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Abstract 

CsCoCls has been of considerable interest for some time because it is an excellent 

realisation of a one-dimensional Ising-like antiferromagnet. Moving domain walls 

or 'solitons' have been observed in the one-dimensionally ordered Co2+ chains from 

,..,_, 75 K down to 9 K. At 9 K full three-dimensional order is formed. However, 

experiments on Mg doped CsCoCb indicate that the Mg suppresses this transition 

so that it may be possible for solitons to be present below 9 K. 

In this work Mossbauer spectra of CsCot-a:-y 57FewMgyCls (where x"" 1 %, and 

y = 0.07, 0.3, 0.7, 2.6 %) in powdered form have been taken for a range of temper

atures from 250 K down to 1.2 K. The spectra of these compounds taken below 

21 K could be analysed in the same way as the spectra of CsCo0•99Fe0.01 Cis where 

the fits to the spectra are consistent with the magnetic phases of pure CsCoC13 . 

No evidence to indicate the presence of solitons below 9 K in Mg doped CsCoCh 

could be found in the Mossbauer spectra; possible reasons for this are discussed. 

The soliton relaxation rates determined above 9 K are found to be between one and 

two orders of magnitude below the theoretical prediction and it is suggested that 

the non-interacting soliton gas model is not appropriate for CsCoCh. It was found 

that the addition of the Mg lowers the temperature of the transition to the partially 

disordered phase, TN1 , from 21.1 ± 0.3 K (no Mg) to 19.6 0.3 K (2.6 at. % Mg). 

The soliton relaxation rates determined for CsCoCh doped with 2.6 at. % Mg were 

found to be approximately a factor of two higher than the rates determined for the 

other compounds. Small differences in some of the Fe2+ electronic parameters were 

also observed for this compound. 

The quadrupole splitting values obtained from the spectra taken above 21 K have 

been used to fit crystal field and spin-orbit parameters to the electronic Hamiltonian 

describing the Fe2+ ion in CsCoCh. The addition of the Mg does not affect the values 
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of the quadrupole splitting and the parameters obtained for the Fe2+ Hamiltonian 

are the same as those published by Ward et al (1987 A). An orbit-lattice interaction 

calculation was performed to try to account for discrepancies in the quadrupole 

splitting values predicted for the low temperature spectra, however, the calculation 

does not improve the model predictions. 
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Chapter 1 

Introduction 

One-dimensional (lD) magnetism has been of considerable interest for some time 

for the simple reason that the mathematical equations that are needed to model 

the physical systems are easier to solve than for two-dimensional (2D) or three

dimensional (3D) systems. Naturally the compounds that exhibit the 1D magnetism 

are of interest because they represent systems that can be used to test the theoretical 

models. Steiner et al (1976) provide an early review of materials, experimental 

methods and models that have been used in the study of lD magnetism. 

A general starting point for describing 1D magnetism at the microscopic level is 

the Heisenberg spin Hamiltonian 

1i = 2JL:si.si+l 
i 

(1.1) 

where the sum is over the i spins Si in the chain, and J is the exchange interaction 

between neighbouring spins. The form of this Hamiltonian is isotropic because the 

alignment of the spins will not favour a particular direction. For considering an 

anisotropic situation, a more general form of the above Hamiltonian may be written 

as 

{1.2) 

and three cases can be distinguished for this expression. 

1) The Ising case where IJzl ~ IJyl IJxl· In this case the spins will align along 

the z-axis (known as the easy axis). 

2) The xy case where IJxl = IJYI > IJz!· In this case the spins will tend to align in 

the x-y plane (known as the easy plane). 

1 



2 Chapter 1. Introduction 

3) The isotropic case where IJxl = IJYI = IJzl which is equivalent to the Heisenberg 

spin Hamiltonian (equation ( 1.1)). 

These anisotropies are a result of the coupling of the electronic spin system to the 

surrounding crystal lattice through the interaction with the orbital wavefunctions 

of the ion. This coupling means that the preferred orientation is determined by the 

ionic structure, and by the lattice. The form of the Hamiltonian in equation (1.2) is 

a general case to illustrate possible spin alignments in the 1D magnet, and in fact 

many other Hamiltonians to describe the spin interactions are possible. 

Some examples of compounds that exhibit 1D magnetism are (CH3 ) 4NMnCls 

(or TMMC), CsNiF3 , and CsCoCls. TMMC is a weakly anisotropic Heisenberg 

antiferromagnet and CsNiF3 is a planar (xy) ferromagnet (Boucher et al 1987). 

CsCoCls is an example of an Ising-like antiferromagnet (Achiwa 1969). These com

pounds (along with numerous others) have aroused much interest both experimen

tally and theoretically because solutions to their respective spin Hamiltonians have 

been found in the form of non-linear solitons. In this context the soliton is a moving 

domain wall that separates two regions of ferromagnetic or antiferromagnetic order 

in the 1D magnet. 

TMMC and CsNiF3 represent high spin (or 'classical') systems while CsCoCls 

is a low spin (or 'quantum') system. The theoretical treatment that predicts the 

existence of the magnetic solitons is quite different for these classical and quantum 

cases. 

As an example of a classical system TMMC has spin interactions described by 

the following spin Hamiltonian 

H = ~2JSi.Si+l + 2D(Sf) 2 

i 
(1.3) 

where J = 6.8 K, D = 0.16 K, and S = 5/2 (Boucher 1989). Mikeska (1980) has 

shown that by using the continuum approximation the spin Hamiltonian for TMMC 

in the presence of an externally applied magnetic field can be mapped to the well 

known sine-Gordon equation - which has soliton solutions (see for example Mald 

( 1982)). The continuum approximation consists of transforming the discrete real 

system into a smoothly varying field. This is possible with TMMC because it is a 

high-spin system with S = 5/2, so the spins can be approximated by classical spin 

vectors. Also the characteristic length of the soliton fluctuations is large compared 
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to the lattice spacing. These so called 'classical' solitons are depicted in figure 1.1A. 

CsCoCb has spin interactions described by the following effective spin Hamilton-

1an 

'H = 2J l) si .si+l + c:( sf.sf+l + sf .sf+l)] (1.4) 
l 

where J 75 K, c; = 0.12, and s = 1/2 (Achiwa 1969, Tellenbach 1978, Yoshizawa et 

al1981). Equation (1.4) is known as an effective spin Hamiltonian because although 

Co2+ has a 4F (S = 3/2) ground state term, the low temperature magnetic properties 

can be described by an s = 1/2 spin Hamiltonian due to the Co2+ electronic structure 

(described further in section 2.8.1). CsCoCh cannot be modelled in the same way 

as TMMC because it has an Ising-like Hamiltonian. In this case the spins can 

only adopt two possible directions, and the width of the soliton fluctuation is only 

one lattice spacing so the system must be treated in a purely quantum mechanical 

way. Villain (1975) has shown that the elementary excitations predicted by the spin 

Hamiltonian for CsCoC13 are also in the form of moving domain walls (or 'solitons') 

and figure 1.1B represents the situation for CsCoCls. 

Figure 1.1: Domain walls or solitons in A) TMMC ('broad' or 'classical' solitons), and B) CsCoCls 
('narrow' solitons). Note that for CsCoCh, the spins should be aligned longitudinally rather than 
transversely as shown. 

B 

The existence of magnetic solitons in TMMC was first experimentally confirmed 

by Boucher et al (1980) using neutron inelastic scattering (NIS) experiments, and 

in CsCoCls Adachi (1981) experimentally confirmed their presence using electron 
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spm resonance (ESR) experiments. In addition to these experiments Mossbauer 

spectroscopy and nuclear magnetic resonance (NMR) experiments have commonly 

been used for the study of solitons in 1D magnetic systems (see for example reviews 

by Johnson (1984), and Boucher et al (1987)). 

For CsCoCb the use of the word 'soliton' to describe the magnetic excitations 

is not strictly appropriate since in the formal mathematical sense solitons are solu

tions to non-linear equations such as the sine-Gordon equation, rather than equation 

(1.4). Its use here is really only to distinguish between the large amplitude spin fluc

tuations caused by the moving domain walls, and the small amplitude fluctuations 

associated with the more familiar spin-wave excitations in a magnetic chain. 

CsCoCh, which is the focus of this research, is isomorphic to a class of compounds 

of the type ABX3 , where A denotes a large monovalent cation, B is generally a first 

row transition metal, and X is usually Cl- or Br-. The crystal structure consists 

of a hexagonal close packed lattice of A and X ions with the B ions occupying 

the octahedral interstices surrounded by six X ions. Along the c-axis (BX6) face

sharing octahedra make infinite chains. A perspective view of the unit cell of the 

ABX3 crystal is shown in figure 1.2. 

This crystal structure - with the large separation between nearest-neighbour B 
0 

ions in the a-b plane (I"V 7 A) compared to the B ion separation along the c~axis 
0 

( I"V 3 A) (Ackerman et al1974) -gives the magnetic ABX3 compounds their char-

acteristic 1D nature. This 1D magnetic behaviour was discovered by Achiwa (1969) 

using magnetic susceptibility experiments. 

In CsCoCh the Co2+ ions are strongly antiferromagnetically coupled along the 

c-axis via an exchange interaction J (known as the intrachain interaction). In 

the a-b plane there is a nearest-neighbour Co-Cl-Cl-Co superexchange interaction 

J~ that couples the Co2+ ions antiferromagnetically, and a weak next-nearest

neighbour ferromagnetic interaction J~ (these are the inter chain interactions). Fig

ure 1.3 shows schematically these interactions between the Co2+ ions. 

From X-ray diffraction experiments the lattice parameters for CsCoCh are 
0 0 

a= 7.202 A, and c = 6.032 A (Soling 1968). The accepted exchange constant for 

the effective spin Hamiltonian describing the intrachain interaction is 75 K (Tel

lenbach and Arend 1977, Yoshizawa and Hirakawa 1979). Estimates of the inter

chain exchange constants are (J~jJ) I"V 10-2 (Shiba 1980, Lehmann et al1981), and 
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Figure 1.2: Perspective view of the unit cell of the ABX3 crystal. 

A eB Ox 

(JYJi) rv 10-2 (Shiba 1980, Murao et al1992), although recent work has suggested 

that these values may be too low with (JUJ) """10-1 (Ohta et al1993, Amaya et al 

1990). 

The different magnitudes of these interactions means that CsCoCla is an ex

cellent realisation of a 1D Ising-like antiferromagnet, and as such has been widely 

studied using a variety of experimental techniques. For example neutron diffrac

tion (Mekata 1977), NIS (Boucher et al1985), optical absorption (Mogi et al1987), 

ESR (Adachi 1981), NMR (Mekata 1990), and Mossbauer spectroscopy (Ward et al 

1987 A) experiments have been performed on this compound. 

Above""' 75 K CsCoCh is paramagnetic. Below this temperature the Co2+ ions 

remain paramagnetic but short range antiferromagnetic order begins to develop 

in the c-axis Co2+ chains of CsCoCh. The spins are arranged collinearly along 
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Figure 1.3: Illustration of neighbouring exchange interactions for a central Co2+ ion. 

c-ax1s 

the c-axis and solitons have been observed in these chains using NIS experiments 

(Boucher et all985). 

The short range order is well developed at lower temperatures so that the Co2+ 

spins along the c-axis chains are strongly correlated, and the chains can be con

sidered to behave as single magnetic moments. This means that the effect of the 

interchain interactions on the magnetic phases of CsCoCla can be described using 

a 2D model where the moments form a 2D triangular Ising lattice of spins. For 

the case of an antiferromagnetic nearest-neighbour interaction the triangular lattice 

causes an effect known as 'frustration' whereby not all the spins can have nearest

neighbours with spins directed in the opposite direction (Mekata 1977) - in other 

words antiferromagnetic order cannot 'fit' into a triangular lattice. 

The interchain interaction J{ causes a magnetic phase transition at TN1 = 21.2 

0.5 K (Melamud et al1974, Mekata and Adachi 1978, Yoshizawa and Hirakawa 1979) 

from the paramagnetic phase to a partially disordered (PD) phase where 2/3 of the 

spins are ordered antiferromagnetically, with the remaining 1/3 uncorrelated to the 
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others. This structure is shown in figure 1.4A. The uncorrelated spins are said to be 

frustrated since they are surrounded by an equal number of spin-up and spin-down 

nearest-neighbours. The frustrated spins represent the 1D ordered magnetic chains 

in CsCoCh and the propagation of solitons up and down these chains provides the 

mechanism for the spin reversal. 

At TN2 ~ 9 K (Mekata and Adachi 1978) there is a second phase transition to full 
3D ferrimagnetic order due to the weak next nearest-neighbour interaction, J~. In 

this transition the solitons present in the frustrated chains cease, and these chains 

correlate with the other ordered chains so that below 9 K the magnetic structure of 

CsCoCh consists of an antiferromagnetic stacking of collinear spin planes in which 

1/3 of the spins are aligned in the opposite direction to the others (Melamud et al 

1974). Figure 1.4B shows this structure. 

Figure 1.4: Magnetic ordering of the Co2+ spins in the plane perpendicular to the c-axis for A) 
the partially disordered phase (21.2 K > T > 9 K), and B) the fully ordered phase (T < 9 K). 
+ represents spin up, - represents spin down, and 0 is uncorrelated. The primed axes show the 
chemical unit cell, the unprimed ones show the magnetic unit celL 

@ 

A 

8 CB 
8 

c=, 
,,~ 

B 

In this work Mossbauer spectroscopy has been used to study the CsCoCh sys

tem. The 57Fe Mossbauer effect provides a frequency window of 105 - 109 Hz 

for studying dynamic effects such as spin fluctuations. In this range of frequen

cies these effects can be seen in the spectra as changes in line-shape and line 

position. This range of frequencies compliments most of the other experimental 

techniques which are generally suitable for frequencies above 109 Hz. As a re

sult, the soliton excitations in a number of one-dimensional magnetic systems have 

been studied with Mossbauer spectroscopy. Some examples of Fe2+ compounds are 
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a-FeC204.2H20 and RbFeCh.2H20 which are spin-1/2 Ising-like antiferromagnets 

(Smit et al1989), and FeCb(NCsHsh which is a spin-1 Ising-like ferromagnet (El

massalami et al 1989). Some Fe3+ compounds that have exhibited relaxation ef

fects in the Mossbauer spectra which are attributed to solitons are K2FeF5 (Cooper 

et al 1983), and Rb2Mn1-xFe:vFs.H20 (Pebler 1989). These compounds are 1D 

anisotropic Heisenberg antiferromagnets. 

The Mossbauer effect does have the restriction that if Fe is not present naturally 

(in sufficient quantity) in the compound under study, then 57Fe must be doped into 

the compound to act as a probe. This is the case for CsCoCh. To reduce the 

risk of disrupting the magnetic processes occurring in CsCoCh the 57Fe is added 

in the minimum quantity that will still result in spectra with acceptable signal to 

noise characteristics being obtained in a reasonable period of time. Compared to 

the lighter elements the Cs ions in CsCoCh scatter a significant fraction of the 

Mossbauer 1-rays and approximately 1 at. % 57Fe is necessary to obtain reasonable 

spectra. 

It is assumed that the Fe2+ ions are magnetically coupled to the Co2+ ions form

ing the chains, and that the propagation of solitons is not significantly affected by 

these magnetic impurities. This assumption is supported by the work of Elmassalami 

et al (1989) where the results of Mossbauer and AC magnetic susceptibility exper

iments on impure 1D ferromagnets are analysed satisfactorily assuming that the 

magnetic impurities are magnetically coupled in the chains while the non-magnetic 

impurities break the chains into segments. 

The Mossbauer effect has been used to detect solitons in the frustrated chains 

of 57Fe doped CsCoCh in the partially disordered phase (Ward et al1987 A, Mekata 

1990). However, in this range of temperatures the theoretical rate for the spin fluc

tuations due to solitons is not really suitable for study with the Mossbauer effect as 

it ranges from rv 5 X 1010 s-1 at 21 K down to rv 5 X 108 s-1 at 9 K. The models 

that were used for the analysis of the spectra are also more appropriate at lower 

temperatures. A number of possibilities exist for improving the study of this subject 

using the Mossbauer effect- they include: 

1) studying an equivalent system -for example a compound with different exchange 

constants so that the predicted soliton fluctuations are more suitable for study by 

the Mossbauer effect; 
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2) improving the models used for the data analysis so that higher temperatures can 

be analysed satisfactorily; 

3) modifying the system so that the solitons can be investigated at lower tempera

tures. 

In this work the third approach has been used. This is possible because the 

transition at TN2 to 3D order in CsCoCb is the result of a balance between the 

frustration effects caused by the nearest-neighbour antiferromagnetic interaction in 

a triangular lattice and the weak next-nearest-neighbour ferromagnetic interaction. 

If the magnetic system is diluted with diamagnetic impurities then the possibility 

exists for these transitions to be altered by disrupting the competing interactions. 

Mekata et al (1987) doped the diamagnetic ions Mg2+ and Zn2+ into CsCoCb in 

low concentrations ( <"-'5 at.%) and found that the transition at TN2 was suppressed. 

In the neutron diffraction and magnetic susceptibility experiments the transition to 

. full 3D order could not be found down to 1.6 K, even with impurity concentrations 

as low as 0.2 at. %. Because this result is crucial for the research being done here a 

brief discussion of the experiments and results obtained will be given. 

In neutron diffraction experiments the relative intensity of the scattered neutrons 

off a plane defined by the Miller indices ( hkl) due to the magnetic ordering in 

the crystal is given by the magnitude of the magnetic structure factor. Using the 

accepted positions (in terms of the magnetic unit cell) and orientations for the 

Co2+ spins in the low temperature phases of CsCoCb the following expressions are 

obtained. 

[ . J [. ( h 2k l )] [. ( h 2k )] Fm = 1 exp 21rl + exp z27r 3 + 3 + 2 - exp z27r 3 + 3 

for the PD phase, and for the 3D phase 

Fm = 1 exp[i1rl] + exp(i27r(* + 2; + ~)]- exp[i27r(* + 2;)] 

2h k l 2h k + exp[i27r(3 + 3 + 2)]- exp[i27r( 3 + 3 )]. 
When l is even both of these structure factors predict no magnetic contribution in the 

reflection. For l odd, the magnitude of the magnetic structure factor is summarised 

in table 1.1. 

In the neutron diffraction experiments of Mekata et al (1987) the intensities 

for the (031), (011), and (021) reflections were monitored (note that Mekata et al 
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Table 1.1: Magnitude of the magnetic structure factor for different phases and reflection conditions. 

Condition IFml 
(l odd) 1D phase PD phase 3D phase 

h + 2k = 3n, n integer 0 0 2 

h + 2k -:f. 3n, n integer 0 3.4 4 

reference these reflections with respect to the chemical unit cell and call them the 

(111), (H1), and (~~1) reflections respectively). It was found for the (031) reflection 

(where h + 2k = 3n) that the intensity of the scattered neutrons was constant over 

the whole temperature range with no increase being observed at 9 K as predicted 

for a transition from the PD phase to the 3D phase. The (011) and (021) reflections 

( h + 2k -:f 3n) showed an increase in intensity at "'21 K, but no further increase was 

observed at 9 K. 

Two possible interpretations of these results are that either the transition to 

3D order is suppressed in CsCoCb doped with diamagnetic impurities, or that the 

disordered chains 'freeze', but with no long range correlation along the chains due 

to the effect of the diamagnetic impurity. The magnetic susceptibility experiments 

discount the last interpretation however. No drop in incremental susceptibility was 

observed at 9 K which would be the case if the chains were 'freezing' - effectively 

reducing the number of free magnetic moments to zero. 

In this research Mg ions (along with the 57Fe) have been doped into CsCoCb in 

a range of concentrations up to 2.6 at. % in order to study the spin dynamics over a 

wider temperature range, and in particular, below TN2 where the Mossbauer effect 

has an ideal frequency window for the investigation of the magnetic solitons. This 

thesis reports on these investigations, and a summary of its contents is given below. 

In chapter 2 is the theory that is necessary for the analysis and modelling of the 

Mossbauer results. Sections 2.1 to 2.3 deal with the theory of the Mossbauer effect 

itself, with an emphasis on the aspects that are relevant to the situation for 57Fe 

in CsCoCb. Sections 2.4 to 2.6 explain the crystal field theory that is applicable 

for Fe2+ in CsCoCb, and the application of this crystal field theory to interpreting 

certain aspects of the Moss bauer data. In section 2. 7 an extension of the standard 

crystal field theory is explained that may account for some observed discrepancies 
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between crystal field model predictions .and the data. In the last section in this 

chapter the soliton theory used to model the dynamics present in the CsCoCls 

magnetic chains is explained. The influence of these solitons on the Mossbauer 

spectra is also described in this section. 

In chapter 3 are details of the experimental methods and apparatus that were 

used for obtaining the results in this research. In sections 3.1 to 3.4 the Mossbauer 

spectrometer and cryostat that were used for the experiments are described, and 

following this in sections 3.5 to 3. 7 the synthesis of the compounds is explained, 

along with their chemical analysis, and their preparation for study by Mossbauer 

spectroscopy. 

In chapter 4 the results are presented for all of the compounds studied. Sections 

4.1 to 4.4 present the results and analysis of the spectra not showing relaxation 

effects. These results are analysed in terms of the crystal field model so that the 

electronic structure of the Fe2+ ion can be determined. Sections 4.5 to 4.6 present 

the results of spectra showing relaxation effects, and these are analysed using the 

known electronic structure of the Fe2+ ion and soliton theory. The interpretation of 

these results is then discussed with regard to the possible effects of the Mg dopants 

in the CsCoCh system. 

The conclusions are summarised in chapter 5 and suggestions are made for poss

ible directions of future research in this field. 
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Chapter 2 

Theory 

2.1 Mossbauer Spectroscopy 

The theory contained in sections 2.1 and 2.2 is standard for the Mossbauer effect 

and can be found in detail in a number of texts (for example Greenwqod and Gibb 

1971 or Wertheim 1964), however a summary is also included here for completeness 

and continuity. 

In general the nuclear analogue of atomic resonance does not occur because the 

energies lost by recoil effects mean that there is little overlap of the energy required 

to excite a nucleus in the ground state with the energy of a 1-ray emitted from an 

identical nucleus. If a nucleus has an excited state with energy E above the ground 

state, then the energy of the emitted 1-ray, E"' is given by 

E"~ = E-En-En 

where En is the energy lost by the recoiling of the emitting nucleus and is equal 

to E;/2M c2
, 111 is the mass of the nucleus and c is the speed of light. En is a 

term that accounts for a Doppler shift in the 1-ray energy due to thermal motion 

of the emitting nucleus. It has the effect of adding a 'width' to the 1-ray energy 

of (En) c:::: E"'(kBT/Mc2 )
112

• En and En are of the order of 10-2 eV, and since 

the equivalent expression for excitation of a nucleus by the absorption of a 1-ray is 

E"' = E +En- En, the chance for resonant absorption is quite low. 

If the nuclei are bound in a crystal lattice then the situation is quite different 

since (assuming the recoil energy is less than the chemical binding energy) the nuclei 

13 
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are no longer free to recoil. Instead lattice phonons may be created. If the recoil 

energy is less than the characteristic phonon energy then a unique situation exists 

where a certain fraction of the nuclei emit 1-rays with no phonon being created. 

To conserve momentum the whole crystal must recoil, and in the expression for ER 

the recoil energy, M becomes the mass for the whole crystal and ER is very small. 

Likewise En is very small for the zero phonon process, and resonant absorption can 

occur. 

In zero phonon emission the width for the emitted 1-ray energy is determined 

solely by the width of the excited nuclear energy level. For 57Fe the half-life, r, of the 

excited state which lies 14.4 keV above the ground state is 98 ns (Mossbauer Effect 

Data Index 1976). The Heisenberg uncertainty principle then gives the uncertainty 

in the energy as 6.E ~ (ln 2)nlr = 4.6 x 10-9 eV. Thus the energy resolution of the 

emitted 1-ray is .6.E IE ~ 10-13 . This degree of definition is sufficient to resolve 

the nuclear hyperfine structure. 

Experimentally this can be achieved by accelerating a monochromatic source 

containing the emitting nuclei so that the Doppler shifted 1-rays are resonantly 

absorbed at the appropriate velocity by the absorber contp.,ining identical nuclei in 

the ground state. For this reason the hyperfine splittings are usually quoted in units 

of mm s-1 , where the conversion is given by .6.E = E.,v I c, here E., is the energy of 

the 1-ray (14.4 keV), and cis the speed of light. 

In this way the hyperfine structure of the absorbing nuclei can be seen as a 

series of absorption lines in the spectrum obtained. In the limit of a thin source and 

absorber and static fields at the nucleus the absorption lines obtained are Lorentzian 

in shape with a width of"' 2 x 4.6 X 10-9 eV = 0.2 mms-1. These line shapes are 

discussed further in section 2.3. 

2.2 57Fe Hyperfine Structure 

The nuclear Hamiltonian may be written 

(2.1) 

where H0 describes the intra-nuclear interactions that give rise to the nuclear energy 

levels with spin I. This term will not be discussed further except to say that for 
57Fe the ground state has I = 112, and the first excited state has I= 312. 
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7-iis is the electric monopole interaction between the nucleus and the surround

ing electrons, 7-iqs is the electric quadrupole interaction between the nucleus and 

local electric field gradients, and 7-iM is the magnetic dipole interaction between the 

nucleus and a local magnetic field. The effect of each of these interactions on the 

nuclear energy levels will be discussed in the following sections. 

2.2.1 Isomer Shift 

The effect of the electric monopole interaction on the nuclear energies can be consid

ered semi-classically in the following way: relative to a point nucleus the electrostatic 

energy of a finite spherical nucleus, radius R, is 

where Z is the atomic number, and ei7/>ol 2 is the charge density at the nucleus. For 
57Fe the radius of the excited state, Rex, is less than that for the ground state, Rgs, 

and so the shift in energies is different for these states. This difference is given by 

8E = Ze2 (R2 R2 )!·'· 12 
ex gs 'PO • 

5co 

If the emitting and absorbing nuclei are situated in different chemical environments 

then the shift between the excited and ground states will be different for the two 

nuclei because the electronic charge densities are generally not the same. This effect 

is known as the isomer shift (IS) and the difference in energy between the two nuclei 

will be given by the expression 

where the subscripts ab and em refer to the absorber and emitter respectively. This 

equation consists of two main factors one of these is a nuclear parameter dealing 

with the radii of the excited state and ground state. The other factor is an electronic 

parameter dealing with the charge density at the nucleus. This charge density is due 

to the atom's s-electrons since the other orbitals have zero probability of overlapping 

with the nuclear charge density. However, other electrons can influence the charge 

density by screening the s-electrons from the nucleus. The effect of the isomer shift 

is shown schematically in figure 2.1A. 
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The isomer shift can be seen as a relative difference between the energies of the 

absorber and source. Since calibration of the Mossbauer spectrometer is performed 

using the spectrum obtained from a natural Fe foil, the isomer shifts quoted in this 

work are relative to the isomer shift of natural Fe at room temperature. 

2.2.2 Quadrupole Splitting 

The second electrostatic term in the Hamiltonian (equation (2.1)) represents the 

interaction between the nuclear quadrupole moment of the nucleus (due to its non

spherical charge density) and the local electric field gradient (EFG). The EFG can 

be written 
o2V 

Eii = -1~i = ----
ox/)xi 

where V is the electrostatic potential. It has only two independent components 

since it can be diagonalised by a suitable choice of axes, and the Laplace equation 

o:=i 1~i = o) must be satisfied. usually the axes are defined so that 1 Vzz 1 has the 

largest value, and an asymmetry parameter, rt = (Vxx- Vvv)/Vzz is defined where 

I Vzz I > I Vyy I ~ I Vxx I so that 0 :::; 'f/ :::; 1. The EFG tensor is then defined by Vzz and 

ry. For a crystal with axial symmetry Vxx = Vyy and so rt = 0. The actual origin of 

the EFG is due to the surrounding electronic charge. Its calculation from knowledge 

of this surrounding charge is described in section 2.5.1. 

The interaction of the EFG with the nucleus may be written (Greenwood and 

Gibb 1971) 

1iqs = 21(~)~ 1) (Vzzi; + Vyyl; + Vxxi;) (2.2) 

where Q is the magnitude of the nuclear quadrupole moment, and Ii are the nuclear 

spin operators. Q is given by the expression 

where p is the charge density in a volume element dT which is at a distance r from 

the centre of the nucleus, making an angle e from the nuclear spin quantisation axis. 

For the ground state (I = 1/2) the nuclear quadrupole moment is zero and there 

is no interaction, for the excited state (I= 3/2) the nuclear quadrupole moment is 

taken as 0.21 x 10-28 m 2 (Mossbauer Effect Data Index 1976). Equation (2.2) can 
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be solved to yield the eigenvalues 

EQs = 4J(1i~z1) (3rnJ- I(I + 1))(1 + 'f/2/3)1/2 

where rnr = -3/2, -1/2, +1/2, +3/2 for I = 3/2. Thus the excited state of the 
57Fe nucleus is split into two levels (as shown in figure 2.1B) with rnr = ±3/2 and 

rnr = ±1/2 and a separation of (1/2)leiQVzz(1 + 'f/2 /3)112 between them (if Vzz is 

positive then the rnr = ±3/2 level is highest in energy). This splitting is known 

as the quadrupole splitting (QS), and for the case where 'f/ = 0 (as is the case for 

CsCoC13 ) then the quadrupole splitting is given by 

2.2.3 Magnetic Interactions 

The interaction of the nucleus with a magnetic field B may be represented by the 

following Hamiltonian: 

where 9I is the nuclear g-factor for each level. For the ground state in 57Fe g has 

a value of 0.18121(2), and for the excited state, a value of -0.10354(3) (Mossbauer 

Effect Data Index 1976). f1N is the nuclear magneton. 

This interaction lifts the degeneracy of the nuclear levels with respect to rnr, and 

gives solutions with energy 

where the z-axis has been chosen to be in the direction of B. The effect of this 

interaction can be seen in figure 2.1C. Note that only six transitions are present due 

to the magnetic dipole selection rules. These selection rules are discussed further 

in section 2.2.5. The magnetic field B is either externally applied and/ or is caused 

by the surrounding electrons. The origin of the latter field is discussed further in 

section 2.5.2. 

2.2.4 Combined Magnetic and Quadrupole Interactions 

For a general case of simultaneous magnetic and electric interactions the solution 

will require diagonalisation of the appropriate combined Hamiltonian. This will in 
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general be complicated due to the arbitrary angles between the axis systems of the 

two interactions. 

For 57Fe in CsCoCls the situation is simplified by the symmetry of the crystal. 

The axial symmetry means that 'I] is zero, and when magnetically ordered, the spins 

align along the c-axis so that B (the hyperfine field at the nucleus) is parallel to the 

symmetry axis of the EFG tensor. In this case the nuclear eigenfunctions are the 

eigenfunctions of 12 and Iz, and the relative energies for the I = 3/2, and I = 1/2 

states are given by 

and 

E = -9I/-lNBm1 for I= 1/2. 

This situation is represented in figure 2.1D. 

2.2.5 Absorption Line Intensities 

The relative transition probabilities between the sublevels are given by the square of 

the appropriate Clebsch-Gordon coefficients (11hm1m 2II112Lm1 - m 2)
2

• A transi

tion between two nuclear levels with quantum numbers 11 , m1 and 12 , m2 respectively 

must conserve the z-component of angular momentum. So the angular momentum 

L of the 1-ray must satisfy 111 - I2l ::; L ::; II1 + 121. For 57Fe !1 = 1/2 and 

12 = 3/2 so L = 1 or 2. In 57Fe the L = 1 transition is dominant (Greenwood 

and Gibb 1971). For a given L the Clebsch-Gordon coefficient is only non zero if 

l.6.ml = lm2- m1l ::; L, thus the condition .6.m = 0, ±1 is imposed and only six 

lines are observed in the spectrum (this assumes that the eigenstates of the nuclear 

Hamiltonian are eigenstates of 12 and Iz - if this is not the case, for example if B is 

not along the z-axis, the eigenstates are mixed and all eight lines may be observed). 

For a .6.m = 0 transition the angular dependence of the radiation intensity is 

given by sin2 e, and for a .6.m = ±1 by (1 + cos2 B) where e is the angle between 

the magnetic field and the direction of the 1-ray. Table 2.1 summarises the relative 

intensities of the transitions that are observed. 

For a quadrupole split pair of lines with no magnetic interactions the relative 

intensities are given by the sums of the intensities for the appropriate transitions 
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Figure 2.1: Energy level diagrams for the various hyperfine interactions present in the 57Fe nucleus. 
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Table 2.1: Relative line intensities for the I= 1/2-+ I= 3/2 transitions. 

Transition !::lm Relative Line Intensity 

(m1 ~ m2) 

+1/2 ~ +3/2 +1 3(1 + cos2 B) 

-1/2 ~ -3/2 -1 3(1 + cos2 B) 

+1/2 ~ +1/2 0 4 sin2 B 

-1/2 ~ -1/2 0 4 sin2 B 

+1/2 ~ -1/2 -1 1 + cos2 B 

-1/2 ~ +1/2 +1 1 + cos2 B 

from table 2.1, and the results are shown in table 2.2. Here B is the angle between 

the axis of symmetry (which is the same as the magnetic field direction in CsCoCb) 

·and the direction of.the 1-ray. 

Table 2.2: Relative line intensities for quadrupole split absorption lines. 

Transition Relative Line Intensity 

(m1 ~ m2) 

±1/2 ~ ±3/2 3(1 + cos2 B) 

±1/2 ~ ±1/2 2 + 3 sin2 B 

2.3 The Mossbauer Lineshape 

The decay of the 57Fe nucleus from excited state (energy Eex) to the ground state 

(energy Egs) with the emission of a photon can be modelled as a damped harmonic 

oscillator: exp[(iwo- r /2)t], where Wo = Eex- Egs and r is the width of the excited 

state (here li is taken as 1). The probability of emission of a photon with frequency w 

is proportional to the real part of the Fourier transform of this function ( Grandjean 

1988). 

I(w) cx.Re fooo dtexp(-iwt)exp[(iwo-rf2)t] = (w-w:{2

2
+f2/4 . 
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Thus the lineshape of the frequency profile is Lorentzian, centred at w0 with a full 

width at half maximum of r. The situation for the resonant absorption of a 1-ray 

is equivalent. 

If the nuclear environment is subject to time dependent fluctuations (for example 

a fluctuating hyperfine field as in the case of 57Fe in CsCoCh) then the situation 

is more complicated. To consider the implications of such effects on the Mossbauer 

spectra there are three time scales that need to be considered. 

The first is the mean lifetime of the 57Fe nuclear excited state. The half-life 

is 98 ns and so the mean life time, 'Tn, is given by 143 ns (98/ln 2). As discussed 

previously this adds a width of 4.6 x 10-9 eV = 0.1 mms-1 to the excited state 

hyperfine levels. 

The second time scale is known as the 'Larmor precession time', and is the 

minimum time necessary to determine whether a system is in either of two states. 

If the energy of the two states are Ea and Eb then by the Heisenberg uncertainty 

principle the Larmor precession time, n, is given by 

For 57Fe the hyperfine splittings are typically of the order of 0.1 mm s-1 to 1 mm s-1, 

and this results in a value for 7i of rv w-7 s. 

The third time scale, 'Tr 1 is the characteristic period for any relaxation process 

occurring. If the relaxation is slow with 'Tr ~ 71 then the nuclear environment is 

unchanged over the Larmor precession time, and the spectrum observed will be a 

superposition of the static spectra obtained for each set of hyperfine parameters. If 

the relaxation is fast with 'Tr < 'Tt then the spectrum will reveal a single 'static' site 

with time averaged hyperfine parameters. For relaxation times between these two 

extremes where 'Tr rv 71 the observed spectrum will be complicated by broadened 

lines. For a typical Mossbauer spectrum where 'Tt rv 10-7 s, relaxation effects will 

be observable if 'Tr is in the range 10-5 s - 10-9 s. 

Blume and Tjon (1968) developed the theory that can be used to calculate 

Mossbauer lineshapes in the presence of relaxation effects. They considered the case 

of 1-ray emission from a nucleus in a fluctuating environment, however a similar 

treatment is applicable for the absorption of 1-rays (as is the case for the Moss bauer 

effect). A summary of the theory needed to calculate the lineshape for the situation 

that is applicable to 57Fe in CsCoCb is given below. 
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The probability of emission of a photon of frequency w by a system which makes 

a transition from an initial state 1>-) (energy E>" width r) to a final state Ia) (energy 

Ea) is given by 
l(ai'H+I>-)1 2 

h.a(w) = ((w + Ea- E>J2 + f 2 /4) 

where '}-{+ describes the interaction of the solid with the photon. Here I (ai'H+ 1>-) 12 

is essentially a Clebsch-Gordon coefficient giving the transition probability. In the 

presence of time dependent effects this may be written as 

where 'H- = 1-{+t, ( )av denotes the stochastic average, and the time ordered evolu

tion operator is given by (Merzbacher 1970) 

U(t) = exp [-i fat 'H(t')dt'] . 

In this expression 'H is the time dependent Hamiltonian for the nucleus. The full 

spectrum is then obtained by averaging over all initial states and summing over the 

final states . 

For 57Fe in CsCoCls the initial and final states are the nuclear states II1m1) and 

llama) where !1 = 3/2 and fa= 1/2 and 

is the nuclear Hamiltonian, where 'Ha describes all other static interactions, and f(t) 

is a stochastic variable which can take values appropriate for the fluctuations being 

considered. 

Substitution of 'H(t) into equation (2.3) leads to a result that requires evaluation 

of the expression 

where a= (gama- g1m 1)ttNB. The solution is given in Abragam (1961) to be 

( exp [ia fat f(t')dt']) av = K. exp[(iaF + W)t].l. 

For the case of a 2-level model K is a 1 x 2 matrix containing the probabilities for 

f(t) assuming either of its two values. F is a 2 X 2 matrix with diagonal elements 

equal to the two possible values for f(t) and off diagonal elements equal to zero. W 
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is a 2 X 2 matrix where the off diagonal elements give the probabilities per unit time 

that the stochastic variable f(t) makes a transition between its two values. The 

diagonal elements of W are defined so that Wii = - 'L:#i vVii since the sum of the 

transition probabilities for all possible transitions is constant, namely 1. 1 is a 2 x 1 

matrix of unit elements. 

The solution for equation (2.3) over all the states is 

where Pis a 2 x 2 matrix with diagonal elements given by 

Pu = -i[w-wo (1/12)lelQVzz(3mi- (15/4)] +r/2, 

and off diagonal elements equal to zero. Here wo = 'Holl1m1) -1-lollomo). 

So a calculation of I(w) over the possible values of w requires evaluation of the 

matrix (P- W- iwFt1 for each value of w. For a 2-level model, inversion of 

the 2 x 2 matrix is trivial and can be done reasonably efficiently. If larger matrices 

are required then a more efficient method is given by Clauser (1971) where the 

matrix inversion does not need to be performed for each value of w. This will reduce 

computation time quite significantly. 

2.4 Crystal Field Theory 

The Hamiltonian to describe the ground state properties of the Fe2+ ion in CsCoCls 

can be written: 

1-£ = 'Hrree + 1-loct + 'Htrig + 'Hso + 'Hma.g (2.5) 

where 'Hrree is the Hamiltonian for the free ion (neglecting the spin-orbit interaction), 

1-loct and 1-ltrig represent the electrostatic interactions between the Fe2+ ion and its 

ligands, 1-lso is the spin-orbit interaction representing the coupling between the 

electronic spin and its orbital moment, and 'Hma.g describes the exchange coupling 

between the Fe2+ ion and its Co2+ neighbours. The methods for solving equation 

(2.5) are standard, and can be found in a number of texts. Ballhausen (1962) 

provides the details of the theory to be covered in this section. 

For an atom with i electrons 'Hrree can be written 

1i2 1 Z e2 1 e2 

'Hrree = --l:::\17- -2:::-+-I:-
2m i 47rEo i ri 47reo i>j rij 
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and an approximate solution is obtained by using products of solutions to the sin

gle electron problem. The solution to this problem is very complicated due to the 

electron-electron interaction term. Condon and Shortley (1953) deal with this prob

lem in detail. 

Fe2+ has the electronic configuration [(1s) 2 (2s) 2 (2p)6 (3s) 2 (3p)6](3d)6 • To deter

mine the ground state spectroscopic term the filled inner shells (represented by the 

terms in the square brackets) can be ignored because there is no freedom for the 

arrangement of these electrons, and the total orbital and spin angular momentum 

for these shells is zero. It is only the arrangement of the electrons in the partially 

filled (3d) shell that determines the energy level structure (though this ignores any 

interaction between the filled inner shells and the outer shell). 

To characterise the atomic configuration it is assumed that the quantum numbers 

L and S can completely describe the system - this is known as Russell-Saunders 

coupling. Here L and S are the total orbital and spin angular momentum respec

tively. Hund's rule then determines the ground state. For the Fe2+ free ion the 

ground state is the 5D level- i.e. L = 2, S = 2 which is 25-fold degenerate. The 

spherical harmonics y;m, m = -2, ... , 2 form a basis for the orbital part of the ground 

state wavefunctions, and these are multiplied by the five spin eigenfunctions lms), 

ms = -2, ... , 2 to make up the 25 basis states. The next highest term above the 
5D ground state is the 3H level which lies at "' 18400 cm-1 (Schlafer and Gliemann 

1969). It is assumed that this term and higher ones do not mix with the ground 

state through other interactions. 

The effect of the remaining terms in the Hamiltonian is to perturb the ground

state wavefunctions, and lift the degeneracy of these levels. The form of each of 

these terms and its effect on the electronic states will be discussed in the following 

paragraphs (refer to figure 4.6 for an illustration of these effects). 

The Fe2+ ion sits at the centre of a slightly distorted octahedral arrangement 

of Cl- ions. The crystalline potential produced by these ions is represented by the 

terms 1-ioct and 1-itrig· The form of these terms can be obtained using symmetry and 

group theory considerations. 

If a crystal has a certain symmetry, then it will be unchanged if an operation 

belonging to that symmetry group is performed on it. It follows that the Hamiltonian 

for the system must also be invariant under this operation. In other words the 
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Hamiltonian must transform as the r 1 irreducible representation of that point group. 

The crystal field Hamiltonian can be expanded in terms of the spherical harmon-

lCS 

lm 

where C~) are the spherical harmonics normalised to [41/(21 + 1)]112 (Sugano et al 

1970), and R};! are constants. For electrons in the same (3d) configuration (and 

hence with the same parity) only even values of l need be considered. The l = 0 

term can be discarded since it only produces a uniform shift in all of the levels, and 

for the ground state with L = 2, only l :::;; 4 terms will contribute. The constant 

terms are replaced by an empirical parameter B: which is fitted to experimental 

data. So for the octahedral point group Oh the Hamiltonian which transforms as 

the r 1 irrep is 

with the axis of quantisation along the cubic (111) direction (the crystal c-axis). 

The lowering of the site symmetry from S03 to Oh splits the ground state 5D 

wavefunctions into an orbital triplet labelled T 2g, and an orbital doublet labelled 

Eg. For Fe2+ in CsFeCla the T 2g orbital triplet lies tv7000 cm-1 below the Eg 

doublet (Putnik et al 1976) and it is expected that Fe2+ in CsCoCla will have a 

similar splitting. The linear combinations of the ground state orbital wavefunctions 

appropriate for trigonal symmetry that transform as T 2g are 

and for Eg 

- y;o Xo- 2 , (2.6) 

The trigonal distortion lowers the symmetry further from Oh to D3d and is rep

resented by the Hamiltonian 

'1..1 Bz0(2) B4C(4) 
I Ltrig = 0 0 + 0 0 

where the B and C terms are defined as for the octahedral Hamiltonian. 

The effect of the trigonal term is to split the T 2g orbital triplet into a doublet 

and a singlet labelled Eg and A1g respectively, and to produce a shift in energy of 
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the octahedral Eg level. For Fe2+ in CsCoCb the A1g level lies approximately 100 

cm-1 below the Eg level (Ward et al1987 A). 

The next term in the full Hamiltonian is 'Hso - the spin-orbit interaction. This 

term represents the interaction that occurs between the magnetic dipole moment 

produced by the spin of an electron, and the magnetic dipole moment produced by 

the electron in its orbit. 

For a hydrogen like system (single electron) the spin-orbit Hamiltonian can be 

written 

'Hso = _!f_! {)U(r) l.s 
2m2c2 r 8r 

where U(r) is the potential for the system. For a many electron system the spin

orbit interaction can be written as a sum of the single electron terms if it is assumed 

that the electrons only interact with their own orbits. Within a given LS term 

the matrix elements of I:i f(ri)li.Si are proportional to L.S thus the spin-orbit 

interaction for the ground state term of Fe2+ can be written 

'Hso = AL.S. 

A is the spin-orbit coupling constant, and for the free ion has a calculated value of 

-103 cm-1 (Trees 1951) though this will be reduced by covalency effects for Fe2+ in 

CsCoCb. 

The last term to consider is the magnetic exchange interaction which repre

sents the coupling between the electronic spins of the Fe2+ ion and its Co2+ nearest 

neighbours. The coupling is not magnetic in origin, but is due to electrostatic effects 

caused by interionic Coulomb interactions. In the Heisenberg model this coupling 

is most generally represented by 

'Hmag = - L Jle-Co si.Sj 
i¢j 

where Sj is the spin of the Fe2+ ion, and Si are the spins of neighbouring Co2+ ions. 

Ji~e-Co is the exchange integral between the Fe2+ ion i, and the surrounding Co2+ 

ions j. For CsCoCb the exchange is anisotropic with the easy axis directed along 

the crystal c-axis and the magnetic exchange is represented as 
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where Jeff is the total magnetic exchange between the Fe2+ ion and its Co2+ neigh

bours. (Sz)co represents the thermal expectation value for the Co2+ spins. 

The crystal field parameters B~, BJ, B6, and A are assumed to be temperature 

independent, but the exchange term has a temperature dependence in the form of 

the (Sz)co term. Co2+ has a 4F ground state term with S = 3/2, however (Sz)Co is 

calculated using an S 1/2 Brillouin function since at low temperatures only the 

lowest doublet within the 4F term is populated (see section 2.8.1). 

2.5 Calculation of the Mossbauer Observables 

The electronic states produced by the crystal field, spin-orbit, and magnetic ex

change interactions interact with the nucleus via the hyperfine interaction. This 

can be represented by an effective magnetic field at the nucleus, so each level can 

be seen to give rise to a certain electric field gradient and hyperfine magnetic field. 

The electronic states will be populated according to the Boltzmann distribution for 

a given temperature and the hyperfine fields at the nucleus will be a weighted aver

age of the contributions from each of the electronic levels. That is, if a Mossbauer 

observable is represented by an operator 0 then its expectation value will be 

(O) = I:;!1 (1/J;JOI1/li) exp ( -Ei/kT) 
I:i=l exp (-Ei / kT) 

where 1/Ji is the ith eigenstate of the Hamiltonian 'H with eigenvalue Ei, and the sum 

is over the 25 states in the 5D term. 

The expectation value of 0 will obviously be temperature dependent .because 

the population of the levels is temperature dependent. Also note that by taking an 

average it is assumed that any electronic transitions between the states occur at a 

rate that is higher than the relaxation rate for the Mossbauer nucleus, so that the 

Mossbauer nucleus experiences an average field. 

2.5.1 The Electric Field Gradient 

The origin of the electric field gradient (EFG) that produces the observed quadrupole 

splitting in a Mossbauer spectrum has two main sources: the valence electrons of 

the Fe2+ ion and the charge distribution of neighbouring ions. 
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The contribution to the EFG from the valence electrons can be described by 

considering the potential at the nucleus due to a point charge at position T: 

-lei V---
- 47rc:0 r' where r = jx2 + y2 + z2. 

The second partial derivatives are given by 

where Xi = x, y, z for i = 1, 2, 3 and 8ij is the delta function. Using operator 

equivalents (Judd 1963) Vij may be expressed as 

This treatment for the single 3d electron is valid for the (3d)6 configuration of Fe2+ 

since the half filled (3d) 5 shell is spherically symmetric and does not contribute to 

Vij· 
The parameter (r(/) is the expectation value of r- 3 . It is reduced from its free 

ion value of 4.93 au (Freeman and Watson 1963) by the Sternheimer shielding factor 

RQ (Watson and Freeman 1963): 

This factor arises because the inner core electrons (which are spherically symmetric 

in the free ion, and so do not contribute to the EFG) are polarised by an exchange 

interaction with the valence electrons. The shielding factor RQ is typically in the 

range 0 - 1. (r(/) is treated as a parameter that is fitted to experimental data, so 

a calculated value for RQ is not required. 

The other contribution to the EFG is from the surrounding ions in the lattice. 

This contribution could in principle be calculated from a knowledge of the positions 

of the ions. In practice though the results are very sensitive to the ion positions 

(de Wette 1961) and Sternheimer antishielding effects (due to the core electrons) 

complicate the calculation. In this work the axial symmetry of CsCoCls means that 

only the Vzz component affects the quadrupole splitting in the Mossbauer spectrum, 

and so v;;tt is treated as a parameter to be fitted. 



2.5. Calculation of the Mossbauer Observables 29 

2.5.2 The Magnetic Hyperfine Field 

The effective magnetic field that represents the hyperfine interaction between the 

nucleus and the surrounding electrons has three terms (Kolk 1984): 

BL is the magnetic field produced by the orbital angular momentum of the 

valence electrons, and is written 

BL = flo/lB (r-3)(L). 
271' 

Here (r-3
) is not the same as (r(/) because each is associated with a different 

interaction. (r-3 ) has a free ion value of 4.59 au (Watson and Freeman 1967), and 

this is reduced by covalency effects so that it is typically in the range 3.0 - 4.4 au 

(Davidson et al1973). 

The next term Bn is the dipolar field produced by the electron spin. It is 

expressed as 

Using operator equivalents (Bleaney 1967) this can be written 

Bn = 11
8°:: (r-3)(~L(L.S) + ~(L.S)L- L(L + l)S) 

and for the case of a crystal with axial symmetry this reduces to 

Bn = flof.kB (r-3 ) (3 cos2 0 - 1) (S) 
27r 

where 0 is the angle between the electronic spin S, and the principal axis of the 

EFG tensor. It is also assumed that the value of (r-3 ) is the same for BL and Bn. 

The final term B 8 is the field produced by a polarisation of the inner s-electrons 

due to exchange interactions with the partially filled 3d shell. This term is known 

as the Fermi contact field, and can be written as 

471' 
Bs = 3/lot-tB(S i-S J). 

S j and S l are the densities of electrons at the nucleus with spin up and spin down 

respectively. Alternatively the Fermi contact term can be written 

1 
Bs = 2Bc(S) 
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where Be is the Fermi contact effective field. As a rule each unpaired electron 

contributes rv -11 T to Be, so for Fe2+ Be is of the order of -44 T (Greenwood and 

Gibb 1971). 

2.6 Fitting the Crystal Field Parameters to Moss

bauer Data 

The experimental data for the quadrupole splitting obtained over a range of tem

peratures can be used as input for a fitting program that will obtain the crystal 

field, spin-orbit, and exchange parameters that give the best agreement between 

theoretical and experimental values of QS for Fe2+ in CsCoCb. 

To do this a computer program (described by Pollard et al (1982)) was used that 

performs the following steps: 

(a) The matrix elements for each of the terms in the Hamiltonian, and for the 

Mossbauer observables are read in. The matrix elements used are in terms 

of the 25 basis states obtained by the products of the orbital parts defined 

in equations (2.6) and (2.7) with the spin eigenfunctions lms)· For the case 

of tensor operators the matrix elements were calculated using the following 

relationship (Rotenburg 1959): 

~ ~)(~ ~ ~) 
(2.8) 

where the last two factors are 3-j symbols. The matrix elements of the terms 

involving operator equivalents (for example, the spin-orbit interaction L.S) 

were calculated directly for the basis functions being used. 

(b) The matrix for the full Hamiltonian is calculated for a given set of crystal field 

parameters, and this is then diagonalised. 

(c) V~z is calculated for each of the eigenstates of the Hamiltonian and from this 

the expectation value for the quadrupole splitting at each of the experimental 

points is calculated. 
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(d) The parameters are then adjusted by the program until the x2 parameter is 

minimised, and the best agreement between the experimental QS and theoret

ical QS is obtained. 

2. 7 The Orbit Lattice Interaction 

The crystal field model discussed so far assumes the ions are in fixed positions. In 

fact the presence of lattice vibrations or phonons means that the ions are oscillating 

about equilibrium positions, and that at any instant there will be a strain present 

at a given Fe2+ site. This strain lowers the symmetry from D3d and will result in an 

additional mixing of the electronic states. This effect is known as the orbit-:lattice 

interaction and the mixing of states that it produces will be temperature depen

dent because the occupancy of the phonon states causing the strain is temperature 

dependent. 

The orbit-lattice interaction may be important when fitting the crystal field 

parameters to measured quadrupole splitting data. This is because the Eg and 

A1g states derived from the trigonal distortion term give predominantly positive 

and negative quadrupole splitting values respectively. The temperature dependent 

mixing of these states by the orbit-lattice interaction may then account for changes 

in the observed quadrupole splitting that the standard crystal field model does not 

predict. 

The orbit-lattice interaction can also be called the dynamic crystal field effect 

because it is simply the change in the crystal field caused by distortions of the sur

rounding ions, and is the next term in the expansion of the crystalline potential. 

Price (1978) develops the theory to calculate the effect of the orbit-lattice interac

tion. However, the main steps needed to calculate the correction to the EFG will 

be given here. 

The potential acting on an electron bound to the central ion can be expanded as 

where Pk are the normal coordinates of the surrounding ions, and 1-£0 is the static 

Hamiltonian. The second term represents the orbit-lattice interaction and can be 
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written as 

where£~ are the linear combinations of the strain tensor appropriate to the potential 

v;;t, or it can be re-expressed as 

'Hoi= 2:: :L bz(f)Bz(f,p)c(f,p) (2.9) 
r,p z 

where bz(f) are the coupling coefficients, Bz(f, p) are the appropriately transforming 

linear combinations of spherical harmonics, and c(f, p) are the linear combinations 

of the strain tensor that transforms as the pth subvector of the representation r of 
• 

the local point group. For 3d ions l equals 2 or 4. 

The basis wavefunctions used for the calculations are of the form 

where '1/Ji is the electronic solution to the static Hamiltonian and the N ex ( k, s) 's are 

the occupation numbers of the phonon states with wave vector k, and polarisation 

index s. The index a relates the particular set of occupation numbers to the product 

state c/J?cx. 

When 'Hoi acts on the state c/J?cx, Bz(f,p) acts on the electronic part, and c(f,p) 

acts on the phonon part, i.e. 

'Hoi\cP?cx) = 2:: :L bz(f)Bz(f,p)\'1/Ji)c(f,p)\Tik,s Ncx(k, s)) (2.10) 
rp z 

and the energy of the state is 

Efcx = Ei + 2: {Ncx(k, s) + 1/2}/iw(k, s) 
k,s 

where Ei is the energy of the electronic level i, and w( k, s) is the frequency of the 

phonon. 

'Ho1 is treated as a perturbation on 7-{0
, so to first order the perturbed states are 

given by 

(2.11) 
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where 1Aicxl2 is the normalisation constant, given by 

IAicxl2 = (1 + 2: (q)J~I'Hod~?a) 2) -1 
j,/3 Eicx - Ei/3 

The typical phonon vibrational period is much shorter than the excited state life

time of the Mossbauer nucleus, so the orbit-lattice effect as seen by the Mossbauer 

nucleus is time averaged. To calculate the effect on the EFG operator (or in partic

ular 11zz), the expectation value can be used. Using equations (2.10) and (2.11) the 

following expression is obtained. 

(2.12) 

where 

(.0. Vzz )icx = 2: ( ¢i'IVzz l¢i) 2: L ( ¢ilbt(r)Bt(r ,p) I¢J') (¢i lb,,(r')BI'(r', p') 11/Ji)CJi' 
jj' rpr'v' II' 

and 

IAicxl2 (1 + LLL(¢ilbr(r)Bt(r,p)l¢i)(¢ilbr(r)Bt(r,p)l¢i)CJi) -I 

J rv 1 

and in these expressions cjj' = 

L (Ih,s Ncx(k, s )I e:(r,p) lnk,s N13( k, s)) (llk,s N13( k, s )I e:(r' ,p') Jnk,s Na(k, s)) 
13 (Efa- EJ,(3)*(Efa- EJ/3) . 

The term Cjj' involving the matrix elements of e: can be calculated from the stan

dard result for quantum harmonic crystals (Ashcroft and Mermin 1976) where the 

Cartesian component of the strain induced by an acoustic phonon of wavevector k 

on an ion of mass M situated at the origin is 

Ep,v = i L { h/2Mw(k, s) f 12 ( ak,s - al,s){ k11 ev(k, s) + kve11(k, s)} /2. (2.13) 
k,s 

Here at and a are the creation and annihilation operators for the phonon and e( k, s) 

is a unit vector in the direction of the polarisation of this phonon. 

Using equation (2.13) and symmetry and isotropy considerations the expression 

for Cjj' becomes 

ci _ 3 "' ( hP ) ( N a ( k) + 1 
ii'- 7' 2Mw(k) {Ei- Ei' + hw(k)}*{Ei- Ei- hw(k)} 
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+ {Ei- Ei' + nw(k)}*{Ei- Ei + nw(k)} . 
By assuming a Planck distribution for the phonon numbers and the Debye model 

for the density of the phonon states (Kittel1976), i.e. 

la
wD Vw 2 

~---+ dw--
L... o 21rv3 

k 

where kB is the Boltzmann constant, wn is the Debye cutoff frequency, V is the 

volume of the unit cell, and v is the speed of sound in the crystal, the expression 

now becomes 

· 3k2 T 2 lxD 1 ex e-x 
0~ ., = B -x3 cosech( X) [ + ]dx 

JJ 1r2v5pli3 o 2 (8ij'-x)*(8ij-x) (8ij'+x)*(8ij+x) 
(2.14) 

with Xn = ()n/2T, X= nwj2kBT, Ojj = (Ei- Ej)/2kBT. 

In this expression p is the density of the crystal, and ()D is the Debye temperature. 

In its entirety equation (2.12) contains a huge number of terms, but this num

ber can be reduced if some approximations are made. Firstly, in octahedral sym

metry the B 4 (f,p) matrices are proportional to the B 2 (f,p) matrices (Price 1978). 

CsCoCh has a trigonal distortion of the octahedral field but this distortion is treated 

as a perturbation. So only the B2 terms are used in the calculation since the B4 

terms do not produce any significant differences. The symmetry group D3d has 3 

even irreducible representations (irreps), A1g, A2g which are one-dimensional, and 

Eg which is two-dimensional (Butler 1981). The A1g and A2g irreps preserve the 

D3d symmetry, and so are not included in the calculation. The remaining B2(Eg,p) 

terms transform as two different Eg representations, and are given below. 

B2 (E~2), 1) 

B2(E~2l, 2) 

_1 ( -J2c12l - ci2l - J2c~2) + c12l) V6 2 1 

Jg( J2c~2) + ci2l - J2c~2) + ci2)) 

_1 (c12l - J2ci2) + c~2) + J2c12l) V6 2 1 

~( -c}2) + J2ci2) + c~2) + V2ctl). 

Price et al (1984) deals with a similar problem which has D3d symmetry, however 

in their expression for the Hamiltonian they replace .s(f,p) with .s*(f,p). Conse

quently the form of their B 2 (Eg, p) 's is inappropriate for the Hamiltonian defined 



2. 7. The Orbit Lattice Interaction 35 

in equation (2.9) - resulting in non-Hermitian matrices. The Hamiltonian used 

here is the same as that defined by Price (1978) and although the symmetry of the 

problem discussed by Price is S6 , the B2 (Eg,p)'s given for that problem transform 

appropriately for D3d symmetry as well. Here the B2(Eg,p)'s are given in terms of 

normalised spherical harmonics rather than tesseral harmonics (Arfken 1985). 

The sum over j and j' represents 625 (252 ) possible terms if the full 25 level 

model is used.This was reduced to 225 (152) terms by considering only the 15lowest 

states derived from the T 2g orbital triplet. This approximation is valid for the low 

temperatures being used in this calculation. 

The matrix elements for the B2 (Eg,pfs were calculated with the orbital basis 

states x+, x 0 , and x_ using equation (2.8). 

The B2(Eg,p) matrices are (in terms of the basis states x+, x 0 , x_ ): 

B,(E(') 1) ~ [ 
0

- 1 

-1 2 

] ' B,(E('l 2) ~ [ 
0

-; 

i 2i 

] 
772 772 772 772 
0 1 0 -i 

g ' 7-.../2 772 g ' 7-.../2 7-.../2 
2 1 0 -2i i 0 772 772 N2 772 

B2(E~'l, 1) ~ [ : 

1 l 

] ' [ ~ 
-i i 

] 
7 7 7 7 
0 -1 B2(E~2), 2) 0 i 

T 7 
-1 0 -! -i 0 7 7 7 

2.7.1 Calculating the Effect ofthe Orbit-Lattice Interaction 

Because reliable information on the values of the b2(r)'s and excited state lifetimes 

was not available a simplified calculation was performed to see if qualitatively the 

orbit lattice interaction had a marked effect on the QS. The procedure was to cal

culate the correction to the QS for the two lowest electronic levels at 2 K, and the 

correction to the average value of the QS at 25K to see if there was a difference. 

The results of this orbit-lattice calculation are presented in section 4.3, and have 

also been published elsewhere (Laban and McCann 1992). 

The program described in section 2.6 was used .to generate the eigenvectors for 

the static Hamiltonian with the crystal field and spin-orbit parameters shown in 

table 4. 7 at 2 K, and at 25 K. A program was written that renormalised the 15 

lowest eigenvectors to include only the orbital components x+, x 0 , x_. This is a 

small correction since only small amounts of u+ and u_ are mixed into these states. 
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With these eigenvectors the matrix elements in equation (2.12) were then calculated 

by the program. Calculation of all 225 CJj' integrals for each level considered would 

have been a tedious task, so only terms that gave a product of matrix elements 

within a factor of 10 of the largest contribution were included in the correction 

calculation. 

An analytical solution to the CJj' integrals could not be obtained so these co

efficients were calculated by numerical integration. The trapezoidal algorithm was 

used (see for example Press et al (1986)) and the step size was halved iteratively 

until the relative difference between consecutive solutions was less than 10-5 • 

In CsCoCls a number of electronic energy levels lie below the De bye cutoff energy, 

so there will be resonances of the phonons with these energies. This complicates 

the calculation of the integrals because singularities occur in the integrand. If in 

equation (2.14) for Cjj'' l8ijl < Xv and Dij # Dij' then the integrand is of the form 

f(x)j(x- Dij)· The integral in this case is finite, and to calculate it the integrating 

routine integrates from 0 to Dij -ry, and Dij + 17 to Xv. 17 was chosen to be sufficiently 

small so that any error was negligible (the error to first order is 2ry f' ( Dij)). 

If l8ijl < Xv and Dij = Dij' then the integral is of the form f(x)j(x- Dij) 2 and 

will be infinite. Physically the lifetime of the excited levels is not infinite, and so if 

a width for these levels is included in the formulation this problem will not occur. 

Following Orbach (1961), a width r is included, and the integrand now has the form 

f(x)j((x- Dij) 2 + (r/2) 2
), and can be readily integrated. 

To estimate r, the transition rate for the level in question was calculated. It 

was assumed that any transitions would be by the direct process (see for example 

Abragam and Bleaney (1970)). For a decay the transition rate w 1~ w06.3 where 

w0 is a constant and .6. is the energy difference between the excited and lower level. 

A value for w0 of 2.3 x 104 (em - 1 ) 3s-1 was obtained from the results of fitting 

Mossbauer relaxation spectra of CsCoCls below 20 K (Sheen 1994). For the levels 

under consideration, a value for .6. of rv 100 cm-1 was appropriate. Using these 

values W lrv 2.3 X 1010 s-1 and r rv 1 cm-1• 

Information on the strength of the orbit-lattice interaction for CsCoCls could 

not be found, so a value of 104 cm-1 was chosen for the b2(r)'s. This was a typical 

value used in the orbit-lattice calculation for FeC03 by Price (1978). 
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2.8 Soliton Theory 

2.8.1 Origin of the Spin-1/2 Hamiltonian 

The effective spin-1/2 Hamiltonian used to describe the low temperature properties 

of CsCoC13 is a consequence of the ground state electronic structure of the Co2+ ion 

in its crystal environment. The symmetry and interactions that occur at the Co2+ 

site have already been discussed in detail for the Fe2+ ion, however the resultant 

electronic splittings are quite different for Co2+ since it has an extra electron in its 

valence shell compared to Fe2+. 

The (3df electrons result in a 4F (L = 3, S = 3/2) ground state configuration 

which is 28 fold degenerate. The octahedral crystalline potential splits the orbital 

components of the 4F term into two orbital triplets, T1g, T2g, and an orbital singlet 

A2g (Ballhausen 1962). In CsCoCls the T1g level lies lowest with the T 2g level at rv 

5000 cm-1, and the A2g level at "' 11250 cm-1 (Euler and Garrett 1981). 

The orbital part of the wavefunctions for the T lg level are: 

Yo= (2/3)Y3° + (1/3)j5i3(Y} Y;3), 

Y+ = j5/6-y;2- f1j6Y;l' Y- = j5/6Y;2 + fli6-y;I. (2.15) 

These T lg states are structurally isomorphic to p-electron states, ie. the matrix 

elements of L within T1g are equal to the matrix elements of -(3/2)L with the 

associated p wavefunctions. So within the T lg levels the trigonal distortion and 

spin-orbit terms can be written 

1-l = -8[L;- (2/3)] - (3/2)>.(L.S) (2.16) 

where L 1 and S = 3/2. 

The effect of these terms is to split the 12 fold degenerate T lg level into 6 Kramers 

doublets. From optical excitation experiments a value of -165 cm-1 is deduced for 

>.(Euler and Garrett 1981) and -460 cm-1 for 8 (Syme and Lockwood 1986). With 

these parameter values the second lowest doublet lies"' 300 cm-1 above the ground 

state doublet. At low temperatures (T < 100 K) the Co2+ system can be modelled 

by an effective spin-1/2 Hamiltonian since it is only the ground state doublet that 

will be significantly populated. 
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Following Lines (1963), the form of the wavefunctions for the groundstate doublet 

are 

'1/J+ c1IY-, 3/2) + c2iYo, 1/2) + c3iY+, -1/2), 

'1/J- c1IY+, -3/2) + c2iYo, -1/2) + c31Y-, 1/2) 

where the basis states IYi, ms) are products of the orbital states and spin states. 

Within the two-dimensional subspace generated by these states the spin operators 

are represented by the following matrices 

Sx = [ 
0 

q l , Sy = [ ~ -iq l , Sz = [ P 
0 l 

q 0 zq 0 0 -p 

where p = (3/2)cl 2 + (1/2)c2 2 - (1/2)c3 2, and q = c2 
2 + ySc1c3. 

The total spin operator S can then be replaced by the effective spin-1 /2 operator 

s where 

Sx = 2qsx' Sy = 2qsY' and Sz = 2psz. 

The one-dimensional Heisenberg Hamiltonian 1-{ = 2JCo-Co I:i si.si+l that repre

sents the magnetic exchange interaction between the neighbouring Co2+ ions i and 

i + 1 then becomes 

'1.J 2JCo-Co ~[4 2 z z + 4 2( x x + y y )] , " = L.J p si .si+1 q si .si+1 si .si+l 
i 

or 

1-{ = 2Jl:[s£.si+l + c:(sf.sf+1 + SJ.SJ+I)] (2.17) 
t 

where J = 4p2 JCo-Co, and c; = q2 / p2 • This is the spin Hamiltonian that describes 

the low temperature properties of CsCoCb. 

When the matrix elements of the Hamiltonian in equation (2.16) are diagonalised 

(using as a basis the 12 T lg states) with the given values for A and 8 the values 

obtained for c1, c2, and c3 are 0.854, 0.384, and 0.350 respectively. Using these 

values the calculated value for c; is 0.36. This does not agree well with the accepted 

value of 0.12, however, the calculation performed here only uses the lowest orbital 

triplet T1g for the basis states. Euler and Garrett (1981) have performed a similar 

calculation using the full (3d) 7 manifold. The value they obtain of 0.148 is in better 

agreement. 
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2.8.2 Solution to the Spin Hamiltonian 

The low temperature dynamics for a chain of S = 1/2 spins described by the Ising

like Hamiltonian (equation (2.17)) has been studied by Villain (1975). The ex

citations predicted by this Hamiltonian consist of regions of antiferromagnetically 

ordered domains separated by domain walls (or solitons). These domain walls can 

propagate with constant velocity along the chain of spins and are not affected by 

collisions with other solitons. This is referred to as the non-interacting soliton gas 

model. The mathematical treatment is as follows: 

Equation (2.17) can also be written as 

1-l = 2J2:[sf.sf+l + (c:/2)(st.si+1 + si.st+1 )] 
i 

where the xy part is now written in terms of the spin ladder operators s+ and s-. 

The groundstate for the chain can be approximated by the fully aligned state which 

is represented as 

IO) I ... i l i l i l i l i ... ). 
This state cannot be the ground state because it is not an eigenstate of the Hamil

tonian due to the xy term which flips pairs of spins along the chain, however for IS 

small it is a reasonable approximation to the ground state. 

States with one elementary excitation can be represented as 
n n+l 

In) = I ... i l i 1 : l i l i ... ) 

where the domain wall is present between spins n and n + 1. These states are 

eigenstates of the position operator, which, when operating on these states is defined 

as 

xjn) njn). 

Within the subspace of these states with one elementary excitation the only non 

zero matrix elements of 1-l are (relative to the groundstate): 

(nj'Hjn) = J, and (ni'Hin ± 2) c:J. 

Assuming a cyclic chain with an odd number of spins (an even number cannot have 

just one domain wall) the eigenvectors of 1{ are 

N 

jk) = 1/VNI: e-iknln) (2.18) 
n==1 
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and the eigenvalues are 

'Hik) = (J + 2cJ cos 2k)ik). 

The states ik) are also eigenstates of the velocity operator x , and using the result 

x = i/li(['H, x]) the eigenvalues are 

xik) = (4cJ/li)sin2klk). 

To appreciate the nature of these solutions a simple analogy can be made between 

these soliton solutions and the familiar quantum mechanics problem of a free particle. 

A free particle in one dimension has the Hamiltonian 

The eigenfunctions of the position operator are the Dirac delta functions since 

x8(x- x 0 ) = X 0 D(x- x 0 ), and the eigenfunctions of the Hamiltonian are the plane 

wave solutions 

ik) = 1/~e±ikx, or alternatively lk) = 1/~ j_: e±ikx'o(x'- x)dx'. 

1{ has eigenvalues given by 

'Hik) = fi2k2ik). 
2m 

The states lk) are also eigenstates of the momentum operator with eigenvalues given 

by 

Pik) = ±likik). 

The analogy between these free particle solutions and the solutions of the soliton 

problem can now be seen. In both cases the eigenfunctions of momentum and the 

Hamiltonian are linear combinations of the eigenfunctions of position with the phase 

factor eikx for the free particle, or eikn for the soliton. The results for the solitons 

can be interpreted in terms of the free particle picture where a localised particle can 

be made up of linear combinations of the plane wave solutions to the Hamiltonian. 

A classical type picture is usually used to describe solitons where the domain wall is 

depicted as having a known position, and is propagating along the chain with some 

velocity though this is not strictly correct since as with the free particle the position 

and momentum operators are complementary. 
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The average soliton density and velocity in the chain of spins can now be cal

culated by taking the thermal average of the states in equation (2.18) (Mald 1981). 

For the soliton density 

Nk = 2~ 1: exp( -Ek/kBT)dk 

- .le( -JfkBT) j'Jr exp( 2sJ cos 2k )dk 
21r -1r kBT 

= e(-J/kBT) l ( 2s.J) 
0 koT (2.19) 

where 10 is a modified Bessel function. Note that this expression is different by a 

factor of 1/2 from the expression given by Maki (1981) which appears to be in error. 

The average soliton velocity (in lattice units per second) is then 

Vk - N;;\~ j~ iv(k)i exp( -Ek/kBT)dk 

N-14sJ e(-J/kBT) jTr I sin 2kl exp( zsJ cos 2k)dk k 21rli, kBT 
-r. 

_ 4kaT 1-1( 2sJ) sinh( 2s.T ). 
1rli 0 kBT kBT (2.20) 

Nk is strongly temperature dependent at 5 K Nk "" 10-6 (per lattice unit) and 

at 20 K Nk ""' 10-2 while Vk is practically temperature independent with Vk ,......, 1012 

(lattice units )s-1 from 5 K to 20 K. 

2.8.3 Solitons and the Mossbauer Effect 

Since the Mossbauer effect is a local probe with the signal obtained being a sum 

of all the contributions from individual Fe2+ sites, we are concerned with the effect 

that the solitons have on a given site in the chains. As a soliton passes a given site 

the electronic spin at that site will be flipped, so at some temperature where there 

are a number of solitons in the chain the spins will be flipping randomly with time. 

The average flipping rate can be calculated as follows: 

For a given site in a time of 1 second only solitons within a distance of Vk lattice 

units will be within range to pass the site. The number of solitons in this distance 

is Nk x 211k. On average though only half of the solitons on either side of the site 

will be travelling towards the site, so in 1 second the number of flips will be Nk Vk. 

Using equations (2.19) and (2.20) the average flipping rate is given by 

(2.21) 
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The spins in the chains interact with the nucleus via the hyperfine interaction 

which can be expressed by an effective field Bhr (see section 2.5). For Fe2+ in 

CsCoCb this field is proportional to the electronic spin, so that a spin aligned along 

the crystal c-axis produces a magnetic field along the c-axis, and reversal of the 

spin results in reversal of the field. 

The passage of solitons as seen by the Mossbauer effect can be modelled by a 

time dependent hyperfine field Bhf= B 0 f(t) where f(t) is a stochastic variable that 

switches randomly between + 1 and -1. The effect of such an interaction on the 

Mossbauer lineshape has been discussed in section 2.3. 

For CsCoCb the situation is more complicated than described above since to · 

study the soliton dynamics an Fe2+ ion must be substituted into the chain. As has 

been discussed earlier, the Fe2+ ion is magnetically coupled to the Co2+ ions in the 

chains and participates in the magnetic ordering, however the Fe2+ ion cannot be 

modelled as a spin-1 /2 system. For T < TN1 the three lowest electronic levels will 

be populated (refer to figure 4.6). One of these levels is non-magnetic with Bhf 

nearly zero, and the other two levels are magnetic, producing fields of,...... ±25 T. In 

this respect the Fe2+ ion behaves as an S = 1 impurity in the spin-1/2 chain. The 

passage of the solitons also results in a flipping of the Fe2+ spins, and the analysis 

described above can be used to interpret the results obtained. 

Transverse fluctuations in the spin components have not been considered in this 

section. This is because the system is strongly anisotropic, and any transverse 

fluctuations will only occur in the instant that a soliton is passing a given Fe2+ site. 

Since this process is nearly instantaneous, relaxation due to this effect would not be 

noticeable in the Moss bauer spectrum (de Groot 1986). 
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Experimental Details 

3.1 The Mossbauer System 

The Mossbauer spectrometer used for this work was supplied by Ranger Scientific 

Incorporated (RSI). It comprised a MS-900 spectrometer linked to an Apple lie 

computer, a VT-900 velocity transducer, and a PA-900 proportional counter. 

The system was used in standard transmission geometry with a moving source 

at room temperature, and a stationary absorber held at a controlled temperature. 

With this system the data from the MS-900 could be stored on the Apple computer 

for viewing and initial storage. For full analysis the data was ·transferred to a VAX 

6340 computer. 

The source used was Cobalt-57 in a Rhodium host, manufactured by Amersham 

International. The half-life of the 57 Co is 271 days, and when purchased on 11/1/89 

the source had an activity of 1.85 GBq, a line-width of 0.102 mms-\ and a recoil 

free fraction of 0. 77. The calculated activity of the source when this work was started 

was 1.5 GBq, and 0.26 GBq when the experimental work was complete. 

The source velocity was modulated by the VT -900 transducer operating in con

stant acceleration mode with the velocity sweeping out a triangular wave form with 

time. The velocity range could be selected from the MS-900, and was chosen to suit 

the characteristics of the spectra being taken. 

The PA-900 proportional counter was filled with 1 atmosphere of 97% Kr/3% 

C02 and had a 0.25 mm thick beryllium window. To select the 14.4 keV Mossbauer 

1-ray the spectrometer could be operated in PHA (pulse height analysis) mode in 

43 



44 Chapter 3. Experimental Details 

which the output from the detector was displayed as number of counts vs. pulse 

height. From the resulting plot the discriminator levels for the detector gates were 

set on the spectrometer to eliminate most of the additional counts caused by X-ray 

radiation from the Fe and Rh, and high energy 1-rays from the 57 Co decay. 

With the Mossbauer 1-ray selected a Mossbauer spectrum could then be col

lected by storing the counts in 1020 channels synchronised with the source velocity. 

The 1-ray counts were collected over the full cycle of the source movement, so the 

spectra were essentially mirrored about the centre channel. The only difference be

tween the two sides was the baseline curvature caused by a change in the 1-ray flux 

as the source-detector distance varied through one cycle. This resulted in a 'trough' 

on the left half of the spectrum, and a 'crest' on the right side. In subsequent 

analysis the spectra were computationally folded (discussed further below) and the 

resultant spectrum had a flat baseline. 

After recording a blank spectrum with no absorber in place, two weak ("' 0.3% 

absorption) lines were observed in the spectrum. It was concluded that the detector 

window contained small amounts of 57Fe. In subsequent spectra of samples the 

problem of these lines could be overcome by computationally subtracting them. 

A Mossbauer spectrum consists of counts from the 14.4 keY Mossbauer radiation, 

and any extra (background) counts from X-ray radiation and high energy 1-rays 

that the spectrometer discriminator does not filter out. To subtract out the extra 

lines the ratio of Mossbauer counts to background counts must be known for each 

spectrum because the depth of the extra lines depends on this ratio which varies 

according to spectrometer setup and absorber characteristics. To determine this 

ratio for any given spectrum the pulses from the detector were counted for a 100 

second period with and without a piece of 0.16 mm thick copper foil between the 

source and detector. Without the copper the total (Mossbauer and background) 

counts are obtained. With the copper foil present the Mossbauer counts are removed 

and 0.9525 of the background counts are transmitted. 

Initially a blank spectrum was recorded, and the% absorption (or 'dip') of the 

extra lines was calculated as a percentage of the Mossbauer 1-ray count. This 

is called the true dip. In subsequent spectra of samples the extra lines could be 

subtracted by calculating the appropriate dip from the true dip, and counts with 

and without the copper filter. 
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Calibration spectra were taken approximately once a week, or whenever the 

velocity settings on the spectrometer were changed. The spectrum of a National 

Bureau of Standards iron foil (see table 3.1 for the relevant data taken from the 

certificate of calibration) was collected and fitted with Lorentzian shaped lines. The 

centre position for folding spectra was determined by calculating the midpoint of 

the positions of corresponding lines in the two halves of the spectrum and taking 

the average of these values. The folding routine used was designed to fold about 

an arbitrary channel that is not necessarily integer or half integer. To determine 

the calibration constant in channels/(mms-1) and the zero velocity channel the 

following method was used: the positions (in channel numbers) of the fitted iron

standard lines were taken as y-coordinates, and the known positions (in mm s-1) 

of the lines were taken as the x-coordinates. A line of the form y = A+ Bx was 

then fitted by the least squares method to this data. A is then the zero velocity 

channel, an~ B is the calibration constant. This procedure was done for each side 

of the unfolded spectrum and the two results were averaged. 

Table 3.1: Details of the National Bureau of Standards iron foil standard. Line positions were 
measured at 25.2 ± 0.2 °C. 

Standard Reference 1541 

Material Number 

Thickness 23 f.1m 

Line Positions (mm s-1) -5.3098, -3.0771, -0.8404 

0.8403, 3.0772, 5.3150 

3.2 Treatment of Uncertainties 

When determining the Moss bauer parameters from a spectrum there are two sources 

of uncertainty. One is the computational uncertainty in determining the best fit. 

To fit the spectra a computer program using an iterative least squares method was 

used. The program estimated the uncertainties in the parameters by perturbing 

them and calculating the change in the 'goodness of fit' parameter chi squared. 
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The other source of error is experimental uncertainty caused by drift and non

linearity in the spectrometer. To quantify these effects, a series of 9 iron stan

dard spectra were taken over a period of about a week for the velocity ranges of 

± 4 mms-1 and± 8 mms-1. The systematic effects of non-linearity caused a dif

ference in the calculated line positions from the actual line positions of not more than 

0.5 channels. The random effects of drift caused a 1% uncertainty in the calibra

tion constant, and an uncertainty of 0.1 channels in the centre channel number. No 

attempt was made to correct for the non-linearity because its effect was negligible 

compared to the spectrometer drift. 

When quoting uncertainties the statistical sum of the computational uncertainty 

and the uncertainty in calibration is given. It was found, however, that for para

magnetic spectra where narrow Lorentzian line shapes were fitted the dominant 

contribution was the uncertainty in the calibration since the line position and width 

could be very accurately fitted. In complicated relaxation spectra it is the computa

tional uncertainty that dominates since certain parameters could be varied with only 

subtle changes in the shape of the fitted spectrum. Correlations between certain pa

rameters also lead to large uncertainties. Complicated spectra were generally fitted 

to a range of parameter values, and uncertainties were deduced from the values that 

gave reasonable fits. 

The representation of uncertainties in this thesis uses either standard notation 

where a measured quantity and its uncertainty, for example temperature T are given 

as T = 21.3 ± 1.5 K, or a more compact notation where the uncertainty in the least 

significant figures is given by a number in brackets. The previous example would be 

given as T = 21.3(15) K. 

3.3 Sample Temperature Control 

A Ricor MCH-5B vacuum cryostat was used for cooling the absorber to any tem

perature from room temperature down to "' 5 K. The absorber was placed in the 

centre of three concentric radiation shields inside the main housing of the cryostat, 

and was cooled by drawing through the cryostat variable amounts of either nitrogen 

or helium gas from a dewar of liquid N2 or He. A gold/0.07% iron-chromel ther

mocouple was attached to the inner shield of the cryostat, with a reference junction 
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immersed in ice/water. An electronic temperature controller monitored the thermo

couple voltage and regulated the gas flow to maintain a constant preset temperature 

(for more detail, and a diagram of the system see Bocquet (1987)). A digital multi

meter was connected to the temperature controller to give a continuous readout of 

the thermocouple voltage. Once thermal equilibrium was reached the temperature 

was found to be stable to 0.3 K. A check on the calibration of the thermocouple 

readout was performed by drawing the maximum amount of N 2 possible through the 

cryostat. A voltage of 4.032 - 4.040 m V (77.4 ± 0.2 K) was recorded which agrees 

well with the temperature of 77.3 K for liquid N2 (CRC Handbook of Chemistry 

and Physics). 

Initially some high temperature spectra (T > 80 K) of CsCoCls doped with 

small amounts of Mg and Fe showed a pair of very broad lines (width> 0.5 mms-1
) 

when narrow ones (width""' 0.25 mms-1
) were expected. The problem was traced 

to a broken support inside the cryostat which allowed the sample to move. A teflon 

spacer was inserted in the cryostat to solve this problem. It was also found that 

spectra taken above 80 K had broader lines when cooled with He rather than N2 • 

This occurred because the intake tube on the cryostat was in contact with the neck 

of the liquid He dewar and building vibrations were transmitted to the absorber. 

The N2 dewar had a wider neck which was not in contact with the cryostat so the 

broadening did not occur. To reduce the effect of the vibrations the He dewar was 

mounted on rubber supports to damp out the vibrations. 

3.4 The System for Low Temperature Spectra 

Spectra of samples at or below 4.2 K were taken at the Oliver Lodge Laboratory, 

University of Liverpool. The Mossbauer system used was of the standard transmis

sion type with a constant acceleration velocity transducer modulating the source. 

The absorber was cooled by immersion in liquid helium, and the pressure was re

duced to obtain temperatures below 4.2 K. The temperature of the sample was 

determined by the pressure of the helium. More details of the Liverpool system are 

given by Pankhurst (1986). 
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3.5 Crystal Growth 

Crystals of CsCol-x-y 57FexMgyCb (with x nominally 0.01, andy 0.002, 0.01, and 

0.04) were grown using the Bridgeman technique where the constituents are lowered 

through the hot zone of a furnace in an evacuated sealed quartz tube. The method 

for preparing the constituents involved mixing the appropriate amounts of the rele

vant chlorides in solution, drying this mixture under vacuum, and then sealing it in 

the quartz tube. In detail the steps in this method were as follows. 

1. Dry all starting chemicals in a vacuum oven set to rv 70 °C for 1 week (table 

3.2 gives details of the chemicals used). 

2. Dissolve a stoichiometric amount of 57Fe in dilute HCl using a magnetic stirrer 

and hot plate set to rv 50 °C. 

3. Dissolve stoichiometric amounts of CsCl, CoCb, and MgCb in distilled H20. 

The masses of materials used were sufficient to produce approximately 1.5 g 

of CsCoCh. 

4. Combine the two solutions, and evaporate in a vacuum dessicator. 

5. Powder the dried compound and transfer it to a quartz tube with an inner 

diameter of 8 mm. Mount the tube on a vacuum system, and slowly pump 

down to a pressure of< 10-4 Torr. 

6. Heat the compound slowly to 370 octo remove any FeCh which decomposes 

at 315 °C (CRC Handbook of Chemistry and Physics). 

7. Seal off the tube and lower it through the hot zone of the furnace. 

In the first step a check was made on the effectiveness of the vacuum oven for 

drying CoCb.6H2 0 to CoClz, Its weight was measured before and after it was placed 

in the oven and the ratio of the weights before/after was found to be 1.81(1). This 

compares favourably with 1.83 for the ratio of the atomic weights. 

In step 2 at least 24 hours was required to dissolve the 57Fe, so the beaker 

containing the 57Fe/HC1 was covered to prevent evaporation. The vacuum system 

used for step 4 consisted of a roughing pump, and a liquid nitrogen cold trap. The 
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Table 3.2: Details of starting materials used for CsCoCls crystals. Purities marked with a* were 
measured using a J eol JSM -35 electron microprobe. To within the detection limits of this machine 
no impurities were found. CoCh was used for crystal 119 only. CoCl2.6H20 was used for all other 
crystals. 

Compound Manufacturer Purity 

CsCl BDH AnalaR grade 

CoCb Ventron > 99% * 

CoCl2.6H20 BDH AnalaR grade 

MgCl2 ICN Pharmaceuticals > 99% * 
57 Fe Alfred Hempl, Dusseldorf 95.2 % enriched 

HClliquid J. T. Baker Assay 36.7% 

cold trap was essential to prevent the evaporating HCl from reaching the pump. The 

vacuum systems used were ·flushed with dry nitrogen to minimise the possibility of 

oxygen contamination, and care was taken to pump out the systems slowly to reduce 

the loss of material as the water was released. 

An alternative method for evaporating the solution in step 4 was attempted to 

minimise the loss of Fe2+ to Fe3+. A beaker containing the solution was warmed to 

""40 oc in a water bath, and the solution was evapourated in an HC1/N2 atmosphere. 

However, after the solution had evaporated, the compound remaining appeared to 

have separated into blue, green, and purple regions possibly corresponding to dif

ferent cobalt complexes. Upon adding H20 to re-dissolve the material it was found 

to be partially insoluble. This method was then abandoned. 

The melting point of CsCoC13 as reported by Siefert (1961) is 547 oc, so the hot 

zone of the Bridgeman furnace was set to 570 oc for the crystals grown. The temper

ature gradient of the furnace in the region of 54 7 ° C was approximately -40 ° C em -l 

and the ampoule containing the melt was lowered through at 1.1 mmhr-1• In sub

sequent analysis of earlier crystals gradients in dopant concentration were found so 

raising the ampoule into the hot zone, and then lowering it out was tried, but the 

effectiveness of this procedure to reduce gradients was not verified. 

The purpose of thoroughly mixing all the chlorides in solution was to ensure a 

homogeneous distribution of the Fe and Mg ions in the CsCoC13 crystals grown. 

Macroscopic gradients in the dopant concentrations were acceptable because the 
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samples were taken from only one part of the crystal, but microscopic clustering of 

the Fe or Mg ions was undesirable. It could not be directly experimentally verified 

that this was not occurring, but the high temperature Mossbauer spectra showed a 

single pair of narrow lines consistent with random substitution of the Co ions by Fe 

ions. The Mossbauer spectra of the absorber with the highest concentration of Mg 

also showed an additional pair of weak lines. The depth of these lines was consistent 

with the probability of a Mg ion occupying the site next to an Fe ion, assuming a 

random distribution of the Mg ions. 

3.6 Analysis of Crystals 

Initially a Jeol JSM-35 electron microprobe was used to try to determine Fe and 

Mg content in the first two crystals grown. However the nominal amount of Fe 

and Mg in the crystals was on or below the detection limit of the machine, and no 

useful information regarding the dopant concentrations was obtained. The results 

did show that the Cs, Co, and Cl ions were present in the appropriate ratios, and 

that no other elements were present to within the detection limits of the machine. 

Atomic absorption spectroscopy was used instead to determine Fe and Mg con

centrations. The following method was used for analysis. 

Samples of a known weight were dissolved in a solution of SrC12 and HzO. The 

quantities used were calculated to give nominal concentrations of "' 2 parts per 

million (ppm) for the Fe, and "'0.2 ppm for the Mg which were the concentrations 

appropriate for the detection of each of these elements. The SrClz was added as 

a precaution to prevent possible compound formation interferences of the Mg and 

Fe with impurities such as silicates etc. (Amos 1975). This is just a precaution 

though because it has been reported (Welz 1985) that Mg and Fe are largely free 

of interferences. The concentration of Sr chosen was 1500 ppm though this was not 

critical, so long as the Sr was present in sufficient concentration to act as a buffer 

against the possible interferences. 

A series of calibration standards were made up by diluting (with the SrClz so

lution) solutions of 1000 ppm Fe and Mg down to 0, 1, 2, 3, 5 ppm Fe and 0, 0.1, 

0.2, 0.3, 0.5 ppm Mg. The 1000 ppm solutions of Fe and Mg were made either by 

dissolving weighed amounts of FeClz and MgClz in distilled H20, or, for the last 



3. 6. Analysis of Crystals 51 

two crystals tested, by using Analar grade solutions manufactured by BDH. 

Initially the standards contained just the SrCb, FeCb, and MgClz, but after it 

was found that some results could not be reproduced CsCl and CoCb (and boric 

acid if absorbers were being tested) were added so that the standards matched as 

closely as possible the solutions containing the samples to be analysed. 

The atomic absorption machine used was a Varian AA-1475, with an air/acety

lene flame. For Fe analysis the 248.3 nm resonance line was used, and for Mg analysis 

the 285.2 nm line was used. The machine was calibrated using the standards and 

then the concentration of Fe and Mg was determined against these standards. From 

this data the amount of Fe and Mg in the CsCoCls crystals was determined. 

For the first two crystals, absorbers were taken from the lower parts of the 

crystals, and samples for analysis were taken from a similar region. When it was 

found that there were gradients in the Fe and Mg concentrations (samples taken 

from the top parts of the crystals showed approximately half the amount of Fe and 

Mg), the actual absorbers used in the Mossbauer experiments were analysed. The 

results for the crystals grown are shown in table 3.3. Based on the variance and 

reproducibility of the results obtained, the experimental uncertainty in the quoted 

numerical results is approximately ± 15%. 

Table 3.3: Summary of CsCoCb crystals grown. The Mg concentration in crystal 123. was deter
mined from analysis of the absorber. 

Crystal Nominal Concentration Measured Concentration 

Number Fe (at.%) Mg (at.%) Fe (at.%) Mg (at.%) 

119 1.0 1.0 0.8 0.3 

121 1.0 0.2 1.0 0.07 

122 1.0 1.0 0.5 (top) 0.3 (top) 

0.9 (bottom) 0.8 (bottom) 

123 1.0 4.0 not tested 2.6 
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3.7 Absorber Preparation 

CsCoCh is hygroscopic, and readily absorbs moisture when left in a normal at

mosphere. For this reason all absorber preparations were carried out in a dry box 

where the humidity was kept below 15% by circulating the air in the dry box through 

Al/N a silicate molecular sieves. The sieves were replaced every week or whenever 

the humidity in the dry box started to rise, and were dried for re-use in an oven at 

a temperature of "' 80 °C. 

The absorbers used in this work were all of the powdered type, and to prepare 

them small pieces of material were chipped off the main crystal and then ground up 

using a mortar and pestle. Finely ground boric acid was mixed into the CsCoCb 

powder to act as a binder. This mixture was then pressed into a 17 mm diameter 

steel ring with a pressure of 175 MPa, and the ring was then mounted in the cryostat. 

When pressing the sample the pressing block and sample were enclosed in a 

plastic bag to protect the sample from moisture while being transferred to and from 

the hydraulic press. When transferring the absorber to the cryostat the transfer 

and cooling of the sample had to be done quickly since there was no way to protect 

the absorber. In most cases the transfer was successful with no (or only very weak) 

extra lines due to hydration being present in the spectra. 

The amount of material in an absorber must be p, compromise between having 

sufficient 57Fe present to produce a reasonable signal, and a small enough amount 

of material to limit the scattering of 1-rays by the heavy Cs ions. A 'rule of thumb' 

for the amount of 57Fe needed is the equivalent of 5 mg of natural iron per square 

centimeter. This corresponds to 125 mg of CsCoCh per absorber - assuming a 

nominal concentration of 1 at. % 57Fe in the CsCoC13 • When considering scattering 

effects the best signal to noise ratio for CsCoCh is obtained with a mass 45 - 90 mg 

per absorber (Long 1983). So for the absorbers used in this work a mass of"' 80 mg 

was generally aimed for. A summary of the absorber details is given in table 3.4. 
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Table 3.4: Summary of absorbers used. The Mg concentration in the absorbers from crystals 119 
and 121 was determined from analysis of the crystals. 

Crystal Absorber Weight Measured Cone. 

Number CsCoCl3 /Boric Acid (mg) of Mg (at.%) 

119 72/146 0.3 

121 92/127 0.07 
122 68/140 0.7 

123 75/145 . 2.6 
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Chapter 4 

Results and Discussion 

4.1 Mossbauer Spectra Taken Above TNl and Be

low 5 K 

Shown in figures 4.1, 4.2, and 4.3 are representative spectra of absorbers taken 

from crystals of CsCoCl3 doped with 0.07, 0.3, and 2.6 at. % Mg respectively for 

temperatures above TN1 (note that here, and in the following discussion, any reference 

to Mg doped CsCoCh also includes the rv 1 at. % 57Fe that was doped into these 

crystals). Except for one spectrum taken at 80 K, high temperature spectra of 

CsCoCh doped with 0. 7 at. % Mg were not taken as it was expected the results 

would not differ significantly from those for the spectra of CsCoCh doped with 

0.3 at.% Mg. 

Above TN1 , where CsCoCb is paramagnetic, the spectra of the powdered ab

sorbers should show a pair of lines of equal intensity. This is not the case for the 

spectra shown here where the righthand line has a greater intensity than the left

hand one. The reason for this is that CsCoCh cleaves readily in planes parallel to 

the crystal c-axis (Baines et al1983, Euler et al1978, Putnik et al1976), so when 

powder absorbers are prepared the crystallites tend to line up with their c-axes in 

the plane of the absorber. This means that e, the angle between the c-axis and 

the 1-rays is not distributed evenly from 0 to 360°, but is weighted more around 

90° and 270° so that in the expressions for the line intensities (table 2.2) sin2 e is 

greater than 2/3 when averaged over a sphere. The weaker lefthand line can then be 

identified with the m1 = ±1/2 ~ ±3/2 transition, and the righthand line with the 
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Figure 4.1: Mossbauer spectra of CsCoCla doped with 1.0 at. % 57Fe artd 0.07 at. % Mg for 
T > TN1 • The solid line is the fit to the data. 
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Figure 4.2: Moss bauer spectra of CsCoCls doped with 0.8 at. %57 Fe and 0.3 at. % Mg forT > TN
1

• 

The solid line is the fit to the data. 
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Figure 4.3: Mossbauer spectra of CsCoCl3 doped with "" 1.0 at. % 57Fe and 2.6 at. % Mg for 
T > TN1 . The solid line is the fit to the data. 
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Table 4.1: Mossbauer parameters for CsCoCh doped with 1.0 at. % 57Fe and 0.07 at. % Mg for 
T > TN1 • The uncertainty in the least significant figures is given by the number in brackets. 

Temp. QS IS rL rR Dip Dip 

(K) (mms-1 ) (mms-1 ) (mms-1 ) (mms-1 ) Left(%) Right(%) 

250 -1.872(19) 1.111(12) 0.262(7) 0.272(6) 2.8(1) 3.5(1) 

200 -2.095(21) 1.146(12) 0.263(7) 0.264(6) 3.3(1) 4.0(1) 

150 -2.321(23) 1.177(12) 0.286(5) 0.292( 4) 3.6(1) 4.6(1) 

110 -2.497(25) 1.201(12) 0.292(5) 0.287(4) 4.1(1) 5.2(1) 

80 -2.584(25) 1.218(12) 0.291(4) 0.288(3) 4.4(1) 5.6(1) 

50 -2.600(25) 1.224(12) 0.276(4) 0.251(3) 4.9(1) 6.6(1) 

30 -2.589(25) 1.226(13) 0.298(5) 0.262(3) 4.7(1) 6.8(1) 

22 -2.588(25) 1.234(13) 0.397(5) 0.289(3) 3.5(3) 6.1(1) 

Table 4.2: Mossbauer parameters for CsCoCl3 doped with 0.8 at. % 57Fe and 0.3 at. % Mg for 
T > TN1 • The uncertainty in the least significant figures is given by the number in brackets. 

Temp. QS IS rL rR Dip Dip 

(K) (mms-1 ) (mms-1 ) (mms-1 ) (mms-1) Left(%) Right(%) 

200 -2.062(21) 1.142(12) 0.260(3) 0.263(3) 4.4(1) 5.1(1) 

150 -2.280(23) 1.170(12) 0.289(5) 0.302(4) 4.8(1) 5.4(1) 

110 -2.470(25) 1.198(12) 0.310(4) 0.297(3) 5.1(1) 6.3(1) 

80 -2.530(25) 1.205(12) 0.351(5) 0.321(4) 5.0(1) 6.3(1) 

65 -2.586(26) 1.219(13) 0.288( 4) 0.261(3) 5.8(1) 7.7(1) 

50 -2.605(26) 1.228(13) 0.336(5) 0.296(3) 5.4(1) 7.3(1) 

35 -2.599(26) 1.229(13) 0.325(5) 0.269(3) 5.7(1) 8.2(1) 

25 -2.580(26) 1.229(13) 0.368(6) 0.289(3) 5.2(1) 7.8(1) 

21 -2.595(26) 1.232(13) 0.563(13) 0.356(6) 3.5(1) 6.4(1) 
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Table 4.3: Mossbauer parameters for CsCoCla doped with"' 1.0 at. % 57Fe and 2.6 at. % Mg for 
T > TN1 • The uncertainty in the least significant figures is given by the number in brackets. 

Temp. QS IS rL rR Dip Dip 

(K) (mms-1) (mms-1) (mms-1) (mms-1) Left (%) Right (%) 

200 -2.096(21) 1.155(12) 0.240(3) 0.243(3) 3.2(1) 4.0(1) 

150 -2.279(23) 1.173(12) 0.244(5) 0.233(4) 3.4(1) 4.6(1) 

110 -2.463(25) 1.198(12) 0.248(3) 0.241(3) 3.9(1) 5.1(1) 

85 -2.598(26) 1.229(12) 0.267( 4) 0.257(3) 4.1(1) 5.5(1) 

55 -2.592(26) 1.222(12) 0.277(5) 0.247(3) 4.3(1) 6.0(1) 

35 -2.566(26) 1.222(12) 0.286(6) 0.253(3) 4.2(1) 6.2(1) 

25 -2.576(26) 1.224(12) 0.407(12) 0.278(5) 3.1(1) 5.4(1) 

·20 -2.590(26) 1.230(14) 0.82(3) 0.475(10) 1.7(1) 3.8(1) 

Table 4.4: Mossbauer parameters for the extra lines in CsCoC13 doped with "' 1 at. % 57Fe and 
2.6 at. %Mg. In these fits r was constrained to be the same as for the main lines. The uncertainty 
in the least significant figures is given by the number in brackets. 

Temp. QS IS Dip Dip 

(K) (mms-1) (mms-1) Left (%) Right (%) 

200 -3.094( 40) 1.159(21) 0.19(2) 0.23(2) 

150 -3.208(50) 1.139(28) 0.18( 4) 0.33(4) 

110 -3.333(40) 1.191(20) 0.24(3) 0.28(3) 

. 85 -3.429(47) 1.231(25) 0.18(3) 0.26(3) 

55 -3.456(53) 1.230(29) 0.19(4) 0.37(3) 

35 -3.305(47) 1.241(26) 0.29(5) 0.35(4) 

25 -3.61(11) 1.112(67) 0.13(5) 0.24(6) 



4.1. lviossbauer Spectra Taken Above TN1 and Below 5 K 61 

Table 4.5: Quadrupole splitting values obtained by Ward et al (1987B) for CsCo0.99Fe0•01Cl3 • 

Temperature (K) Quadrupole Splitting(± 0.01 mms-1) 

296 -1.726 

250 -1.898 

200 -2.093 

150 -2.328 

125 -2.431 

100 -2.513 

88 -2.564 

50 -2.624 

25 -2.595 

m1 = ±1/2 ---7 ±1/2 transition. This gives a negative QS for Fe2+ in CsCoC}s. The 

low temperature spectra (where a hyperfine field is present) confirm this conclusion. 

The spectra shown in figures 4.1 and 4.2 were fitted with a pair of Lorentzian 

absorption lines, the spectra in figure 4.3 were fitted with two pairs. The weak extra 

lines (which lie on the left wing of the main left line, and on the right wing of the 

main right line) are possibly due to a different crystallographic site caused by the 

presence of an Mg2+ ion next to the Fe2+ site. Some of the spectra shown in figure 

4.2 also show the presence of an extra line (just to the left of the main left line). This 

may be due to partial hydration of the absorber prior to being placed in the cryostat. 

In these spectra this line was not fitted. The Mossbauer parameters obtained from 

these fits are presented in tables 4.1 4.4. For the purposes of comparison table 4.5 

shows the quadrupole splitting data obtained by Ward et al (1987B) for the crystal 

field analysis of Fe2+ in CsCo0•99Fe0m Cb. In these tables QS is the quadrupole 

splitting, IS is the isomer shift, rL and rR are the line widths (at half maximum) 

for the left and right lines respectively, and Dip is the ratio of the line depth to the 

baseline count. The uncertainties in QS and IS are due mainly to uncertainty in 

the spectrometer calibration, while the uncertainty in r and the Dip is the result of 

computational uncertainty (see section 3.2). 

Figure 4.4 shows Mossbauer spectra of CsCo0.99Fe0.01Ch at 1.2 K and 4.2 K. 

Spectra of CsCoCb doped with 0.07 and 0.3 at. % Mg were also taken at these 
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temperatures, however the spectra of CsCoCh doped with 0.3 at. % Mg showed 

some extra lines which were possibly due to hydration, and as a result were not 

used in the analysis. The spectra of CsCoCh doped with 0.07 at. % Mg were 

practically identical to the spectra of CsCo0.99Feo.ol Ch, and so have not been shown 

here. 

In the region between "' 5 K and TN1 the spectra are complicated by relaxation 

processes, but below 5 K the relaxation is slow and the spectra obtained can be 

fitted as a superposition of two sub-spectra. These sub-spectra are assigned to the 

two lowest lying electronic levels in the Fe2+ ion. Through the hyperfine interaction 

(see section 2.5) the lowest lying level produces an effective magnetic field of"' 24 T 

and the other level produces an effective magnetic field of "' 0 T. 

In the fits the magnetic sub-spectrum was fitted with an isomer shift, quadrupole 

splitting, and hyperfine field, and the other with just an isomer shift and quadrupole 

splitting. Due to the effect of preferential orientation of the crystallites in the ab

sorber, sin2 e (see table 2.1) was treated as a parameter so that the relative line 

intensities were varied for the best fit. The linewidths for each of the sub-spectra 

were allowed to vary independently and the fitted linewidth for the non-magnetic 

component was found to be considerably wider than that fitted for the magnetic 

one. This is expected because the hyperfine field produced by the 'non-magnetic' 

electronic level is not exactly zero (due to the weak mixing of other electronic lev

els), and this results in the observed broadening of the quadrupole split lines. The 

parameters obtained from the fits are shown in table 4.6. 

4.2 Results of the Crystal Field Analysis 

Within experimental uncertainty the measured QS values are the same at each 

temperature (above TN1 ) for the spectra of CsCoCh with different concentrations of 

Mg. This is expected since, so long as an Mg2+ ion is not adjacent to an Fe2+, the 

Fe2+ sites are not altered by the low concentration presence of Mg. For this reason 

only the QS data for CsCo0 .99Fe0 .01 Ch was used for the crystal field analysis. 

A good fit to the QS data above TN1 is obtained with the parameters published 

by Ward et al (1987 A). Table 4.7 shows these parameters. The octahedral parameter 

B: was fixed at -10150 em-\ the value for CsFeCh (Putnik et al1976). Due to a 
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Figure 4.4: Mossbauer spectra (taken at the University of Liverpool) of CsCo0 .99Fe0.01 Cla for 
T < 5 K. The solid line is the fit to the data. 
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Table 4.6: Moss bauer parameters for CsCo0 .99Fe0m Cla forT < 5 K. The uncertainty in the least 
significant figures is given by the number in brackets. 

Temp. Sub-spectrum Bhf QS IS r sin 2 () 

(K) (T) (mms-1) (mms-1) (mms-1) 

1.2 Magnetic 24. 7(3) -2.67(3) 1.240(12) 0.354(7) 0.768 

Non-magnetic -2.54(5) 1.25(2) 0.60(6) 0.768 

4.2 Magnetic 24.8(3) -2.67(3) 1.239(12) 0.301(5) 0.763 

Non-magnetic -2.64(3) 1.257(13) 0.43(2) 0.763 
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correlation between the axial distortion parameters (the matrix elements of the B5 
and B6 are not proportional, but they do produce similar shifts in the energy levels 

of the Fe2+ ion), B5 was fixed to -2400 cm-1 • This value was chosen because it gave 

the best agreement with the levels determined by Syme and Lockwood (1986). 

The value of the effective exchange constant Jeff was determined by observing 

the splitting of the lowest lying electronic doublet due to the exchange interaction. 

Above TN1 the crystal field fit predicts that the lowest doublet lies 15.8 cm-1 above 

the the ground state singlet. At low temperature the relative areas of each of the 

sub-spectra in the spectra of CsCoCb indicate that, when split, one of these levels 

now lies rv 3.0 cm-1 below the singlet. This leads to a value of -34.0 cm-1 for Jeff· 

Note that this value is 3 times larger than the value for Jeff of -11.35 cm-1 published 

by Ward et al. This is because they calculated the temperature dependence of (Sz)co 

with an S = 3/2 Brillouin function based on the fact that Co2+ has a 4F (S = 3/2) 

ground state term, however an S = 1/2 function is more appropriate since at low 

temperatures only the lowest doublet in this term is populated (see section 2.8.1). 

Apart from the difference in size of Jeff, no other significant differences result from 

the choice of the spin value. Figures 4.5 and 4.6 show the fit and electronic structure 

obtained using the parameters of table 4.7. 

Table 4.8 shows a comparison of experimental and theoretical QS values for the 

two lowest electronic levels at 2 K. The temperature 2 K was chosen arbitrarily for 

this comparison, and the experimental QS values shown here are an average of the 

results from the 4.2 K and 1.2 K spectra. The theoretical QS values were obtained 

using the set of parameters shown in table 4.7. 

From table 4.8 the agreement in QS for the non-magnetic level is acceptable, but 

the values for the magnetic level differ by ten times the experimental uncertainty. 

An attempt to improve the low temperature agreement was made by refitting the 

high temperature data to alternative sets of parameters (within the constraint that 

the parameters remain physically reasonable). Better agreement at low temperature 

could only be made at the expense of the high temperature fit and less reasonable 

parameter values. A typical example of one such fit is shown in table 4.9 where 

the low temperature theoretical QS has been improved to -2.49 mm s-1 for the 

magnetic level, and -2.54 mm s-1 for the non-magnetic level, but the axial distortion 

parameters are now quite large. 
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Figure 4.5: Theoretical fit to experimental quadrupole splitting values for Fe2+ in CsCoC13 for 
T> TN1 • 
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Table 4.7: Fitted crystal field parameters published by Ward et al (1987 A) for Fe2+ in CsCoC}g. 
Values marked with a* were fixed in the fits. 

Parameter Value 

B4 
c -10150* cm-1 

B2 
0 -2400* cm-1 

B4 
0 2650(30) cm-1 

). -67(3) cm-1 

Jeff -34.0(2) cm-1 

(r-3) 4* au 

(r(/) 4.0(3) au 

1/2le1QV]:tt -0.41(8) mms-1 

Be -49.5(1) T 

Goodness of fit, x2 4.9 
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Figure 4.6: Splitting of the 15 lowest Fe2+ electronic states due to crystal field, spin-orbit, and 
exchange interactions. 
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Table 4.8: Comparison of experimental and theoretical quadrupole splitting values of the two 
lowest electronic levels for Fe2+ in CsCoCls at 2 K. The uncertainties in the theoretical QS values 
were estimated by perturbing the parameters in table 4.7. 

Level Experimental QS (mms-1) Theoretical QS (mms-1 ) 

magnetic -2.67(3) -2.38(4) 

non-mag. -2.61(5) -2.57(4) 

Table 4.9: Alternative crystal field parameters for Fe2+ in CsCoCls which give better QS values 
at 2 K. Parameters not shown here are unchanged from those shown in table 4.7. 

Parameter Value 

B6 -4000* cm-1 

B6 4313(10) cm-1 

,\ -65(1) cm-1 

Jeff -40.0(2) cm-1 

1/2ie!QV];tt -0.09(3) mm s-1 

Goodness of fit, x2 6.1 

One possible reason for the discrepancy is the effect of the orbit-lattice inter

action - the theory for this effect has been dealt with in an earlier section, and 

the results of a calculation using it are discussed in the following section .. Another 

reason that the theory does not match the experimental data may be the suitability 

of the S = 1/2 Brillouin function for predicting the thermal expectation value of 

the Co2+ spins, (Sz)co, in the Fe2+ electronic Hamiltonian. The Brillouin function 

is predicted by mean field theory to be the form of the effective field at the Fe2+ 

site brought about by the exchange interactions in the ordered state. This function 

causes a sudden splitting of the degenerate levels at TN1 and below. In fact short 

range order is already well developed in the magnetic chains (Boucher 1985), and 

the degeneracy of these levels should already be lost owing to the spin correlations. 

The quadrupole splitting produced by each level changes as the levels split, and the 

model that is being used to calculate the splitting may be predicting changes to the 
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quadrupole splitting values that are not accurate. McCann et al (1992) have com

pared a number of models for predicting the QS of CsFeCls and related compounds. 

However none of the models satisfactorily account for the QS at low temperatures 

and so the Brillouin function is used for lack of a suitable alternative. 

4.3 Results of the Orbit-Lattice Calculation 

The purpose of doing an orbit-lattice calculation was to see if the correction to the 

QS at 25 K differed from the correction at 2 K. It was hoped that the interaction 

would make the QS more positive above TN1 by coupling more of the (positive QS) Eg 

states to the (negative QS) T 2g states since this would improve the low temperature 

QS agreement- for the magnetic level at least. 

The results of the calculation described in section 2.7.1 are shown in table 4.10. 

The calculated shift in the QS due to the orbit lattice interaction is approximately 

the same for both temperatures. At the higher temperature 'Hoi does couple more 

of the Eg states to the low lying A1g states, but because spin-orbit coupling also 

produces a mixture of some Eg states in the lower levels, 'Hoi also mixes these lower 

levels amongst themselves. In particular the coupling between the ground state and 

levels 4 and 5 for T > TN1 is strong due to the resonance effect described in section 

2.7.1. Above TN1 these levels are degenerate (in figure 4.6 they are shown as the 

second level above the ground state for T > 21.2 K) and have a calculated QS value 

of -3.88 mms-1. The Cjj' coefficients (equation 2.14) for these levels are ""10 times 

larger than for the other levels and also increase with temperature. Hence the effect 

of levels 4 and 5 cancels the effect of the higher levels which produce a positive QS. 

Table 4.10: Comparison of quadrupole splitting values calculated with and without an orbit lattice 
interaction. 

Temperature (K) Level# QS (mms-1) QS (mms-1) 

without 'Hoi with 'Hoi 

2 1 -2.38 -2.34 

2 -2.57 -2.54 

25 average -2.58 -2.54 
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If a better estimate for the lifetime were available the problem may be resolved 

since the size of the coupling depends on the width of the levels. If a shorter lifetime 

for these states were more appropriate then the coupling would not be as strong. An 

estimate of the b2(r)'s (equation 2.9) for CsCoCls is also needed before the effect of 

an orbit lattice interaction can be properly established. 

4.4 Analysis of the Extra Lines. 

Comparison of the parameters for the extra lines (shown in table 4.4) with the 

parameters of the main lines (shown in table 4.3) in the spectra of CsCoCls doped 

with 2.6 at. % Mg show that the mean ratio of the dip of the extra lines to those of 

the main lines is consistent with the possibility that these lines are due to another 

crystallographic site caused by an Mg2+ impurity ion neighbouring an Fe2+ ion. The 

mean of the ratios for the lefthand lines is 0.053 0.010, and for the righthand lines 

it is 0.056 ± 0.009. At a given Fe2+ site in CsCoCls the probability that it will have 

an Mg2+ neighbour is '""' 2 x 0.026 = 0.052 for a Mg concentration of 2.6 at. %. 
A crystal field fit to the QS data for the extra lines was attempted to see if some 

parameters for the different site could be deduced. The crystal field parameters 

for Fe2+ in CsCoCls were taken as a starting point and attempts to fit the data 

were made by making adjustments that were consistent with a distortion due to the 

Mg2+ ion. For example adjustments in v]:tt, and the axial distortion parameters 

were made, but the other parameters were held close to their original values. 

A set a parameters could not be found that properly predicted the trend of the 

data, although values were found that gave approximate fits. Because .of the large 

uncertainties in the data and an insufficient number of data points for the number 

of parameters, no significance could reasonably be attached to these results. 
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4.5 Mossbauer Spectra Taken Between TN
1 

and 

5 K. 

Shown in figure 4.7 are the Mossbauer spectra obtained by Ward et al (1987A) of 

CsCo0 .99Fe0 .01 Cb for temperatures between 21 K and 5 K. Figures 4.8- 4.12 show 

the Mossbauer spectra of CsCoCb doped with 0.07, 0.7, and 2.6 at. % Mg for the 

same range of temperatures. Only six spectra of CsCoCb doped with 0. 7 at. % Mg 

(figure 4.10) were obtained in this temperature range because the cryostat developed 

a leak and the series of runs had to be terminated to allow repairs. Further spectra 

could have been taken with a new absorber, but it was decided that sufficient spectra 

for the analysis had been taken for this concentration of Mg. Spectra for CsCoCb 

doped with 0.3 at. % Mg were taken but were not used in the analysis, and are 

not shown here. At low temperatures these spectra showed some extra lines that 

could not be accounted for, so the crystal of CsCoCb doped with 0.7 at. % Mg and 

0.9 at. % 57Fe was grown and used instead. 

An initial visual inspection of the unfitted spectra revealed that in all cases the 

spectra of the Mg doped compounds were similar to the spectra of CsCo0.99Fe0.01 Cb. 

As a result of this observation, the first approach in analysing the spectra was to 

fit the spectra following the model used by Ward et al (1987 A), and to look for the 

effects of the Mg as differences between the parameters obtained from fits to the 

spectra of CsCo0.99Fe0.01 Cb and the parameters obtained from fits to the Mg doped 

compounds. 

In the temperature range between 5 K and 21 K relaxation processes occur with 

times comparable to the 57Fe excited state lifetime and the spectra are fitted using 

the stochastic model of Blume and Tjon (see section 2.3). Below 9 K where CsCoCb 

is in the 3D phase the spectra could be fitted to one site with the hyperfine field 

relaxing between 0 T and"" 24.6 T. This is attributed to electronic relaxation of the 

Fe2+ ion between the lowest two energy levels shown in figure 4.6. Above 9 K where 

CsCoCb is in the PD phase the spectra could not be satisfactorily fitted to just one 

site - an additional site was required to obtain an acceptable fit. This additional 

site has the hyperfine field relaxing between ± "" 24.6 T and is attributed to soliton 

relaxation in one third of the Co2+ chains. 

Tables 4.11 - 4.14 show the parameter values obtained in fitting these spectra. 
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In these tables Bhf is the parameter for the hyperfine magnetic field strength of 

the magnetic electronic level. The soliton relaxation then occurs at a rate of Srate 

transitions per second between ± Bhf as the hyperfine field is reversed by the passage 

of solitons. The electronic relaxation occurs at a rate of Erate transitions per second 

between 0 T and Bhf as the Fe2+ ion relaxes between its lowest two electronic 

levels. Egap is the energy separation between these lowest two electronic levels and 

:is positive when the magnetic level is lowest. The Egap parameter affects the relative 

populations of the magnetic and non-magnetic levels for the electronic relaxation. 

There is no equivalent parameter for the soliton relaxation since the likelihood of 

a site experiencing either a + Bhf or Bm hyperfine field is equal. QS and IS are 

the quadrupole splitting and isomer shift for each spectrum. It was assumed that 

QS and IS were the same for the soliton relaxation site and the electronic relaxation 

site. When fitting the electronic relaxation site QS and IS were assumed to be the 

same for each electronic level in the Fe2+ ion. Area ratio gives the area of the soliton 

contribution to the spectrum as a fraction of the total area of the fitted spectrum. 

In the tables where the Srate and Area ratio columns are empty a one site fit 

has been used, and these parameters were not used. The uncertainties for each of 

the parameter values were either calculated by observing the change in x2 under 

perturbations of the appropriate parameters, or else they are estimates based on the 

variance of the results when a number of different fits to the particular spectrum 

have been performed. 

For each series of spectra the linewidth and asymmetry due to the preferen

tial orientation effect had to be determined from the high temperature (150 K 

250 K) spectra. This is because the relaxation effects occurring below TN1 broaden 

the lineshapes, making the determination of these parameters impossible in this 

temperature range. Table 4.15 shows the values used for each series of spectra. 

When fitting spectra of the compounds with different concentrations of Mg a 

consistent procedure was followed so that any differences between the spectra from 

each sample could be observed. The procedure used for fitting the spectra was to 

attempt to compromise between the predictions of the model for suitable parameter 

values, and minimising the "goodness of fit" parameter x2 • With this in mind the 

following constraints were used when fitting the spectra: 

1. The hyperfine field parameter Bm was held as constant as possible ( rv 24.6 T) 
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Figure 4.7: Mossbauer spectra of CsCoCla doped with ""' 1.0 at. % 57Fe for T < TN1 . Below 9 K 
the solid line is the fit to the data assuming electronic relaxation only. Above 9 K the three solid 
lines present show the soliton relaxation site, the electronic relaxation site, and the fit obtained by 
adding these two contributions. The soliton site can be identified as the solid line with the smallest 
area. 
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Figure 4.8: Mossbauer spectra of CsCoCls doped with 1.0 at. % 57Fe and 0.07 at. % Mg for 
T < TN

1
• Below 9 K the solid line is the fit to the data assuming electronic relaxation only. Above 

9 K the three solid lines present show the soliton relaxation site, the electronic relaxation site, and 
the fit obtained by adding these two contributions. The soliton site can be identified as the solid 
line with the smallest area. 
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Figure 4.9: Mossbauer spectra of CsCoCls doped with 1.0 at. % 57Fe and 0.07 at. % Mg for 
T < TN

1
• Below 9 K the solid line is the fit to the data assuming electronic relaxation only. Above 

9 K the three solid lines present show the soliton relaxation site, the electronic relaxation site, and 
the fit obtained by adding these two contributions. The soliton site can be identified as the solid 
line with the smallest area. 
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Figure 4.10: Mossbauer spectra of CsCoCls doped with 0.9 at. % 57Fe and 0.7 at. % Mg for 
T < TN

1 
• Below 9 K the solid line is the fit to the data assuming electronic relaxation only. Above 

9 K the three solid lines present show the soliton relaxation site, the electronic relaxation site, and 
the fit obtained by adding these two contributions. The soliton site can be identified as the solid 
line with the smallest area. 

0 

3 

0 

1 

1 

-8 -4 0 
Velocity (mm/s) 

4 

20.1 K 

19.0K 

8 



76 Chapter 4. Results and Discussion 

Figure 4.11: Mossbauer spectra of CsCoCla doped with "' 1.0 at. % 57Fe and 2.6 at. % Mg for 
T < TN1 • Below 9 K the solid line is the fit to the data assuming electronic relaxation only. Above 
9 K the three solid lines present show the soliton relaxation site, the electronic relaxation site, and 
the fit obtained by adding these two contributions. The soliton site can be identified as the solid 
line with the smallest area. 
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Figure 4.12: Mossbauer spectra of CsCoCla doped with "' 1.0 at. % 57Fe and 2.6 at. % Mg for 
T < TN

1
• Below 9 K the solid line is the fit to the data assuming electronic relaxation only. Above 

9 K the three solid lines present show the soliton relaxation site, the electronic relaxation site, and 
the fit obtained by adding these two contributions. The soliton site can be identified as the solid 
line with the smallest area. 
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Table 4.11: Mossbauer parameters determined from fits to the spectra of CsCoCla doped with 
"" 1.0 at. % 57Fe for T < TN1 • Parameters marked with a * were held constant in the fits. The 
uncertainty in the least significant figures is given by the number in brackets. 

Temp. Bhf QS IS Erate Egap Srate Area x2 
(K) (T) (mms-1) (mms- 1) (107 Hz) ( cm- 1) (107 Hz) ratio 
5.5 24.6(1) -2.62(3) 1.24(1) 0.049(12) 3.0(3) 1.20 
6.4 24.9(1) -2.66(3) 1.24(1) 0.104(9) 3.1(2) 1.28 
8.6 24.5(1) -2.61(3) 1.24(1) 0.51(14) 2.1(2) 1.22 

11.0 24.6(1)* -2.61(6) 1.24(1)* 1.90(12) 2.0(3)* 2.67(28) 0.32 1.33 
14.6 24.6(1)* -2.58(4) 1.24(1)* 3.71(16) -0.2(3)* 8.24(23) 0.32 1.32 
17.9 24.4(1)* -2.57(3)* 1.24(1)* 3.36(23) -5(1)* 19(2) 0.32 0.93 
20.1 8(1) -2.59(4) 1.24(1) 0.51(9) -10(3)* 3.9(16) 0.33 0.92 

Table 4.12: Mossbauer parameters determined from fits to the spectra of CsCoCla doped with 
1.0 at. % 57Fe and 0.07 at. % Mg forT< TN1 . Parameters marked with a* were held constant in 
the fits. The uncertainty in the least significant figures is given by the number in brackets. 

Temp. Bhi QS IS Erate Egap Srate Area x2 
(K) (T) (mms- 1) (mms- 1) (107 Hz) ( cm- 1) (107 Hz) ratio 
5.5 24.8(1) -2.65(3) 1.24(1) 0.072(5) 3.0(3) 1.0 
6.5 24.6(1) -2.63(3) 1.23(1) 0.165(7) 2.7(3) 1.0 
7.5 24.6(1) -2.62(3) 1.22(1) 0.376(12) 2.3(4)* 0.86 
9.1 24.3(1) -2.62(3)* 1.23(1)* 0.74(2) 2.1( 4)* 1.51(12) 0.32 1.03 

11.2 24.6(1) -2.62(3)* 1.23(1)* 2.11(9) 2.0( 4)* 3.09(21) 0.32 1.14 
13.0 24.6(1)* -2.62(3)* 1.23(1)* 2.99(12) 0.0(5)* 6.0(5) 0.31 1.13 
15.0 24.6(1)* -2.60(3)* 1.23(1)* 3.87(19) -1.4(2) 8.8(7) 0.31 1.14 
17.1 24.6(1)* -2.59(3)* 1.23(1) 3.80(14) -5.4(3) 12.8(7) 0.31 1.19 
19.1 17.0(3) -2.58(3) 1.23(1)* 2.09(12) -8(2)* 7.9(9) 0.32 0.92 
20.1 5.7(4) -2.58(3) 1.23(1) 0.28(2) -10(2) 1.4(5) 0.32 0.78 
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Table 4.13: Mossbauer parameters determined from fits to the spectra of CsCoCl3 doped with 
0.9 at. % 57Fe and 0.7 at. % Mg forT< TN1 • Parameters marked with a* were held constant in 
the fits. The uncertainty in the least significant figures is given by the number in brackets .. 

Temp. Bhf QS IS Era.te Ega.p Sra.te Area xz 
(K) (T) (mms- 1 ) (mms- 1) (107 Hz) (cm- 1 ) (107 Hz) ratio 
5.5 24.5(1) -2.61(3) 1.22(1) 0.039(5) 3.2(1) 1.05 
6.6 24.6(1) -2.63(3) 1.22(1) 0.077(7) 3.0(1) 0.87 
7.9 24.5(1) -2.61(3)* 1.22(1)"' 0.37(2) 1.7(1) 1.02 

11.0 24.6(1)* -2.61(3)* 1.20(1) 1.21(7) 2.0(5)* 2.48(21) 0.31 1.22 
19.0 18.4(3) -2.59(3)* 1.22(1) 2.00(9) -7(1)" 11(2)* 0.32 1.01 
20.1 3.9(4) -2.59(3) 1.23(1) 0.11(2) -10(2) 0.65(28) 0.33 0.89 

Table 4.14: Mossbauer parameters determined from fits to the spectra of CsCoCl3 doped with 
"" 1.0 at. % 57Fe and 2.6 at. % Mg for T < TN1 . Parameters marked with a * were held constant 
in the fits. The uncertainty in the least significant figures is given by the number in brackets. 

Temp. Bhf QS IS Erate Egap Srate Area x2 
(K) (T) (mms- 1) (mms- 1) (107 Hz) ( cm- 1) (107 Hz) ratio 
5.5 24.3(1) -2.61(3) 1.23(1) 0.139(7) 1.58(9) 1.04 
6.5 24.3(1) -2.61(3) 1.23(1) 0.220(7) 1.12(9) 0.97 
7.5 24.3(1) -2.62(3) 1.23(1) 0.274(9) 1.1(1) 0.98 
9.0 24.2(1)* -2.57(3) 1.24(1) 0.523(19) 2.2(2)* 4(2) 0.28 0.91 

11.0 24.2(1)* -2.59(3) 1.23(1 )* 2.00(7) 1.5( 4)* 9(2) 0.27 1.08 
14.0 24.2(1 )* -2.57(3)* 1.21(1)* 2.67(12) -0.9(3)* 13(2)* 0.25 1.04 
16.0 24.2(1)* -2.57(3)* 1.22(1)* 2.8(1)* -4(2)* 15(2)* 0.28 0.90 
17.9 14.0(3) -2.59(3)* 1.22(1)* 1.27(7) -6(2)* 14(2)* 0.33 0.92 
19.0 5.4(6) -2.58(3) 1.23(1) 0.23(2) -10(2)* 1.28(7) 0.33 0.81 

Table 4.15: Linewidths and asymmetry parameters used for the four series of low temperature 
spectra. 

Spectra Linewidth asymmetry 

(Mg cone. in at. %) (mms-1) ( sin2 8) 

0 0.30 0.7900 

0.07 0.26 0.8148 

0.7 0.26 0.8652 

2.6 0.25 0.8530 
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consistent with the crystal field predictions for the effective hyperfine field 

produced by the electronic levels. 

2. Above 9 K where two sites were fitted, the area Of the component with ± Bhf 

relaxation was held close to one third of the total area of the spectrum, con

sistent with one third of the Co2+ chains containing magnetic solitons. 

3. The Egap parameter that gives the separation between the lowest two states 

was held close to the 8=1/2 Brillouin function prediction. 

4. QS, IS, and the rate parameters Erate and Srate were allowed to vary freely, 

except where physically unreasonable values where obtained. 

In the fits where some parameters were constrained obviously x2 was not min

imised. It should be pointed out however that parameter values were not fixed to 

the model predictions regardless of the outcome. The purpose was simply to see if 

the model predictions resulted in acceptable fits. In a number of cases parameters 

were constrained because correlations between the parameters resulted in unphysical 

results. By constraining some of the parameters good fits were obtained with only 

a small increase in the value of x2 from its minimum value. 

Figure 4.13 shows the behaviour of the parameter Bhf as a function of temper

ature. The solid line shows the constant field produced by the magnetic electronic 

level. Up to "' 11 K the field is constant, and the Bhr parameter fits freely at 

"' 24.6 T. Between"' 11 K and "' 18 K the spectra could only be fitted with a con

stant field of 24.6 T if Bhf was fixed to this value, however, above 18 K reasonable 

fits could not be obtained with a field of this value, and Bhf was allowed to vary 

freely. As the temperature approaches TN 1 Bhf drops to zero. This result is to be 

expected given the limitations of the model being used here. At higher temperatures 

the third electronic level will be significantly populated, and the assumption that 

only the lowest two levels are occupied is not valid. The third level gives a hyperfine 

field in the opposite direction to the field for the lower level and so a reduction in 

the fitted hyperfine field may be expected as the third level becomes populated. 

The only difference between the results for the different Mg concentrations is 

the temperature at which Bhf decreases. For the spectra of CsCoCh doped with 

2.6 at. % Mg Bhf decreases at a noticeably lower temperature. The model being 
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Figure 4.13: Hyperfine field for the lowest magnetic electronic level of Fe2+ in CsCoC13 calculated 
from fits to the low temperature spectra of CsCoCls doped with 57 Fe and x: no Mg, Q: 0.07 at.% 
Mg, 0: 0.7 at. % Mg, and!::.: 2.6 at. %Mg. The solid line shows the constant field produced by 
the magnetic electronic level. 
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used would predict the transition from the PD phase to the paramagnetic phase 

to occur at the point where Bhf = 0 T as the magnetic electronic levels become 

degenerate. Using this as a method for determining the transition temperature, 

TNp then by extrapolating the points on the graph (figure 4.13), TN1 is found to be 

21.1 0.3 K, 20.5 0.3 K, 20.4 ± 0.3 K, and 19.6 ± 0.3 K for CsCoCb doped with 

0, 0.07, 0.7, and 2.6 at. % Mg respectively. 

The Neel temperature of 21.1 0.3 K for CsCo0,g9Feo.o1 Cla agrees well with other 

experiments on pure CsCoCb (for example Melamud et al1974). The reduction in 

TN1 with the addition of the Mg is consistent with the theory of Imry et al (1975) 

and Hone et al (1975) and agrees with the neutron scattering experiments on Mg 

doped CsCoCb in which TN1 is found to be 19.8 K for CsCoCla doped with 1.7 at. % 
Mg (Mekata 1990). Ferre et al (1983) observe a more drastic change in TN 1 with 

the addition of Mg. From the results of NMR experiments they determine TN 1 to 

be 16.9 K in CsCoCb doped with 1.8 at. % Mg. 
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It should be pointed out that the determination of TN 1 from these Mossbauer 

experiments should not be interpreted as actual measurements of TN 1 • Moss bauer 

experiments cannot distinguish between short and long range order in the case of 

CsCoCb because the 57Fe probe is affected only by its local environment and the 

presence of short rcmge order above TN1 means that hyperfine fields will be present. 

This can be seen in the broadened spectra just above TN 1 • 

Figure 4.14 shows the energy separation of the two lowest electronic states as 

deduced from the fits to the spectra of CsCoCh doped with the different Mg con

centrations. The solid lines show the model predictions which are calculated as 

S = 1/2 Brillouin functions with TN 1 = 21.2 K, and 19.6 K. The curve calculated 

with TN1 = 21.2 K is appropriate for the spectra of CsCo0 .99Fe0m Ch, while the 

lower curve calculated with TN 1 = 19.6 K is for the fits to the spectra of CsCoCh 

doped with 2.6 at. % Mg. The intermediate concentrations of Mg He between these 

ranges. As can be seen the experimentally determined energy separations follow the 

theoretical predictions fairly closely. 

The fits to the spectra of CsCoCh doped with 2.6 at. % Mg taken below 8 K give 

an Egap value of rv 1 em - 1 - considerably below the results for the other spectra. 

This is a result of the deeper lines in the spectra (figure 4.12) at rv 0.0 mm s-1 

and rv 2.5 mm s-1
• The area of these lines relative to the area of the rest of the 

spectrum determines the population of the non-magnetic electronic level relative to 

the magnetic level in the Fe2+ ion (a larger area implies an increased population). In 

the model being used a lower value for the Egap parameter increases the population 

of the non-magnetic electronic level, and so in the fits to these spectra a lower value 

for the Egap parameter is obtained. 

The behaviour of the electronic relaxation rate parameter is shown in figure 

4.15 where it is plotted against inverse temperature. The behaviour is similar for 

each series of results with only small deviations between the rates for the lowest 

two temperatures. The fitted rates are slightly lower and higher for the spectra of 

CsCoCls doped with 0. 7 and 2.6 at. % Mg respectively at the low temperatures. 

This can be seen in the spectra as sharper lines for the spectra of CsCoCh with 

0. 7 at. % Mg, and as broader lines in the spectra of CsCoCh with 2.6 at. % Mg. As 

the temperature approaches TN 1 the rate begins to decrease dramatically. This is 

probably a consequence of the 2 level model assumptions becoming invalid at these 
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Figure 4.14: Separation of the lowest two electronic levels of Fe2+ in CsCoCls calculated from fits 
to low temperature spectra of CsCoCls doped with 57 Fe and x: no Mg, o: 0.07 at. % Mg, 0: 
0.7 at. % Mg, and l:.: 2.6 at. % Mg. The solid lines show the theoretical predictions calculated for 
TN1 ::::: 21.2 K, and 19.6 K. 
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temperatures. The slightly earlier drop off of the rate for the compound with the 

highest concentration of Mg is consistent with its lower Neel temperature. 

The dashed line is the line of best fit to the results obtained below ....., 15 K 

for CsCoCh doped with 0.07 at. % Mg. It has a slope of (37 ± 2) K over this 

temperature range. The fact that the data follows a straight line when plotted in 

this manner is evidence that the electronic relaxation is occurring by the Orbach 

process. With the Orbach process transitions between two levels lying close together 

occur by excitation to a higher lying third level, and then decay to the other low 

lying level. If the third level lies at an energy 1:::. K above the ground state then the 

relaxation rate is given as r =="" 104 !:::.3 exp(-I:::./T) (Abragam and Bleaney 1970). 

For Fe2+ in CsCoCh the third level is predicted from the results of crystal field fits 

to lie at rv 50 K. So although this is not in perfect agreement with the slope of 

37 K, it is still a good indication that this may be the mechanism for the electronic 

relaxation. 
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Figure 4.15: Electronic relaxation rates between the lowest two electronic levels of Fe2+ in CsCoCla 
calculated from fits to the low temperature spectra of CsCoCla doped with 57 Fe and x: no Mg, 
o: 0.07 at.% Mg, 0: 0.7 at.% Mg, and 6: 2.6 at.% Mg. The dashed line shows the trend of the 
0.07 at.% Mg data. 
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Figure 4.16 shows the behaviour of the soliton relaxation rate plotted against 

inverse temperature. The solid line is the theoretical prediction calculated from 

equation (2.21) with J = 75 K and c = 0.12. The dashed lines are the lines of best 

fit to the results obtained for CsCoCls doped with 2.6 at. % Mg, and CsCoCls doped 

with 0.07 at. %Mg. Again there is no discernable difference between the results for 

the three lowest concentrations of Mg. However, the results of fits to the spectra of 

CsCoCls doped with 2.6 at. % Mg have a higher rate, a lower slope, and the rate 

drops off at a slightly lower temperature (again consistent with the lower TN1 ). The 

higher soliton relaxation rates obtained in these fits are due to the accentuated dips 

that are present in the spectra at rv 0.0 mm s-1 and rv 2.5 mm s-1 . 

The soliton relaxation rates predicted by the non-interacting soliton gas model 

do not agree well with the experimentally determined rates. The experimental rates 

are at best an order of magnitude lower, and the slopes of the lines fitted to the 

data- (28 ± 9) K for the highest concentration of Mg, ( 45 ± 2) K for the others are 
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Figure 4.16: Soliton relaxation rates in the magnetic chains of CsCoCls calculated from fits to 
the low temperature spectra of CsCoCla doped with 57Fe and x: no Mg, Q: 0.07 at. % Mg, 0: 
0.7 at. % Mg, and L:..: 2.6 at. %Mg. The solid line is the theoretical prediction, and the dashed 
lines show the trend of the data. 
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significantly below the theoretical prediction for the soliton excitation energy given 

by the value of the intrachain exchange constant, J = 75 K. 

In the current model the soliton relaxation is modelled in the Mossbauer spectra 

as a site with the hyperfine field relaxing between ± Bhr· The theoretical rate for 

this relaxation is above 109 Hz over the temperature range of the PD phase, and for 

rates this high the spectrum we would observe would consist of a quadrupole split 

pair of narrow lines. Since this site contributes to one third of the total area of the 

spectrum it is clear that rates close to the theoretical predictions are not observed 

since the there are no narrow lines present in the spectra in the temperature range 

of the PD phase. 

The model used to fit the spectra may be improved by including a third level 

in the Fe2+ ·electronic relaxation model, and by modelling the contribution to the 

Mossbauer spectrum from the frustrated chains as combined soliton and electronic 

relaxation. Work in this area is being carried out at this laboratory (Sheen 1994). 
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Mekata (1990) gives the results of soliton flipping rates determined by NMR 

and !-£+ spin resonance experiments on pure CsCoCls, and Mossbauer experiments 

on CsCoC13 doped with 3 at. % 57Fe. A feature of the NMR and /-£+ SR results 

is that the observed soliton flipping rate is lower than the theoretical prediction 

by approximately an order of magnitude (note that in figure 4 of Mekata (1990), 

the dashed line representing the theoretical prediction has been drawn too low by 

approximately an order of magnitude). The rates determined from the Mossbauer 

spectra are similar to those found in this work for temperatures below 17 K and 

are between one and two orders of magnitude too low. This indicates that the 

non-interacting soliton gas model does not predict the correct rates for the soliton 

relaxation processes. 

The non-interacting soliton gas model assumes that there are no interactions 

between the solitons, when in fact they may scatter off each other and any impurities 

in the lattice. This scattering may affect the flipping rate given, by equation (2.21). 

Maki (1981) has considered the effect of scattering by using a phenomenological 

model where the soliton scattering is modelled as changes in the soliton velocity 

with some characteristic frequency. It is not clear how this theory may be extended · 

to calculate the effect on the flipping rate observed by the Mossbauer effect. 

Mekata was able to fit the spectra of CsCoC!s doped with 3 at. % 57Fe to yield 

a slope of"" 75 K for the soliton flipping rate which has certainly not been the case 

in this research. From examination of the spectra published it would seem that this 

is due to the use of a different fitting strategy. For example it appears that the area 

of the soliton contribution has not been constrained to be one third of the total area 

of the spectrum, and in this way Mekata has obtained the different rates for the fits 

above "" 15 K. This is also the reason for the differences in the results of the soliton 

rates shown here and the results given by Ward et al (1987 A) for fits to the same 

series of spectra of CsCo0,99Feo.Dl Cis. Here the Bhf parameter and the area ratio 

were constrained to follow the model predictions where Ward et al allowed these 

parameters to vary freely. 
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4.6 The Effect of Magnesium on the Mossbauer 

Spectra of CsCoC13• 

4.6.1 Phase Transitions in Mg Doped CsCoC}a. 

Assuming the interpretation of the neutron diffraction and magnetic susceptibility 

experiments on Mg doped CsCoCls (Mekata et al1987) is correct, it was hoped that 

doping Mg into CsCoCls would allow investigation of the magnetic solitons below 

9 K (TN2 for pure CsCoCls). At these lower temperatures the theoretical soliton 

relaxation rate is within the range that is observable with the Mossbauer effect. 

Also the assumptions of the two-level model are more realistic and investigation of 

the soliton relaxation is less likely to be affected by problems in fitting the electronic 

relaxation site to the Mossbauer spectra. 

Concerning the magnetic phases of CsCoCls doped with Mg the following con

clusion can be made from the results of the previous fits to the spectra: below 9 K 

the spectra can be fitted satisfactorily to one site with Bhf relaxing between 0 T and 

"' 24.6 T. 

Above 9 K it is necessary to fit the spectra to two sites; one site as above, and 

an additional site with Bhi relaxing between ± "' 24.6 T. This site is attributed to 

soliton relaxation, so it was hoped that if solitons are present below 9 K in CsCoCls 

doped with Mg, that the spectra would require two sites to fit satisfactorily below 

9 K also. From the fits shown this does not seem to be the case. 

To see if any evidence of the PD phase could be found below 9 K, several different 

fitting strategies were tried on the spectra. In the first case the spectra of all four 

. compounds were fitted with two sites below 9 K. For all of the spectra it was found 

that two sites could be fitted with parameter values that were consistent with the 

fits above 9 K. Figure 4.17 and table 4.16 show the fits and parameters obtained 

for the spectra of CsCoCls doped with 0.07 at. % Mg. These fits are typical of 

the fits to the spectra with other concentrations of Mg and are shown here because 

these spectra have the best signal to noise ratios. The fact that two sites can be 

fitted below 9 K is not really significant because the rate determined for the soliton 

relaxation is in the region of 107 Hz. For this rate the lines in the spectrum produced 

are very broad and there are no distinct features. As a result the extra site can be 
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fitted equally well to all the spectra below 9 K for all Mg concentrations. Fits to the 

spectra of CsCoCh doped with 2.6 at. % Mg were slightly different - again because 

of the accentuated dips at ,..._, 0.0 mm s-1 and ,..._, 2.5 mm s-1. For these spectra the 

Srate parameter obtained was approximately 3 x 107 Hz in order to properly fit the 

spectra. 

Two site fits below 9 K did not show any differences in the spectra, so a series of 

one site fits above 9 K were attempted. The same procedure for fitting the spectra 

below 9 K was used. It was found that in all cases it became impossible to fit the 

spectra to one site above 9 K, and that there were no differences in the results for 

any of the different Mg concentrations. 

Given these conclusions, a number of reasons as to why the Mossbauer experi

ments do not appear to show unequivocal evidence of a suppression of TN2 as shown 

in the neutron diffraction and magnetic susceptibility experiments of Mekata et al 

(1987) will be discussed below. 

The first possibility to be considered is that CsCoCh doped with Fe2+ and Mg2+ 

ions is not a stable system, and that the Fe2+ and/ or Mg2+ ions are not being 

incorporated into the host crystal in a random manner. The physical dimensions of 

the appropriate ions and compounds are listed in table 4.17. The ionic radii of Mg2+ 
and Fe2+ are within 10 %of Co2+, and the lattice parameters for the corresponding 

compounds are all within 1 % of each other, so the dopants should 'fit' into the 

CsCoCh lattice. 

The results of the work presented here certainly suggest random doping. The sin

gle quadrupole split pair of lines obtained for the high temperature spectra indicates 

the presence of only one site. If the iron were forming clusters in the crystal then 

the different crystallographic sites would cause extra lines in the spectra. The extra 

lines that are present in the spectra of CsCoCb doped with 2.6 at. % Mg indicate 

the random substitution of Mg since the relative intensity of these lines is consistent 

with the probability of obtaining Fe-Mg pairs for random doping. Chemical analysis 

of the crystals grown has also shown that the dopants are present throughout the 

crystals. 

There is also a wealth of experimental work on the mixed CsCoCb system that 

provides evidence of random doping. In addition to the work already discussed 

on CsCoCb doped with low concentrations of Mg (Ferre et al1983, Mekata et al 
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Figure 4.17: Two-site fits to the spectra of CsCoCls doped with 1.0 at. % 57Fe and 0.07 at. % Mg 
for T < 9 K. The three solid lines present show the soliton relaxation site, the electronic relaxation 
site, and the fit obtained by adding these two contributions. The soliton site can be identified as 
the solid line with the smallest area. 
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Table 4.16: Mossbauer parameters determined from two-site fits to the spectra of CsCoCl3 doped 
with 1.0 at. % 57Fe and 0.07 at. % Mg forT< 9 K. Parameters marked with a • were held constant 
in the fits. The uncertainty in the least significant figures is given by the number in brackets. 

Temp. Bhf QS IS Erate Egap Srate Area x2 
(K) (T) (mms-1 ) (mms-1 ) (107 Hz) (cm- 1) (107 Hz) ratio 
5.5 24.8(1) -2.65(3) 1.24(1) 0.039(5) 2.7(3)* 0.86(7) 0.31 0.98 
6.5 24.6(1) -2.63(3) 1.23(1) 0.116(7) 2.7(3)" 0.84(7) 0.31 1.09 
7.5 24.6(1) -2.60(3) 1.21(1) 3.16(1) 2.3(2) 1.25(14) 0.31 0.84 
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1987, and Mogi et al1987) there have been Raman experiments on CsCol-xFexCls 

(Syme and Lockwood 1986), Mossbauer experiments on CsMg1-xFexCls (Lai and 

Ward 1988), and EPR, NIS, and Raman scattering experiments on CsCo1_xMgxCls 

(0 < x < 1) (Ohta et al1993, Voronkova et al1990, Nagler et al1983, and Johnstone 

et al 1982). All of these experiments have been successfully interpreted assuming 

the mixed system is random. 

Table 4.17: Ionic radii and lattice parameters for CsCoCla and related compounds. 

0 

Ion Radius (A) Reference 

Mg2+ 0.66 CRC (1990) 

Co2+ 0.72 CRC (1990) 

Fe2+ 0.74 CRC (1990) 
0 

Compound Dimensions (A) Reference 

JaJ JcJ 
CsCoCls 7.202 6.032 Soling ( 1968) 

CsMgCls 7.17 6.09 Achiwa (1969) 

CsFeCls 7.238 6.05 Ackerman et al (1974) 

Another possibility to examine is that the PD phase below 9 K (if it exists) is 

'invisible' to the Mossbauer effect. The model that has been used to account for 

soliton relaxation assumes that for temperatures between TN1 and 9 K the frustrated 

chains are subject to soliton relaxation only with no electronic relaxation being 

present - since these chains are modelled as contributing ± Bhf relaxation only to 

the Mossbauer spectrum. If it is assumed that the electronic and soliton relaxation 

processes are independent of each other then a more complete model of the soliton 

relaxation should include electronic relaxation as well. Then in the frustrated chains 

present below TN1 there is three level electronic relaxation (of which only the lowest 

two are significantly populated below 9 K), and hyperfine field reversal due to spin 

flipping caused by the soliton propagation. 

Given that this combined relaxation represents quite a complicated system, then 

below 9 K, if solitons are still present in one third of the magnetic chains of the Mg 

doped compounds, their relaxation rate will be slow and comparable to the electronic 
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relaxation rate and it may be that the soliton contribution is not distinguishable 

from the electronic relaxation. 

To examine this possibility spectra were simulated so that a comparison could 

be made between electronic relaxation only, soliton relaxation only, and combined 

electronic and soliton relaxation for temperatures below 9 K. The simulated spectra 

were generated with the appropriate parameters obtained from the fit to the spec

trum of CsCoCla doped with 0.07 at. % Mg at 6.5 K. The soliton relaxation rate 

was determined from the value of the lower dashed line in figure 4.16 at 6.5 K. 

Figure 4.18 shows the three spectra simulated using the parameters given in table 

4.18. Spectrum A is the spectrum obtained with electronic relaxation between the 

lowest two electronic levels only, and is equivalent to the fits to the experimental 

spectra at 6.5 K. Spectrum B is obtained using soliton relaxation only. For the 

soliton relaxation site there is no experimental equivalent to spectrum B since the 

relaxation rate used to generate this spectrum is lower than any rate that was 

obtained by fits to the experimental data. In spectrum C electronic and soliton 

relaxation are combined. This spectrum was produced using a computer program 

written by Sheen (1994) which is an extension of the relaxation programs used so 

far in this work. It calculates the shape of a Mossbauer spectrum for the case of 

electronic relaxation between the three lowest Fe2+ electronic levels and independent 

soliton relaxation causing hyperfine field reversal at the same Fe2+ site. In table 

4.18 the Erate parameter for this spectrum is not strictly valid since in the case 

of three level relaxation more than one rate is needed to characterise all of the 

possible transitions, however for the temperature of 6.5 K only the lowest two levels 

are significantly populated (since the third level lies approximately 50 K above the 

ground state) and the Erate parameter describes the transition rate between these 

lowest two levels. 

Comparison of spectra B and C with spectrum A reveals that although the line 

positions are the same in the spectra, the individual line shapes and intensities 

are quite different. Spectrum B with soliton relaxation only contains six of the 

broadened lines present in spectrum A, but does not contain the two lines that 

are also present due to the non-magnetic level. Spectrum C contains all eight lines 

with the two lines due to the non-magnetic level greatly enhanced. These differences 

indicate that even if the soliton rate is low, the presence of solitons below 9 K should 
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Figure 4.18: Computer generated spectra using A) electronic relaxation, B) soliton relaxation, and 
C) combined electronic and soliton relaxation 
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Table 4.18: Parameters used to generate the spectra shown in figure 4.18. 

Spectrum Bhf QS IS Erate Egap Srate 

(T) (mms- 1 ) (mms- 1) (107 Hz) ( cm- 1) (107 Hz) 
A 24.6 -2.63 1.23 0.16 2.5 
B 24.6 -2.63 1.23 0.23 
c 24.6 -2.63 1.23 0.16 2.5 0.23 

8 
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show significant differences in the Mossbauer spectra of the Mg doped compound 

when compared to the Mossbauer spectra of CsCo0.99Fe0.01Cb. 

Having discussed the possible improvements to the model by including a com

bined relaxation model for analysis of the spectra taken below 9 K (assuming the 

PD phase exists), the point is raised that the analysis of spectra between TN
1 

and 

9 K should also include the combined relaxation model. At higher temperatures 

the soliton relaxation rates are higher, and the contribution to the spectrum is seen 

as a pair of broadened lines. In this case the combined relaxation model will pro

duce qualitatively similar results to the soliton only relaxation model. Since the 

focus of this research is on the effect that Mg has on the low temperature phase of 

CsCoCb, the simpler single relaxation process is desirable to avoid the problem of 

over-parameterising the fits to the experimental spectra. 

The next point to discuss concerns the actual nature of the phase transition at 

9 K, since there may be some doubt as to the process that occurs. The model used so 

far to describe the magnetic phases predicts a sudden transition from the PD phase 

to the 3D phase at 9 K. This is seen in the results of neutron diffraction experiments 

(Mekata and Adachi 1978), and neutron scattering experiments (Yoshizawa and 

Hirakawa 1979). At this transition the solitons in the frustrated chains come to an 

abrupt standstill as the ferrimagnetic phase stabilises and full 3D order is developed. 

Experimental evidence for this theory is seen in the neutron scattering experiments 

of Boucher et al (1985), ESR experiments (Adachi 1981), and optical absorption 

experiments (Mogi et al1987). 

The results of more recent NMR experiments (Kikuchi and Ajiro 1989A), and 

nuclear spin-lattice relaxation (NSLR) experiments (Ajiro et al1989) indicate that 

the transition at TN2 may be gradual rather than abrupt with relaxation processes 

present below 9 K. From these experiments it is concluded that below "" 5 K the 

CsCoCb system is ferrimagnetic, but that as the temperature approaches 9 K spins 

on one third of the chains begin to relax slowly due to soliton propagation and as 

the temperature increases the relaxation rate of the spins increases with the soliton 

density. 

The results of the NSLR experiments are analysed satisfactorily over the whole 

temperature range using a soliton flipping rate given by r = (2c:IJI/!i) exp( -J/kBT) 

where c; = 0.12 and J = 75 K (which agrees with equation (2.21) assuming 
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2eJ < kBT). This gives a soliton flipping rate of "' 105 Hz at 5 K, and a rate 

of "' 109 Hz at 10 K. In the analysis of Ajiro et al, their equation (8) which is the 

expression for the NSLR rate, T1-
1

, is inconsistent in the slow relaxation limit with 

the earlier expression given by their equation ( 4). The constant term in the slow 

relaxation limit should be (eJ jli3
) rather than the (1/4eJ/i) given. This error does 

not affect their data analysis or conclusions however. 

The NMR work reported by Kikuchi and Ajiro (1989A) has been explained 

with the same model. The time scale of the NMR experiment is such that the 

ferrimagnetic phase is observed up to 9 K before a clear deviation from the static 

model is seen, but an anomalously weak signal below 9 K is attributed to soliton 

relaxation effects. 

The situation regarding the nature of the transition at 9 K would appear to 

be unclear with the NMR and NSLR experiments producing results that are at 

odds with previous experiments. However, the work of Mekata et al (1987) certainly 

indicates that the magnetic ordering processes are altered by the presence of the non

magnetic impurity and this should be seen as consistent differences in the Moss bauer 

spectra of CsCoo,ggFeo.ol Cb and CsCoCb doped with Mg. 

Through this work the assumption has been that the 57Fe, which acts as a probe 

for the Mossbauer effect, is magnetically coupled to the Co2+ ions in the CsCoCb 

host and participates in the magnetic order of the crystal. As commented on in the 

introduction, this approach is supported by work on impurity doped 1D ferromagnets 

(Elmassalami et al1989) where the Mossbauer experiments show that the magnetic 

impurities are magnetically coupled in the linear chains as opposed to the non

magnetic impurities which break the chains into segments. 

Nevertheless, a magnetic impurity may affect the magnetic phases in CsCoCb in 

a similar manner to a non-magnetic impurity because of the spin frustration effects 

that result in the PD and 3D phases in CsCoCb. If the Fe2+ is coupled to the Co2+ 

ions with exchange constants different to the Co2+ -Co2+ exchange constants then 

the balance of competing interactions is altered, and the 57Fe may be disrupting the 

transition to 3D order just as the Mg does. In this case we may not see any difference 

in the spectra because the phases are actually the same in all cases due to the effect 

of the 57Fe Mossbauer probe. To test this theory it would be necessary to perform 

neutron diffraction and magnetic susceptibility experiments on Fe doped CsCoCb 
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to compare the results with those obtained for the Mg doped compound. Results 

of such experiments have not been found in the literature, however the results and 

analysis of ESR experiments suggest that a magnetic dopant does affect the phases 

of CsCoC13 in a similar way (Kikuchi and Ajiro 1989B). 

In the ESR experiments it was observed that the ESR soliton signal in CsCoCls 

is dramatically weakened by the addition of small amounts of Mn (0.05- 1.0 at.%), 

but that the ESR linewidth - which determines soliton collision rates and hence the 

soliton density- is not altered. It was found that a similar result was obtained when 

1 at. % Mg was doped into CsCoCls. 

The model developed by Kikuchi and Ajiro to account for these results is as 

follows. The presence of an impurity (magnetic or non-magnetic) interrupts the 

balance of interactions between the chains that produces the frustration in CsCoCls, 

and as a result local magnetic order forms around the impurity to minimise the 

energy of the system. The solitons then are only able to propagate in those frustrated 

chains that are not influenced by the impurity ions. In this way the number of 

solitons are decreased (hence the ESR soliton signal is weakened), however in the 

chains that do support soliton propagation the dynamics are unaltered and the 

measured ESR linewidths are the same as for the pure compound. This model 

is supported by the neutron diffraction results of Mekata et al (1987) where it is 

observed that the presence of impurities lowers the magnetic structural coherence 

in the c-plane. This is expected if localised magnetic order is formed about the 

impurities which will be positioned randomly through the lattice. The magnetic 

susceptibility experiments do not support this theory though since the results of 

these experiments clearly show the presence of the frustrated chains as paramagnetic 

moments in one third of the total number of chains. The presence of an impurity 

ion neighbouring a frustrated chain disrupts the frustration only by the order of 

the nearest neighbour exchange constant. For CsCoCls this is ,....., 1 K (see chapter 

1) so it seems unlikely that the impurity ions would be as effective at freezing the 

frustrated chains as is claimed by Kikuchi and Ajiro. 

It would seem that there is still some difficulty in interpreting the results of ex

periments on the impurity doped compound. However, it appears that the magnetic 

impurity disrupts the magnetic order of the CsCoCls system in much the same way 
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as the non-magnetic impurity by interrupting the cancellation of the magnetic in

teractions. This then may be why no consistent differences are observable between 

the Mossbauer spectra of CsCo0.99Feo.o1Cb and CsCoCb doped with Mg. The one 

site :fits to the spectra of CsCo0,99Fe0,01 Cls below 9 K may only be coincidental, and 

not an indication that the crystal is in the 3D phase. If the 57Fe is disrupting the 

magnetic ordering in the same way as the Mg then only effects that are dependent 

on the concentration of the Mg dopants may be observable. 

4.6.2 The Dynamical Effects of Mg in CsCoCls. 

The doping of Mg into the CsCoCb system does not affect the way in which the 

Mossbauer spectra can be :fitted, however there are differences in the parameters 

obtained from the :fits to the spectra of CsCoCb with different concentrations of Mg 

present. 

In summary, for temperatures below TN1 the results of :fits to the spectra of 

CsCoCb doped with 0.07 at. % Mg are the same as those for CsCo0.99Fe0.01 Cl3 • The 

results of the :fits to the spectra of CsCoCls doped with 0. 7 at. % Mg are also the 

same with the exception of the lower values obtained below 7 K for the electronic 

relaxation rate parameter, Erate· For :fits to the spectra of CsCoCb doped with 

2.6 at. % Mg lower values below 8 K for the energy level splitting parameter, Egap, 

and a significantly lower Neel temperature were obtained. These results have already 

been discussed. As well as these differences higher values for the soliton relaxation 

rate parameter, Srate, and higher values below 7 K for the Erate parameter were 

obtained. 

The results obtained for the Erate parameter at low temperatures are difficult to 

explain. Qualitatively the addition of the Mg ion may affect the electronic relaxation 

rate by altering the phonon densities. This is because the Mg ion is an impurity 

in the lattice and due to its different mass, and different elastic constants holding 

it in the lattice, it will scatter some of the phonons present. The addition of the 

Mg should affect the electronic relaxation rate in a consistent manner; however, 

lower values are obtained from :fits to the 0.7 % spectra, while the :fits to the 2.6 % 
spectra yield higher values. As discussed earlier, the lower Erate values can be seen 

as slightly narrower absorption lines in the spectra of CsCoCb doped with 0. 7 at. % 
Mg, and the higher Erate values as broader lines in the spectra of CsCoCb doped 



4.6. The Effect of Magnesium on the Mossbauer Spectra of CsCoC13 • 97 

with 2.6 at. % Mg. 

The difference in the slope of the Srate data obtained from the fits to the spectra 

of CsCoCb doped with 2.6 at. % Mg is difficult to explain because it is not expected 

that the addition of Mg should alter the soliton excitation energy. The uncertainty 

in the measured value is quite large though and so the low value obtained may not 

be significant. The higher soliton rates obtained from these spectra may be due to 

the scattering effect of the Mg ions. The Villain model that predicts the soliton 

motion assumes that there is no interaction between the solitons when in fact the 

solitons will scatter off each other and any impurities present in the lattice. The 

effect of the Mg impurity on the soliton dynamics is likely to be important if the 

density of the Mg ions along the magnetic chains is comparable or larger than the 

soliton density since the possible scattering effects of the Mg ions will dominate over 

the soliton- soliton interactions. 

The mean chain length (number of Co2+ and Fe2+ ions between Mg2+ ions) is 

given by (100/x)- 1 (see appendix A.1) where xis the concentration (in at. %) of 

Mg present in the crystal . Note that this is not the mean length as 'seen' by a 

randomly doped Fe2+ ion since the probability of doping an Fe2+ ion into a given 

chain is weighted by the length of that chain. The chain length as seen by the 

Fe2+ ion is what is of real interest since these ions are being used as probes. The 

mean length of the chain segments as seen by the Fe2+ ion is given by (200/x)- 1 

(see appendix A.2) which is essentially twice the mean chain length. Table 4.19 

gives the magnetic chain segment lengths as seen by the Fe2+ ions for the various 

concentrations of Mg used. In table 4.20 the mean distances between solitons for 

a range of temperatures in the PD phase of CsCoCb are given. These distances 

are calculated assuming the theory for pure CsCoCb and are given by the inverse 

soliton density, T rv exp(J/kBT). 

The mean chain length as seen by an Fe2+ ion is comparable with the largest 

distance between solitons for the lowest concentration of Mg and it is not expected 

that this concentration of Mg should affect the soliton dynamics noticeably. The 

0. 7 at. % Mg sample has a mean chain length that is less than the soliton mean free 

path length for temperatures less than rv 13 K. For the highest concentration of Mg 

the mean chain length is 76 lattice units which is lower than the mean path length 

over practically the whole range of temperatures and it is this compound that gives 
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Table 4.19: Magnetic chain lengths (as seen by randomly doped Fe2+ ions) for various concentra
tions of Mg. 

Mg Concentration Mean Chain Length 

(at. %) (lattice units) 

0.07 2900 

0.7 290 

2.6 76 

Table 4.20: Mean distance between solitons for various temperatures. 

Temperature Inter soliton distance 

(K) (lattice units) 

9 4200 

11 910 

13 320 

16 110 

20 43 

noticeably different results for the soliton rates. 

In terms of the Villain theory the addition of Mg changes the model from a cyclic 

chain to a chain of N spins with free ends, where N is the average length of the 

chains. When considering the matrix elements of the spin Hamiltonian for a cyclic 

chain, the Nth spin neighbours the first spin so that the matrix has elements in the 

off diagonal corners. For a chain with free ends these elements are zero since there is 

no interaction so the eigenfunctions would have to be constructed from this different 

matrix with no corner elements. 

Given the assumptions in the Villain theory the results of this subtle effect are 

probably not significant. In the Villain model it is assumed that the chains are 

cyclic for the pure Ising compound when in fact they will be of finite length due to 

lattice defects. The addition of Mg will have the effect of reducing the mean length. 

The Villain model also assumes the ground state to be the fully aligned state, but 

because the Hamiltonian contains xy terms the ground state will be some linear 
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combination of states containing domain walls. 

It seems reasonable that the excitation of solitons which occurs through some 

spin-phonon interaction may be enhanced by the presence of the free ends on the 

chains, since through the exchange interaction the energy required to flip the end 

spins of a chain is half of that required to flip spins that are in the chain. Nagler 

et al (1983) reports on experimental evidence of excitations due to the presence of 

these free ends. If the excitation of solitons is enhanced then the soliton density, 

and hence the soliton relaxation rate may be increased. This is what is seen in the 

spectra of CsCoCh doped with 2.6 at. %Mg. 

Alternatively the presence of the Mg in the magnetic chains may alter the nature 

of the soliton propagation, and subsequently alter the observed relaxation rate due 

to solitons. Boucher and other researchers have studied the dynamics of solitons 

present in (CD3 ) 4NMnCh (or TMMC), and in TMMC doped with magnetic and 

non-magnetic impurities. They have used NIS, NSLR, and neutron spin echo mea

surements to look at the solitons, and have published a series of papers on their 

results (Boucher et al 1982, Boucher et al 1983, Boucher et al1985, Benner et al 

1983). In these papers the results are analysed in terms of soliton theory proposed 

by Mald (1981). 

The results for pure TMMC have been analysed in terms of the coherent, or 

ballistic soliton model where the solitons propagate with some constant velocity v. 

When TMMC is doped with the diamagnetic impurity Cd the mean free path,)., of 

the solitons is reduced by scattering effects, and if ). becomes less than the inverse 

soliton density then a condition for diffusive, or incoherent propagation exists. If the 

soliton propagation becomes incoherent then its motion can be described by a 1D 

random walk where the mean displacement from some starting position after timet is 

given by (x2)t = VJ5t (Gunther and Imry 1980). Here Dis some diffusion constant. 

In the case of TMMG the spin correlations are altered by the diffusive propagation of 

the solitons, and the neutron scattering experiments which probe these correlations 

reflect these changes and can be explained in terms of the incoherent model. 

In view of the results for TMMC the incoherent soliton model for CsCoCh doped 

with Mg may be appropriate, but it is not clear how the analysis used by Boucher 

and co-workers for the results of the neutron scattering experiments can be extended 

to the Mossbauer effect given its localised nature. The type of soliton propagation 
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determines the nature of the spin correlations which are detected by the neutron 

scattering experiments. However for the Mossbauer effect since it is a local probe it 

detects only the passage of the solitons, but reveals nothing of their nature. 

Under equilibrium conditions the passage of solitons, either ballistic or diffusive 

will cause spin reversals at some rate which may be different for the two processes. 

Boucher (1989) has considered the possibility of incoherent solitons in CsCoBr3 and 

CsCoCh and has performed neutron spin echo experiments on CsCoBr3 doped with 

5 at. % Mg. Due to the limited statistical accuracy of the data obtained no definitive 

conclusions concerning the nature of the soliton propagation could be made. It was 

reported though that the spin flipping rate due to solitons was decreased by a factor 

of "" 20 at a temperature of 20 K for this compound. Similarly in the experiments 

on TMMC the non-magnetic dopant reduced the soliton flipping rate. 

In our case an increase in the soliton rate of a factor of "" 2 is observed for 

CsCoC13 doped with 2.6 at. % Mg and this is not in agreement with the above ob

servations. This result, and the unsuitability of the Moss bauer effect for determining 

differences between coherent or incoherent motion has meant that the question of 

soliton diffusion was not pursued any further. 

It would be interesting to compare the results of Mossbauer experiments on 

other impurity doped 1D low-spin Ising-like antiferromagnets with the results ob

tained in this research, however no such experiments have been found in the lit

erature. Mossbauer studies on impurity doped 1D magnets have been performed 

by researchers at the Rijksuniversiteit, Leiden (Smit et al 1989, Elmassalami and 

de Jongh 1989, Elmassalami et al1989). One of the compounds they reported on 

was FeC12(NC5H5 )2. This material has divalent Fe ions coupled ferromagnetically, 

and the low temperature properties can be described by a 1D Ising-like spin-1 

Hamiltonian (de Groot et al1986). For this compound they identified three differ

ent relaxation mechanisms due to solitons. They are kink-kink relaxation (KKR) 

where the spins at the soliton sites relax with some temperature independent rate 

between 107 Hz and 108 Hz, single kink-lattice relaxation (SKLR) which is due to 

the Villain soliton discussed earlier, and pair kink-lattice relaxation (PKLR) which 

is due to a soliton pair created by the flipping of a cluster of spins. 

They studied the effect of non-magnetic impurities by performing Mossbauer 

experiments on FeCb(NC5H5)2 doped with "" 1 at. % Cd. Their results showed an 
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enhancement of the SKLR process over the PKLR process which they associated 

with the presence of the free ends in the chains. They also reported that the KKR 

contribution to the Mossbauer spectrum was enhanced, and that this was due to the 

fact that there is an increase in soliton density with the presence of the free ends. 

The Leiden researchers have claimed that the relaxation processes in CsCoC}s 

can be easily interpreted in terms of their model, and that the Mossbauer spectra of 

CsCoo.ggFeo.ol Cis can be fitted accordingly. To test this claim an attempt was made 

to fit the spectra of CsCoCb doped with 0.07 at. % Mg with the various relaxation 

processes in mind. The spectra of CsCoCb doped with 0.07 at. % Mg were chosen 

because they are practically identical to the spectra of CsCo0.99Fe0.o1 Cb but have 

better signal to noise ratios. From 50 K to 20 K the spectra were fitted with one site 

and a field relaxing between ± 24.6 T. These fits were acceptable with reasonable 

rates being obtained. Below 20 K where the spectra begin to broaden substantially 

two sites were used - both with fields of ± 24.6 T, but with different rates. No 

reasonable fits could be made however. 

In CsCo0.99Fe0.01 Cl3 the electronic relaxation in the Fe2+ ion needs to be taken 

into account - this is clearly shown in the spectra of CsCo0,g9Fe0.01 Ch below 9 K. 

Above 9 K where CsCoCb is in the PD phase the electronic relaxation occurs in two 

thirds of the magnetic chains and is fitted accordingly in the spectra. The remaining 

contribution to the spectrum is the soliton relaxation, but is is doubtful that three 

independent soliton relaxation processes could be fitted with any real significance 

given the quality of the spectra. 

The differences in the spectra that have been discussed in this section are subtle 

and as a result are quite difficult to interpret. This is because the electronic proper

ties of the Fe2+ /CsCoCb system are being inferred from fits to the nuclear hyperfine 

structure of the 57Fe nucleus, and in this respect the measurements are not 'direct'. 

When fitting the Mossbauer spectra ambiguities in the parameter values obtained 

can arise because the spectra are complicated by relaxation effects. Spectra with 

better signal to noise ratios are required to overcome this problem but experimen

tally this is difficult to achieve because long times (up to one week in some cases) 

were required to obtain the low temperature spectra of CsCoCb doped with 57Fe. 
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Chapter 5 

Conclusions 

Crystals of CsCo1_x-y 57FexMgyCb (where x "' 1 %, andy = 0.07, 0.3, 0.7, 2.6 %) 
have been grown by the Bridgeman method and Mossbauer spectra of these com

pounds in powdered form have been taken for a range of temperatures from 250 K 

down to 1.2 K. 

Above TN1 the spectra show a pair of quadrupole split absorption lines (with the 

exception of CsCoCb doped with 2.6 at. % Mg which in addition to the main lines 

also shows some weak extra lines) and these have been fitted with Lorentzian shaped 

lines. The QS values obtained from these spectra have been used to fit crystal field 

and spin-orbit parameters to the electronic Hamiltonian describing the Fe2+ ion in 

CsCoCb. The addition of the Mg does not affect the QS data obtained for each of 

the compounds and the parameters obtained for the Fe2+ Hamiltonian are the same 

as those published by Ward et al (1987 A). The relative area of the weak extra lines 

in CsCoCb doped with 2.6 at. % Mg is consistent with the probability of obtaining 

a Mg-Fe pair in the Co2+ chains and these lines are attributed to a different Fe2+ 

crystallographic site caused by an Mg2+ ion neighbouring an Fe2+ ion. An attempt 

has been made to fit a crystal field Hamiltonian to the QS data for these lines, 

but good agreement between the experimental and theoretical QS values could not 

be found within the constraint of obtaining physically reasonable crystal field and 

spin-orbit parameters. Some parameter values were found that gave approximate 

fits but due to the large uncertainties in the data and an insufficient number of data 

points for the number of parameters, no significance could reasonably be attached 

to these results. 
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The parameters obtained from the fits to the QS data above TN 1 do not correctly 

predict the QS observed in the 4.2 K and 1.2 K spectra. Alternative fits were 

attempted to improve the agreement) but improvements below 5 K could only be 

made at the expense of the fit to the data above TN1 • An orbit-lattice interaction 

calculation similar to the one outlined by Price (1978) has been performed in an 

attempt to improve the model predictions for the low temperature QS values. It 

was found that the calculation produced the same shift in the theoretical QS values 

for each of the electronic levels at 2 K and at 25 K which does not account for the 

observed disagreement. The uniform shift was mainly due to resonance effects of 

phonons with the low lying electronic energy levels in the Fe2+ ion. More accurate 

information on the strength of the orbit-lattice interaction) and lifetimes of the Fe2+ 

electronic states is necessary before a more thorough investigation can be made. 

The Mossbauer spectra taken between TN1 and 5 K have broadened absorp

tion lines which are attributed to relaxation effects) and have been fitted us

ing the stochastic relaxation model of Blume and Tjon (1968). The spectra of 

CsCoo.ggFeo.Ol Cl3 have been reanalysed in a similar way to the work published by 

Ward et al (1987 A) and the fits obtained are consistent with the accepted magnetic 

phases of CsCoCh. Up to 9 K the spectra have been fitted with one site. This 

site has the hyperfine field relaxing between 0 T and 24.6 T and is attributed to 

electronic relaxation between the lowest two electronic levels in the Fe2+ ion. Above 

9 K the spectra cannot be fitted satisfactorily to one site) and an additional site 

with the hyperfine field relaxing between ± 24.6 T is fitted. This site is attributed 

to soliton relaxation in the disordered chains. 

Up to ""' 15 K the electronic relaxation rates determined from the fits to the 

spectra have an exponential dependence with temperature given by exp( -l:l/T) 

where l:l = (37 ± 2) K. This rate behaviour suggests that the electronic relaxation is 

occurring by the Orbach process where the transitions between the lowest two levels 

occur by intermediate transitions to a higher level. Above 15 K the departure of 

the experimentally determined electronic relaxation rate from this behaviour could 

be caused by significant population of the higher levels (which is not accounted for 

in the two level Blume and Tjon model). 

Up to rv 17 K the soliton relaxation rates determined from the fits to the spec

have an exponential dependence with temperature given by exp( -l:l/T) where 
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.6.. = ( 45 ± 2) K for CsCoo,ggFeo.oi Cis. The theoretical prediction for .6.. is 75 K, and 

the actual soliton relaxation rates determined from the spectra are also between 

one and two orders of magnitude below the theoretical prediction. Results of NMR 

and fJ+ SR experiments also show soliton relaxation rates that are lower than the 

theoretical prediction by approximately an order of magnitude (Mekata 1990), and 

so it is suggested that the non-interacting soliton gas model is not appropriate for 

CsCoCb. 

A visual inspection of the spectra of the Mg doped compounds revealed that they 

were similar to the spectra of CsCo0 .99Fe0.01 Cis and so they were initally fitted in 

the same way. It was found that the spectra could be fitted with one site up to 9 K, 

and two sites from 9 K to TN 1 , and that the parameter values obtained were similar 

to those obtained for CsCo0•99Feo.Dl Cis. In an attempt to identify any significant 

differences between the spectra of CsCo0 ,99Fe0 .01 Cb and the spectra of CsCoCb 

doped with Mg, a soliton relaxation site (in addition to the electronic relaxation 

site) was fitted to the spectra below 9 K. It was found that satisfactory fits could 

be obtained for the spectra of CsCoCb with and without Mg present. From these 

results it appears that the presence of the Mg does not affect the Mossbauer spectra 

in a way that indicates the existence of the PD phase below 9 K in CsCoCis doped 

with Mg. 

Chemical analysis of the crystals indicates that the Mg is present in the crystals, 

and so assuming the conclusions of Mekata et al are valid, a number of reasons as to 

why the Mossbauer results are inconsistent with these conclusions have been consid

ered. The possibility that the soliton relaxation contribution is not distinguishable 

in the spectra taken below 9 K has been examined by simulating spectra of the 

soliton relaxation site with relaxation rates that are appropriate for the tempera

tures below 9 K. The simulated spectra show that the presence of solitons below 

9 K should produce observable differences in the spectra. Another possibility is that 

the Fe2+ ion may be disrupting the magnetic ordering processes in the same way 

as the Mg2+ ion with the result that no significant differences between the spectra 

exist. Neutron diffraction and magnetic susceptibility experiments such as those 

performed on Mg doped CsCoCl3 are needed to determine if it has a similar effect. 

Despite the similarities in the spectra, a number of quantitative differences do 

exist. It has been observed that the addition of Mg causes a reduction in the value of 
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TN1 • Using the criterion that the transition to the paramagnetic phase occurs at the 

temperature where the fitted hyperfine field extrapolates to zero, then TN1 is found 

to be 21.1 ± 0.3 K, 20.5 ± 0.3 K, 20.4 ± 0.3 K, and 19.6 ± 0.3 K for CsCoCb doped 

with 0, 0.07, 0.7, and 2.6 at.% Mg respectively. These results are in agreement with 

the theory for 1D Ising chains, and other experimental measurements of TN1 • 

The soliton relaxation rates determined from the fits to the spectra of CsCoCb 

doped with 2.6 at. % Mg have a temperature dependence similar to the rates for the 

compounds with lower Mg concentrations, but .6. is found to be (28±9) K compared 

to ( 45 ± 2) K for the others. This difference is not considered to be significant in 

view of the large uncertainty. The relaxation rates are also approximately a factor 

of two higher than the rates determined for the other compounds. Possible reasons 

for this have been discussed with regard to other work on dilute 1D systems, but 

it is not clear if the results are applicable for CsCoCb because none of the other 

systems are low-spin Ising-like antiferromagnets. 

Small differences in the electronic relaxation rate determined below 7 K were 

also observed, but these are differences are difficult to interpret because they are not 

consistent between the different Mg concentrations. Below 8 K the splitting between 

the lowest two Fe2+ electronic energy levels was found to be,....., 1 cm-1 for CsCoCb 

doped with 2.6 at. % Mg compared to "' 3 cm-1 for the other compounds. Slightly 

deeper lines in the spectra of CsCoCh doped with 2.6 at. % Mg at "' 0.0 mm s-1 

and rv 2.5 mm s-1 result in the smaller splitting, but the origin of these deeper lines 

is not clear. 

The results obtained from the analysis of the Mossbauer data suggest a number 

of directions for further investigation in this work. The behaviour of the electronic 

and soliton relaxation rates determined from fits to the spectra for temperatures 

approaching TN1 indicate a need to include a third level in the relaxation models. 

The poor agreement between the theory and experimentally determined soliton re

laxation rates also requires further investigation. For example the results of studying 

alternative systems may indicate where problems in the analysis of the soliton relax

ation lie, and the modelling of the soliton contribution to the Mossbauer spectrum 

could be improved to include combined soliton and electronic relaxation. These 

areas of research are currently being investigated at this laboratory (Sheen 1994). 

Finally, as mentioned previously the influence of the Fe2+ ions on the magnetic 
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phases of CsCoCls may be as important as the effect of the Mg2+ ions, and some 

experiments similar to those performed on CsCoCls doped with non-magnetic im

purities, such as neutron diffraction and magnetic susceptibility experiments could 

provide additional information on the effect of a magnetic dopant in this compound. 
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Appendix A 

Calculation of Co2+ Chain Lengths 

A.l Mean Chain Length 

For an infinite chain of Co2+ ions doped with x Mg ions per lattice unit, the prob

ability distribution for the number of Co2+ ions, n, between consecutive Mg ions is 

given by 

The mean chain length is then given by 
00 00 

2:: nP(n) l::n(1- xtx 
n=O n=O 

00 

x L nyn where y = (1- x) (A.1) 
n=O 

00 

now L nyn = y + 2y2 + 3y3 + 4y4 + ... 
n=O 

= (y + y2 + y3 + y4 + ... ) + (y2 + 2y3 + 3y4 + ... ) 
(y + y2 + y3 + y4 + ... ) + y(y + 2y2 + 3y3 + ... ) 

1 00 

- -1 - - 1 + Y(L nyn) 
- Y n=O 

y 

n=O 

Substituting this result into equation (A.1) gives the mean chain length as 

00 1 
L nP(n) =- -1 
n=O X 
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A.2 Mean Chain Length as Seen by a Randomly 

Doped Fe2+ Ion 

The probability of doping an Fe2+ ion into a chain of n Co2+ ions (where n includes 

the Fe2+ ion) is given by 

The mean chain length as seen by the Fe2+ ions is then 

00 00 

I: nP(n) L n2(1- x)(n-l)x2 

n=O n=O 
00 

_ x2 L n2y<n-l) where y = (1- x) 
n=O 

00 

now I: n2y(n-l) 

n=O 

00 

but L n2y(n-l) 

n=O 

n=O 

n=O 
00 00 00 

L n2yn + 2 L nyn + LYn 
n=O n=O n=O 

~ 2 n 2y 1 
- L..t n y + (1 - \2 + (1 - ) 

n=O Y:J Y 
1 00 

_ 2:n2yn 
Y n=O 

(y + 1) 
(1- y)3 

(A.2) 

Substituting this result into equation (A.2) gives the mean chain length as seen by 

a randomly doped Fe2+ ion as 

00 2 
l:nP(n) =- -1 
n=O X 
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