can be used to explain qualitatively the relaxation time in the EPR
measurements where the ac excitation field is the microwave perturbation. Our EPR
experiments were performed at the very high frequency of 9.2 GHz corresponding to a
period of ~10"°sec. Unlike ac measurements (where an total moment of all the spins
are measured) EPR measurements single out each spin. The spins at resonance absorb
the microwave energy and may pass it on to the other spins which are n(;t at resonance.
This energy transfer is possible by means of the dipolar and exchange interactions. The
rate at which the energy transfers, ;1;, in this case, is referred to as spin-spin relaxatioﬁ.
The spin system also transfers energy to the lattice at the rate }l—l, where T, is the spin-lattice
relaxation time. Usually T, is smaller than T, (T, << T,). Since the line width (AH) of
the resonance line is inversely proportional to the relaxation time T, ( AH ~Tl;), the line
width will be broader for faster relaxation times.* Recall Figure 16 in which the line
widths are plotted as a function of temperature in the region 4K < T < 10K. Note that

the line width for the "broad" signal is about 600 Oe (near 4K) whereas for "strong"
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signal it is only about 80 Oe. This means that the "broad" signal is relaxing much faster
than the strong signal. This is due to the strong spin cluster fluctuations at this temperature.
Also note that the signal broadens further as the temperature is increased from 4K to
10K. This means that the fluctuations are greater and the spins may not stay coupled
long enough to observe EPR resonances (ficrovave = 5 = 1oz, = 107" sec). Therefore,
spin cluster resonances associated with 3,4,5,...spin clusters' relax too quickly so that the
resonances of the higher ofder spin clusters are too broad to be seen.

In summary, the ac susceptibility data of FeTAC and the analysis based onJB theory
clearly show that the bound magnons do exist in the one-dimensional, S=1/2, Ising
ferromagnet and in fact the susceptibility data are almost entirely represented by the
contribution from bound state excitations. The evidence for the spin cluster resonance
is clear from the appearance of the broad signal in the EPR spectrum, and further confirms

the existence of bound magnons above T..




Tetramethylammonium copper chloride, TMCuC, (CH,),NCuCl,, has béen
reported to be a gboci S=1/2, nearly Heisenberg linear ferromagnet.“® The strﬁctural
propertieé of TMCuC were described by Weenk and Spek “” as consisting of linear chains
of magnetic ions surrounded by face-shaﬁng chlon'ne octahedra. The cha_ins are well
separated by large tetramethylammonium jons and show a high degree of one
dimensionality J*/J~— 10", TMCuC grows as a very small needle crystal, therefore,
most of the data which have been published so far are on powdered samples. Landee
and Willett estimated the value of J/k to be 29K from their susceptibility measurements
by fitting to Baker’s high temperature series expansion for S=1/2, isotropic Heisenberg
systems."” There are discrepancies in the reported value of J/k (35K - 45K) presumably
due to inherent impurities in the sample.*! Dupas and Renard measured the susceptibility
at low temperatures and showed that TMCuC orders at Ty = 1.25K and has a SF-P phase
diagram with H, = 600 Oe.”” Our experimental measurements which we describe next
were all carried out at temperatures far from the 3-D ordered state region (T > 1.24K) to
ensure the 1-D behavior. TMCuC powdered samples and tiny needle crystals were
obtained from Professor Roger Willett at Washington State University, Pullman,
Washington. |

u ibility at Zer
Differential susceptibility measurements were made on a powdered sample using
the SQUID susceptometer. The single crystals were not big enough to get a good signal
in the susceptometer so zero field measurements were made on a 46.9 mg powdered |

sample in the temperature range of 2K < T < 18K. An excitation field of 7.5 mOe and
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frequency of 80 Hz was used. Zero magnetic field was adjusted prior to data runs using’
a Pb sphere as described in Chapter 3. Temperatures as low as 2K were obtained by
pumping the sample space. Experiments were repeated several times to ensure the
reproducibility of the data.

In Figure 23, the data are piotted as xTvsT. This figure shows that the magnetic
susceptibility increases continuously as the temperamre is lowered at a rate greater than
the 1/T dependences predicted by Curie law (x =C/T), indicating the pfesence of
ferromagnetic interactions. For interacting spfns the susceptibility at T >> T, follows

the Curie-Weiss law which is given as

C c( ) )
X=m——m=| 14+

where C is the Curie constant and 6 is a parameter which is introduced to account for the
possible interaction between spins. Therefore, if the interaction is ferromagnetic (6 > 0)
the ¥TvsT graph will curve upwards as the temperature is lowered, and for
antiferromagnetic interaction (6 < 0) this graph will curve downwards.

Zero field data are also shown in Figure 24(a)-(b), plotted as xvsT. The reported
value for the long range ordering temperature is Ty = 1.24K which is lower than the
lowest temperaturé that we can obtain in our system. These data are compared with the
expressions of Takahashi and Yamada and of Schlottmann for the S=1/2, isotropic
Heisenberg ferromagnet (equations 2.4 and 2.5). For fitting the g-value was kept at 2.1
and the value for J/k vﬁas adjusted fora good fit. Very good fit was obtained for Takahashi
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XT (emu K/mole)

XT= C=041

Figure 23.  Zero field susceptibility datafor TM CuCplotted as%TvrT. Thedatacurving
upwards indicates the presence of ferromagnetic interaction.



75

X (emu/mole)

X (emu/mole)

Figure24. Zerofield susceptibility dataofTMCuC. Solid lines represent (a). Takahashi

and Yamada’s expression for J/k=50K and g=2.1 (b). Schlottmann's
expression for J/k=38K and g=2.1.
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and Yamada’s expression (equation 2.4) with J/k =50K (solid line in Figure 24(a)) and
_ Schlottmann’s ekpression (equation 2.5_) with J/k =38K (solid line in Figure 24(b)). The
discrepancy in the J/k value may be attributed to the discrepancy seen in their expressions
in Figure 4, as discussed m chapter 2. Attempts made to fit ﬁe Johnson and Bonner
expression with a small anisotropy (4-5%) gave poor agreement with data. Comparing
all these fitﬁngs it appears that the zero field (powdered sample) data can be best described

by an isotropic Heisenberg model with an average g value =2.1.

Susceptibility at Finite Fields

Measurements were made on the same sample in the temperature range of 4.2< T
< 20K and in the fieldsof 1, 1.5 and 2 Tesla. The desired field was obtained by carefully
setting the superconducting magnet current. For each run the bridge was rebalanced to
cancel any background signal that could arise due to the changes in the field. The
measurements at higher fields were very difficult to make. These measurements were
made point by point by slowly changing the temperature and allowing enough time for
the SQUID to stabilize. The data are shown in Figure 25; different symbols are used for
different fields. '

The zero field data can be 'best described by the isotropic Heisenberg model.
Therefore, in the presence of a magnetic field, one would expect the spins to point in the
direction of the field, and the nature of the exchange interaction between the spins to be
unaffected.. Unfortunately there ere not any theoretical expressions available with which
to compare the finite field data in the isotropic case. Neither Takahashi nor Schlottmann

have extended their expressions for finite field.
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1G4 X (emu/gm)

Figure 25. XvsT data for TMCuC at different magnetic fields. (X) for | Tesla, (0) for
1.5 Tesla and (+) for 2 Tesla.
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Our approach, in collaboration with Professor George Tuthill of our department to
analyse our experimental results, has been to nuinerically ,diagonaliie a finite chain
Hamiltonian. Numerical results of a 12-spin ring of S=1/2, isotropic Heisenberg
ferromagnet at fields of 0, 1 and 2 'i‘eéla are shown in Figure 26. Takaha;hi and Yamada’s
zero field expression is drawn for comﬁarison. The zero field result, as seen in figure is
in fairly good agreement with Takahashi and Yamada’s expression as low as T/(J/k)=0.2.
Corresponding results for 14-spins are shown in Figure 27 which indicates that the zero
field results approach Takahashiand Yamada’s expression very reasonably as the number
of spins inthe calculation is increased. Inorder to improve the results it will be necessary
to extend the spin calculation to larger number of spins. Nevertheless, it can be seen thaf
the 14-spin results for 1 and 2 Tesla calculation aﬁpear to make no significant change
compared to 12-spin results. Therefore the 14-spin results are adeqﬁate for the analysis
of our data at 1 énd 2 Tesla.

The 14-spin results for the parameters J/k=50K and g=2.1 are plotted in Figure 28.
The results are not particularly encouraging since the peaks occur at much lower
temperatures as compared to the data; for example peak for 1 Tesla occurs near 5K
whereas the data show the peak near 7.5K. Although these sets of parameters give a very
good fit for zero field data with Takahashi’s expression, in the presence of a field this
system can no longer be represented by an isotropic Heisenberg model with the same
fitting parameters. The reason may be that a powdered sample is used? therefore the
measured susceptibility is the average of the susceptibilities along all three principal axes.
In a moderate field any possible anisotropy should be taken into account.

Next we will analyze our data in terms of the Johnson and Bonner expression:
(equafion 2.1) for infinite chains with small anisotropy. The data points and theoretical

curves for the fields of 1,1.5, and 2 Tesla are shown in Figure 29(a)-(c). The dashed line
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Takohasi and Yamoda
zero—field expression

12-spin at zero-field

— 12-spin at | Tesla

12-spln: at 2 Tesla

V (J/K)

Numerical results of a 12-spin ring of S=1/2, isotropic Heisenberg
ferromagnet at fields of 0,1 and 2 Tesla. Takahastu and Yamada s zero
field expression is drawn for comparison.

Figure 26.
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Takahoai and Yamada
zero—field expression

14—spin at zero field

-12-spin at zero—field

14- (also 12-) spin at | Tesla

— l14—also 12—} spin at 2 Tesla

T/(JI/K)

Figure 27. Numerical results of 14-spin are compared with 12-spin results and
Takahashi and Yamada’s expression.
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zero—field

I Tesla

2 Tesla

T (K)

Figure 28.  14-spin results for J/k=50K and g=2.1.
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Figure 29
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tysT data for TMCuC powder measured at different fields: (a), at | Tesla
(X), (b). at 1.5 Tesla (0), and (c). at 2 Tesla (+), are compared with JB
expressionforJ/K=45K,y=0.01,andg=2.1. Thedashedlines are the bound
magnon contribution and the line just above the temperature axis are spin
wave contribution.
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(wb/nwa) X

(wb/nws) X 10l

Figure 29 continued
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in the Figure indicates the Johnson and Bonner theoretical contribution due to bound
magnons and the line just above the temperature axis shows the contribution due to
spin-waves (magnons). The solid lines represent the total contribution. All these lines
are drawn for the same fitting parameters: J/k = 45K, 7=0.955 (anisotropy 4.5%) and g,
=2.1. From the figure it can be seen that the spin-wave contribution is very small and
cannot represeﬂt the ‘data. The total contribution is mainly from the BM term and it
correctly predicts the broad maximum at higher fields. The fact that the SW expression
cannot be made to fit to the data for any values of parameters suggests that linear SW
theory fails in TMCuC. Similar failure was seen in the analyéis of the low temperature
ac susceptibility measurements on CHAC, a S=1/2, 1-D, nearly isotropic Heisenberg
_ ferromagnet.""! It appears that SW theory should be suspect in any other Heisenberg
linear ferromagnetic chains and that this failure is not due to the excitation of too many
SW’s, as is commoﬁly assumed in 1-D, but rather due to the presence of BM'’s, which
are the non-linear excitations resul@ing from anharmonic terms in the Hamiltonian. This
conclusion is supported by the work of Taylor and Muler who find that the SW theory
does not correctly give the T=0 dyna'mics' structure factor of certain 1-D systems which
are ordered at T=0.""

AlthoughJB theory clearly indicates the relative importance of the BM contribution,
there are some difficulties.” In particular the fittings are by no means perfect in that the
peaks in the data are consistently lower than the theorétical expfession. The deviation
may be attributed to one or more of the following: first a powder sample was used.
Therefore the méasured susceptibility is an average value of easy-and hard-axis single
crystal susceptibility‘which is lower than the value along the easy axis. Second, because
the sample was powder, no corrections were made for the demaghetizing effect. It is

apparent from the work of Landau, ez al., that careful measurement on samples of spherical
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orellipsoidal shapes are necessary in order to gain precise thermodynamic information.””

Irregular-shaped samples have a distribution of demagnetizing fields which will, in turn,
broaden the susceptibility peak. Third, this sample possibly contains small amounts of
two impurity micro-crystallites. CuCl,.2H,0 is most expected and ‘it is evident from the
small peak which appears in the data near 4.3K, since CuCL,.2H,0 orders
antiferromagnetically at Ty, =4.357K.”" ((CH,),N),CuCl, could also be present. It could
be possible that the impurities are greater than expected and mixed into the TMCuC
crystallites give inhomogeneous exchange. However, if the JB theory is assumed correct
for the susceptibility in the presence of an applied field, and the above mentioned
variations from the ideal 1-D system are the cause for deviations from a perfect fit, then
the JB theory shows that bound spin wave excitations blay a major role in the magnetic

behavior of TMCuC.




The third linear chain compound that we have chosen for the bound magnon analysis —
is CuCl,.DMSO (copper-chloride-dimethylsulfoxide). This compound has been reported
to show a predominantly ferromagnetic intrachain coupling, J/k = 45K, and a significant
antiferromagnetic interchain coupling, J’/k = -1.6K .in the paramagnetic phase."”>* It
orders antiferromagnetically near T, = 5.0K. The structure of CuCl,.DMSO has been
reported to be monoclinic vﬁth the chain axis parallel to the c-axis and the interchain
superexchaﬁge patﬁway connecting chains in the be-plane.™ The crystals grow as
parallelpipeds with the long axis along the c-axis. Tt has been reported from the
magnetization measurements that 'thé spin anisotropy is very small and theréfore the spin
interaction is nearly of Heisenberg type.”” In this section we report our preliminary ac
susceptibility measurements along the c-axis. The sample was provided by Prof. Roger

Willett from Washington State University, Pullman, Washington.

AC S ibility M |
A single crystal 'QeigMng 24.5 mg was used in these measurements. Ac
susceptibility was measured using the ac-SQUID susceptometer at a frequency of 80 Hz
and an excitation field of 90 mv peak to peak amplitude. Unlike the VSM, in the SQUID
system the orientatio;l of the sample cannot be rotated once the sample is placed in for
measurements. Any orientation has to be done visually so fpr this reason the sample was
mounted with the chain axis (c-axis) parallel to the magnetic field for the preliminary
measurements. Also along tﬁe long axis the demagnetizing effect is small so that the
largest signal is expected. From the dﬂnension of the sample, the demagnetizing factor

along the c-axis was estirhateﬁ to be D/V = 0.007 emu’' mole.
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Zero field data in the temperature region of 4.2K < T < 25K is shown in Figure 30.
These data have been corrected for demagnetizing effect. Note that the susceptibility is
increasing as the temperature is lowered until near the temperature 5K and below, where
it falls off as an indication of ‘antiferfomagnetiq ordering. When the lower temperature
data are extrapolated to zero temperature, the susceptibilit); does not reach zero as would
be expected along the easy axis. This is in agreement with the magnetization data which
has been reported to show the easy axis to be in the ac-plane but not coincident with the
c-axis.” |
These data are compared with Takahashi and Yamada’s zero field expression for
S=1/2, 1-D, isotropic Heisenberg ferromagnet (solid line). For this approach his
expression (equation) has been modified by the addition of a meanfield correction to

account for the interchain interaction using the basic equation®***:

’ .4

X=—h5
nk

where z is the number of nearest-neighbor chains and J’ is the exchange intégral‘ for the
magnetic interaction between nearest-neighbor chains. The solid line is drawn for the
parameter J/k = 45K, g = 2.15 and zJ’/k = -2K. This line only fits the data above 13K.
The mean field correction does not give a reliable fit in the low temperature region near
the transition temperature because of strong critical fluctuations associated with the onset
of long-range order. The value for J/k is in excellent agreement with the previously
reported value, whereas the value for zJ'/k is about a factor of 2 smaller than the reported

value "> Tt should be noted that Swank e al.*? obtain this value (for J/k) by fitting
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yv$F data for CuCI2DMSO measured along the c-axis. Solid line is
Takahashi’s expression for J/k=45K and ¢g=2.15 with a mean field

correction zJ7k =-2K.

Figure 30.



89

the high temperature data on a powdered sample to a Pade approximation of the high

temperature expansion for a S=1/2, 1-D, Heiseni:erg system®. The value g =215is
reasonable becéuse thq angular dépendence study of the EPR resonances on a single
crystal in the ac-plane has been reported to give g, = 2.211 and gy, = 2.090 yvith the
value along the c-axis lying in between.”” |

Zero field data are also plotted as ¥7T'vsT in Figure 31. Note that as the température
islowered, T increases upward until near the temperature 13K and then decreases toward
zero. This means that the dominant interaction is férromagnetic above 13K and
antifeﬁomagﬁetic Below‘this temperature and explains why the theoretical curve deviates
from the data below this temperature in Figure 30.

In an attempt to understand the possible bound magnbn effect on this compound
we have tried to analyze the zero field data with the JB theory. However, due to the
significant interchain interaction J’ the actual one dimensional behavior is not so clear

below 13K and for this reason we were unable to separate the bound magnon effect from

the deviation due to the critical fluctuation.

P Diagr ' -

Figure 32 shows the corresponding ac susceptibility data at magnetic fields of 2000
Oe and 6000 Oe in the temperature region of 4.2K < T < 16K. There is no significant
change in the data above T, compared to the zero field data. However, below T,, there
is a strong divergence in the susceptibility at 6000 Oe indicating a first order phase
transition. In order to further observe the field depeﬁdence below T., we measured the
susceptibility as a function of magnetic field at different constant. temperatures
(isothermal measurements). Figure 33 shows the in-phase signél at the temperature of

4.16K. This shows a sharp peak near 5.5 kOe, and above 5.5 kOe the susceptibility
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X T (emu K/mol)

Figure 31. Data shown in the last figure plotted as yTvsT.
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2000 Oe
6000 Oe

E .12

Figure 32.  %vjT data for CuCI2-DMSO measured along the c-axis at fields of 2000 and
6000 Ge.



IN-PHASE SIGNAL (arbitrary unit)

Figure 33.

T=4.16 K

MAGNETIC FIELD (kOe)

Inphase signal vs Magnetic field for CxiCl12-DMSO at 4.16K. H is applied
parallel to the c-axis.
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decreases and then increases almost linearly until there is a sudden drop in ¢ at 24.5

kOe.
A qualitative explanation can be given by considering a two-sublattice model. First
considqr the expected behavior along the easy axis for a nearly Heisenberg
_ antiferromagnetic system. Any anisotropy K, causes the spins to establish a preferred
(easy) axis in the absence of an external fiéld. In the presence of a small applied field
the ordering is the expected antiferromagnetic (AF) phase. However, when the field is
increased to a certain value aléng the "easy-axis", the spins will suddenly flop (SF)to a
position where they are ﬁearly perpendicular to the appliéd field as well as the easy axis,
althoughstill nearly oppositely aligned to one another. Inso doing, they gainthe magnetic
energy %(x CXWH 2 whe-re Xj» and ), are the susceptibilities corresponding to the parallel
and perpendicular orientation of the spins with respect to the field. The critical field, H,,

at which the spin flop occurs is then given by:

1
K =2 (X pH]

A further increase of field will gradually rotate the sublattice moments, until at the critical
field H, their mean direction is parallel to the field and the paramagnetic phase is entered. |
At this point on the SF-P bouhdary, the antiferromagnetic interaction is balanced by the
applied field and anisotropy field.*® '

The expected ideal behavior (at T=0) of magnetization and ac susceptibility based
on this model are sketched in Figure 34."® Note that there is a discontinuity in the
magnetization (first order transition) at the spin-flop transition (H,) and there is a
discontihuiiy in the susceptibility (second order) at the SF-P trénsition (H,). Also note
that the susceptibility is constant in between these region. Comparing this easy axis

. behavior with our data, a generally similar behavior can be seen except that the
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Figure 34. Expected behavior of Magnetization and Susceptibility of a weakly
anisotropic Heisenberg antiferromagnet along the easy axis.
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- susceptibility is not constant in the region between the critical fields. Also the first peak
is not very sharp as expected for a first order transition. This is probably because the
applied field is not exactly along the easy.axis. Here we point out the work by
Chepumykh™! and Rohrer and Thomas™” who studied the angular dependence of SF
transition on antiferromagnets. They showed that at T=0K, a first order spin-flop
transition exists only for angles between the easy axis and the applied field less than a
critical angle which is of the order anisotropy/exchange. For angles larger than this
critical angle the sublattice magnetization turn \ continuously from an
antiferromagnetic-like configuration into a spin-ﬂbp-like configuration. W_e intérpret
the first peak in the susceptibility data as an indication of this continuous transition from
AF-like configuration to SF like configuration, and the sudden drop at the higher field
as an indication for the spin flop state to paramagnetic state transition.

Figure 35 shows the in-phase signal as a function of field at different but constant
temperatﬁres. The sharpness of the peaks corresponding to the SF phase get smaller as
the temperature approaches the critical temperature T, (H=0) =5K, ‘and disappears above
5K as expected. The discontinuity corresponding to the SF-P phase transition aiso élowly
disappears as the temp.erature approaches T,. The phase diagram obtained from the
critical fields is shown in Figure 36. It seems that the AF-SF boundary is almost linear
in the temperature region shown. Itappears that the bicritical pointisnear 4.9K. However,
more measurements near this temperature are necessary to further confirm this tricritical
point. Also note in Figures 35 and 36, there is an indication for some kind of trapsition
near 11 kOe. This appears constantly even above. T,. The origin of this transition is not
clearly understood.

In summary, we have.r'neasured the ac susceptibility along the chain axis. The zero

field results suggests that the 1-D behavior is dominant only above 13K; the data fit
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Figure 35. In-Phase signal vs Magnetic field for CuCI2DMSO at different temperatures.
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T(K)

Figure 36. Magnetic phase diagram for CuClI2DMSO for fields parallel to the c-axis.
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Takahashi and Yamada isotropic Heisenberg exﬁression. Compared to the other l-b
compounds that we have studied (TMCuC, FeTAC), this compound shows significant
3-D fluctuations due to the interchain exchange J’, and for this reason the bound magnon -
effect, which is definitely a 1-D effect, cannot be clearly identified at low temperatures.
From the isothermal measurements as a function of field at different temperatures (T <
T,), we were able to map the phase boundaries, especially the SF-P boundary at higher
fields which had not been accessible to the maximum field (9.5 kOe) in the magnetization

measurements reported by Landee et al.*>
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CHAPTER 5

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

The ac susceptibility data for FeTAC and TMCuC show general agreement with
the Johnson and Bonner theory and confirm the existence of bound magnons in the Ising
aﬁd Heisenberg systems. Further, from the size of the magnon susceptibility shown in
Figures 19 & 29 and the contribution from the JB bound magnon term to the data, it is
clear that the magnon theory, based on single spin excitations, cannot possibly account
for the observed behavior, and that bound magnon excitations are predbmhant in
determining the low temperature susceptibility.

The observation of the broad signal in the low temperature EPR spectrum clearly

' indicates the 2-fold spin cluster resonance in FeTAC and further confirms the existence
of bound magnons in the Ising system. This is the first observation of spin cluster
resonance above T,. It §vould be interesting to extend these measurements to a different
microwave frequency, perhaps higher than 9.2 GHz, and‘ also at temperatures.below the
long range ordering temperature T .=3.1K. |

In CuCl,.DMSO because it significantly deviates from the ideal ong-djmensional
behavior, the bound magnon effect cannot be clearly identified. However the existence
of strong 3-D fluctuations above T, make this compound an interesting system for further

study. For example one could extend the ac susceptibility measurements to a wide range
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of frequencies, this would give a better understanding of the spin cluster dynamics
involved. Another possible candidate for bound magnon analysis is the recently
discovered compound pyrrolidinium CuCl,. Our preliminary magnetization data indicate
this compound to behave as a good Heisenberg, S=1/2, chain, abqve the Neel temperature
4.8K, ant it appears to be one of the strongest quasi-one—dimensiohal ferromagnets
J=56K, J'/3 = -10™).

Froma tlieoretical point of view, the one-dimensional, S=1/2, isoﬁopic Heisenberg
model still remains to be solved fo; finite magnetic fields; the method could perhaps be
an extension of the work of Takahashi or‘of Schlottmann. Although JB theory allows
one to investigate the effect of bound magnons of the S=1/2, one-dimensional Ising
-Heisenberg system, as far as we know, no attempt has been made in the development
to include the effect of spin canting, out of plane anisotropy or other terms in a realistic
Hamiltonian. Although, bound magnons in a S=1/2 system are the quantum analogue
of the soiliton-antisoliton pairs in the classical sine-Gordon chains, how the classical

soliton is related to Bethe-Ansatz is not fully elucidated.
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