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Abstract 

The electronic Raman scattering by Fe
2+ ions doped in the 

hexagonal compounds CsCdBr
3

, CsMgBr
3

, CsMgC1
3 

and the layered 

compounds CdBr
2

, CdC1
2 

have been successfully recorded at 20 K and in 

some cases, also at 2 K. By keeping the concentration of Fe2+ low, it 

has been possible to obtain sharp and well polarised spectral lines 

which are due to transitions from thermally populated states to any 

other higher lying states within the 5T2g multiplet. The 5T2g levels 

were successfully fi tted using crystal field theory. The resul ts 

indicated a strong, posi tive trigonal crystal field in all three of 

the hexagonal compounds consistent with a singlet ground state of the 

Fe
2+ . 

Ion. Theoretical calculation incorporating the well known 

closure approximation gave good agreement with the observed intensity 

pattern. Further investigations using both Raman and Mossbauer 

spectroscopy were carried out on one of the above systems, namely 

CsMg
1 

Fe C1
3

. -x x The Mossbauer results showed unexpected distinctions 

b h f h F 
2+ . 

etween t e various sites or tee Ions. There is evidence of 

structural changes centered about the junction between the Mg and Fe 

ions. For one particular site, IQsl increases with temperature. This 

is interpreted as increasing trigonal crystal field wi th rise in 

temperature. An usual line broadening phenomenon is also reported. 

The Raman spectrum for CsFeC1
3 

has been clarified. An unusual 

"~~A~ic exci ton"-phonon coupling is reported. The controversial YX 

break-through of the A
1g 

phonon mode observed in the Raman spectra for 

AMX3 crystals has been shown to be largely geometry-induced. 
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CHAPTER 1 

Introduction 

Since 1969, when N. Achiwa published a magnetic susceptibility and 

ESR study on a group of hexagonal di-metal halides of the general 

forumla AMX3 ' these materials have been widely studied (see 

Bibliography).This family of hexagonal compounds comprises materials 

where, generally, 

A = Cs, Rb, Tl, or (CH3)4N 

M = Mg, V, Cr, Mn, Fe, Co, Ni., C~, Cd 

x = Cl, Br, I 

Other members include BaMn0
3

, BaNi0
3

, BaTiS
3

, BaVS
3 

and BaTaS
3

. Of 

the fluoride salts of similar formula, only CsNiF
3 

is kno,rn to belong 

to this family; the rest being of the rutile structure. 

This isomorphous family possesses the space group structure of 

4 
or D

6h
, with two formula units in the primitive cell 

(McPherson & Chang, 1973; Li et ai, 1973; Mekata and Adachi. 1982; for 

some members, this structure may only exist as a high temperature 

This is 

commonly referred to as the 2L structure (Li et. al.. 1973). and 

consists of an ABABAB stacking of close-packed AX3 layers. The M 

cations are sandwiched between the layers and form trigonally 

distorted octahedra of D3d symmetry wi th the halide ions (Photo 1). 

4-
Such stacking produces linear chains of face sharing MX6 octahedra 

along the c-axis separated from each other by the relatively large 

monovalent A cations. These linear chains of M cations can be seen 

clearly when a three-dimensional model is viewed along the c-axis 

(Photo 2). 

Crystallographic data (Figure 1.1 and Table 1.1) show that the 

minimum distance between a pair of divalent M ions on adjacent chains 
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Photo 1 A model of the hexagonal 2L struct re of AMX3 crystals 

Yellow-A+ Red-M2+ Green-X-

Photo 2 The view along the c-axis of the model in photo 1 showing 
the linear chains of M cations. 
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c 

~1 (z = 0 1/2) 

! 
b=a 
I 

o x (z 1/4) 

o x (z = 3/4) 

® A (z 1/4) 

®J A (z = 3/11 ) 

F ScHematic diagram of the 2L structure 



1.1 Structural data for some 

a 0 M-X(A) c(lt) c/2a 

CslrlgC13 76.6 .7 85.6 94.4 2.50 7.27 6.19 0.426 

CsMgC13 75.2 52.4 86.8 93.2 2.66 7.61 6.50 0.427 

CsCdBr
3 74.7 52. 87.0 93.0 2.77 7.68 6.72 0.438 

CsFeC13 74.36 52.67 87.06 92.94 2.49 7.25 6.05 0.417 

CsFeBr3 7.51 6.31 0.420 

CsCoC13 76.08 51.96 86.01 93.99 2.447 7.19 6.03 0.419 

ionic Mg2+ Fe2+ Co2+ Cs+ Br 

radius 0.66 0.97 0.74 0.72 1.67 1. 1.96 

* a coincides with the distance adjacient chains of M ions. 
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is aJ,m&&~v~wice that wi thin a single chain. This anisotropy is also 

reflected in the magnetic exchange interactions. 

(TMMC), for example, the ratio of intrachain interaction to interchain 

3 
interaction, J/J' is of the order of 10 (Steiner et al .. 1976). In 

CsFeCI
3

, this ratio has been given a range of values by various 

workers (see Table 1.2). This anisotropy in the exchange interactions 

of the chains of magnetic ions resul ts in these compounds being 

suitable candidates to test theories of quasi-one-dimensional 

magnetism (Steiner et al., 1976). A recent review article by Mekata 

and Adachi (1982) on the magnetic interactions in these compounds 

contains a very comprehensive list of publications that attest to the 

considerable interest in these materials. 

The ferrous compounds - CsFeCI
3

, CsFeBr
3

, RbFeCl
3 

and RbFeBr
3 

-

are of special interest in that these are spin 1 magnets that show 

rather diverse magnetic behaviour as opposed to the spin ~ cobaltous 

compounds (Mekata et al., 1982). For example, CsFeCl
3 

and RbFeCl
3 

both show ferromagnetic intrachain interaction and weak 

antiferromagnetic interchain interaction (Montano et al., 1973, 1974; 

Achiwa, 1969; Eibschvtz et al., 1975; Steiner et al.. 1981) while 

RbFeBr 3 shows only antiferromagnetic interactions (Lines et al. , 

1975). The nature of the magnetic interaction has in CsFeBr
3 

not yet 

been determined. CsFeBr
3

, RbFeBr
3 

and RbFeCl
3 

all show transition to 

long range magnetic ordering at respectively. 17K, 5.5K and 2.55K. but 

no sllch transition has been observed for CsFeCl
3 

down to 0.8K 

(Yoshizawa et al., 1980; Takeda et al., 1974; Montano et al .. 1974; 

Davidson et al .. 1971; Eibschutz et al., 1973). Magnetic field 

induced transitions to both incommensurate and commensurate ordering 

in CsFeCl
3 

and RbFeCl
3 

have also been reported (Haseda et al ... 1981; 

Wada et al .. 1982; Knop et al., 1983). 

The focus in this thesis is on CsFeCI
3

. This is a 



Table 1.2 Some Hamil tonian parameters for 

Ref Model lii J J' 

Yoshizawa et al. 1980 CEF 

- ibid - Exciton 

Montano et al. 1974 Effective Hamilt., -78±53 +69 
pair model 

Euler et al. 1978 Crystal Field -90 712 

Steiner et al. 1981 Heuristic 4.9 1.3 
d ion formula 

Notes: l. A - - E(5T2g) 

2. us A - - ~ B2 _ 20 B4 
- 7 0 63 a' See 

3. t interaction should be -A L.S. Montano 

4. J = exchange interaction J' = 
D = et separa t i on. 

-1 
(em ) 

2.62 

1.83 

5±1 

2.17; 

J' 1 

0.15 

0.10 

= - 246 

et al. used A L.S 

0.002 

2.5±1 

± 13, B4 
a 

interaction 

D 

9. 

17.60 

10.3 

= 110 ± 8. 
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quasi-one-dimensional XY ferromagnet (Montano et al., 1974; Krausz et 

al., 1977) wi th a ficti tious spin S = 1 describing a ground state 

singlet and an upper doublet state. The ferromagnetic 

interaction is small compared to the singlet-doublet separation 

(Yoshizawa et al., 1980). and is thus unable to induce range 

magnetic ordering. The transi tion from the singlet state to 

the doublet state is therefore like a single-ion crystal field 

exci tation that however, propagates through the crystal due to the 

coupl ing between neighbouring ions. Such collective 

exci tations have been studied using neutron scattering by Yoshizawa 

et al. (1980) and Steiner et al. (1981). The higher-lying energy 

5 
levels wi thin the D ground state manifold may also be deduced from 

crystal field parameters obtained from temperature dependence studies 

of the quadrupole spli tting (Montano et al.. 1974; Euler et al .. 

1978) . However. the results obtained so far have been rather 

inconsistent. as the summary in Table 1.2 shows. 

To shed more light on this singlet ground state system. the 

behaviour of the Fe
2

+ ion in the absence of magnetic 

interactions has been studied using Raman spectroscopy. A convenient 

way to obtain isolated Fe2+ ions in a similar environment to that in 

the pure CsFeC1
3 

is to dope the isomorphous diamagnetic 

wi th a low concentration of CsFeCI
3

. The Fe2+ ions simply 

substitute for the Mg2+ ions at random and occupy cation sites of D3d 

symmetry. B · . h . f F 2+ y lncreaslng t e concentratlon 0 e the changes that 

corne about through the emergence of ion-ion exchange interactions and 

other effects have also been investigated. 

To determine the influence of the mis-match of cation sizes on the 

2+ 2+ 
field. a parallel study of CsMgBr

3
(Fe ) and CsCdBr

3
(Fe ) was 

also undertaken. Incidentally, this also allowed for comparison to be 

2+ 2+ 
made between CsMgCl3(Fe ) and CsMgBr

3
(Fe ). CsCdCl

3 
was not used as 
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it is of the 6L structure (Siegel et al., 1964). i.e, not isomorphous 

with 

In the course of this investigation very well polarised spectra of 

the electronic Raman transi tions were obtained. This presented an 

excellent opportunity to test theoretical calculation of the 

scatter intensi ties in a simi lar approach to one which has been 

qui te successfully appl ied to Co
2+ in CsMgC1

3 
(Kardontchik et al., 

1976). The results of this calculation will be discussed. 

Polarised electronic Raman scattering by ions in the 

hexagonal layered compound CdI
2 

has also been reported (Johnstone et 

al., 1980 a,b). In this compound, the cations, sandwiched between two 

layers of hexagonal close-packed anions, also occupy sites of D3d 

symme • as shown in figure 1.2 (see, however. Johnstone et al.. 

1980 a). The trigonal field as reported is not only much weaker but 

is also of the opposite sign to that of CsMgC1
3

, and CsCdBr
3

. 

For comparison, the present study has therefore also included two 

other similar systems: CdBr
2

(Fe
2+) and CdC1

2
(Fe

2+), both of which have 

5 
the D3d crystal structure. 

Hitherto, investigations of the site environment and site 

distribution of the magnetic ions in magnetically diluted crystals 

such as CsMg
1 

Co Cl
3 

and CsMg
1 

Co Br
3 

have been limited to the study -x x -x x 

of electronic excitations using Raman spectroscopy (Johnstone et al .. 

1982; Tomblin et al .. 1984). Because of the linear chain structure 

for the divalent ions, it is usual to consider only nearest-neighbour 

influences. to only three general types of ic cation (M) 

sites. depending on the presence or not of a diamagnetic cation (D) as 

intra-chain nearest neighbour. These sites may be denoted as : (DMD). 

(~rn) and (MMM); the isolated pair (D~{D) is a special case of (~). 

The differences in the distribution of electronic charge in the 

vicinity of these magnetic ions are also reflected in their respective 

nuclear quadrupole moments via the quadrupole hyperfine interactions. 



.. 0-
-~---::O 

0:::::: - --.....,..0 --

---0 

0 ---------0--

Figure 1.2: The CdX
2 

structure 

9 

o Anion 

® C tion 
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Thus, by measuring the quadrupole splitting, the changes in the site 

distribution can be followed right through the concentration series 

from x ~ 0 to x = 1. In the present study, data on the quadrupole 

splitt 

us 

of the di luted system CsMg
1 

Fe Cl
3 

have been recorded -x x 

Mossbauer absorption spectroscopy. The results have 

revealed a rather more complicated situation than hitherto realised. 

Dur this investigation an unusual broadening of the Mossbauer lines 

for the case of isolated Fe
2+ ions (x = 0.01) was also noticed. A 

subsequent temperature dependence study on this revealed a 

dependence of the half-width of the resonant lines wi th 

maximum at about 80K. 

Detailed results of the Raman and Mossbauer spectroscopic studies 

mentioned above are presented in this thesis. 
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CHAPTER 2 

Experimental Procedure 

As mentioned in the introduction, two spectroscopic methods were 

employed in this study of the Fe
2+ ion Laser Raman Spectroscopy and 

57Fe Mossbauer Absorption Spectroscopy. In this chapter we shall 

discuss the equipment involved, crystal growth of the various 

compounds and the computer analysis of the data. 

2.1 Crystal Growth 

The need for crystal growth arises firstly because the crystals 

studied in this work were not avai lable commercially. Secondly, the 

ability to alter the species and concentrations of dopants as research 

progresses allows greater flexibil ity in the design and schedule of 

experiments. Thus, all the crystals used in this work were grown in 

the department by the author with help in glass-blowing from Mr. Ross 

Ri tchie. However, due to the lack of facilities for purification of 

the starting materials, the nominal purity is 99%. 

Crystals of the general formula A.J.'IX3 and MX2 were usually grown 

from the melt using the Bridgman-Stockbarger technique (Brice, 1977). 

The method of preparation of the starting materials has been 

documented in Tomblin (1983). Essentially, the appropriate hydrogen 

halide gas is bubbled through a stoichiometric mixture of the 

anhydrous starting materials as the temperatu~re is slowly raised to 

melt the mixture. The whole process usually takes three hours, 

ensuring the total removal of moisture and unwanted oxides. The 

mixture is then sealed in a quartz ampoule. 

To induce the growth of just one single crystal in the ampoule, it 

is gradually lowered through a vertical furnace. As the ampoul e 

passes through the ho t zone into ambient temperature, the mol ten 
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material at the lower part of the ampoule cools and crystallises into 

a number of differently oriented crystals. These grow in size as the 

ampoule is lowered further. A built-in constriction at the lower end 

of the ampoule allows only one crystal to grow through which wi 11 

eventually occupy the entire volume of the boule. 

As would be expected, the controll ing factors in the success of 

this method are the lowering rate and the temperature gradient (Brice, 

1977; Jasinski et al.. 1983). A steep temperature gradient is 

desirable to avoid consti tutional supercooling. On the other hand, 

this places great strain on the crystal, resulting in a high 

population of defects. Fractures may also occur. 

The conventional Bridgman furnace consists of a coil of heating 

element which is usually wound round a silica former. The temperature 

can be varied by adjusting the input currrent. In thi s case the 

temperature gradient is achieved by increasing the distances between 

successive spirals towards the lower end. 

profile is shown in figure 2.1. 

A typical temperature 

One inherent drawback of the conventional Bridgman furnace is that 

when the peak temperature is raised to accommodate materials of high 

melting point, the temperature gradient would also be altered. Thus, 

a plethora of furnaces would have to be constructed to achieve 

different combinations of peak temperature and thermal gradient to 

accommodate different materials. 

A way round the above difficulty is to construct a Two-Zone 

Variable Gradient Bridgman Furnace (Jasinski et al., 1983). A model 

built by the author is described in Figure 2.2. Essentially, the 

concept is that a temperature gradient is established inside a gap 

between two axially al igned but independent furnaces. By adjusting 

the temperature difference between the upper hot zone and the lower 

cold zone, the axial thermal gradient can be altered over a 

subs tan t ial range. The meri t is that the thermal gradient can be 
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achieved regardless of the hot zone temperature, thus avoiding the 

correlation that exists in the conventional model. 

The model used in this work was powered by a twin power supply 

wi th proportional controls buil t in the department. This allowed 

individual setting of the two temperatures to wi thin 1 DC. Typical 

thermal gradient settings were 3-6DC/mm. A mechanical device 

lowered the ampoule at a constant rate down the axis of the furnace. 

A rate of 20 mm/day was used. 

At the end of the growth period, the hot zone temperature was 

slow ly lowered to equal i se wi th the co ld zone temperature. Both 

temperatures were then synchronously lowered to ambient temperature 

over a selected period. Boules 5 to 7 cm long and 1.0 cm in diameter 

usually yielded single crystals of 2 to 5 cm in length. The quality 

was such that a freshly cleaved surface was usually free of steps or 

other defects. 

Impurity analysis 

In an attempt . 2+ 
to determIne the actual Fe ion concentration, 

selected samples of some crystals were dissolved in dilute 

hydrochloric acid and ti trated against potassium permanganate 

solution. However, this method was found to be unsatisfactory as 

firstly. a rather large amount of material was needed and secondly, 

free bromine or. to a lesser extent. chlorine was liberated in the 

process and this interfered with the titration results. 

An al ternative method of surface analysis by electron induced 

X-ray emission also proved unreliable. As no other method of analysis 

was avai lable in this department. arrangement was made wi th the 

Division of Chemistry of the National Research Council of Canada 

through Dr D.J. Lockwood. for analysis to be done on selected samples 

using inductively-coupled-plasma atomic-emission-spectroscopy 



* 

Table 2.1 

Sample 

(Nominal % Fe) 

CsCdBr3 

CsCdBr3 0.8 Fe 

CsCdBr3 
3 Fe 

CcCdBr3 8 Fe 

CsMgCl3 2 Fe 

CsMgCl
3 

10 Fe 

CsMgBr
3 

CsMgBr
3 

3 Fe 

Analysis of CsM~:Fe crystals using inductively coupled plasma-atomic absorption 

* emission spectroscopy 

Analysis Results (Jig/g) 

Fe (at %) Mn Ni Co Cu Mg 

<0.01 <0.3 <2.6 3.9±0.1 <1.4 <500 

1.2 1. 7±0.1 <9.7 <16 <2.5 <2000 

5.1 59.l±0.4 <3.4 <5.7 <1.8 <700 

6.7 18.7±0.2 <4.6 <7.8 <2.4 1410±l0 

2.3 13.2±0.2 <12 <21 <6.5 

13.6 85.l±0.9 80. 6±1. 7 <17 <5.4 

<0.01 1.2±0.1 24.7±0.4 <7.9 <2.5 

2.8 5.l±0.1 28.2±1.6 <12 <3.9 

Courtesy of the Division of Chemistry. National Research Council of Canada. through Dr. D.J. Lockwood. 

Cd 

<300 

<100 

<100 

<200 

f-' 
(Jl 
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(ICP-AES). The results are shown in 

2+ . Al though deviations from the nominal concentration of Fe lons 

were observed, nevertheless the actual concentrations do fall within a 

few atomic percentage (at. %) of the nominal value1 This agreement is 

particularly close at lower concentrations. the analysis of the 

experimental data does not depend critically on the knowledge of the 

exact dopant concentration, it is therefore sufficient to quote the 

nominal concentrations for all the crystals used in this work. 

The presence of undesirable magnetic transition-metal impurities 

varied with the samples and generally totalled less than 0.2 at. %, 

while Mg contamination may exceed 1 at. %. Unsatisfactory though this 

may be, until conditions (financial and technical) improve 

.1 
sufficiently that utrapure starting materials are made available, such 

1\ 

contamination has to be tolerated. 

2.2 Sample Preparation 

Compounds of the general formulae AMX3 and MX2 are hygroscopic to 

varying For example, a newly cleaved surface of CsMgBr
3 

will 

become hydrated in less than one second when exposed to ambient 

atmosphere. On the other hand, CsCdBr
3 

can be kept indefinitely if 

humidi ty is kept below 20%. Therefore, to guard CLe,Cl..LH.::>t possible 

hydration, all sample preparations were carried out in a nitrogen 

filled dry box (Johnstone, 1975) where the humidity was maintained at 

below 10% us drying pellets. 

CsMgCl3 and related compounds cleave readily in the {1120} planes. 

kilter 
Thel\section between any two such cleavage planes defines the crystal 

c-ruds (Z rection). As the cleaved surfaces were of high optical 

qual i ty, they were used as the input and output surfaces whenever 
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possible. Thus, in the X(--)Y configuration, the Y direction was 

chosen normal to a [1120J plane while a [12IOJ plane was chosen as the 

incident face. 

For some experiments the Z(--)Y configuration was used. In these 

cases, only samples that possessed a naturally broken surface 

approximately perpendicular to the c-axis were used. This surface of 

each sample was carefully scrutinized to ensure that there was at 

least one spot through which the laser beam could enter the crystal 

along the c-axis. A [1120J plane was used as the scattering surface. 

This procedure was found to be more satisfactory than the use of a 

cut-and-polished surface perpendicular to the c-axis. 

For the layered compounds CdBr
2 

and CdCI
2

, the cleavage plane is 

perpendicular to the crystal c-axis. To obtain optical surfaces 

perpendicular to the cleavage plane, a rough cut was first made with a 

razor blade. The surface was then smoothed by polishing wi th zinc 

blend~. The final polishing was done with talcum powder on a piece of 

linen. 

Only freshly prepared samples were used for each experiment and 

the selected sample of CdX
2 

or CsMX3 crystal was clamped on an indium 

covered copper sample block to be mounted in a cryostat. The crystal 

c-axis was aligned visually to produce scattering geometry of either 

X(--)Y, Z(--)Y, or X(--)Z configuration. The excellent polarisation 

ratios obtained in the spectra justify this simple procedure. The 

sample block was then sealed in a plastic bag to be transferred out of 

the dry box and mounted in the appropriate cryostat. The plastic bag 

was quickly removed just prior to the evacuation of the cryostat, 

ensuring minimal exposure of the crystal to the ambient atmosphere. 

Mossbauer Absorption Spectroscopy 

Both powder and single crystal samples were used. The powder 

samples were prepared by mixing finely crushed material wi th fine 
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boric acid powder. The mixture was then put in a steel ring holder 

and pressed to a gauge pressure of 7 fb/in
2 

(47 kPa). 

Single crystal samples were prepared by first setting the sample 

on a piece of perspex disc using superglue. Abrasives were then used 

to carefully rub the sample down to the required thickness. For the 

CsMg
1

_
x

Fe
x

Cl
3 

crystals studied using this technique, the crystal 

c-axis was set parallel to the plane of the sample disc. 

the ~-ray axis is perpendicular to the crystal c-axis. 

Therefore, 

2.3 Cryogenics 

Experiments for both Mossbauer absorption and Raman scattering 

were conducted at temperatures ranging from 2K to 3S0K. A variety of 

cryostats utilising either liquid nitrogen or liquid helium as 

refrigerants were used. 

For Raman spectroscopy, three conduction cold-finger type 

cryostats were available. For most of the earlier experiments, an 

Andonian Associates variable temperature optical dewar was used. This 

uses liquid helium to cool a pressurised hel ium exchange gas. This 

then condenses on and cools a cold finger on which is attached an 

indium covered copper sample block. The crystal sample is clamped 

onto the sample block situated in a vacuum chamber. The temperature 

in the sample block measured with a copper constantan thermocouple was 

typically 15K. 

For experiments at SOK, a copper cryostat that was built in the 

department to a similar design to the Andonian crysostat, was 

available. However in this uni t, liquid ni trogen was used to cool a 

copper cold-finger directly without the use of any exchange gas. 

The third conduction-type cryostat was a Cryosystem Model LTS-22 

helium closed-cycle system. This can attain a base temperature of 10K 

as measured wi th a si I icon diode sensor. Higher temperatures are 

achieved by the use of a heating element, digitally controlled by a 
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Palm Beach Cryophysics model 4025 temperature controller. Unlike the 

other cryostats, this system does not need any cryogenic liquids and 

as such, can be run continuously for prolonged periods. Most of the 

experiments involving 
2+ 

CsCdBr3:Fe , 

crystals were run on this system. 

and 2+ CsMgCI
3

:Fe 

Although a base temperature of 10K can be achieved at the cooling 

plate of the cryostat, the crystal sample usually develops a much 

higher temperature. The reasons are three fold. 

Firstly, the crystal sample is actually clamped onto a copper 

block which is then secured to the cooling plate. Indium is used to 

maximise thermal contact between the copper block and the cooling 

plate. However, as the distance between the sample and the cooling 

plate is of the order of 2 cm (design limitations prevent the 

reduction of this length), a significant thermal gradient inevitably 

develops. 

Secondly, as most AMX3 crystals are rather brittle, it is 

impossible to cut and polish samples to obtain the desired shape. The 

back surface of a sample can be made even by carefully scraping away 

the excess material, however, the resultant roughness produces strong 

depolarised background scattering comprising mainly of reflected 

Rayleigh scattering thus compromising the quali ty of the spectra. 

Attempts to pol ish this surface have not resul ted in a significant 

improvemen t. Therefore, only naturally cleaved samples were used in 

the experiments. The irregular shapes and sizes of the samples result 

in restricted contact area between the samples and the copper block. 

This introduces a bottle-neck effect in the heat flow. 

The third factor is the effect of local heating by the laser beam. 

Transition-metal ions absorb strongly in the visible region. Although 

the laser frequency is chosen to avoid strong absorption, sample 

heating sti 11 occurs. Depending on the laser power input, size of 

sample and the extent of absorption, the sample temperature has been 
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noted in one case to rise as high as 97 ± 4K. as measured from the 

phonon Stokes anti-Stokes Raman line intensity ratio. However. for 

most experiments, the sample temperature was around 20K. Henceforth. 

unless otherwise specified. this will be taken as the sample 

temperature for all experiments. 

To provide temperatures down to 2K by pumping on liquid helium, a 

glass dewar was constructed to a design provided by Dr N. Manson of 

the Solid State Physics Department, Australia National University. 

The crystal sample is attached by silicone glue to a sample rod and 

immersed in a reservoir of liquid helium. By evacuating the space 

above the liquid to below the equilibrium vapour pressure, the 

temperature can be lowered to 1.5K. The temperature of the superfluid 

was monitored by its vapour pressure. 

For Mossbauer spectroscopy, a Ricoh Model MCH-5B cryostat was 

used. The sample disc is si tuated in a central vacuum chamber 

surrounded by other outer chambers. Gaseous cryogen is circulated 

around the chambers progressing from the innermost to the outermost, 

crea ting an isothermal environment around the sample disc. The 

temperature of the sample was monitored with a gold + 0.07 atomic % 

i ron/chrome I thermocouple placed near it. By judicious choice of 

cryogens and the flow rate, the temperature could be varied from 5K to 

room temperature. A heating element allowed high temperature work to 

380K. 

2.4 Raman Spectrocopy Instrumentation 

The Raman scattering equipment was set up in the conventional 

right-angle geometry as shown in figure 2.3. The incident laser beam 

was provided by a Spectra-Physics model 170 15 Watt Argon-ion laser. 

A selection of six wavelengths was avai lable 457.9 nm, 476.5 nm, 

488.0 nm, 496.5 nm, 501.7 nm and 514.5 nm. The argon laser could also 

be used to pump a Spectra-Physics model 375 dye laser to provide a 
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tunable laser in the red and green region. Laser input power to the 

sample was limited to between 50 mW - 150 mW to avoid excessive 

heating. 

The incident laser beam was first fil tered by an 300S 

monochromator to remove undesirable plasma fluorescent lines. It then 

passed through a Spectra-Physics 310A polarisation rotator before 

being deflected vertically by a prism and focussed onto the sample 

which is situated inside the appropriate cryostat. 

The scattered light. collected at a solid angle of approximately 

0.2 steradian. was analysed with a.Spex 1403 double monochromator with 

-1 -1 
band pass set at between 1 em to 2 em . The dispersed 1 was 

detected with a thermoelectrically cooled RCA C31034 photomultiplier. 

The voltage of the photomultiplier was 1890 V. supplied by 

an Ortec model 456 H dual high vol tage power supply. A Princeton 

Research (PARC) model 1121 amplifier and pulse height discriminator 

was used to detect and process the output pulses from the 

photomul tipl ier. Final photon counting was done us a Princeton 

Research (PARC) model 1112 photon counter. 

Wi th the advent and widespread use of microcomputers, the Raman 

scatter equipment has also been upgraded wi th the addi tion of an 

Apple lIe microcomputer. This provides handshaking control and 

coordination of the photon-counter and, via a CO2 Spexdrive unit, the 

double monochromator. During the running of an experiment, the 

acquired data were displayed on screen as text and could also be 

lis on a ~-t;e~ dot-matrix printer. An HP7475A XY plotter provided 

a real-time graphic display. The acquired data were also stored on a 

floppy disk for subsequent retrieval. 

The output data from the photon counter has only three significant 

f and one exponent. This meant that in the intensity domain of 

the spectra, the resolution (defined by the minimum step in intensity) 
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varied wi th the value of the exponent. For example, at or below 

9.99E2 counts (E stands for exponential), the resolution was 1 count 

while for the region from 1.00E4 counts to 9.99E4 counts, it was 100 

counts. 

This non-linear pattern in the intensity resolution has important 

consequences on the choice of integration times. When one wishes to 

improve the quality of a noisy spectra to reveal weak features or the 

profile of a line for example, a common practice is to increase the 

integration (or collection) time for each data point. This raises the 

photon count at each data point and consequently, the Poissonian noise 

which is (approximately) proportional to the square-root of the photon 

count, drops in comparison to the true photon count. This is commonly 

expressed by an increase in the signal to Poisson's noise ratio, {N, 

where N is the photon count. 

In our case, however, increasing the integration time may also 

resul t in an increase in the value of the exponent of the photon 

count. As will be shown below, this may actually resul t in a 

reduction in the resolution of the spectra. In this context, we shall 

define the parameter of intensity resolution, R, to be the minimum 

fraction of a signal (Raman line above background) that can be 

resol ved assumi~~:[~e~?;~~. fS 

Consider this example: 

A Raman line was observed against a background of 520 counts/sec 

(average) . The peak intensity of the Raman line (s ) was 

560 counts/sec or 40 counts/sec above background. The s to 

Poisson's noise ratio is approximately 24 for both the Raman line and 

the background and R in this case is 0.025. We shall now examine the 

implications of increasing the integration time. A few cases are 

summarised on the next page. 
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Integration time (sec) 2 10 17 20 

Background count /-fN 1.04£3/32 5.20E3/72 8.84£3/94 1.04£4/102 

Signal count / -fN 1. 12E3/33 5.60E3/75 9. 52E3/98 1. 12E4/106 
(peak intensity) 

Signal above background 80 400 680 800 
(count) 

Minimum step (count) 10 10 10 100 

R 0.125 0.025 0.0147 0.125 

The results show clearly the need to choose the integration time 

wi th care. It is also clear that the integration time that will 

result in the best resolution is different for different parts of a 

spectrum. The practical implication of these considerations is that 

many weak Raman lines or weak side-bands to strong Raman lines may not 

show up clearly in the spectra and thus be dismissed as noise simply 

because of an improper choice of integration time. A I imit of 

R = 0.001 is also placed on the intensity resolution of the spectra. 

2.5 ~ossbauer Absorption Sepctroscopy Instrumentation 

The Mossbauer effect studied in this work utilises the resonance 

absorption of the 14.41 keY ,-transition in 57Fe . This isotope is 

produced when 57Co nuclei decay by electron-capture with a half-life 

of 270 days. Thus, the source used was 57Co embedded in rhodium. A 

schematic diagram of the arrangement is shown in figure 2.4. The 

,-ray was detected wi th a De=C0
2 

Reuter-Stokes model RS-P3-1605-263 

proportional counter. The signals from the detector were amplified by 

a Ortec 440A amp I ifier and processed by a Ortec 406A single channel 

analyser. The output from the single channel analyser was stored in 

an on-l ine Apple lIe microcomputer. At the end of the experimental 

run, the accumulated data were stored on a floppy disk for subsequent 

transfer to a main frame computer for further analysis. The 

instrument was calibrated using a-iron foil as standard. 
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2.6 

All computer analysis was done on a main frame Burroughs B6930 

computer. The data reduction of the Mossbauer was done with a 

non-linear least square fi t programme wri tten by a former Ph.D. 

student Dr R.J. Pollard. Specific programmes in both Standard Fortran 

and Fortran 77 were also written to carry out calculations pertaining 

Raman scattering intensi ties. crystal field fi t 

least square fit problems. 

and general 
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aIAPTER 3 

Crystal Field Theory 
. 2+ 

as app11ed to the Fe ion 

Much of this work concerns the detection and characterisation of 

the lOW-lying electronic energy levels of 
. 2+ 

SIngle Fe ions in a 

variety of diamagnetic hosts. The common feature of all these 

materials is that each Fe2+ ion has six immediate neighbours, in the 

form of hal ide anions (Cl-, Br or 1-). These anionic 1 igands are 

d . 1· hId d ah d . h h F 2+ . arrange In a s Ig t Y istorte oct e ron WIt tee Ion at its 

centre. The elongation or compression along J,he octahedral trigonal 

axis results in a D3d symmetry for the cation site. In crystal field 

theory (Bethe, 1929), the interactions between the ions are assumed to 

be purely electrostatic in nature and each ion is treated, in a first 

approximation, as a point charge. 
2+ 

Thus the Fe ion experiences and 

interacts with an electrostatic field generated by the surrounding 

ions, of which the ligands predominate. 

The generally accepted view regarding an ionic sal t is that the 

electrons are fairly well local ised about each nucleus, thus many of 

h f · . . d Th H ·1 . f F 2+ . t e ree-lon propertIes are retalne. e amI tonlan or an e Ion 

can therefore be written as 

2 

= 1 { _h
2 

v.2 _ Ze } + 
. 2m ~l r. 
1 1 

central-field potential 

+ 1 r (r.) 1..s 
1 ~l ~ 

i i 
+ 

2 
e 
r .. 

IJ 

Coulombic repulsion 

spin -orbit interaction 

(3.1) 

where the summation 1 is over electrons in the unfilled shell, the 
i 

spin-orbit interaction parameter r is usually reduced from the 

free-ion value, and the last term is the crystal field Hamiltonian. 
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the form of which will be given later. 

In the free-ion case. the electronic wavefunctions having total 

angular momentum L transform in the same way as the components of the 

irreducible representation (irrep) D(L) of the full rotation group. 

In the crystal environment however. there (J,j'-e the addi tional 

constraints arising from the symmetry of the crystalline electrostatic 

field at the ion site; the symmetry of which is described by the D3d 

si te group. The electronic wavefunctions must now transform as the 

components of the irreps rE (where E denotes an index). of the site 

group. It is convenient. therefore. to label the electronic states by 

the appropriate irreps. 

There are two approaches to the solution of equation (3.1). 

differing in the order of their perturbative treatments. The strong 

field approach is applicable to those ionic salts where the 

crystalline field is perceived to be stronger than the coulombic and 

spin-orbit interactions. It is then more appropriate to start by 

first considering the effect of the dominant cubic or tetragonal 

crystal field on the electronic wavefunctions. and treating the other 

interactions as perturbations on the eigenstates. For example. the 

five d-orbitals of the Fe2+(3d
6

) ion would be split into three t
2g 

and 

two e orbi tals separated by 10D in energy; for the cubic crystal 
g q 

field. e orbitals are higher in energy. 
g 

Different arrangements of 

the six electron orbi tals then give rise to various configurations 

denoted by 
m n 

t2 e g g where m+n = 6. The degeneracies of these 

configurations are progressively lifted when the coulombic repulsion. 

spin-orbi t interaction and any residual low symmetry crystal fields 

are successively introduced. 

In the weak-field approach, the near-atomic nature of the ion is 

retained, and the crytstal field is treated as a perturbation on the 

free-ion eigenstates. Any possible subductions from the free-ion 

irreps, D(L), to the crystal field irreps rE then correspond to 
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ittings of the free-ion states. Thus, for example, we may have the 

following subduction: 

D 

Free-ion 

) Eg + T2g 

Octahedral field 

(3.2) 

where the D state corresponds to L = 2. The splitting pattern for the 

crystal field levels can therefore be worked out from a knowledge of 

the symmetry of the crystalline field and the transformation 

properties of the free-ion states involved. 

The final solutions of the two approaches are identical if 

equation (3.1) is solved in its entirety, 1. e. if the full set of 

210 electronic states of the (3d
6 ) configuration is utilised. 

However, because of a possible substantial simpl ification in the 

numerical calculation. the weak field approach has been chosen here. 

3.1 Weak Field Approach 

In the point charge model. the electrostatic energy of the 

ion is given by: 

qiqj 
= 2: 2: ~----'1i-:--

I
' J' IR .-r. 141TE. 

~J ~l 0 

- 2: H.(r,e,rt» 
. 1 
1 

(3.3) 

i refers to a valence electron at (r,e,rt» and j refers to the 

surrounding ions of which the ligands dominate. The summation 2: 
i 

covers only electrons in the unfilled shell as closed shells electrons 

have effect ony at high order of perturbation (Hutchings, 1964). 

For a chosen axis of quantisation, equation (3.3) may be expanded 

us the spherical harmonic addition theorem to give: 



H.{r,fJ,q») = 
1 
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(3.4) 

However. a more convenient isation is to use the Racah tensor 

operators (Wybourne, 1965), defined as 

(C(k)). 
q 1 

= J41T Y k (fJ q») 
2k+1 q , 

thus resulting in the expression: 

L: 
i,k.q 

(3.5) 

(3.6) 

In experimental spectroscopy, the crystal field parameters, Bqk, are 

determined empirically. 

The crystal field Hamiltonian. necessarily possesses the same 

symmetry as the site group. Thus, the general expansion in equation 

(3.6) can be considerably simplified (Wybourne, 1965). In particular, 

for a 3d ion at a site with a centre of inversion, only terms with k 

even and less than or equal to 4 are non-vanishing. 

ion, the following results may be obtained: 

2+ 6 For the Fe (3d) 

(i) for a point charge model with six ions at the corners of a 

octahedron, and quantised along the trigonal axis, 

(3.7) 

(i i) for a D3d symmetry si te wi th quantisation along the unique 

tr axis, 

L: [B 2C (2) + B 4 C (4) + B 4(C 4) - C (4))J o 0 0 0 3 3 -3 
i 

(3.8) 
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As the D3d symmetry can be viewed as a trigonally distorted 

octahedral arrangement, it is customary to re-express equation (3.8) 

in terms of a cubic part and a residual trigonal part, using (3.7). 

Thus, 

4)C (4)-J 7B 4{C (4) Jl2Jc (4)_C (4))}] o 10 3 0 + 7\ 3 -3 

=: 2: [B 2C (2)+B 4C (4) 
.00 a 0 
1 

(3.9) 

This, therefore is the form of the crystal field Hamil tonian to be 

used in equation (3.1) in this work. 

The Russell-Saunders Coupling Scheme 

The eigenstates of the free-ion Hamiltonian H are characterised 
o 

by a total orbi tal angular momentum L and a total spin 

momentum S. 
. 2S+1 

In conventional notatIon ( L), these eigenstates of a 

3d
6 

configuration are: 

(3.1O) 

where the ground state is 5D by Hund's rule. and the numbers in 

brackets denote repetitions. 

In the Russell-Saunders scheme, the eigenstates of the first order 

spin-orbit interaction are chosen as the basis states for subsequent 

calculations. These states are obtained by coupl together the 

angular momentum 1; and ~ by vector addi tion to total angular 

momentum.J 1+~. and the states are therefore written as 

(3.11) 
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The matrix elements of Hs . o and HC.F with (3.11) as basis can be 

evaluated using the following expressions (Wybourne. 1965) for an even 

electron system: 

(3.12) 

[
I!. k I!. ] 
000 

(3.13) 

where I!. 2 for Fe
2+ (3d6 ) ion and the reduced matrix elements are 

tabulated in Nielson and Koster (1964). 

When only low-lying states are of interest, considerable 

simplification can be made by noting from (3.12) and (3.13) that to 

first order of perturbation, admixture of states with different spin S 

arises only from the spin-orbit interaction. For the ion, this 

interaction is of the order of 100 cm -1 for the 5D ground state. 

However, the nearest manifold, with spin S = 3/2. is 10.000-15,000cm-1 

higher in energy. The admixture is therefore negl igible and the 

twenty-five states wi thin the 5D manifold may be treated in isolation 

to a good approximation. resulting in a great reduction in the 

magnitude of the eigenvalue problem. The relevant matrix elements are 

tabulated in &Q~gQ~~ 

Schematically, the spli tting pattern may be worked out as follows. 

The dominant cubic crystal field splits the orbital D state into an 

upper state and a lower orbital triplet, T
2g 

{see (3.2). 

-1 
Experimentally, this splitting has been found to be 6,000-8,000 cm . 

The triplet state is split further by the residual trigonal crystal 
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field into an orbi tal doublet E
1g 

and an orbi tal s The 

splitting between these states defines the trigonal field parameter: 

This parameter may have a posi tive or negative 

-1 
magnitude to 1.000 em . 

(3.14) 

and range in 

Finally, further splitting and admixture of states result when the 

spin-orbit interaction is introduced (Figure 3.1). 

Operator Equivalent Method 

An al ternative solution to the above eigenvalue problem uses as 

basis states, the ISLMJiL> states of the ~7D manifold. The procedure 

here is to replace all cartesian co-ordinates in the expansion of 

y k(e, I/l) by properly symmetrised orbital angular momentum operators 
q 

(Stevens, 1952; Hutchings, 1964). It is convenient to define 

functions of these operators in such a way that they transform as 

tensor operators (Buckmaster, 1962). Some of these operators, e (n) 
m 

are listed in Their matrix elements for various basis 

states are tabulated in the literature (Buckmaster, 1962; Hutchings, 

1964; Birgeneau, 1967). In terms of these angular momentum tensor 

operators, the crystal field Hamiltonian is given by: 



5 

Free-ion Cubic 
field 

5 
9 

-I m 

Tri gonill 
field 

Spin-orbit 
interaction 

500 -1200 

Schematic splitting pattern of the 50 states. 
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Table 3.1 The angular momentum tensor operators S(4) for n = 1,2 m ' 
and 4. 

S(l) = L 
o z 

= 

S~2) = ~ {3Lz
2 

- L(L+l)} 

S1i) = +" H (LzL± + L±Lz ) 

S(2) = ~ L 2 
±2 ~8 ± 

S~4) = ~ [35L
z

4
- {30L(L+1)-25} Lz2+3L2(L+l)2_6L(L+l)] 

S1i) = +J6~ [{7Lz
3

- {3L(L+1)+1} Lz } L±+L±{ .... }] 

si~) = J1~8 [ {7Lz
2

-L(L+1)-5} L±2+L±2{ .... } ] 

S(4) 
±3 = 

3.2 Effective Hamiltonian 
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The concept of isomorphism in crystal field theory was first 

introduced by Abragram and Pryce in 1951. It involves two independent 

complete sets of basis functions, ~ and ~, which are of dimensions m 

and n respectivelY, with m)n, say. Let A~ and Ba be operators that 

act respectively on ~ and ~. Isomorphism then applies to a 

n-dimensional subset, ~' of~. Specifically, it states that for each 

member ~.' of ~', a one-to-one correspondence can always be 
1 

established with an appropriate counterpart, ~ .. Further more, there 
1 

exists a suitable combination of the 0eerators Ba such that for every 

operator A~, the matrix element 
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< cp: I A{3 I cp '. > 
1 J 

= (>/1.lcB 1>/1. >, Vi, j 
1 a a J 

(3.16) 

where C are sui table coefficients. 
a 

Similar isomorphi sm (s) al so 

exists between the conjugate sUbset(s) of cp' and other subspace(s) of 

the appropriate dimension(s). Thus, a Hamiltonian involving cp may be 

broken down into a number of smaller and simpler cases. These may be 

treated as independent cases if the admixture between the subsets of 

basis states, as a resul t of the action of the operators A{3' is 

negligible. 

In the case of the Fe
2+ ion, the ground state manifold of 5D is 

spli t by the dominant cubic crystal field into two well separated 

multiplets (Figure 3.1). Isomorphism can therefore be applied to the 

states, connecting them wi th a sub-space of ficti tious angular 

momentum e = 1 (Table 3.2). The effect of the residual low symmetry 

crystal field and the spin-orbi t interaction on the fifteen 5T2g 

states can then be worked out in this new subspace in a much simpler 

and more transparent way. 

Table 3.2 Isomorphism between cubic orbital states and fictitious 
orbital states of e = 1. Quantisation for trigonal 
states: OZ = (111), OY = (110) referred to cubic axes. 

I! = 1 L = 2 

II! = z 0> 10> 

II! -.J2 12> 1 
= -1> - - 1-1> 

z D D 

II! 1> ~ 1-2> 1 11> = - -
z D 

The isomorphic form of equation (3.15), having omitted the cubic 

term, is particularly simple since only operators of rank 1 and 2 are 
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involved (Bates. 1978). The relevant are: 

9 (1) (L) 
0,±1 > - 9 (1) U!) 

0,±1 

9(2) (L) 

° 
> 39(2) (E) 

° 
(3.17) 

e~ 4) (L) > -;0 e~2) (e) 

The effective Hamiltonian is obtained by substituting (3.17) into 

(3.15), thus: 

Heff == (-2 B 2 _ 40 B 4)9(2) - Ai.s 
7 ° 189 a ° '" '" 

== (-3 B 2 _ 20 B4)(i 2 - ~) - Af .. !? 
7 ° 63 a z 3 .- .-

(3.18) 

A = - (/28 (Griffith, 1961). 

When perturbations from the upper ~ CD) states are taken into 
g 

account, second order operators need to be introduced. The final form 

of the effective Hamiltonian is (Bates, 1978) 

2 2 2 
f = A~·Z + (A - AcE )(iz - 3) 

+ 2A2 [2(E iE s + E iE s) - (f.s)2 + (f.~)] 
8 8 E E '" '" .- .-

(3.19) 

where 

(3.20) 

E = (3.21) 
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P. ~2 e + 2 e ) + ~2 2 + 2_2) (3.22) :: 
{2 ZX x z + 

P. 1:..... (2 e + 2 2 ) 1. (P. 2 _ P. 2) (3.23) ::: 
{2 zy y z 4 + 

and similarly for Ees 
and E

t

S 

ion (3.19) may be re-parameterised, to 

Heff ::: - A P. S - A (2 S + 2 S ) + A{P. 2 1 z z 2 x x y y z 
2 

(3.24) 

where anisotropy in the spin-orbit interaction has been allowed for. 

A similar expression was used by Johnstone et al. (1980) in their 

treatment of Fe
2+ in CdI

2
. However, they have omitted the last term 

of ~'. and the comparison between their parameters and those defined 

here are: 

2 . 
p = 3P 

The matrix elements of Heff with /21MSML> states as 

listed in The splitting of the energy levels, 

for a range of values of the parameters are shown in 

fifteen states of 
5

T 
2g 

are split into ten levels 

+ 
transforming as the ~3 irrep of the D3d group, three 

+ + 
~1 and two as ~2 . 

(3.25) 

basis are 

calculated 

The 

with five 

as 

When the trigonal crystal field is much stronger than the 

spin-orbi t interaction, the energy levels collect into two groups, in 

the shown in Figure 3.1. If however, the trigonal field is 

weaker or comparable to the spin-orbit interaction, then the 
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is more appropriately described with respect to the spin-orbit 

eigenvalue, J. Thus for 2 :::: 1 and S = 2, we have J 1, 2 or 3. This 

latter iption, for example, is appropriate to 

2+ 
CdI2 (Fe )(Johnstone et.al. (1980). 

One noticeable feature in Figure 3.2 is the cross over between 

"(P) and "(~1) with the change of sign of 11. Theoretically, the two 

cases should show very different behaviour in the polarisation of the 

electronic Raman scattering. Johnstone et.al. (1980) have listed the 

following selection rules for D3d symmetry: 

Doublet ground state, "(3 

"(3 x "(I = "(3 

"(3 x "(2 = "(3 (3.26) 

x "(3 = "(I + "(2 + "(3 

t ground state, "(I 

"(1 x '1'1 :::: '1'1 

"(1 X == '1'2 (3.27) 

"(I x '1'3 == "(3 

where the Raman scattering tensors are 

'1'1 == [ a a b J (3.28) 

[ -c c J (3.29) 

[±d :5id ±e 

] "(3 ±id +d -ie (3.30) 
±f -if 0 

Thus, for example. for positive A, i.e. s t ground state, the 

transition to a "(1 state should show up only in the diagonal 

polarisations for XX, YY and ZZ. If, however. experimentally, 
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off-diagonal transi tions are detected, then the ground state would 

have to be a doublet or the state concerned is not a ~l state. Such 

considerations are of great help in the characterisation of the energy 

levels when the trigonal crystal field is weak for then the splitting 

pattern for both positive and negative A are very similar indeed. 
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CHAPTER 4 

Raman scattering studies on diamagnetic and CdX
2 

crystals 

doped with isolated ions 

tal polarised electronic Raman of the Fe
2+ ion. 

together with the phonon spectra of the crystals. have been measured 

for the following hosts: CsCdBr
3

, CsMgBr
3

, CsMgCl
3

, CdBr
2 

and CdCI
2

. 

These hexagonal crystals have the common feature that the site 

symmetry of the Fe
2+ ion is D

3d
, with the trigonal axis parallel to 

the crystal c-axis which wi 11 be denoted as the Z-axis. The Raman 

spectra were measured using the conventional r angle (vertical 

laser input) scattering geometry either in the X(--)Y, Z(--)X or 

X(--)Z orientation as determined by experimental conditions. A 

maximum of five distinct scattering polarisations were obtainable 

yx, YZ, ZX, ZZ and ¥Y. For phonon scatter the spectra of 

YZ and ZX polarisations should be identical. whi Ie for electronic 

scatter • asymmetry in the scattering intensi ty can occur. Apart 

from this, however, the two polarisations contain similar information. 

Thus, when experimental condi tions did not allow sufficient time to 

record both YZ and ZX polarised spectra only one of them, usually YZ, 

was recorded. 

The single-ions were obtained by doping small amounts of the 

appropriate ferrous halide into the various host crystals. As each of 

the mixed crystal is isomorphous wi th both of the parent crystals. 

random distribution of the Fe2+ ions was expected to occur. This was 

confirmed by the observation that all of the crystal samples showed 

homogeneous colorations 

nominal concentration of 

that intensified wi th any increase in the 

2+ the Fe ions. For the CsMgCl
3
-type of 

crystals, the probability of the occurrence of the s on site, at 

a doping level of x molar fraction of Fe
2+ ions can be calculated by 
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consider a linear chain of three divalent metal ions wi th an Fe2+ 

ion at the centre. The single-ion site corresponds to the case where 

the two outer ions are diamagnetic host ions. The probabil i ty of 

this. as a percentage of the amount of Fe2+ ions is 

2 
100 (I-x) 

The of isolation can be increased by 

of diamagnetic ions surrounding the Fe2+ ion. 

the cordon 

For example. if the 

interchain influences are taken into consideration. then the 

single-ion site would be restricted to the cases where the six nearest 

2+ neighbours of the Fe ion in the basal plane are all diamagnetic 

ions. The probability in this case is then 100 (1-x)8 If only the 

intra-chain interactions are important. then we may consider a linear 

chain of five ions - e.g. MgMgFeMgMg - for which the probability is 

4 
100(1-x) . Again. this may be extended to include inter-chain 

isolation. 

For the layered crystals CdBr2 and CdCl2 , a Single ion site may be 

defined as one where the six nearest neighbours of a ion in the 

hexagonal close-packed layer of divalent cations are the diamagnetic 

Cd2
+ ions. The probability in this case would be 100(1-x)6. 

The relative abundances of the various models for three cases of 

low level doping, are shmm below: 

x = 0.05 x = 0.03 x 0.01 

100(1-x) 2 90% 94% 98% 

100(1-x) 
4 81% 89% 96% 

100(1-x) 
6 

74% 83% 94% 

100(1-x) 
8 66% 78% 92% 

Even at a dopant level of 5 at. %, about two thirds of the Fe
2+ ions 

are in the s Ie-ion site with a rather high isolation, and 
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the percentage is even higher if the degree of isolation is reduced. 

However, the physical isolation of the Fe
2

+ ions by the cordons of 

diamagnetic ions can be reduced by long range interactions with other 

Fe
2

+ ions, as evidenced by line broadening at high concentration. 

Experimentally this effect has limited the useful range where 

spectroscopic study is possible, to less than 5 at. %. 

In this chapter, the Raman spectra of crystals doped with not more 

than 5 atomic percentage of Fe2+ will be examined in an attempt to 

characterise the single ion environment for various cases. 

The presence of unwanted impurities did present problems arising 

mainly from strong fluorescence in the blue-green region which, 

fortunately could be avoided by choosing an appropriate exci tation 

frequency from the range available. Impurity induced Raman features 

2+ 
were identified by comparing the spectra of Fe doped crystals wi th 

h f d d d C 2+ Mg2+ Cd2+ d d I t ose a un ope an a or or ope crysta s. This also 

allowed the identification of the electronic scattering by Fe
2

+ ions, 

apart from first and second order phonon features. 

The majority of the single crystal samples showed also weak 

fluorescence in the red along the path of the laser beam when the 

Argon ion laser was used to excite the crystals. Although the origin 

2+ 
of this fluorescence has not been ascertained, it is thought that Mn 

may have been responsible. The presence of this weak fluorescence 

enables the laser beam inside the crystal to be observed. When viewed 

through a red or orange glass filter to block out the scattered laser 

light, the path of the laser beam inside the crystal appeared as a 

reddish thin thread. Any imperfection on the incident or exit point 

usually resulted in either a deviation of the beam or a general spray 

accompanied by a characteristic glow of the entire crystal. Thus, by 

moving the sample around while viewing through the filter, a suitable 

incident spot on the crystal could be located where the laser beam 

would enter and leave the crystal cleanly wi thout any distortion or 
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deviation except for refraction and with a minimal amount of 

background luminescence. This was of considerable relevance as the 

electronic scattering by Fe2+ ions was very weak and may be more than 

three orders of magni tude weaker than the phonon scattering. Any 

significant amount of background luminescence or defocusing or spread 

of the laser beam would have rendered the electronic scattering 

difficult or even impossible to detect. and such spectra would be of 

dubi ous value. Furthermore. any strong Rayleigh scattering of the 

laser line would obscure most of the low frequency scattering, 

including even strong phonon 1 ines. For exampl e, see the Raman 

spectra and comments by Chadwick et al. (1971). Thus, precautions 

along the lines mentioned had to be taken to produce the spectra 

presented in this thesis, both to improve the polarisation and to 

allow resolution of very weak features. As an example, ZX 

breakthrough of E
2g

C 
phonon which is YX allowed, had been reduced to 

less than 1%. 

The size and shape of the single crystal sample also influenced 

the quali ty of the spectra. The effects have been summarised in 

Figure 4.1. 

In the following sections, the Raman spectra of the various 

crystals will be discussed and analysed, followed by the crystal field 

2+ 
fittings of the single-ion Fe energy levels. 

4.1 Phonon Scattering 

4.1.a Cs~:Fe crystals 

CsCdBr3:Fe 

The polarised Raman spectra at 20 K have been measured for the 

following levels of Fe2+ doping: 0.5, 0.8, 1.0 and 3.0 at. %. The 

samples were from colour less to transparent pale yellowish, rather 

brittle and the refractive indices were estimated from the refraction 
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of a laser beam to be greater than 1.4. The spectra obtained from 

these samples show essentially the same features and may be divided 

into two regions. 
-1 -1 

From 400 cm to 1000 cm , electronic scatterings 

by Fe
2+ ions were observed and these will be discussed in a later 

section. 
-1 

Below 400 cm , the spectra show predominently first- and 

second-order phonon scattering which has been summarised in Table 4.1. 

A selection of the polarised phonon spectra is shown in Figures 

4.3 - 4.4. together with some relevant data. 

Figures 4.2(a) and 4.2(b) show the polarised spectrum of the 

undoped parent crystal CsCdBr
3

, measured at 20 K. When the sample was 

exci ted with the 476.5 nm 1 ine from an Argon-ion laser, a prominent 

fluorescence band was observed extending 
-1 

from "-'900 cm (absolute 

-1 -1 -1 
frequency 20100 cm ) to "-'2400 cm (absolute frequency 18600 cm ) in 

the Stokes region. That this was indeed a fluorescence band was 

confirmed when the laser excitation was changed to the 514.5 nm line 

(Figure 4.2(c) the band shifted to the anti-Stokes region. While 

the source of this fluorescence has not been established, it has been 

observed that the intensi ty was greatly subdued in the presence of 

F 
2+ . 

e lons. 
2+ 

Whether this was a case of the Fe ions displacing the 

unh.'TImm ions, or inducing 0 ther anions to displace the unknown ions, 

or a case of anti-resonance of the electronic transition by way of an 

enhancement in non-radiative decay is not clear. 

CsMgBr3~ 

The polarised Raman spectra at 20 K have been measured for the 

undoped parent crystal and the following levels of Fe
2+ doping : 0.8. 

2 . 0 and 3.0 at. % . The samples were all colour less, rather bri ttle 

and extremely hygroscopic. Only freshly cleaved samples could be used 

as the quali ty of the samples deteriorate very quickly even when 

stored in a dry box where the humidity was maintained at below 10%. 

-1 -1 
The spectra in the region from "-'500 cm to "-'1200 cm contain 



Table 4.1 The major Raman features of the 

Frequency 
-1 

(em ) 

12 ± 2 

15 ± 1 

20.5 ± 1 

28 ± 1 

34 ± 1 

35 ± 1 

42.5 ± 1 

51 ± 1 

78 ± 

82 ± 1 

105 ± 2 

111 ± 1 

134 ± 2 
138 ± 1 

153.5± 1 

214 ± 1 
220 ± 1 

200 - 400 

} 

} 

-1 
CsCdBr3:Fe crystals below 400 em 

Assignment Profile 

YX ZX 

N S 

N S v.wk 

Fe2+ sharp, ZX>YZ wk 

N S YZ>2X v.wk 

p I broad 

N S broad v.wk 

p E
a 
2g sharp str v.wk 

p E1g sharp v.wk str 

p Eb 
2g sharp str wk 

Fe2+ 2X>YZ v.wk 

P I 

P E
C 

2g sharp str wk 

P Fe2+ asymmetric 
induced band 

P A1g asymmetric md wk 

P I S asymmetric wk 
band 

Two-phonon continuous v.wk v.wk 
band 

N not identified p phonon I 

S spurious, seen only in some samples 
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Polarisation 

YZ ZZ xx 

v.wk 

wk 

wk 

v.wk 

v.wk 

v.wk 

v.wk str 

str v.wk v.wk 

wk v.wk str 

v.wk 

v.wk 

wk v.wk str 

wk 

wk str md 

wk 

v.wk v.wk v.wk 

impurity induced 

v.wk very weak; wk weak; md moderate; str strong 
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2+ 
only electronic scattering by the Fe ion. 

63 

First- and second-order 

phonon scattering lie below 600 cm-
1 

and this has been summarised in 

A selection of the polarised phonon spectra is shown in 

together with some relevant data. 

The polarised Raman spectra of various crystals covering the whole 

concentration range of the mixed system CsMg
1 

Fe C1
3 -x x have been 

measured at various temperatures. However, in this chapter, only the 

following levels of Fe2+ doping 2.0, 3.0, 4.0 and 

6.0 at. %. The samples were transparent pale bro,rnish, brittle 

crystals which are moderately hygroscopic. These crystals cleaved 

2 
particularly easily, often yielding slabs of up to 0.8 cm in area and 

1.6 2.0 mm thick. The useful scattering path may be up to 6 mm 

long. 

The spectra. measured at 20 K. can be divided into two 

From ~700 cm-1 to ~1200 em-I. only electronic scatter by ions 

are observed. Below ~700 em-I, phonon scattering predominates and is 

summarised in Table 4.3. A typical polarised phonon spectrum is shmrn 

in !:..=:.=~=-~= together with some relevant data. 

First order phonon scattering 

The 2L CsMX
3 

compounds have 30 vibrational modes and these 

transform as follows: 

(4.1) 

Johnstone et al. (1981) have determined the symmetry coordinates of 

these vibrational modes. Nine of the modes are Raman active (Table 

The eight infrared active modes are + 3E
1u 

whi Ie the 
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Table 4.2 The major Raman features of the VS.I"lg.or 

-1 
crystals below 500 em 

Fe 

Frequency 
-1 

(cm ) 

18 ± 1 

38 ± 1 

47 ± 1 

63 ± 1 

78 ± 1 

85 ± 1 

111 ± 3 

118 ± 1 

138 ± 1 

161.5± 1 

181 ± 1 

170 500 

Assignment 

p I 

P a 

P 

P 

P I 

p EC 

2g 

p I S 

P Alg 

P N S 

Two-phonon 

N not identified 

Profile 

ZX>YZ 

sharp 

ZX>YZ 

sharp 

sharp 

broad 

sharp 

sharp 

asummetric 

sharp 

continuous 
band 

p phonon 

S spurious, seen only in some samples 

v.wk very weak; wk weak; md 

Polarisation 

YX zx yz z:z xx 

wk wk 

v.wk 

str v.wk v.wk str 

wk wk 

wk str str wk wk 

str v.wk v.wk v.wk str 

v.wk v.wk 

str wk wk str 

wk 

md wk wk str str 

v.wk wk wk 

v.wk v.wk v.wk v.wk v.wk 

I impurity induced 

moderate; str strong 
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Table 4_3 The major Raman features of the CsMgCI3:Fe 
-1 

crystals below 700 cm 

Frequency Assignment Profile Polarisation 
-1 

(cm ) YX ZX yz ZZ 

14_5 ± 1 Fe2+ ZX>YZ wk wk 

32 ± 1 N S ZX>YZ v.wk v.wk 

40 ± 1 P I v.wk 

46 ± 1 Fe2+ ZX>YZ v.wk v.wk 

55 ± 1 P Ea 
2g sharp str v.wk v.wk 

75 ± 2 N broad v.wk 

79 - 128 P I Continuous v.wk v.wk 
band 

126 ± 1 } P * double-peak E1g wk str str wk 
129 ± 1 band 

133 ± 1 P Eb 
2g sharp str wk wk str 

140 - 185 P I Continuous v.wk v.wk 
band 

174 ± 2 P I v.wk 

181 ± 2 P I v.wk 

189 ± 1 P E
C 

2g sharp str wk wk stT 

218 ± 1 P sharp v.wk v. vrk 

256 ± 1 p Ala- asymmetric md wk wk str 
.. ~ 

300 -700 Two-phonon continuous v.wk v.wk v.wk wk 
band 

* -1 The line at 126 cm increases in intensicy with the concentration 

of Fe2+ ion. 

N not identified P phonon I impurity induced 

S spurious, seen only in some samples 

v.wk very weak; wk weak; md moderate; str strong 
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acoustic modes are A2u + E1u ' 

The first order phonon Raman spectra of CsMgBr3 and CsCdBr
3 

have 

been reported by Tomblin (1983)(also in Tomblin et al. l 1984). 

Brei tling et al. (1976) first published the peak frequencies and 

relative intensities of the five Raman active phonons of pure CsMgCl
3 

measured at 300 K. However. no spectra were ever published and the 

E2~ phonon was assigned to a band at 
-1 

90 cm . Subsequent 

investigations by Brooker et al. (1980) and Johnstone et al. (1981) 

b -1 
lead to the re-assignment of the E

2g 
phonon at 132 crn 

Vibrational 
mode 

[ ~ 

Raman 
Scattering tensor 

o 
o 
c 

d 
o 
o 

[~ ; ~ 1 

n U o -c 1 
~ ~ 

o 
-d 

o 

Table 4.4 The scattering tensor of the Raman active modes of the 2L 
Csr~ compounds. 

The Raman phonon frequencies of the Fe2+ doped crystals are 

essentially the same as the undoped crystals. This is expected as 

none of the Raman active phonons involve any displacement of the M2+ 

ions and so their frequencies should change very li ttle wi th the 

. 2+ 
addition of only small amounts of foreIgn M ions. Johnstone et al. 

(1981) have investigated the mixed crystal behaviour of the optic 

phonons. 

In general, all five of the phonons show the expected polarisation 
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behaviour. The much mentioned 'anomalous' scattering of the A
1g

-mode 

in the YX polarisation (Breitling et al., 

c. 
1976; Johnstone and 

Dubicki, 1980\; Johnstone et al., 1981; 
/ 

Lehmann et al., 1981; 

Lockwood et al.. 1983; Tomblin, 1983; Tomblin et al.. 1984; Syme 

et al.. 1986) is also observed in all the samples. Thi s behaviour 

has been ascribed variously to: crystal strain (Brei tling et al., 

1976). electron-phonon coupling (Johnstone and Dubicki. 198~). and the 

effect of a degenerate electronic ground state (Churcher and Stedman, 

1981). However. this last explanation does not apply to the pure 

diamagnetic crystals. In the CsMgCI
3

:Fe crystals, the YX scat 

is about 10% of the allowed ZZ intensity while crystal depolarisation 

as indicated by depolarisation of the E
2g

C 
phonon scat is 

approximately 1%. At first sight, it appears that depolarisation 

cannot account for the observed YX scattering. However, close 

examination of the scattering geometry shows that there is a 

substantial departure of the scattering angle away from 900
• This 

results in the admixture of YX and XX scattering. This depolarisation 

effect is explained below. 

The 2L AMX3 crystals are brittle and hygroscopic to various 

extents thus making them rather difficult to cut and polish to yield 

quality surfaces. Therefore. the usual practise is to make use 

of the natural. cleaved surfaces which intersects at 1200 along the 

Z-axis. For example, in the X( --)Y configuration, the Y-direction 

(misprinted as the X-direction in Johnstone et al. (1982). Private 

communication with C.D. Jones) would be chosen normal to a [1120J 

plane whi Ie a [1210J surface would form the incident face of the 

crystal (Figure 4.9), (private communications with C. W. Tomblin and 

C.D. Jones). The fact that the incident laser beam is not normal to 

the incident surface has not been reported by any of the authors who 

used such geometry in their study of the Raman scattering of the 2L 
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Figure 4.9 The actual sc~ttering geometry inside a crystal sample in 
the usual orientation. 
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AMX3 crystals. 

Because the laser beam is no longer normal to the incident face, 

it suffers from refraction on enter the crystal (Figure 4.9). 

Because of this refraction. the actual scattering angle. ~, inside the 

crystal is no longer 900
. For a refractive index of 1. 46, ~ is 

approximately 1000
• (The refractive indices of the AMX3 compounds are 

estimated to be higher than 1.40.) 

The cross-section for phonon scattering is proportional to 

(4.2) 

where £;I and £;s are the polarisation vectors of the incident and 

scattered light respectively and the scattering tensor ~ is as given 

in Table 4.4. 

For the case of 

£;s = (1,0,0) (4.3) 

= (sin(~-i), cos(~-i), 0) (4.4) 

Thus, in the YX polarisation, the scattering cross-sections of the 

Raman active phonons are proportional to: 

A
1g 1 a sine ~-i) 12 (4.5) 

E1g 0 (4.6) 

E
2g 

d sine tp_'!!...) 
2 12 + 1 d cos(tp-i) 12 (4.7) 

= /d1 2 

When tp = 1000
, the A1g mode would be scattered with approximately 3% 

of the allowed XX intensity. 

In the case of CsMgO.9SFeO.02Cl3 crystal, the observed YX 

(Figure 4.8) of the A1g mode is: 



A1g [X(YX)Y] 

E2g
c

[X(YX)Y] 
= 12% 

64 

(4.8) 

The intensi ty of the XX scattering is avai lable from the data of 

Johnstone et. al. (1980): 

[Z(XX)Y] 
= 2.4 

Combining (4.8) and (4.9), we obtain 

A1g[X(YX)y] 

A1g[Z(XX)y] 
= 5% 

(4.9) 

(4.10) 

This figure compares very well with the 3% estimated earlier for a 

beam deviation of 100
. The 5% break-through corresponds to a beam 

deviation of approximately 130
. 

The quality of the crystal surfaces, depolarisation of the laser 

beam, depolarisation of the scattered light due to the cryostat 

windows, misalignment of the crystal sample and laser beam, and the 

fini te collection angle (~.2 steradian) will all add to the "YX" 

break-through of the A
1g 

mode. As these factors have different 

effects on different experiments, we should expect the YX scattering 

to vary with samples, quite apart from the effect of different 

refractive indices. 

Johnstone et al. (1981) have reported that the YX scattering of 

the A
1g 

mode was observed only in paramagnetic salts and have ascribed 

this behaviour to the inf luence of electron-phonon coupl ing. To 

clarify this issue, the phonon Raman spectra of CsMnBr
3 

at 20 K were 

re-examined. This crystal has been chosen for the following reasons: 

(i) It is a paramagnetic salt of the 2L structure 

(ii) It is harder than other AMX3 compounds and only mildly 

hygroscopic. Thus, it is easier to cut and pol ish than 
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other crystals. 

(iii) At low temperatures, it is reasonably transparent to 

Argon-ion laser light, 496.5 nm - 514.5 nm. 

The phonon Raman spectra were measured for two profiles (Figure 4.10) 

both in the X(--)Y configuration. Spectra in the Z(--)Y configuration 

were also measured. 

The results (Table 4.5 and Figure 4.11) show that when profile 2 

was used. the YX scattering dropped from 15% to only 5% of the XX 

intensity. This remnant intensity can be adequately accounted for by 

the fini te collection angle and crystal depolarisation. Thus, we 

conclude that the X(YX)Y scattering of the A
1g 

mode observed in 

similar AMX3 compounds is merely geometry-induced break-through of the 

allowed XX scattering. 

The ZZ scattering of the A
1g 

mode for all the crystals show an 

asymmetric profi Ie simi lar to that reported by the various authors 

mentioned before. However, in the case of CsCdBr
3 

and CsCdBr
3

:Fe, the 

high-energy side-band to the mode was observed to peak at 

171 
-1 

cm This peak was not resolved by Tomblin (1983) who reported 

the spectra of CsCdBr
3 

at 80 K. 

Two-phonon and impurity-induced phonon scattering 

2+ 
The 20 K spectra of the undoped and Fe doped samples show a 

number of weak features below approximately 2.5 times the frequency of 

the respective A
1g 

mode (Figure 4.12). These features may be divided 

into two-phonon scattering and impurity induced phonon scattering. 

2+ 
The two phonon scattering is present in all the undoped and Fe 

doped crystals and may be recognised by the continuous band structure 

punc tua ted by sharp edge s and peaks. If both of the participating 

phonons are Raman active, then the two-phonon band would fall into the 

region around their combination frequency. Thus, the bands extending 

from the A
1g 

modes 
-1 

350 cm , 
-1 

4$;0 cm 
-1 

and 550 cm in 

respectively CsCdBr
3

, CsMgBr
3 

and CsMgC1
3 

may be attributed to 
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Figure 4.10 The two profiles used in the measurement of the phonon 
spectra for CsMnBr3 at 20 K. 



Table 4.5 Polarisation data for the phonon spectra of CsMnBr
3 

at 20 K 

Z( )Y X( lY Profile 1 X{ )Y Profile 2 

Phonon 
-1 

(cm ) XX YX YZ XZ YX ZX ZZ YX ZX YZ ZZ 

Ea 
2g 46 5.4 5 <0.3 <0.3 5 5 <1 <1 

E 
19 

76 <0.4 <0.3 3.6 3.5 3.5 <0.1 <1 3.6 3.6 <1 

Eb 
2g 84 26 26 1 1.3 25 <0.3 26 2 4 <1 

EC 

2g 115.5 103 100 3.7 4.7 100 1.3 <0.1 100 6 15 2 

Alg 163 156 12 3.4 3.6 23 0.7 0.5 8 3 4 2 

Alg (YX) 
= 8% 

Alg (YX) 
15% 

Alg (YX) 
= 5% Alg (XX) A1g(XX) = Alg (XX) 
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4.11 The 20 K phonon spectra for CsMnBr
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measured with the 

crystal in various orientation and profiles. The 

mode in each spectrum has been scaled to the same 

intensity. 
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two-phonon scattering. In fact, for CsCdBr
3

, 
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-1 
the peaks at 217 cm 

238 cm-1 and 263 cm-1 fall very I t th f 11' b' t' c ose 0 e 0 oWIng com Ina Ion 

frequencies: 

E2gb x A1g 

E
2g

C 
x A

1g 

206 

241 

274 

-1 
cm 

-1 
cm 

-1 
cm 

As the undoped crystals are never qui te pure, they show also 

F 
2+. . 

non- e -ImpurIty induced phonon scattering that mayor may not be 

present in the Fe2+ -doped crystal s. These f ea tures are generally 

recognised by the inconsistent behaviour of their intensities : they 

vary greatly with the samples. 

2+ 
In the Fe doped crystals, new spurious features may also be 

observed. These are due to yet other impuri ties that have been 

introduced together with the Fe
2

+ ions. Therefore, only those 

features whose intensities correlate reasonably with the concentration 

of Fe
2

+ ions can be posi tively identified as being induced by the 

presence of 
2+ 

the Fe ions. These features may be electronic or 

vibrational (phonon) in nature. 

2+ 
The introduction of the Fe ions disrupts the chains of divalent 

diamagnetic ions. This can arise from the differences in size between 

h F 2+ . d h h h d' I tee Ions an t e ost ions t ey ISP ace. Thus the chains of 

octahedra may experience some form of swelling or contraction at the 

I . f h F 2+ . ocatlons 0 tee Ions. 

Dynamically. the extent of distortion would be determined by the 

balance between the various force-constants of the bending and 

stretching of the metal-halide bonds and the extent of repulsion 

between the Fe
2

+ ions and the divalent host ions. Thus. the induced 

phonon scattering will not only differ with the host crystals but may 

also differ wi th different dopant ions even among those of similar 
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size. 

An example of the last case is found in CsCdBr
3

. Wh F 
2+ . 

en e IS 

used as dopant, an induced band is observed in ZZ polarisation 

consisting of a peak at 138 cm -1 and a shoulder at 134 cm -1. When 

2 ttA ~Jed 
Mg + is used ~, this band shifts downwards to 131 

-1 
cm 

(Figure 4.13). 

Incidentally, 
2+ 

in the Mg doped CsCdBr 3 crystal, a band mode at 

-1 
approximately 84 cm (ZX polarisation) is also excited. However. 

-1 
there is no relation between this peak and a similar peak at 82 cm 

2+ 
for the case of Fe doped CsCdBr

3
. The latter can be shown to be a 

hot band electronic transi tion due to the single Fe
2+ ions. (See 

later sections.) 

Impurities can also induce break-through of normally Raman 

inactive but infra-red active phonons. For example. 
2+ 

the Fe doped 

samples all show a weak peak between 34 cm -1 and 40 cm -1 in the ZZ 

polarisation. This peak is relatively broader than i nearby 

electronic scattering due to 
2+ 

the Fe ions. Precisely the same 

feature has also been observed in the case of Co
2+ doping and has been 

2+ 2+ 
assigned as a Co - Co pair line by Johnstone et al. (1982) and 

Tombl in et al. (1984) (Table 4.6). This assignment may have been 

influenced by the observations that this band is more intense for 

dopant concentration exceeding 5 at. % when the dopant-dopant pair 

site is expected to be of significance. 
2+ 

However. as the Fe doped 

samples also show the same feature. such assignments can no longer be 

accepted. 

The observed frequency of this peak is very close to an A
2u 

infra-red active mode of the host crystal (Table 4.6). Therefore. it 

would be more appropriate to attribute this peak to disorder-induced 

break-through of the A
2u 

mode. 



4.6 2+ 2+ . Cbmparison of Fe and Co 1ncluced Raman 
and the infrared active ~ mode 

t Infrared active Raman frequency 
A2u mode 

tal (a) (b) Dopant 

Fe2+ Co2+ 

34±2 34±2 

38±1 38±2 38±2 

46±1· 49 41±2 40±2 

R. Vickers (1985) 

McPherson and Chang (1973) 

50 -1 cm 

as 
r line 

Tomblin et al. 

Tomblin et aL ( 

Johnstone et al. 
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4.Lb 

The polarised Raman spectra of these two systems have been 

d f h f 11 . 3 0 d 5 0 % F 2+ d . measure or teo oWIng cases: . an . at. 0 e - opIng in 

CdBr
2

, 2.0 and 5.0 at. % Fe
2
+-doping in CdCl

2
, The CdCl

2 
crystals are 

colour less while the CdBr 2 crystals are transparent pale yellowish. 

Both of crystals are very soft and mildly hygroscopic. They 

cleaved very easily in [OOOlJ planes often peel off like onion 

skins. 

A selection of the polarised phonon is shown in 

where the electronic features have been indicated 

for the case of CdBr
2

:Fe. 
2+ 

Spectra of Co doped CdBr 2 and CdCl
2 

crystals have also been recorded. By comparing the polarised spectra 

of 
2+ 

and Co doped samples, the phonon features can in theory be 

2+ 
separated from the Fe electronic features. However. with CdCI

2
, the 

various weak features are too diffuse to allow positive 

identifica tion, 

4 2 EI . . b F 2+ . . ectron1C scatterIng y e 10ns 

In all the cases, the electronic Raman scattering by single-ion 

exci tations of may be divided into two regions. 
-1 

Below 400 cm • 

the electronic lines are intermixed with phonon scattering, and have 

been included in the figures in Section 4.1. Above 400 cm -1, the 

electronic scattering is situated well away from any phonon scatter 

and the spectra are presented here. 

Essentially identical electronic Raman scattering was observed in 

the various doped samples. The results are summarised in 

and a selection of the spectra appears in Figures 4.17 and 

-1 
The spectra consist of two groups of lines approximately 400 cm 

apart, reminiscent of the splitting pattern in Figure 3.2. for 
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Z polarised Raman spectra below 350 cm-1 for 

(a) CdBr2 :Fe(3,O%) at 30 K and (b) CdBr2 :Fe(5.0%) at 2 K. 

The cold band electronic transitions due to Fe2+ can be 

clearly identified, 
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Figure 4.15 The 20 K X(--)Y polarised Raman spectra below 350 cm-1 
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4.7 The major Raman 
CsCdBr3=Fe 

Frequency 

-1 
(cm ) 

20.5 ± 

82 ± 

1 

1 

489 ± 1 

509 ± 1 

548 ± 1 

567 ± 2 

572 ± 1 

593 ± 3 

685 ± 1 

705 ± 1 

711 ± 2 

726 ± 1 

745 ± 1 

767 ± 2 

807 ± 2 

838 ± 2 

847 ± 2 

868 ± 1 

900 ± 5 
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positive values of the trigonal field parameter. In this case, the 

ground state is a singlet state denoted by 
(1) 

"Y
1 

while the first 

exci ted state is a doublet, 
(1) 

"Y3 . The singlet-doublet ion is 

expected to be below 40 
-1 

cm In this region only one induced 

-1 
scattering was observed, at 20.5 cm . It showed strong ant 

wi th , allowable for electronic scattering but not for phonon 

scattering. Thus, the "Y~1) level was assigned to be at 20.5 cm 1. 

At a sample temperature of around 20 K. the "Y(1) state would be 
3 

significantly populated. Thus. Raman transitions could or from 

the state giving rise to hot-band transitions that are 

-1 
approximately 21 cm below the cold-band transitions that originated 

from "Yl
1
). The intensity of a hot-band transition correlates with the 

Boltzman population factor of the "Y~1) state. 

scattering at 82 cm- 1 which decreased 

2+ 
Thus. the Fe -induced 

in intensi ty when the 

temperature was lowered from 40 K to 20 K (Figure 4.19), was ass 

as the hot-band transi tion "Y~1) --) 'T~2). The energy of the "Y~2) 

state was therefore deduced to be 103 cm-
1

; the cold-band transition 

"Y~1) "Y~2) was not observed. 

Theoretically, a maximum of seven cold band transi tions to the 

upper multiplet within the 5T2g states, are possible. Five of these 

were observed and posi tively identified by the presence of their 

hot-band counterparts which vanished at 2 K when the "Y(1) state was 
3 

depopulated. 

The assignment of the various electronic lines was also assisted 

by their excellent polarisation which were in agreement wi th the 

selection rules of (3.26) and (3.27). In fact. it ,~as this behaviour 

that prompted the theoretical calculation of the relative scattering 

intensities which is discussed in Chapter 5. 

A number of broad features were also observed close to the 

ass electronic lines. They included the band from 550 cm-
1 

to 
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630 
-1 

cm 
-1 

and the peaks at 712 cm and 838 
-1 

cm These features do 

not fall into the pattern of Figure 3.2, and in fact, are very 

different in appearance to the sharp and narrow single-ion electronic 

excitations. There is at present no satisfactory explanation for 

these features. We shall return to this point in a later section. 

CsMgBr
3

:Fe 

The spectra (Figure 4.20 and Table 4.8) are similar in pattern to 

those of CsCdBr
3

:Fe. However, in this case, the separation between 

the two mul tiplets is approximately 500 cm -1 whi Ie the first exci ted 

(1) -1 
state, '3 is at 18 cm . The hot band transition 

(1) 
'3 

clearly visible at 63 cm-
1 

indicating 

81 cm-1 

that the ,(2) 
3 

_) ,(2) is 
3 

state is at 

Only five of the seven levels in the upper mul tiplet could be 

iden t if ied. Each of these levels 
-1 

is approximately 110 cm higher 

than the corresponding level in the previous case. 

The spectra were overall weaker than those for CsCdBr
3

:Fe. Below 

2 at. % doping, the spectra were too weak to be resolved while in the 

previous case, the spectra were still clearly resolved at 0.5 at. % 

doping. Only one change in the relative intensities was observed in 

the electronic scattering: the cold band transi tion ,~l) --) ,~2) was 

weaker than ,~1) _) ,~4) . 

The broad band features observed in CsCdBr
3

:Fe have in this case 

developed into well resolved peaks at 720 cm-
1

, 781 cm-1 , 825 cm-1 , 

-1 -1 -1 
835 cm , 88ll- cm , 938 cm , 1020 cm -1 and 104d cm -1 . These are 

discussed in a later section. 

The spectra (Figure 4.21 and Table 4.9) show an overall pattern 

simi lar to the previous two cases but the two groups of lines are now 

-1 
approximately 650 cm apart. This indicates a strong trigonal field 

which spli ts the 5T2g term into a lower mul tiplet 5A1g(T2g) and an 
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Table 4.8 The major Raman scattering by Fe
2+ centers in 

CsMgBr
3

:Fe crystals 

Frequency 
-1 

(em ) 

18 ± 1 

63 ± 1 

608 ± 1 

624 ± 1 

680 ± 1 

697 ± 1 

720 ± 3 

781 ± 2 

787 ± 1 

806 ± 1 

825 ± 2 

835 

846 

862 

884 

938 

952 

976 

994 

1020 

1042 

s 
c 
u 

± 2 

± 1 

± 1 

± 2 

± 2 

± 4 

± 2 

± 1 

± 4 

± 4 

ASSignment 

S c 

S H 

S H 

S c 

S H 

S c 

U 

U 

S H 

S C 

U 

U 

S H 
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U 

U 

U 
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Table 4.9 The major Raman 
CsMgC13:Fe 

Frequency 
-1 (cm ) 

14.5 ± 1 

46 ± 1 

728 ± 1 

742 ± 1 

808 ± 1 

823 ± 2 

861 ± 1 

885 ± 2 

899 ± 1 

920 ± 4 

936 ± 1 

944 ± 1 

958 ± 1 

1105 ± 2 

1116 ± 2 

1150 ± 2 

1158 ± 3 

s 
c 
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Assignment 

S C 

S H 

S H 

S C 

S H 

S C 
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S H 

S C 
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S H 

S C 
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cold band transition 
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upper 5E (T
2 

) multiplet. The lower multiplet has a spread of only 
g g 

60 cm-
1

, comprising the singlet ground state 'YP), and two doublet 

(1) -1 (2) -1 
states: 'Y3 at 14.5 cm and 'Y3 at 60 cm . As with the previous 

two cases, 'Y~I) ---) 'Y~2) was not observed. 

Among the upper group of lines, five pairs were identified as 

transitions from 'YP) and to five levels in the 5E (T
2 

) 
g g 

multiplet, analogous to the previous two cases. Two additional strong 

peaks were observed at 861 cm -1 and 936 cm -1. They are similar in 

appearance to the cold band transitions and 

'Y(I) --) )4) respectively but have only a third of their 
1 3 

intensities. These lines, although prominent, do not fall into the 

pattern of Figure 3.2, but rather, they correspond respectively to the 

lines at 781 cm-1 and 835 cm-1 in CsMgBr
3

:Fe. These lines and other 

related features are discussed in the following section. 

Unexplained features 

One unusual feature of the electronic scattering by low 

concentration Fe
2+ ions in CsMX3 crystals is that in the high energy 

-1 -1 
region from 400 cm to 1200 cm , more lines than can be accounted 

for by single-ion excitations were observed. Although the intensities 

and positions of these addi tional lines were different for the three 

cases studied here, they nevertheless fall into a common pattern. 

Corresponding lines have the same polarisation and are situated in the 

same region wi th respect to the single-ion cold band transi tions. 

Some of these features have been indicated in Figures 4.17. 4.20 and 

4.21. 

In the case of CsMgCI
3

:Fe. two of these lines were quite intense 

and exhibited the same temperature dependence as the single-ion cold 

band transitions. Furthermore. hot band transitions were also 

-1 
observed at approximately 15 cm below 

-1 
936 cm . This gap coincided wi th the 

the lines at 861 cm-1 and 

splitting between the 'Y(I) 
1 
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singlet ground state and the first excited doublet. ~~l). Thus. these 

additional lines were related to the others that have been ass as 

single-ion excitations. 

te the above observations, these lines were not ass as 

single-ion elec tronic excitations for the following reasons. The 

phonon spectra of the samples did not reveal any departure of the 

crystal structure from the expected 2L structure. In fact, throughout 

the whole concentration range of the mixed system 

the phonon spectra were consistent wi th the 2L crystal 

structure. F h h F 2+ . b d h urt ermore, tee Ion was 0 serve to ave a let 

ground state and so the Jahn-Teller effect should not occur. In the 

absence of any possible distortion. the Fe
2

+ ion should therefore have 

a purely D3d si te symmetry. identical to that of the host ion it 

di In this case, the overall energy level scheme should be 

similar to and no splitting in any of the five doublet ~3 

states should occur. Specifically. only one line should be assigned 

as the transi tion ~P) --> ~~ 4) . The observed transi tions should 

also agree with the polarisation selection rules (3.26) (3.28). 

Thus, only those lines that could fi t in wi th these considerations 

were ass as single-ion electronic exci tations. The fact that 

corresponding lines in all the three cases could be fi tted 

successfully (see section 4.3) itself supported the validity of this 

approach. 

There is at present no satisfactory explanation of the extra 

features. They are not scattering by multiple-ion sites as has been 

pOinted out before. At any rate. statistically the number of 

mul tiple-ion si tes is very small for the levels of concentration of 

ions that were used. As there is no plausible reason to suspect 

occurrence of local distortions that could result in the splitt of 

the doublet states, it is likely. therefore. that electron-phonon 

interactions are responsible. Note for example, that the respective 
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extra features all have the same polarisations as a nearby electronic 

excitation. However. no consis tent energy separation between these 

features and the electronic excitations could be found. Therefore, if 

what was observed were indeed vibronic lines then a number of phonons 

would have to be involved. Not withstanding this, there is still the 

question of why two of these features in CsMgC13:Fe were particularly 

prominent and seemed to be associated with other lines that were 

in energy. Vibronic lines are usually observed on the high 

energy side of the zero-phonon electronic excitations. 

The pattern of the scattering in this system (Table 4.10) is very 

different from that of the previous cases. The electronic scatter 

separated into three regions described by J = 1,2,3, that 

the tr crystal field was weak compared to the spin-orbit effect. 

The first excited state was found to be at 11 cm-1 

Depending on the sign of the trigonal crystal field, the 

ground state (the first excited state) may either be a Singlet 

(doublet) or a doublet (singlet). This can be determined from the 

polarisations of some of the cold band transitions as sholrn below. 

According to the selection rules (3.26) - (3.27), the transitions 

may be divided into four types: ~1' ~2' ~3 and ~1+~2+~3 (these are 

understood to have a '+' superscript). The allowed polarisations of 

these transitions are given in (3.28). However, even when a 

particular polarisation is allowed by symmetry, it may have accidental 

zero scattering intensity. Therefore. the rule of positive 

confirmation is more reliable than negative confirmation. For 

example. a transition that shows up only in YX and XY polarisations 

may be 

However, if a particular transi tion has non-zero intensi ties in both 

YZ and ZZ polarisations, then it can only be a ~3~3 transition. If 

this transition is also a cold band transition,then clearly, the 



1 
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ground state must be a '3 doublet state which in turn implies a 

negative trigonal crystal field. The '3-n'3 transition is also the 

only one which can have antisymmetry between YY and YX scattering. 

The line at 583 -1 
cm was found to have these 

characteristics, showing beyond doubt that it was a 

last three 

)'3 transition. 

Therefore, the ground state was assigned as ,~1) and the first excited 

state at 11 cm- I was ,~1). 

Transitions from both ,(1) and ,(1) to the J = 3 multiplet covered 
3 1 

-1 
the range from 489 cm to 600 cm- 1 

The hot band 

transitions were removed by lowering the temperature to 2 K, 

only five lines as shown in Figure 4.22 (c) , Two of these lines, 

569 cm-I and 582 cm-1 h d' b YX d YY d s owe antlsymmetry etween an an were 

therefore assigned as transitions to ,~4) and ,~5) respectively. The 

remaining lines at 489 cm-I , 547 cm- I and 600 cm- I must therefore be 

transitions to the rest of the multiplet, namely, ,i2), ,~2) and ,i3 ) 

in that order. However, this assignment leaves the polarisation of 

-1 
the transition at 536 cm unexplained. This line was 11 cm-I below 

the ,r} --) ,~2) transi tion and showed hot band behaviour it 

vanished at 2 K, Therefore it was most likely to be the transition 

,P} --) ,~2) which has symmetry '1 x '2 = '2' This symmetry allows 

non-zero scattering only in YX and XY polarisations. However, the 

observed scattering has equal intensi ty between YX and YY 

polarisations which is allowed only for a '1 x '3 transition. 

An alternative arrangement of assigning ,~4) at 547 cm-1 and ,~2) 
-1 

at 569 cm is not acceptable for two reasons. Firstly, the cold band 

transition at 569 cm 1 was asymmetric between YX and YY, which is not 

allowed for a '3 x '2 transition. Secondly, the hot band counterpart 

1 -1 
of the 569 cm line, at 558 cm ,was ZX polarised which is forbidden 

in a '1 x '2 transition. Therefore. if we rely only on the 

polarisations of the cold band transitions for guidance, then the most 
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acceptable arrangement for the J = 3 multiplet is: 

The group of lines associated with the J 3 multiplet was 

remarkably similar in both arrangement and polarisation to that of 

CdI2 (Fe
2+) (J h d Dub' k' o nstone an IC I. 1980) . For example, by visual 

compar i son of ,,-F.;;;:.ig=u==--re=---,4=.;; . ..=2=2'-l.(..:;:bCJ-) wi th the spectra the 

following correlation may be deduced: 

CdBr;:;L :Fe 489. 547, 569. 582 

522. 574, 600, 609 

-1 
(cm ) 

It is seen that corresponding lines differ by the order of 

30 cm-1 If this trend is indeed correct, then the line in CdI
2

:Fe 

tha t corresponds to the I ine at 600 cm -1 in CdBr 2: Fe should occur 

be tween 620 cm -1 and 640 cm -1 . Such a feature could in fact be 

detected as a small shoulder in the spectra (figures 4-5) of Johnstone 

and Dubicki. However, as their assignment of the electronic lines was 

quite different from that deduced above, this feature was not 

discussed at all in their paper. 

the data for CdBr2 :Fe were extracted from the spectra measured 

at 2 K where there was no interference from hot band transitions, the 

conc I us ion f rom the s i m i lar i ty be tween the lines mus t be that the 

c 

of the J :::; 3 multiplet in both CdI2 :Fe and CdBr
2

:Fe are 

similar. However, as has been shown above. the data obtained 

here lead to a rather different assignment of the levels than by 

Johnstone and Dubicki. In their case, the assigned levels could be 

fitted closely with a five-parameter Hamiltonian. Even so, it has yet 

to be shown, through measurements at very low temperatures, that the 

various lines that were assigned as cold-band transitions were indeed 

-1 
so. For example, the line at 553 cm in CdI2 :Fe that was assigned as 
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(1) ) (2) 
"( 3 -- "(2 (in their notation 

-1 
reminiscent of the hot band transition at 536 cm in CdBr

2
:Fe. This 

comparison is made wi th reference to the published spectra. 

Otherwise, there is no other counterpart of this line in CdBr
2

:Fe. 

Therefore, a re-examination of the CdI
2

:Fe system might help to 

clarify the situation which is complicated further by the 

unsatisfactory crystal field fitting of the levels in CdBr
2

:Fe as 

sho,rll in section 4.3, where this topic will be discussed further. 

For the J = 2 mul tiplet, the si tuation was compl icated by the 

-1 
presence of the strong A

1g 
phonon whose peak frequency was 151 cm . 

The wings of 
-1 

this phonon extended from 140 cm to 
-1 

190 cm thus 

making the detection of electronic features in this region difficult. 

Nevertheless, by comparing the spectra measured at different 

temperatures and also 
2+ 

the spectra of CdBr 2: Co , some transitions 

terminating at the J = 2 mul tiplet were identified (Figure 4.23). 

Thus, 
, -1 

the band at 227 cm was found to be a cold band transition, 

most likely to be "((1) ---) "((3) in view of its high frequency and the 
3 3 

-1 
polarisation of its hot band counterpart at 216 cm Only one other 

cold band transition, at 176 cm-1 , was positively identified. As the 

polarisations of this line were obscured somewhat by the wing of the 

A
1g 

phonon, it is not clear whether 

"((1) _) "((2) or "((1) _) "((1) 
3332· 

this I ine is the transition 

Unlike the transitions to the J = 3 multiplets, those terminating 

at the J = 2 mul tiplet could no t be readily identified wi th those 

observed in CdI
2

:Fe. 
-1 

In the case of CdI
2

:Fe, the line at 171 cm was 

strong in the YX polarisation but weak in all other. Such a feature 

was not observed at all here. 

The spectra of this system are shown in Figure 4.16 and Figure 

4.24. As the site environment of the Fe
2 + ion is similar to that in 
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CdBr
2

:Fe. three groups of lines were expected. 

The transition within the J = 1 multiplet was to be below 

30 
-1 

cm However, no Raman lines were observed below 80 cm -1 and 

-1 
above the lower limit of the spectra, at 7 cm . this transi tion 

was observed in CdBr2 :Fe. there is no particular reason why it should 

be prohibited here. Therefore. we conclude that the first exci ted 

state is below 
-1 7 cm . This being the case, hot band 

transitions originating from this state were possible at the sample 

temperature of 20 K. 

By comparing the spectra with those of CdCI
2

:(2.5%Co
2+). the band 

associated with the J = 2 multiplet was found to fall in between 

-1 
two strong phonon features whose peak frequencies were 136 cm and 

235 
-1 

cm Individual transitions were difficult to identify, and only 

one line at 155 cm-
1 

could be correlated with the line at 176 cm-1 in 

The transi tions associated wi th the J = 3 mul tiplet were more 

conspicuous. This band extended from 400 cm-
1 -1 

to 600 cm . much in 

the same pattern as that of CdBr
2

:Fe, but the lines were generally 

-1 
about 25 cm lower in energy. The lines were broad and overlapping, 

compounded by hot band transi tions. This made identification of 

individual transitions impossible without the help of finely resolved 

polarised spectra measured at different temperatures. example. 

measurement at 2K would be free of hot band transi tions. 

Unfortunately. these could not be obtained due to experimental 

limitations particularly restrictions on experimental time. 

In view of the above difficulties. no attempt was made to identify 

the various transitions. This system will therefore not be discussed 

any further. 



4.3 Crystal Field Fittings 

The energy level scheme of the 

systems discussed above were fitted 

effective Hamiltonian model. 

96 

5T states in four of the five 
2g 

using both the 3d
6 

model and the 

The 3d
6 

model uses the tensor operator technique with four 

parameters, namely the spin-orbit parameter r and the crystal field 

2 4 4 
parameters B ,B and B . As has been discussed in Chapter 3, only 

o a c 

the 25 states belonging to the 5D manifold need to be diagonalised to 

fit the experimental data. 

The 5D manifold split under the cubic field into an upper 5E and 
g 

a lower 5T term. 
2g 

5 
The positions of the E levels were searched for 

g 

but not found. Transitions from the ground state to these levels can 

be observed as a broad band in the optical absorption spectra. For 

the CsMX
3

:Fe systems, these levels were therefore treated as a la-fold 

degenerate level whose position was approximated by the peak frequency 

of the 5Eg absorption band of CsMgO.88FeO.12CI3 and CsFeBr3 obtained 

by Putnik et. al. (1975). The fittings were then weighted 100 times 

in favour of the states which were weighted equally among 

themselves. The uneven weighting was to emphasise the large 

uncertainties in the positions of the 
5

E levels compared to the 5T 
2g 

levels which were known to within ± 1 

g 
-1 

em All four parameters were 

adjusted to obtain the best fit which has the minimum root-mean-square 

deviation (RMS). The results for the CsMX3:Fe systems are given in 

Table 4.11 and that for CdBr
2

:Fe in Table 4.14. 

For the effective Hamiltonian model calculation, equation (3.24) 

was used. However. the J-L' term was omi tted as it is much smaller 

compared to the others. The resultant expression is eqUivalent to the 

hamiltonian used by Johnstone and Dubicki (1980). The best fits were 

obtained by adjusting all five of the parameters. The results for the 

CsMX
3

:Fe systems are given in Table 4.12 and that for CdBr
2

:Fe in 

Table 4.14. 



Table 4.11 Results of least square fitting to experimental data using the Hamiltonian (3.1) and (3.9) 
2+ -1 

for the single Fe ion sites in CsMX
3

:Fe crystals. All values are quoted in cm 

level 

(l) 
-'1 

(4) 
"3 

RMS 

CsCdllr3: Fe CsMgllr
3

:Fe 

Expt. Expt. Calc. 

o o 0 o 

20.5 ± 1.0 20.8 18.0 ± 1.0 18.5 

103 ± 1 102.1 81 ± 84.5 

509 ± 1 506.0 624 ± 1 625.2 

567 ± 1 572.6 697 ± 1 700.2 

704 ± 1 700.3 806 ± 1 802.0 

715 ± 748.7 862 ± 1 860.8 

815.4 936.1 

868 ± 864.3 994 ± 995.0 

(868) 866.4 (991) 996.6 

6600 6600 

2.96 2.20 

143.8 441.2 

-1056.9 -1113.4 

-275.5 -682.9 

-8452.4 -8225.2 

Note: ) denotes judicious assignment, not observed value. 

o 

14.5 ± 1.0 

60 ±l 

742 ± 1 

823 ± 2 

900 ± 1 

958 ± 

1116 ± 2 

(1116) 

7690 

2.34 

407.7 

-969.0 

-1348.5 

-9496.6 

Calc. 

o 

14.0 

60.5 

742.4 

822.5 

894.4 

961.7 

1043.6 

1113.8 

1114.4 



Table 4.12 Results OIf le,a,st square fitting tOl data using the effective Hami tonian 
-1 

fOlr the iOln sites in Cs~:Fe crystals. All values are quoted in cm 

level 

(I) 
"(I 

( 1) 
"3 

",(3) 
3 

(1) 
"'2 

o 

20.5 ± 1.0 

103 ± 

509 ± 

567 ± 

·70'1 ± 

715 ± 

BGB ± 1 

(868) 

RMS 0.52 

Al -100.1 

A2 -114.3 

6. 526.2 

)( 0.69 

p 0.54 

Calc. 

o 

20.0 

103.0 

508.5 

568.0 

705.0 

744.5 

807.6 

868.0 

868.0 

:Fe 

Expt. Calc. 

0 0 

18 :I: 18.1 

81 ± 81.2 

624 :I: 624.7 

697 ± 695.8 

806 :I: 805.5 

862 ± 861.9 

936.3 

994 ± 1 993.3 

995.2 

0.61 

-97.1 

-111.9 

686.6 

3.44 

9.30 

Note: ) denotes Judicious nss'ignment. not observed value. 

:Fe 

Expt. Calc. 

0 a 

14.5 ± .0 13.7 

60 ± 1 60.5 

742 ± 743.5 

823 ± 2 919.9 

900 ± 996.9 

958 ± 959.6 

1040.5 

Hl6 ± 2 1116.0 

(11 1116.0 

1.55 

-99.1 

-103.6 

836.5 

e.91 

1.06 

.24) 

to 
00 
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In all the three cases of the CsMX
3

:Fe systems, the agreement 

between the calculated levels and the experimental data is excellent. 

The first order trigonal crystal field, parametrised by A, is rather 

strong and increases in the order: CsCdBr
3 

< CsMgBr
3 

< CsMgC13' 

Interestingly, this same ordering is also true of the trigonal 

distortion of the octahedra in the pure diamagnetic compounds while 

the reverse ordering, CsMgCl
3 

< CsMgBr
3 

< CsCdBr
3

, is true of the 

of the metal-halide bond and the overall size of the unit cell 

which also translates into the size of the octahedra (see 

Thus, CsMgCl
3 

which has the shortest metal-halide bond at 2.51\ and the 

t azimuthal angle 4> at 76.6° also has the strongest trigonal 

crystal field. Such observations do not lend support to the idea of 

strong deformation at the impurity sites, as discussed by C.W. Tomblin 

(1980, pp. 112-114). If indeed the surroundings of the Fe
2+ ion were 

strongly distorted compared to the rest of the crystal, then the 

impl ication is that the Fe2+ ion has stronger inf I uences on the 

ligands than the other ions surrounding the octahedron. The octahedron 

.. h F 2+ . h b h ht f 1 I b dd d contaInIng tee Ion may t en e t oug 0 as a mo ecu e em e e 

in a diamagnetic host and only weakly influenced by the surroundings. 

The crystal field experienced by the Fe
2+ ion should then be 

characteristic of the octahedrOi, and change very Ii ttle with the 

envi ronmen t . SpeCifically, we would expect the crystal field 

experienced by the Fe
2+ ion (or any similar impurity ion, e.g. Co

2+) 

in CsCdBr
3 

and CsMgBr
3 

to differ only slightly. Experimentally, this 

was found not to be true. The increase in the value of A of 

-1 
approximately 150 cm in going from CsCdBr

3 
to CsMgBr

3 
is by no means 

small. This same increment was also observed in going from CsMgBr
3 

to 

CsMgCI
3

. These changes are more consistent wi th the view that the 

environment of the Fe
2+ ion is not much different from that of the 

di valent host ion and the changes therefore ref lect the differences 
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between the structure of the host materials themselves. One 

contention by C.W, Tomblin (p. 114) was that the trigonal distortion 

of the cationic chains is nearly equal in CsMgBr
3 

and CsCdBr
3

, 

However. as the data in Table 1.1 show. the metal-halide bond is 

shorter in CsMgBr 3' thus, the total crystall ine field is expected to 

be stronger. This. coupled with the slightly 

greater angular distortion means that the overall trigonal crystal 

field in CsMgBr
3 

should be stronger. If this is so, then the same 

trend in A should also be observed for other impurity ions belonging 

to the 3d transition-metal series. Indeed, this was confirmed by the 

work of C. W. Tomb I in which showed that for C0
2

+, A increased in 

-1 -1 
magnitude from 418 cm in CsCdBr3 to 561 cm 

-1 
in CsMgBr

3 
to 778 cm 

.in CsMgCI
3

. 

2+ 2+ 
Some of the crystal field parameters for Fe and Co have been 

collected together in Table 4.13 for comparison. The first order 

trigonal field splittings calculated from B 2 and B 4 have also been 
a a 

2+ 
included in the table. In the case of Fe . the values of A obtained 

6 5 
from the 3d ( D) model are in excellent agreement with those obtained 

using the effective Hami I tonian. This is in stark contrast to the 

case of C02+ where the two sets of values differ by 
-1 

140 cm 

- 380 -1 
cm Perhaps more puzzl ing is the great dispari ty in the 

values of 

principle, 

B 2 and 
a 

be qui te 

4 2+ 2+ 
B between Fe and Co . While A can in 

a 

different for Fe2+ and C02+, the crystal field 

k 
parameters B are generally accepted as closely similar for different 

q 

ions in an identical environment. To test this. the trigonal 

spli ttings for 
2+ 

Fe have been calculated using the values of B 2 and 

B 4 obtained for Co2+ and vice 
a 

values obtained for C02+ are 

resul tant A
Fe 

are too small. 

a 

versa (case (b) in Table 4.13) . The 

totally unsuitable for Fe2+ the 
e 

The reverse is qui te different . .'1 ACo 

2+ 
calculated using the data for Fe compare rather well with those from 



( 
-1 

cm ) 

2 

4 

B 4 
c 

11 

a 

b 

Table 4.13 Comparison of the field obtained from single-ion and 

in CsMX3 crystals. Tomblin (19R"i) 

CsCdBr
3 CsMgC13 

Co2+ Co2+ Fe2+ 

-1057 1259 -1113 703 -969 

-276 -1418 -683 -1532 -1349 

-8452 -8172 -8825 -8143 -9497 

526 -418 687 -561 837 

541 -621 694 -669 884 

-89 -177 185 -373 -52 

B 2 and 13 4 above each 
o a 

Notes: a - A calculated using values of 

b - A calculated us 

2+1013 4 
a 

values of 13 2 and B 4 obtained for the other 
o a 

-3 2 20 4 = 

2059 

-2617 

-8940 

-778 

-1158 

-684 

..... 
o ..... 
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effective Hamiltonian calculation. This created doubts on the 

validity of the C0
2+ parameters. To check this, the energy levels of 

h C 2+ . 1 . teo slng e-lon were re-fi tted using a 3d 7 (4F+ 4p) model. The 

resul ts were in agreement wi th those of Tomblin, thus removing any 

doubt of a calculation mistake. We are therefore left wi th the 

question of why the two sets of values are so different. There are a 

few possibilities. 

(i) 
. 2+ 

Incorrect analysis of the data, el ther those of Co , or 

2+ 
those of Fe ,or both. 

(ii) The respective octahedra containing the two magnetic ions 
(-l 

are distorted t~1\ different extent. As the crystal field parameters 

reflect such distortions, they therefore have different values for the 

two ions. However, note the previous discussion on the trigonal 

crystal field. Also countering this point are the observations that 

the phonon scattering induced by Fe
2+ or C0

2+ are almost identical. 

(iii) Inadequacies of the crystal field model which treat the 

situation as electrostatic interactions between idealised ions. It is 

probable that in the CsMX
3 

systems, the C0
2+ ion and/or the Fe2+ ion 

interacts strongly with the ligands and resul t in not so much the 

distortion of the surroundings, but the introduction of covalency into 

the metal-halide bonds. The configuration of the ion can therefore 

depart substantially from the idealised 3d
6 

or 3d
7 

configuration. In 

this case, the excellent fits using the B k parameters would be simply 
q 

a result of choosing the correct symmetry, and it indicates only the 

ability of the crystal field Hamiltonian to produce the various energy 

level schemes. 

Wi th only two ions on hand for comparison, it is difficult to 

distinguish between case (ii) and (iii) even though case (ii) appears 

less likely. Similar work on a different ion, e.g. y2+, should help 

to clarify the situation. 
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The case of CdBr
2

:Fe is also puzzling. The various transitions 

have already been discussed in section 4.2. The point was made then 

that the levels could be assigned according to the polarisation of the 

transitions. However. when the data were fi tted using both the 

3d
6

(5D) model and the effective Hamiltonian model. four rather 

different pictures emerged (Table 4.14). 

In case (1). the model was used wi th B 4 
c 

fixed at 

-1 5 
-8700 em . This value has been chosen so that the E levels would 

g 

be centred around 6430 em -1 in accordance wi th the observation by 

T.E. Freeman (1969 and also Freeman and Jones, 1969). As we recall, 

the level at 176 cm-1 could be assigned as either ~~1) or ~~2), either 

one of which could be the lowest level in the J = 2 multiplet, giving 

rise to four possible cases. Each of these was tested to find the 

best-fit combination. 

The resul t is far from satisfactory. Whi Ie the observed J = 3 

multiplet has a spread of 111 em-I, the fitted multiplet covers only 

75 
-1 

em The most significant mis-fits occur at the lowest two levels 

of the multiplet. Experimentally, these two levels were found to be 

-1 -1 -1 
at 489 em and 547 em respectively, 58 em apart. The fi tted 

levels, on the other hand, 
-1 -1 

are only 9 em apart at 509 em and 

-1 
518 em . To allow easy visual comparison, these and other results 

have been collected together in Figure 4.25. 

In the absence of strong second-order effects, the closeness of 

the ~~2) and ~~2) levels is expected, as Figure 3.2 shows. Therefore, 

the observed large splitting may be indicative of strong second-order 

effects. 

(2)) . 

To investigate this, B 4 
c 

was 

This permi tted the lowering of 

strong second-order spin-orbit effect. 

allowed to be varied (case 

5 
the E levels to induce a 

g 

The resul t, wi th B 4 at 
c 

~ 3900 
-1 

em is a very substantial overall improvement in the fi t. 

Note however. the change in the assignment of the levels 

~(4) ~ ~(2) 
'3 '2' 



Table 4.14 Results of attempted fittings on the single-ion levels of Fe2+ in CdBr
2 

and CdI
2 

using the 

3d6 model and the effective Hamiltonian model. -1 All values are in em 

CdBr2 :Fe CdI2 :Fe t 

Expt. Assignment 5D(3d6 ) Effective Hamiltonian Effective Hamiltonian 

data according to case 1 case 2 case 3 case 4 Expt. Calc. Assign. 

polarisation 

0 (1) 
'"1"3 0 (1) 

'"1"3 0 (1) 
'"1"3 0 (1) 

'"1"3 0 (1) 
'"1"3 0 0 

(1) 
'"1"3 

11±1 (1) 
'"1"1 5.3 (1 ) 

'"1"1 8.3 (1) 
'"1"1 14.5 (1) 

'"1"1 19.4 (1) 
'"1"1 8±3 3.3 (1) 

'"1"1 

(176±1)* (1) 
'"1"2 201.5 (1) 

'"1"2 197.2 (2) 
'"I" 3 178.2 (2) 

'"1"3 179.6 (2) 
'"1"3 171±1 176.6 (2) 

'"1"3 

(176±1)* (2) 
'"1"3 204.6 (2) 

'"1"3 211.0 (1) 
'"1"2 179.8 (1) 

'"1"2 182.0 (1) 
'"1"2 18412 187.1 (1) 

'"1"2 

227±2 (3) 
'"1"3 238.3 (3) 

'"1"3 227.4 (3) 
'"1"3 225.0 (3) 

'"1"3 223.5 (3) 
'"1"3 202±2 204.2 (3) 

'"1"3 

489±1 (2) 
'"1"1 509.3 (2) 

'"1"1 482.0 (2) 
'"1"1 493.1 (2) 

'"1"1 491.8 (2) 
'"1"1 522±1 521.0 (2) 

'"1"1 

547±1 (2) 
'"1"2 517.9 (2) 

'"1"2 539.9 (4) 
'"1"3 541.1 (2) 

'"1"2 543.2 (4) 
'"1"3 553±2 555.7 (2) 

'"1"2 

569±2 (4) 
'"1"3 570.8 (4) 

'"1"3 562.4 (2) 
'"1"2 562.1 (4) 

'"1"3 567.0 (2) 
'"1"2 574±1 576.5 (4) 

'"1"3 

582±1 (5) 
'"1"3 583.9 (5) 

'"1"3 589.5 (5) 
'"1"3 592.7 (3) 

'"1"1 588.9 (5) 
'"1"3 600±3 600.9 (3) 

'"1"1 

(3) (3) (3) (5) (3) (5) 
>-' 

600±1 583.9 595.4 597.9 594.9 609±1 604.4 0 
'"1"1 '"1"1 '"1"1 '"1"3 '"1"1 '"1"3 ,.,. 

Table 4.14 continued on next page 



Table 4.14 continued .... 

data 

Case 1. 

Case 2. 

Assignment 

according to 

polarisation 

I~MS 

2 
B 

o 

case 1 

13.8 

453.0 

-131.1 

427.9 

-8700 

rv6510 

fixed at -8700 cm-1 

All four parameters were varied. 

Johnstone and Dubicki, 1980 

Fe 

case 2 case 3 

9.4 RMS 4.6 

467.3 

210.3 1\.2 -106.8 

-268.7 A -66.5 

-3935.8 K -6.3 

"'3290 p' 28.0 

* Only one line was observed. Can be either ~~1) or ~12) 

case 4 Expt. Calc. Assign. 

RMS 4.3 RMS 3.3 

I\. -109.1 1\.1 -116.0 

11 -30.8 

K 5.7 Ii -35.0 

p 17.8 K 2.2 

/1. 6.7 p' 33.0 
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Figure 4.25 The energy level scheme for Table 4.14. 
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The results from the effective Hamiltonian model calculation also 

show a rather strong second-order spin-orbit effect. For example, the 

-1 
value of f' is 28 cm 

-1 
compared to only 0.54 cm in CsCdBr

3
:Fe. The 

calculated levels agree rather well with the experimental data as far 

as the positions of the levels are concerned. However, the aSS~&J'llU~U 

of the ~~5) and ~i3) states have been interchanged. According to the 

-1 
results of the least-squared-fit. the level at 582 cm (Expt. data) 

should have been a ~i3) state. If this is the case, then the observed 

polarisation of this line (~~1) ~ ~i3» is in strong violation of the 

D3d selection rule. This transition has non-zero ZZ intensity and the 

YY intensity was approximately twice the YX intensity. 

characteristics are allowed together only for a ~3->~3 transi tion. 

Recall that this was in fact the basis for the deduction that the 

ground state was a ~3 doublet. Therefore. although the fit is 

reasonable, it cannot be accepted as correct on account of the above 

inconsistency. 

In case (4). the Hamiltonian has been expanded to include the term 

in J-L'. However, it was found that the anisotropy in the spin-orbit 

effect needed to be removed in order to obtain convergence in the fit. 

Al and A2 were therefore combined into one parameter, A. The results 

are very similar to those of case (2), again emphasizing a weak 

trigonal crystal field and a rather strong second-order spin-orbi t 

effect. It appears therefore. that J-L' is of significance in the 

CdBr
2

:Fe system. 

None of the above difficulties were encountered by Johnstone and 

Dubicki in their analysis of the CdI
2

:Fe system. For ease of 

comparison, their results have also been included in Table 4.14. The 

fit between the calculated levels and the experimental data was 

excellent, in terms of both the positions and the assignment of the 

levels. However, as has been pointed out in the previous section, the 
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remarkab similarities between the J = 3 mUltiplets of CdBr2 :Fe and 

CdI
2

: Fe have raised doubts on the validi ty of the analysis of the 

CdI
2

: Fe system. Until this doubt is addressed by further low 

temperature work on the CdI2 : Fe system. it would be scientifically 

dishonest to simply ignore the doubts and attempt to model the 

analysis of the CdBr
2

:Fe system on the CdI2 :Fe Unfortunately, 

experimental I imi tations have prevented a re-study of the CdI
2

: Fe 

system dur the course of this work and therefore further work along 

the lines pointed out before is desirable. 
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intensi the electronic Raman 

In this chapter. we wi 11 attempt to formulate an approximate 

relation to calculate the cross-section of the electronic Raman 

scattering between states wi thin the term of an isolated Fe2+ 

ion. The approach is similar to that of Kardontchik et al. (1976) in 

their study of the Raman scattering by Co
2

+(3d
7

) in CdCl2 and CsMgC13' 

The present investigation on a 3d
6 

ion in identical environments is 

therefore a complementary test of the theory and assumptions used by 

Kardontchik et al. 

The electronic Raman scattering is a restricted case of a more 

general two-photon scattering process, the detail treatment of which 

may be found in Hayes and Loudon (1978). In the polarisability 

approach (Placzek, 1934), the susceptibility of the scatter medium 

is perceived to be modulated by some form of exci tation. Such 

exci tation may. for example, be the rotation of the molecule, a 

lattice vibration, a magnon, or an electronic transition between the 

crystal field levels of an ion. Such modulation is represented by a 

second-order susceptibility which induces a second-order polarisation 

of the radiation field. This polarisation oscillates at a frequency 

displaced from that of the incident radiation by an amount 

corresponding to the energy of the exci tation. The result is the 

Raman scattering effect. 

We will follow instead the microscopic treatment of light 

scattering where the coupling of the radiation field to the electrons 

of the scattering medium is described wi th an appropriate 

quantum-mechanical Hamiltonian (Hayes and Loudon, 1978) . The 
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eigenstates of this Hamil tonian comprise all possible states of the 

ensemble of photon and scattering centers. The transition rate 

between these states is obtained from the general time-dependent 

perturbation theory. The first-order Raman scattering then 

corresponds to the second-order contribution to this transition rate 

from the part of the Hamiltonian that describes the interaction 

between the photons and the electrons. 

In the present case, the interaction of interest is that between 

the photons and the electric dipole moment of 2+ . the Fe Ion. The 

treatment is similar to that of an isolated atom except that here, the 

refractive index of the crystal has to be included. 

Consider a beam of photons of energy hV
k 

and polarisation fk where 

k denotes the photon mode, incident on a scattering medium of volume V 

and refractive index 17
k

, In the second quantisation approach, the 

interaction between the incident photons and the electric dipole 

moment of the ion may be written as (Loudon, 1981) 

2: ~ "+ 
"'+ '" 

(5.1) HED = 2: J- e k fk.Rij(~ - ~) b. b. 
k i,j 

I J 
2E. o17k2y 

where 

Z 
D .. = < il 2: r I j > 
~IJ 

n=l 
~ 

for an ion of Z electrons. 

Suppose that out of a total of n incident photons, one is 

scattered inelastically with the simul taneous exci tation of the ion 

from a ground state Ig> to an excited state of If>. We may denote the 

ensemble before and after the scattering event by In,o,g> and 

In-1,l,f> respectively. Let the subscript I and S denote the incident 

and scattered photons respectively. From time-dependent perturbation 



111 

theory. the second-order contribution in HED to the transi tion rate 

is: 

+ 

1 
: {<n-l'1.fl~Dln-l'O'i><n-1.0.il~Dln.o.g> 

1 hVr - Ei 
- == 
T 

<n-1.1.fl~ln.l.i><n.1.iIHEDln.O.g> 

-E i - hvS 

where ~ is over all electronic states. 
i 

We substitute (5.1) into (5.2) to obtain 

: {<flfs.~li><ilfI.~lg> 
1 Ei - hV r 

+ <flfr·Qli><ilfs·~lg> } 

Ei + hvS 

where we have made use of 

~In> == vrn In-I> 

"+ 
a In> == vh+f I n+l> 

2 

(5.2) 

(5.3) 

(5.4a) 

(5.4b) 



The summation over k is converted into integration to yield 
""S 

1 
T 

where r 
a 

2: 
i 
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(5.5) 

The usual Kramers-Heisenberg formula is obtained from (5.5) by 

noting that the differential cross-section, 

da d 
= 

so that in this case 

da 
dO = 

(5.6) 

For scatter in the visible region, vS""vI = v. The scattering 

tensor may therefore be defined as: 

P (f,g,v) 
afJ 

3 4 
) e ~S 2 

P (f,g.v) 
a Fl 

~I fJ 

P 
S A (f,g,v) + P (f,g.v) 

afJ afJ 

(5.7) 

(5.8) 
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p S (f ,g.v) ~ 2: <f1rfJra+rarfJlg> (5.9a) 
af3 i E. 

1 

A 
hv 

P (f,g.v) ~ 2: <f1rfJra-rarfJl (5.9b) 
af3 i E. 

1 

where - ~ <f1ra1i><ilrfJlg> 
1 

(5.10) 

An electric dipole transition obeys the selection rule of AE = ±1. 

Transi tions wi thin the same configuration are forbidden by pari ty. 

However, the distributions of the electronic states within the higher 

configuration are not usually known (we ignore any admixture of 

configurations). Following Kardontchik et al .. we invoke the closure 

approximation (Judd, 1962; Axe. 1964) 

configuration is treated as wholly 

E. by E(n'E'), the energy of the conf 
1 

(n' E'). 

whereby each higher 

We therefore replace 

ion characterised by 

We expand the eigenstates in a IEN~JM> representation and 

decompose ~ into linear ly and circularly polarised components (Axe, 

1964) : 

D(1) 
0 = 2:z (5.11a) 

r 
a 

D (1) 
1 

= + .2: {2 (x±iy) (5.llb) 
±l 

Using tensor operator techniques (Judd, 1962). ion (5.10) is 
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expanded to give 

(5.12) 

where p,q denote the new polarisation components, and 

[
-e 1 -e"] 

(-e II e(l) " -e"> = (-1)-e ~(2e+1)(2-e"+1) 0 0 0 (5.13) 

Substitution of equation (5.12) into equations (5.9) yields the 

following expressions for the scattering tensor: 

P A(f ) = D a
1

(-1)P+q+1 [1 1 pI] 
pq ,g,D q _(p+q) (f IU(l) Ig> 

p+q 

P S(f ) = -I5 a (_1)P+q+1 [1 2 1] (flu(2) Ig> 
pq ,g,D 2 q _(p+q) P p+q 

(5.14) 

(5.15) 

where the terms involving other configurations have been parametrised 

as: 
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The term for A = 0 has been omitted as it contributes only to the 

Rayleigh scattering. (Axe. 1964): 

(5.18) 

Thus. finally, the scattering tensor is reduced to the expression 

P (f,g,v) = <fla Ig) 
pq pq 

(5.19) 

with a obtainable from (5.14) and (5.15), and the explicit 
pq 

expressions are given in Table 5.1 When only the relative intensities 

of the electronic Raman transitions are of interest, we introduce the 

asymmetry parameter 

T) = (5.20) 

The scattering tensor operators incorporating T) and expressed in 

Cartesian rectilinear coordinates are given in Table 5.2. 

When the crystal field levels are degenerate, transitions between 

all the possible sets of states will contribute to the total 

intensity. The relative intensity is then simply proportional to the 

quantity 

W .. (f,g,T)) = 
IJ 

2: Ip .. (f ,g ,T),v) 12 
IJ m n m,n 

(5.21) 

When the scattering centre has axial symmetry, as is the case for 

the Fe
2+ ion here. then only five polarisations are distinct. 

However, the two cases. ZX and XZ, which show asymmetry between them 
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are related by a change of sign of~. The various cases are: 

Wxx(~) = Wyy(~) = W (0) yy 

(5.22) 

Note that the first three cases are totally independent of ~. 

The calculated values of these quantities provide the direct 

comparison with experimental results. 

Table 5.1 The scattering tensor operators a pq 

q 
p +1 0 

-

+1 U(2) 
a2 2 

.-l. (1).-l. (2) 
- ~lU1 +~2U1 

0 
.-l. (1).-l. ( 2 ) 
~lU1 +~2U1 ~ U(2) 3 a2 0 

-1 
.-l. (1).-l. ( 2 ) 
~lUO +~2UO 

.-l. (1).-l. (2) 
~lU-1 +{2 a2U_ 1 

-1 

.-l. (1).-l. (2) 
-~1 Uo +.J6 a2UO 

.-l. (1).-l. ( 2 ) 
-~lU-1 +~2U-1 

U(2) 
a2 -2 



117 

Table 5.2 The scattering tensor operators a . . expressed in Cartesian 
coordinates IJ 

1 2 
a = 2" 

(U (2) + U(2) _ -- U(2» 
xx -2 2 0 

.!.. (U(2) _ u(2» in (1) 
a + "f2 Uo xy 2 -2 2 

a =: l (U(2) _ U(2» + ~ (U(I) + Uti»~ 
xz 2 -1 1 2 -1 1 

.!.. (U(2) _ u(2» in (1) 
on: = - "f2 Uo 2 -2 2 

-1 (U(2) + u(2) 2 (2) 
a = + ,.f6 Uo ) yy 2 -2 

a = i (U(2) + U(2» + in (_U(I) + uti»~ 
yz 2 1 -1 2 1 -1 

a = l (u(2) _ U(2» ~ (U(I) + u(1» 
zx 2 -1 1 2 -1 1 

a = .!.. (u(2) + U(2» + in (_U(I) + u(l» 
zy 2 1 1 2 -1 1 

a = J! U(2) 
zz 3 0 
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Table 5.3 Matrix elements of a . . between the E=l fictitious states 
5 IJ 

of T
2g

(D) of Fe2+ 

E' 
z -1 0 +1 

E 
z 

-1 -1 1 
-1 

2DOS nos 2D05 

-1 1 1 
a 0 

DOS nos DOS xx 

1 1 -1 
+1 

2DOS nos 2D05 

1 
-1 DOS 0 0 

-2 
a 0 0 nos 0 zz 

1 --+1 0 0 
~105 

-=rL 1 1 
-1 .J6O DOS 2DOS 

-1 -1 
a 0 

DOS 
0 DOS yx. 

-1 1 ~ 
+1 

2DOS DOS ~60 

_TI_ l -2 ---1 0 - ~ 120 + 2~21O ~210 

_ TI_ l _TI _ l --a 0 - ~ 120 - 2~ 210 0 - ~ 120 - 2~21O yz 

2 TI 1 --+1 (2fQ -D2()+ 2~21O 0 
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Application to 

In applying the above calculations to . the following result 

has: been used: 

<LM lu(k) IL'M '> 
L q L (-1) [ 2 k 2 I J <SLlIU(k) IISL I > 

-ML q ML (5.23) 

5 
where S = 2 and L = 2 for T2g(D). The calculations were done in the 

effective Hamiltonian formulation using the basis states in Table 3.2. 

The matrix elements of a . . between the fictitious states of R = 1 were 
IJ 

calculated using the entries in Table 5.2 and Table 3.2 and also 

equation (5.23). As the transi tions are between ini tial and final 

states belonging to the same 5n term. the reduced matrix elements of 

U(k) can be conveniently absorbed into the respective ~ parameters 

and ultimately affect only the value of ry. 

The scat intensities of the transitions initiating from the 

lowest two levels, ~~1) and ~11), have been calculated as a function 

of f:. in association with The resul ts are depicted in 

where the various lines are labelled by the final 

state of the transition. The cold-band and hot-band labels relate to 

whether the initial state is a ground state or a first excited state. 

In order to show up the influence of the asymmetry parameter ry, the YZ 

and ZX intensities have been calculated with ry = 0 and -1.0. As can 

be seen, when A is positive, a negative value of ry results in a strong 

asymmetry in the transition ~P) ~ ~14) with YZ»ZX. 

fact observed in all of the CsMX
3

:Fe systems. 

This was in 

show only the general results of the theoretical 

calculations. To apply to a specific system, we need to use the 

eigenfunctions (Appendix C) of the fitted Hamiltonians in 
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With the CsMX
3

:Fe systems, the calculated cold-band intensities 

bear an overall similarity to the experimental results. For example, 

the only ZZ scattering occurs in the .. (1) (2) 
transl tlon 'YI ~ 'Y 1 . in 

agreement with experimental measurements. The dependence on ~ of some 

of the intensities are shown in Figure 5.7 where scaling is with 

respect to the YZ intensity of 'Y~I) ~ 'Y~4). 

To compare theory with experiment, we may in principle, perform a 

X
2 

fit on the entire spectrum of electronic transitions, with ~ as the 

only adjustable parameter. However, most of the observed scatterings 

were very weak, the exceptions being the following: 

YZ and ZX, (1 ) ~ )1) 
'YI 3 

ZZ, 
(1) ~)2) (5.24) 'YI 1 

YZ and ZX, (1) ~)4) 
'YI 3 

Of the three transitions, only 'Y~I) ~ 'Y~I) was clearly resolved. 

The other two transitions were linked to unresolved broad band 

features making it very difficult to estimate their intensities. Only 

in the case of CsCdBr
3

:Fe could reliable estimates be obtained. The 

X2 fit was therefore applied only to the case of CsCdBr
3

:Fe and only 

on the five intensities of (5.24). The resultant estimate of ~. -1.0, 

was then used in the calculation of both the cold-band and the 

hot-band intensities for the three cases: CsCdBr
3

:Fe, CsMgBr
3

:Fe and 

CsMgC1
3

:Fe (Table 5.4 - 5.6). 

To make comparison between the cold-band and the hot-band 

intensities, the Boltzmann population factor need~to be included. At 

the temperature of 20 K at which most of the measurements were made, 

only the 'YP) and )1) 
3 

states were significantly populated. The 
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Table 5.4 The (~lculated intensities of the transi tlons from tbe lowest two states 

h 5T 1 1 f F 2+ . 1 0 to t e _~ eve S 0 'e In ~ = - . . 
L:g 

level 
(1) (2) (3) (3) ')'( (4) (5) 

')'3 ')'3 ')'2 1 ')'3 ')'3 

energy 
-1 20.0 103.0 508.5 568.0 705.0 744.5 807.6 868.0 

em 
._. ___ M._ 

deg. 2 2 2 1 1 2 2 2 

XX 1 2 38 0 184 892 22 0 

ZZ 0 0 0 0 736 0 0 0 

YX 1 2 38 178 0 892 22 0 

YZ 242 11 158 0 0 1000 200 0 

ZX 268 11 67 0 0 116 190 0 

XX 5 53 192 228 115 431 12 

ZZ 0 208 0 0 433 0 0 

YX 5 125 192 228 35 431 12 

YZ 101 7 318 206 63 552 105 

ZX 136 6 65 15 59 80 102 



Table S.5 The (~leulated intensities of the transitions from the lowes states 

to the ST
2g 

levels of Fe
2+ in -1.0. 

(1) 2) (3) (3) (2) ~(3) 
')'3 ')'2 ')'2 ' 1 

energy 
-1 18.1 81.2 624.7 695.8 805.5 861.9 936.3 993.3 995.2 

em 

2 2 2 2 2 1 1 

XX 0 2 24 0 114 850 0 0 5 

ZZ 0 0 0 0 455 0 0 0 21 

YX 0 2 24 104 0 850 0 0 0 

YZ 171 3 89 0 0 1000 209 0 0 

ZX 176 5 28 0 0 195 85 0 0 

XX 1 35 223 259 80 482 1 0 

ZZ 0 138 0 0 319 8 0 0 

YX 1 72 223 259 31 480 0 

YZ 78 3 364 250 103 623 47 52 

ZX 85 3 77 42 38 130 23 



level 

energy 
-1 

em 

XX 

ZZ 

YX 

YZ 

ZX 

XX 

ZZ 

YX 

YZ 

ZX 

Table 5.6 The r.,alculated intensi ties of the transitions from the 
5 

to the T2g levels of in ~ = -1.0. 

(1 ) 
"'3 

(3) (3) 
"'2 "'1 

(4) 
"'3 

13.7 60.5 743.5 819.9 896.9 959.6 

2 2 2 1 1 2 

0 0 12 0 701 701 

0 0 0 0 270 0 

0 0 12 58 0 701 

93 1 39 0 0 1000 

100 2 14 0 0 172 

1 31 242 262 56 

0 125 0 0 211 

1 48 242 262 27 

L19 1 402 335 40 

61 82 50 35 

states 

(2) 
"'2 

1040.5 1116.0 

2 1 

6 0 

0 0 

6 0 

71 0 

62 0 

505 2 

0 0 

5050 2 

759 23 

HO 20 

(3) 
"'1 

1116.0 

1 

0 

0 

0 

0 

0 

2 

0 

2 

23 

21 

>-' 
W o 
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situation thus approximates that of an ideal three-level system where 

the upper state is a doublet. The proper scal ing factor for the 

calculated hot-band intensities is therefore 

-E 

2e
kT 

where E = E(')'~l)) and T = 20 K 

To facilitate comparison with the experimental spectra. the 

calculated intensity pattern has been plotted in Figures 5.8 - 5.10. 

The agreement between theory and experiment is not as close as in the 

case of Co2+. For example. the theory predicts the transition 

(1) ~ ,),(4) to be strong in XX. YX and YZ polarisations. ')'1 3 

Experimentally. very weak scatterings were observed in XX and YX 

polarisations. Other disagreement also exists. What is more 

important. however. is that the calculation has produced the following 

rather adequate agreements: 

(i) 

All other asymmetries are YZ > ZX. 

( II) ,),(1) ~ ')'(2) weak in all polarisations. 
1 3 

Experimentally. this transition was not observed. 

(iv) 

')'(1) ~ ')'(2) is strongest in ZZ polarisation. C>~5'7,J 
1 1 {/,~e ~z,' (,; /t& ((, 

Large anti-symmetric scattering of ,),(1) ~ ,),(4) 
1 3 

(iii) 

The agreement is particularly good in the case of CsMgBr
3

:Fe. 

One factor which was not considered in this calculation is the 

effect of resonance enhancement. This has been explicitly excluded by 

the use of the closure approximation. The effect was not looked for 

during the course of this work partly because of the limited range of 
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laser frequencies available. If the success of this calculation is 

not coincidental. then it would imply that the high lying intermediate 

states involved in the closure approximation are only weakly admixed 

wi th low lying states which are the potential sources of resonance 

enhancement. It would be interesting to see if experimentally, the 

resonant effect is indeed relatively minor. 

In the case of CdBr
2

:Fe and CdI
2

:Fe. the intensities calculated 

along the same lines as for the CsMX
3

:Fe systems failed to even come 

close to the observed pattern. Similar fai lures have also been 

reported by Johnstone and Dubicki (1980(b)) in their attempts to 

account for the strong resonance enhancement observed in CdI
2

:Fe. 

Their contention that the trigonal field strongly perturbs the 

intermediate states does not now seem to be valid in view of the 

significant success we have with the CsMX
3

:Fe systems where the 

effective trigonal field is much stronger. We note instead, that the 

second order spin-orbit effect, as the results in Table 4.14 show, is 

significantly stronger than in the CsMX
3

:Fe systems. Calculations by 

Johnstone and Dubicki (1980) showed that in the case of CdI
2

:Fe, the 

fi tted values are also stronger than expected from the positions of 

the higher terms. Clearly then, the ideal ionic model that has been 

used is no longer adequate in reproducing the wavefunctions of the 

various states. In fact, for the CdX
2 

compounds, the ions in each 

layer are 1 inked by strong covalent bonding. We may be seeing the 

effect of such bonding on the low lying states of Fe
2

+. 

In summary, the results show that the closure approximation can be 

used in the calculation of scattering intensities for transition metal 

ions 
2+ 2+. 

(Fe and Co ) In the hexagonal CsMX
3 

compounds but not in the 

layered CdX
2 

compounds. 
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CHAPTER 6 

Raman scattering and ~ossbauer absorption studies 

In this chapter are presented some new and unusual results on the 

57F M"' b b . d hR' b C F Cl d e oss auer a sorptlon an t e aman scatterlng y s e 3 an its 

magnetically diluted derivatives, CsMg
1 

Fe C1
3

. By measuring various -x x 

spectroscopic parameters as a function of the concentration of Fe2+ 

ions from CsMgO.99FeO.01C13 through to CsFeC13 , we can study the 

2+ 
changes that occur as the Fe ions are linked up into chains of 

various lengths. Such studies may be helpful towards a better 

understanding of the parent system, CsFeC1
3

. 

6.1 ~ossbauer absorption studies 

I 57F M" b b . b h n e oss auer a sorptlon spectroscopy we 0 serve t e resonant 

absorption of the 14.4keV 'Y-photons emi tted from the source nucleus 

during the decay from the first excited nuclear state of I ::: 3/2 to 

the ground state of I ::: 1/2, where I is the nuclear spin quantum 

number. Detailed treatments of the principles of Mossbauer absorption 

spectroscopy may be found in the book by T.C. Gibb (1976) and others 

in the li terature and are therefore not repeated here. Two directly 

measurable parameters are relevant to this work the chemical isomer 

shift (IS) and the quadrupole splitting (QS). A schematic explanation 

of these two parameters is given in figure 6.1. 

The interaction of the nucleus wi th the electrons is via the 

electric quadrupole interaction represented by the Hamiltonian: 

H ::: 
leiv Q zz [ 31 2 _ 1(1+1) + ~(1 2 - i 2)J 

z x y 
(6.1 ) 

41(21-1) 
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Figure 6.1 Schematic explanation of the isomer shift and quadrupole 

splitting (QS) in 57Fe . 
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where e is the electronic charge, Q is the nuclear quadrupole moment 

and I . I I are nuclear-spin operators. 
x y z 

V is a principal 
zz 

component of the electric field gradient (EFG) and is related to the 

other non-zero principal values by 

and 

Iv I > Iv I ~ Iv I zz yy xx 

v + V + V = 0 xx yy zz 

If the electric field gradient is axially symmetric, then 

= = o 

(6.2a) 

(6.2b) 

(6.3) 

In the cases studied here, the immediate surroundings of each Fe2+ ion 

has D3d symmetry, we can therefore assign T/ = O. In this case, it 

can be seen from (6.1) that the I = 3/2 state is split into two levels 

sep"crated by the quadrupole spli tting: 

QS = E(± 3/2) - E(± !) = -2
1 Ie IQV zz (6.4) 

The electric field gradient consists of two parts: the valence 

contribution which comes from the ion's o\rn electrons and the 

'lattice' contribution which is due to polarisation of the ion's inner 

core electrons by other charges surrounding the ion. 2+ 
For the Fe 

ion, the lattice contribution is generally accepted as being 

relatively small (Ingalls, 1964; Montano et. al., 1974). The 

dependence of the quadrupole spli tting on the state of the ion's 

electronic wavefunctions makes it suitable for use in monitoring the 
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local environment of 
2+ 

the Fe ion. For example, in the 

trigonal crystal field alter the character of the electronic 

wavefunctions and may therefore alter the magnitude of the quadrupole 

i tting as well. There is of course the possibility that the 

in the quadrupole splitting may be too small to be detectable 

or that widely different environments may in fact result in identical 

or closely similar quadrupole splittings. Such cases may be 

differentiated through the temperature dependence of the quadrupole 

ittings and isomer shifts. They may also show different behaviour 

when subjected to an external magnetic field. This latter avenue was 

however. not available to this study. 

6.1a The sign of the trigonal crystal field 

The valence contribution to the electric field 

occupied electron orbital may be expressed as 

v = zz 

-jel(1-R) 

471' E
o 1 

ent from an 

(6.5) 

where ~ is the wavefunction of the electron and (l-R) is the empirical 

Sternheimer shielding factor, with R ) O. The net contribution from a 

ly occupied or half-fi lled shell of electrons is zero. For the 

ion which has a 3d
6 

configuration. the ground state multiplet is 

in which five of the valence electrons have their spin aligned in 

the same direction. and constitute a half-filled 3d shell. Thus, the 

sole contribution to V comes from the sixth electron which is 
zz 

al in the opposi te direction and may occupy any of the five 

d-orbitals. The degeneracy of the five orbi tal states is partially 

removed by the cubic crystal field which spli ts them into an upper 

doublet, 
5 

, and a lower triplet. T
2g

. Under the trigonal crystal 
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field, the triplet state is split further into a s et and a doublet 

state. These orbital states may be described by the functions (Table 

3.2) : 

x = y 2 
0 0 

(6.6a) 

x± = JI 2 ± 3" Y±2 
__ 1_y2 

.J3 ±l 
(6.6b) 

which for the present purpose may be treated as single-electron 

wavefunctions. The contributions from these two states to V are 

evaluated us (6.5) to be 

x 
o 

i. < r -3 > 
7 

+ ~ < r -3 > 
7 

zz 

(6.7a) 

(6.7b) 

The trigonal splitting, A. between the singlet state and the 

doublet state has been defined in (3.14). 

ground state is x and for A < 0, o 
it is 

For A > 0, the orbital 

Spin-orbi t coupl ing 

causes admixture of these states, which can be substantial when A is 

small. and results in an overall splitting of the 5T2g levels of about 

500 cm-1 
However, the dominant orbi tal character of the lower five 

and the upper ten spin-orbit states would still be respectively that 

of the orbital ground state and the excited state. Therefore, at a 

temperature when only the low lying states are occupied, the net 

contribution to V would be characteristic of the orbi tal ground zz 

state. In this case then, it can be seen from (6.7) and (6.4) that 

the sign of the quadrupole spli tting would be opposi te to that of !J.. 

Thus. this provides an unambiguous determination of the s of !J., 

provided the lattice contribution is smaller than the valence 
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contribution. This latter condi tion, as far as is known. is always 

satisfied. 

If the temperature is progressively increased. more upper states 

are occupied and the magni tude of the quadrupole spl i tting should 

decrease accordingly. As T ~ 00 all of 
5 

the T
2g 

levels would be 

equally populated and the valence contribution should drop to near 

zero. Any remnant quadrupole spli tting would be mainly from the 

lattice contribution. 

The sign of the quadrupole spl i tting can be determined from the 

ratio of the intensities of the ± l ---? ± l and ± -21 
---? ± 3/2 2 2 

transi tions in a thin, single-crystal absorber. This ratio is given 

by: 

I ( ± ~ ---? ± 3/2) 

I ( 
= 

3 ( 1 + cos
2 S ) 

5 - 3 cos2 S 
(6.8) 

where for this purpose, S is the angle between the direction of the 

~-rays and the crystal c-axis. 

Figure 6.2 depicts the Mi::issbauer spectrum of a single-crystal 

absorber of CsMgO.85FeO.15CI3 measured at 295 K with the c-axis 

aligned perpendicular to the direction of the ~-rays. As 57Fe isotope 

is 0.2% abundant in natural Fe, the concentration of 57Fe2+ nucleus in 

this crystal is approximately 0.3 at. %. The spectrum could be fitted 

with three pairs of Lorentzian lines. The implications of the 

presence of three pairs of lines will be discussed below. For the 

present purpose however, we note that the high energy transitions are 

all much more intense than the corresponding low energy transi tions. 

F (6 8) h . f h .l.,,/.!:'~±' 1, ... d b rom . ,t e ratIO 0 t e >"'A ./". /'2 transl tIonS'IS expecte to e 

3/5 when S = 900
. The observed intensity ratios are, from the inner 

most pair outwards: 0.8 ± 0.3, 0.8 ± 0.3, 0.54 ± 0.08. These values 
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are close to the expected figure of 0.6. Thus. it can be concluded 

that the ± ~(~) states are higher in energy than the ± ~(~) states so 

that the quadrupole splitting is negative for all the three pairs of 

lines. The corresponding trigonal splittings are therefore positive 

in value. This is of particular relevance in the case of the 

ou termos t pai r of I ines in Figure 6.2 as it can be re la ted to the 

single-ion sites (see below). Thus, the present resul t is entirely 

consistent with that discussed in Chapter 4. 

No Fe
3+ Mossbauer lines were detected, showing that Fe3+ 

contamination was not a problem. This was also true of all other 

samples. 

6.1b Site distribution of the Fe2+ ions 

As has been mentioned in the Introduction, no magnetic ordering 

has been observed in CsFeCl
3 

down to 0.8 K. It is obvious then that 

the magnetically diluted derivatives too would not show any magnetic 

ordering. In the absence of any magnetic hyperfine interaction, the 

Mossbauer absorption spectra are particularly reflective of the local 

environments of the Fe2+ ions through the quadrupole-split resonance 

lines. In order to study both the changes in, and the statistical 

distribution of these environments, the Mossbauer spectra have been 

measured on the polycrystalline samples of the CsMg
1 

Fe Cl
3 

crystals 
-x x 

where x = 0.01, 0.50, 0.75 and 0.90, together with the single-crystal 

sample of x = 0.15. The spectra for CsFeCl
3 

have been measured by 

Montano et. al. (1974) and were therefore not repeated here. 

Figure 6.3 depicts the spectra for the above absorbers measured at 

room temperature (RT, 295 K). The small asymmetry in intensi ty in 

the spectra of the polycrystalline absorber is almost certainly due to 

a tendency of the powder towards partial orientation. This has come 
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about because of the existence of hexagonal cleavage planes parallel 

to the crystal c-axis. The polycrystalline powder thus consists 

largely of micro-needles which when compressed (see Chapter 2) tend to 

align in the plane of the absorber. The result is a partial 

orientation of the c-axis perpendicular to the direction of the ~-ray. 

The observed asymmetry is therefore simi lar to that of the 

single-crystal absorber of x = 0.15 discussed previously. 

The dramatic changes in the observed spectra reflect the discrete 

values of the electric field gradient experienced by the Fe
2+ ions in 

various environments. These may be classified into three general 

classes A, B and C as indicated in Figure 6.3. The characteristic 

quadrupole spli tting at room temperature for these si tes, together 

wi th their relative distribution are given in Table 6.1. As these 

absorbers are reasonably hygroscopic, it is important to assess the 

effect of possible hydration of the absorbers. To this end, a small 

quantity of finely crushed powder of the x = 0.75 sample was left in 

the air for four days. When first prepared, the anhydrous powder was 

slightly brownish. However, it soon turned white with hydration. The 

spectra for the hydrated powder has also been included in Figure 6.3. 

Only one pair of resonant lines was observed, very close in position 

to the Clines. Although the exact process of the hydration is not 

known, it appears that the result is a break-down of the linear chain 

of di-valent ions in such a way that only one environment for the Fe2+ 

ions is allowed. Whether a similar result would be obtained if the 

starting material had been a single crystal of the hydrated compound 

CsMgC1
3

.2H
2
0:Fe (75%) is not clear as the author is not aware of any 

similar concentration study on this compound. However, for the 

present purpose, comparison of the spectra for the hydrated and 

non-hydrated absorbers shows that the effect of hydration in the 



146 

Table 6.1 The quadrupole splitting (OS) and relative weight of the 
Kossbauer lines depicted in Figure 6.3 

Nominal site site site Other 
conc· 2+ 
of Fe A B C 

-1 3.25±0.01 QS (mms ) - - -
1 % 

ReI. Wt. (%) 100 - - -

-1 3.22±0.01 2.33±0.01 1. 48±0.02 QS (mms ) -
15 % 

ReI. Wt. (%) 63±5 21±4 16±3 -

-1 3.34±0.01 2.52±0.01 1.28±0.01 QS (mms ) -
50 % 

ReI. Wt. (%) 28±3 51±2 21±1 -

-1 3.25±0.01 2.50±0.01 1. 35±0.01 QS (mms ) -
75 % 

ReI. Wt. (%) 12±1 43±2 4512 -

-1 2.95±0.01 1. 50±0. 01 QS (mms ) - -
90 % 

ReI. Wt. (%) - 11±1 89±1 

75 % -1 1. 52±0. 01 QS (mms ) - - -

+ H2O ReI. Wt. (%) - - - 100 
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powder absorbers can be neglected. In the case of the single-crystal 

absorber of x = 0.15, it will be seen below that hydration may be 

responsible for some portion of the Clines. 

The identi ty of the A, B and C si tes may be deduced from the 

correlation between the intensi ty of the Mossbauer lines and the 

concentration of Fe2+ ions. Thus, the A sites can be seen to 

correspond to isolated ions while the C si tes correspond to ions in 

h f 1 nk f h F 
2+ . 

t e centers 0 i ages 0 tree or more e Ions. The B sites then 

corresP:,::ond to ions at the ends of such 1 inkages, and al so to the 

2+ . 
partners of isolated pairs of Fe Ions. 

The above assertion is supported by good agreement of the relative 

1 ine intensi ties (assuming identical temperature dependence for all 
I" ,J.vL 

lines) with. calculated statistical distribution of the various sites. 
/1 

Table 6.2 lists the ten possible arrangements of divalent ions on both 

2+ . 
sides of a Fe Ion up to the second-nearest neighbour. These are 

grouped into three classes, A, B and C, according to the composition 

f h hb h F 2+.. . o t e nearest neig our to tee Ion In questIon. The expressions 

in Table 6.2 for the percentage distribution in terms of the total 

amount of Fe
2

+ ions of the various si tes have been derived assuming 

random distribution of the Fe2+ and Mg2+ ions. (This point has been 

dealt with in Chapter 4.) Thus, for example, the relative ratio of 

the A, B and C sites are expected to be: 

A 1 
B = 2x 

1 
2 

B 
C 

2 - - 2 
x 

where x is the fractional concentration of Fe
2

+. 

(6.9) 

In Table 6.3, the expected distribution of the various si tes 

calculated using the nominal concentration of Fe
2

+ ions are listed 

alongside the relative weight of the corresponding spectral 1 ines. 
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Table 6.2 Statistical distribution of the possible sites for an Fe2+ 
ion in CsMgl with respect to x. -x 

Site Site Fractional Class Fractional 
No dist. dist. 

1 - Mg - Mg - (Fe) - Mg Mg - (1 - x) 4 

2 - Fe - Mg - (Fe) Mg Mg 2x(1 - x) 3 
A (1 x)2 

3 - Fe - Mg - (Fe) - Mg - Fe - 2 2 x (1 - x) 

4 - Mg - Fe - (Fe) Mg - Mg - 2x{1 - x) 3 

5 - Fe - Fe (Fe) Mg - Mg - 2 2 2x (1 - x) 
B ;{x(1 - x) 

6 - Mg - Fe (Fe) - Mg Fe 2 2 2x (1 - x) 

7 - Fe - Fe (Fe) - Mg - Fe - 3 2x (1 - x) 

8 - Mg - Fe (Fe) - Fe - Mg - 2 2 
x (1 - x) 

9 (Fe) - Fe Mg - 3 
C 2 - Fe - Fe 2x (1 - x) x 

10 - Fe Fe (Fe) - Fe - Fe - 4 x 



Table 6.3 Comparison between calculated and measured percentage distribution of sites 
The estimated values of x are calculated using (6.9). 

B and C in 

Nominal Site (%) Site (%) Site (%) Estimated value of x 

x A B C 
BIC 

63 ± 5 21 ± 4 16 ± 3 
.15 .14 ± .04 .60 ± .23 

Calc. 72 :l 2 

. 28 ± 3 51 ± 2 21 ± 1 
.50 .48 ± .07 .45 ± .04 

Calc. 25 50 25 

12 ± 1 43 ± 2 45 ± 2 
.75 . ± .08 .68 ± .06 

Calc. 6 38 56 

. - 11 ± 1 89 ± 1 
. 90 - .94 ± .10 

Calc. 1 18 81 

fiv":aab ,,, 

.14± .04 

± . 

.66 ± .07 

.94±.10 
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The agreement would appear to be barely satisfactory in some cases. 

However, as the nominal concentrations of Fe
2+ ions do not ref lect 

accurately the actual concentration, a more reliable method of judging 

the validi ty of the model is to compare the concentrations of Fe2+ 

ions estimated from the two expressions of (6.9). If the model is 

indeed correct, then the two estimates from two independent ratios of 

spectral-line intensities should agree closely. The results of such 

calculations have been included in Table 6.3. Only in the case of 

x = 0.15 are the ratios very far apart. Thi s however, may be an 

indication of significant hydration of the single-crystal absorber 

rather than the inadequacy of the model. In the case of 

2+ . 
CsMgCI

3
:Fe (75%) the estimated concentration of Fe IS substantially 

below the nominal value. Independent chemical analysis of the samples 

could not be arranged to confirm the various estimates of Fe2+ 

concentration. 

Having establ ished the identi ty of the Mossbauer peaks, we are 

left wi th the question as to why their demarcation is so marked at 

room temperature? The nature of the influence from the second-nearest 

neighbour on the chain is also unclear. In an attempt to answer these 

questions, the spectra for three of the absorbers, namely: x = 0.9, 

x = 0.75 and x = 0.01 were measured as a function of temperature. 

These are depicted respectively in Figures 6.5, 6.4 and 6.8. 

By far the most revealing results come from the x = 0.75 sample. 

The peaks C of Figure 6.3 separate into three pairs of lines as the 

temperature is lowered. At the lowest available temperature of 5 K, 

the C continuum can be fi tted wi th three pairs of pseudo-Lorentzian 

lines. These have been labelled Cl, C2 and C3 in Figure 6.4. There 

is no similar separation for the A and B sites. This was confirmed 

when the relative weight of the various lines at room temperature and 
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6.4 The Mossbauer spectra for CsMgO.25FeO.75C13 at various 
temperatures. 
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Figure 6.5 The Mossbauer spectra for CsMgO.1FeO.gC13 at verious 
temperatures. 
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Figure 6.7 The apparent strength of the trigonal crystal field for 

Fe
2+ ions in the C1, C2, C3 and B sites. 
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at 5 K were compared: there is no change in the relative weight for 

lines A and B. 

As the C1, C2 and C3 lines are from the C sites, it is probable 

that they correspond to the three sub-cases of the class C sites in 

tJ 

Table 6.2. In particular, the quadrup;e splitting of the C1 lines is 

close to that of CsFeC1
3 

at the same temperature (Montano et. al. 

1974) thus indicating clearly that the C1 sites correspond to case 10 

of Table 6.2. A calculation using x = 0.66 (Table 6.3) gives the 

following distribution: 

case 8 5% 

case 9 20% (6.10) 

case 10 19% 

Experimentally, the relative weight of the spectral lines are: 

C1 24 ± 2% 

C2 15 ± 2% (6.11) 

C3 4 ± 1% 

The agreement with (6.10) is reasonable and on this basis. the 

following assignment can be made: 

M"6ssbauer line Site 

C1 - Fe - Fe - (Fe) - Fe - Fe -

C2 - Mg - Fe - (Fe) - Fe - Fe - (6.12) 

C3 - Mg - Fe - (Fe) - Fe - Mg -

where the scattering centers concerned are enclosed in brackets. 
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With rise in temperature, the C1, C2 and C3 lines broadened and 

fused to form a continuum. The broadening can be attributed to 

inhomogeneity, particularly in the C1 and C2 sites. As has already 

been seen, at room tempera ture and at 360 K. the continuum can be 

described by one single pair of pseudo-Lorentzian lines. Between 40 K 

and 240 K however, the continuum could not be fitted to yield 

unambiguous and consistent results because of the poor resolution of 

the spectra in this region. However, sufficient data were obtained 

from the spectra for x = 0.90 and x = 0.01 to allow unambiguous 

deduction of the temperature dependence of the quadrupole spli tting 

for the A, B, C1 and C2 sites (Figure 6.6). Visual inspection of 

Figure 6.4 has assisted similar deduction for the C3 site. 

As Figure 6.6 shows, large differences are observed in the 

magnitude of the quadrupole splittings. The work by Montano et al. 

(1974) has shown that magnetic exchange interaction in CsFeCl
3 

is not 

very strong. It is therefore most doubtful that the differences in 

the quadrupole splitting can be accounted through the different extent 

of magnetic interaction that exist between the Fe
2+ ions in different 

sites. In fact, as the magnitude of the quadrupole splitting is 

sensitive to axial distortion, the data is strongly indicative of 

structural differences among the various sites. Thus, a Fe
2+ ion in a 

C3 site has near octahedral coordination while those in C2, C1, Band 

A si tes experience a progressively stronger trigonal crystal field. 

There is at present no satisfactory explanation that can account for 

such structural changes. It is intriguing to know, for example, why 

an ion in the C3 si te should have near octahedral environment whi Ie 

its immediate neighbours, both in the B sites, should experience much 

stronger trigonal distortion. The impl ication is the existence of 

disjoints localised about the center of all linkages of three, and 

I h F 2+ . 
on y tree, e Ions. A further implication of the above resul ts 
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concerns the doping of Mg2+ into pure CsFeC1
3

. As Figure 6.7 shows, 

h f 1 Mg2+ . h . f 1 t e introduction 0 one sing e Ion into t e Inner zone 0 a ong 

h · f F 2+ . . d' . caIn 0 e Ions can cause massIve lsruptlon. Whether the above 

1 h 1 . 11 th chal'ns of Mg2+ . structura c anges a so occur reClproca y on e Ions 

cannot be ascertained. 

Of the quadrupole splitting in Figure 6.6 only those for the A 

site were fitted to a model calculation (Pollard et. al, 1982) which 

gives 

QS(T) = 2: 
1 

lelQ <r
Q

- 3 )<3L 2-L(L+1). 
84~t z 1 

o 

+ -21 Ie IQ ylat 
zz 

-E 
i 

g.e kT 
1 

-E. 
J 

2:g.e kT 
J J 

(6.13) 

5 
where the summations are over all the D crystal field levels each of 

degeneracy gi' The shielding factor has been included in <rQ
3

) which 

-28 2 
has a free-ion value of 4.93 a.u. and Q = 0.21 x 10 m (Davidson 

et. al. 1973). 
latt . 

Unlike Pollard et. al., however. Y IS treated here 
zz 

as a free parame ter. The crystal field levels were obtained from 

3d
6 (5D) 1 1 . . h 1 ca cu atlon assumIng t e crysta field parameters to be 

independent of temperature. Thus, (6.13) involves a total of six 

parameters, 
4 

namely, B 
c, 

Four of these 

parameters have been obtained from crystal field fi t ting (Section 

4.3). With these parameters fixed at the values listed in Table 4.11, 

it was then possible to perform a convergent least-square fi tting on 

-3 
the values of QS for different temperatures by varying only <rQ ) and 

vlatt
. The calculated IQSI are shown in Figure 6.6. As can be seen, 

zz 

there is a systematic disagreement between the calculated and 

experimental values. The fitted parameters values are: 

-3 
<rQ ) ::: 

vlatt = zz 

5.3±0.7 a.u. 

2.3±0.8 
-1 

mm s 
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Both values are unreasonably large. Excellent fit between calculated 

and experimental values of QS can be obtained by allowing one or more 

of the crystal field parameters to revert to free-status. However, 

the resultant parameter values are in all cases, unphysical. It is 

thought that the inadequacy of this model in this particular 

application is probably due to variation of the trigonal crystal field 

with temperature. Evidence of this is observed in the C3 site. 

An increase of IQSI with increasing temperature for the C3 site is 

in total contrast to the usual theoretical prediction explained 

earlier in section 6.1.a. To the author's knowledge, such a type of 

temperature dependence has never been reported in the literature (J.B. 

Ward, Private Communication). It is unlikely to be due to progressive 

increases in the latttice contributions; Montano et. al. (1974) have 

estimated the lattice contribution to be +0.08 mms-
1 

for the case of 

CsFeCI
3

. It is clear therefore, that the increase in the magnitude of 

the quadrupole splitting with temperature indicates corresponding 

increase of trigOna'ibrys tal field wi th T. It is not clear how this 

increase takes place. There is no evidence of any structural phase 

transition. 

6.1c Line broadening 

A significant amount of broadening in the 
1 

± 2" --? ± 3/2 

transition was observed in the spectra for CsMgCI
3

:Fe (1%) between 

20 K and 180 K (Figure 6.8). When the half-widths of the fi tted lines 

are plotted against temperature, they pass through a maximum point 

somewhere between 60 K and 70 K (Figure 6.9). This phenomenon is in 

fact similar to that reported in the acetylacetonate complex 

Fe(acac)2CI (Cox et. al., 1969). However, in the present case 

spin-lattice relaxation and not spin-spin relaxation is involved. 

The ground state mul tiplet of the 
. 2+ 
Isolated Fe ion has been 
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established from Raman spectroscopy (Chapter 4) to consist of a 

-1 singlet ground state and two doublet states at respectively 14.5 cm 

and 60 cm-1 
It appears that at low temperature, the relaxation times 

2+ 
of the excited states are longer than usually expected of the Fe ion 

C6-ibb, 1976). At 8 K only the singlet ground state is occupied and 

therefore no broadening is observed. As the temperature is increased 

however. the exci ted states become progressively populated according 

to the Boltzmann population factor. As the singlet ground state has 

no magnetic hyperf ine field. progressive population of the doublet 

states results in a corresponding increase in the net hyperfine field 

and thus the lines broaden. A h b d · f f the ± _1 _, _3 s t e roa enlng a ects 2 ~ 2 

transition most, the direction of the hyperfine field can be deduced 

to be parallel to the trigonal axis. 

Competing against the above however, is the decrease in the 

relaxation time due to an increase in phonon population that 

accompani es rise in temperature. A t high enough temperatures, the 

increases in the relaxation rates are more than enough to compensate 

for the population of the doublet states. Consequently, the 

broadening is reduced. From the rapid rise of the curve in Figure 6.9 

it can be inferred that the process involves mainly the first excited 

doublet. 

Model calculations similar to those of Blume and Tjon (1968) were 

attempted to estimate the relaxation times in an effort to investigate 

whether the relaxation involves the Orbach process or the Raman 

process. However. it was found that the available data was 

insufficient and led to over-parametrisation of the model. No results 

were therefore quoted. 

6.2 Raman scattering studies 

Raman scattering studies were carried out on the following 
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CsMg
1 

Fe Cl
3 

crystals where the nominal values of x are: 0.10, 0.15, -x x 

o . 25 , 0 .75, 0 .90 and 1.00. These are in addition to the low 

F 
2+ . 

e -concentratIon crystals discussed in Chapter 4. The crystals 

. d . f F 2+ containIng a mo erate to concentratIon 0 e are transparent 

brownish to dark smoky. The strong absorption of the visible light is 

due to spin-forbidden transi tions (Putnik et. al., 1976; Krauz et. 

al., 1977). The absorption spectrum of CsFeCl
3 

shows a small window 

between ~16000 em -1 and "-'17000 em-I. Therefore. in order to avoid 

excessive local heating of the high -concentration samples. the 

laser excitation was chosen at 17000 cm-1 when x 2 0.25. This was 

found to be unnecessary for x $; 0.15 for which Argon laser 

(blue-green) excitations were used instead in order to capitalise on 

the A4 factor in the Raman intensi In all the following figures 

only where the laser frequency differs from 
-1 

17000 em , will the 

wavelength used be indicated beside the relevant spectrum. 

6.2.1 Results 

To faci li tate discussion, the spectra may be divided into three 

regions: 

(i) Between 300 cm-
1 

and 1200 cm-
1

, the sharp and well polarised 

electronic 1 ines of the isolated ions encountered in Chapter 4 

have given way to a broad and weak continuum (Figure 6.10). Al though 

O 1 0 d 0 1 r:; h . f . 1 d F 2+. . . 11 at x =. an . ~ t e scatterIng rom ISO ate e Ions IS stl 

significant, it is now mixed in wi th other scattering and forms part 

of the continuum. As the concentration of ions is increased, the 

shape of the continuum changes. There is a contraction in the range 

of the continuum such that by x = 1.00, it resembles a volcanic 

plateau with the top extending from 450 cm-1 to only ~OO em-I. For 

x 2 0.90, the continuum is polarised predominantly in YZ and YX; the 

ZZ intensity is almost nil. 
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in CsMg
1 

Fe C1
3

. The -x x 
-1 laser frequency is 17000 cm except for x 0.10. 
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(i i) The 
-1 

scattering below 50 cm consists of sharp but weak 

lines whose 
-1 -1 

linewidths vary between 2.5 cm and 4.0 cm and are 

generally well polarised (Figure 6.11). The electronic scattering at 

14.5 cm-1 and 46.0 cm-
1 

which is due to isolated Fe
2+ ions is clearly 

visible in the 20 K spectra for x = 0.10 and x ::: 0.15. In the 2 K 

spectra for x = 0.25, the line at 46.0 cm-
1 

has vanished as it is a 

-1 
hot band transition originating from the level at 14.5 cm . The peak 

at 
-1 

14.5 cm however, could not be resolved because of the poor 

quality of the YZ spectrum; statistically, at this concentration the 

2+ 
isolated Fe ion is still the dominant species. 

The peaks at 28.0 cm-
1 

(ZZ) and 32.0 cm-
1 

(ZX and YZ), visible in 

the spectrum for x = 0.10, could not be resolved in the spectra for 

x ~ 0.05. 
-1 

The peak at 28.0 cm increases in intensi ty as x is 

increased from 0.10 to 0.25. 
-1 

The peak at 32.0 cm however, does not 

show such change and is still visible at x = 0.75. 

At x = 0.75, additional peaks can be clearly resolved at 9.0 cm-1 

(YZ, ZX), 18.0 cm-
1 

(YZ.ZX) and 35.0 cm-
1 

(ZZ). Whether the peak at 

9.0 cm-
1 

is still present in the 2 K spectra for x = 0.90 cannot be 

determined because of the strong Rayleigh scattering which obscures 

-1 
all lines below 12.0 cm . However. as wi 11 be seen later. a peak 

-1 
close to 10 cm can be resolved in the high temperature spectra for 

this sample. 

When x is increased to 1.00, the 2 K spectrum asumes a quite 

different pattern. 
-1 

The ZZ polarised line at 41.0 cm which has been 

attributed to disorder-induced breakthrough of the infra-red active 

A
2u 

mode (Chapter 4) and which has persisted right up to x = 0.90, has 

vanished. So too have the other lines. In fact, only one line. at 

-1 
11.0 cm ,can be resolved. As this line shows up in both the (YZ+YX) 

and the (ZX+ZZ) partially polarised spectra, its polarisation can be 
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deduced to be YZ and ZX. 

(iii) The region between and 300 
-1 

cm contains 
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both 

low-intensity and high-intensity phonon-scattering. Selected spectra 

high-lighting these two aspects are respectively depicted in Figure 

6.12 and Figure 6.13. The series of spectra show clearly two patterns 

of scattering which correspond respectively to low (~ 0.25) and high 

(~ 0.75) values of x. 

The spectra for x ~ 0.25 are strikingly similar to those for 

CsMg
1 

Co C1
3 

(Johnstone et. al., 1981) where y is in the same range 
-y y 

as x. 
-1 -1 

Al though the continuum between ~130 cm and ~190 cm was 

alluded to by Johnstone et. al., they did not mention the continuum 

-1 
starting at ~70 cm which can be clearly seen in Figure 6.12. As 

the low intensity scattering was not shown in their paper, the 

spectrum for CsMg
1 

Co C1
3 

where y = 0.10 
-y y 

was re-measured by the 

author. This resul t is shown in Figure 6.14 together with the 

spectrum for CsMg
1 

Fe C1
3

, x = 0.10. The similarity between these two -x x 

spectra shows beyond any doubt that the weak continuum is indeed 

disorder-induced phonon scattering. This is in general agreement with 

the observations made by Johnstone et.al. 

In the 

-1 128.0 cm , 

spectra for 

-1 
134.0 cm , 

x = 0.10, 

189.0 cm-1 

the 

and 

strong peaks at 55.0 
-1 

cm 

-1 
256.0 cm can be as signed 

abc 
respectively to the five phonon modes of E

2g 
, E

1g
, E

2g 
, E

2g 
and A

1g 

symmetry, (Chapter 4). These assignments are indicated in Figure 

6.13. The two-components nature of the E
1g 

band has also been alluded 

to by Johnstone et. al. (1981). As x is increased from 0.05 to 0.25, 

there is a dramatic change in the shape of the E
1g 

band as the high 

frequency component drops in intensi ty. It is also apparent from 

Figure 6.13 that over this range of x, the intensity of the low 

frequency component changes little in relation to the E a mode. 
2g 
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There is also a gradual shift of the band as a whole towards higher 

frequency such that by x = 0.25, the low-frequency component has moved 

to the position originally occupied by the high-frequency component at 

x = 0.05. 

When x is increased further to 0.75 and higher, a few changes in 

the spectra occur: 

(a) The weak scattering at 220 1 in ZZ polarisation, visible cm 

in the for x ~ 0.25 shifts to 225 cm 1 

(b) The band 127-130 cm 
-1 

is longer visible. at no 

Instead, two new lines, both of YZ polarisation appear at respectively 

100 cm-1 and 110 cm-1 

(c) The band shifts from 256 cm 1 to 261 -1 
cm This shift 

appears to be related to that in (a). There is also a drastic drop in 

the ZZ intensity of this band such that by x 1.00 it is almost nil. 

There is, however, little change in the YX intensity. As the YX 

intensity of this line has been established to be a breakthrough of 

the XX intensity (Chapter 4), it can be concluded that the XX 

intensity of the A
1g 

mode is strong in CsFeC1
3

. 

b (d) The mode, which is weak for x ~ 0.25, increases 

rapidly in intensity. 

(e) 
c By far the most profound change concerns the E2g mode. At 

1 x = 0.05, this mode has a linewidth of 2.5 cm . As x is increased, 

-1 the linewidth progressively broadens and reaches 4.0 cm by x = 0.75. 

At the same time, a low frequency shoulder develops, apparently from 

the con t inuum b c between E
2g 

and E2g By x = 0.90, the 

linewidth has increased to 9.5 cm-1 accompanied by a shift in the peak 

-1 
frequency to 185.0 cm . There is a shift asymmetry in the profile of 

this broadened line. By x = 1.00, this line has split to produce an 

-1 
asymmetric two-peak band wi th the major peak at 180.5 cm and the 



minor peak at 191.0 

-1 
approximately 5.0 cm 

-1 
cm The 

171 

linewidth of both lines is 

Apart from changes in intensity, there is Ii ttle change in the 

peak frequency and linewidth for the E a and E b modes. 
2g 2g 

The phonon spectrum for CsFeCl
3 

The 2 K phonon Raman scattering in CsFeCl
3 

has been reported by 

Breitling et. al. (1976). However, only the peak frequencies and the 

relative intensities of the phonon modes were given. No spectra were 

ever published. Nevertheless, from the data supplied, it is apparent 

that serious discrepancies exist between their spectrum and the 

present one. 
-1 -1 

The peaks reported by them at 49.5 cm and 143.5 cm 

could not be found. It then became apparent that these two peaks may 

not in fact be due to Raman scattering. The reason is as follows. 

Although the actual laser excitation that was used was not stated, 

they did however, mention that an Ar-Iaser was used. The CW Ar-Iaser 

is notorious for plasma emissions close to the few useful laser 

frequencies. In particular, two emissions, at 458.94 nm and 460.96 nm 

are strong (Loader, 1970). When the 457.9 nm line of the Ar-Iaser is 

used as exci tation, these two emission lines would show up with 

apparent Raman shif ts of respectively, 48 . 0 cm -1 and 143 -1 
cm To 

prevent this, the laser beam is usually filtered through a suitable 

monochromator to eliminate as much of such emission lines as possible. 

Failure to do this or poor performance of the filter would result in 

guaranteed detection of the Rayleigh scattering of the emission lines. 

Furthermore, the use of back scattering geometry, as did Breitling et. 

al., greatly enhances such detection. From the good agreement between 

the above apparent Raman shifts and the frequencies reported by 

Breitling et. al., it is almost certain that they had used the 

457.9 nm Ar-Iaser line as excitation in their work with CsFeCI
3

, and 



172 

had mistaken the plasma lines as Raman lines. Their assignment of the 

a 
and E

2g 
modes are therefore most certainly incorrect. 

A total of eight well resolved peaks are visible in the present 

2 K spectrum for CsFeC1
3

. As CsFeC1
3 

possesses the 2L structure 

(Seifert and Klatyk, 1966) only five Raman active phonons are 

expected. There has also been no report of any structural phase 

transi tion in CsFeC1
3

. At any rate, a structure other than the 2L 

structure would have produced a lot more than Raman lines 

(Tomblin et.al., 1984). Therefore, three of the lines can be 

confidently assigned to non-phonon (at least not purely vibrational) 

scatter 

-1 
55.0 cm 

b 

By comparison with CsMgC1
3 

and on the basis of 

dependence studies described below, the five peaks at 

-1 -1 
100.0 cm , 134.0 cm , 180. 5 cm -1 and 261. Ocm -1 can be 

according to their polarisation as respectively, the 
a 

c 
and A

1g 
modes. The last three assignments are in 

agreement with the results of Breitling et.al. 

-1 -1 
The side bands at 110.0 cm and 191.0 cm are each approximately 

10 cm-1 
than a phonon mode. This gap is close in energy to the 

-1 
transition observed at 11.0 cm (Figure 6.11). To inves the 

relationships between these lines, a temperature dependence study was 

undertaken. The resul ts are depicted in Figure 6.15 and 

where the temperatures indicated therein, wi th the exception of the 

2 K , were measured from the intensity ratio of the Stokes 

a 
and anti-Stokes scattering for the E

2g 
phonon mode. 

As can be seen from Figure 6.15, when the temperature is increased 

to 37 K, there is a dramatic drop in the intensity of the side-band at 

191 cm -1, accompanied by a slight increase in the linewid th of the 

E c mode. No detectable changes are apparent with further increase 
2g 
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in temperature until at 167 K when thermal broadening appears to set 

in. The remnant intensity changes little in relation to the c mode 

with rise in temperature. 
-1 

The peak at 110 cm behaves similarly, 

-1 
The peak at 11 cm however. shows a quite different behaviour in 

that the broadening and reduction in peak intensi ty appear to occur 

gradually over a range of temperature such that at 42 K. the 

peak is still clearly visible. 

The band also shows an unusual broadening with rise in 

temperature and is clearly asymmetric in its polarisation, with its ZX 

intensity almost nil. This contradicts the phonon polarisation 

selection rule of YZ = ZX for axially symmetric systems. This anomaly 

is not understood. The assignment of this band is based on the 

observation that at high temperatures. this is the only line of YZ 

polarisation between E
2g

a 
and E2gb This is in accordance with the 

general observation that the E
1g 

mode is always lower in energy than 

b 
the E

2g 
mode (see data in Breitling et.al .. 1976 and Chadwick et.al., 

1971) . However, as the examp 1 e be 1 ow shows, some form of 

electron-phonon interaction does exist which can lead to anomalous 

phonon scat 

c 
The example concerns the E

2g 
band for x = 0.90. At 2 K. the peak 

frequency of this band is approximately midway between the two peaks 

of the same band in CsFeC1
3

. Coupled wi th the unusually large 

linewidth, this suggests that the band may perhaps be a convolution of 

two lines of equal intensity. However. a temperature dependence study 

reveals that this is not so. The resul ts, in Figure 6. 16 

show that while the peak frequency of the E
2g

C 
band remains unchanged 

wi th rise in temperature, its linewidth actually decreases from 

9.0 cm-1 at 2 K to 5.5 cm- 1 at 25 K and 5.0 cm-
1 

at 47 K. This 

temperature dependence is opposite to that expected for thermal 
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broadening. To the author's knowledge, this report is the first ever 

of this type of anomalous behaviour. Although the interaction and the 

physical mechanism underlying this broadening is not understood, it is 

believed that this effect is related to the broadening of the E
1g 

band 

mentioned earlier, and the coupling of the exciton to the E2~ mode in 

CsFeCI
3

· 

The 25 K spectrum for x = 0.90 also reveals a line at 10 cm-1 

(Figuare 6.18). similar to that observed in CsFeCI
3

. This line could 

not be resolved in the 2 K spectrum. 
-1 

The peak at 18 cm in the 2 K 

spectrum is however. no longer visible at 25 K. 

6.2.2 Discussion 

From the results of section 6.1. it has been established that the 

F 
2+ . 

e Ions in CsMg
1 

Fe Cl
3 

occupy a number of sites characterised by -x x 

different values of trigonal crystal field. Depending on the strength 

of the trigonal crystal field. the single-ion crystal field levels may 

separate into two or three mul t iplets (Figure 3.2.). The exci ted 

mul tiplets show strong dependence on the trigonal crystal field and 

are therefore prone to inhomogeneous broadening. This effect is found 

2+ . 
to be particularly strong for Fe In AMX3 crystals. For example. in 

the 20 K spectra for x = 0.10 (Figure 6.10). the single-ion scattering 

can hardly be recognised as being the same as that in Figure 4.21, 

where x = 0.02. The presence of exchange-coupling between 

neighbouring Fe
2+ ions resul ts in further broadening because of the 

close spacing of the electronic levels. The result is therefore the 

presence of broad-band scattering as depicted in Figure 6.10. 

As the mean trigonal crystal field is different for the various 

sites. the spectrum for a given value of x would therefore contain the 

appropriate number of bands each in the general posi tion of the 
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exci ted mul tiplet for a particular populated si teo Thus, as the 

trigonal field for 
2+ . in CsFeC1

3 
is weaker than for Fe ln CsMgC1

3
, 

the band observed in the former (Figure 6.10) is much lower in energy. 

As the population of these si tes changes with x. so too would the 

number and the intensity of bands. 

It is theoretically possible. by correlating the change in 

intensi ty and band-shape of the continuum wi th the concentration of 

F 2+ . e lon, to identi the individual band. It must be borne in mind, 

however. that as the intrinsic integrated intensity of each band is 

dependent on the trigonal crystal field (Chapter 5). the ratio between 

the integrated intensities of two bands does not necessarily reflect 

the occupancy ratio of the corresponding si tes. Plausible 

identification of some of the bands have been indicated in Figure 

6.10. The general positions of these bands are consistent with the 

ordering of the magnitude of the trigonal field in the A.B and C sites 

established in section 6.1. 

Inhomogenous broadening is not expected to affect greatly the 

Raman transition to the first excited state and the ~3(1) state can 

still be clearly resolved from the spectrum for x = 0.25 (Figure 

6.11) . This raises the possibi 1 i of detecting the transi tions to 

low lying Fe2+ r states as inhomogenous broadening would not be a 

problem. The formulation of the Hamil tonian for a pair of 

nearest-neighbour Fe
2+ ions has been done by Montano et.al. (1973) 

using only the three lowest states. described wi th S = 1. If we 

consider only the pair-states where the excitation is centred 

predominently on only one member of the r, then only the following 

levels are relevant: 

tfla,b = _1 (I ± 1,0) + 10, ± 1» ; 
F 

tflc,d = _1_ (I ± 1,0) 10, ± 1»; 
F 



where 

1 
2 2 ~ 2 -2 

{D + JJ. + [(D+J II ) + 8J..L ] } 
(2 + ------------~------------

,b 
D 2J1. 

,d = D + 

= D + J II 

and the ground state is ~ . 
e 
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Thus, it is seen that the separation between the two upper levels 

is 41 I. To obtain the values of JJ., transitions to both of the 

exci ted levels need to be observable whi Ie to obtain J" we need to 

know, in addition, the value of D. A convenient concentration range 

for the study of isolated nearest-neighbour Fe
2
+-pairs is O.IS xSO.2 

when 16% to 26% of the Fe
2

+ ions occur as a member of an -pair, 

while at least 86% of the remaining Fe
2

+ ions occur as s e centers. 

, simple comparison between the spectra for this range of x with 

those for lower values should show up immediately the pair-ion 

spectrum. Such additional features can indeed be resolved from the 

spectra for x = 0.10 (Figure 6.11) and x = 0.15. Thus, the peaks at 

-1 -1 
28.0 em and 32.0 cm may be assigned, with some reservations, as 

the transitions to E band E d' This yields IJ1.1 = 1.0 ± 0.3 cm-
l

. 
a, c, 

The values of J
II 

and D cannot be obtained. 

The above resul ts need to be confirmed by further temperature 

variation study on the intensity between 2 K and 20 K to check that no 

other levels are connected with these two peaks. As the peak at 

28.0 cm-
1 

occurs in the ZZ polarisation, the possibility of it being a 

1 
phonon scattering, similar to the peak at 41.0 cm cannot as yet be 

discounted. 
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Further work is also needed to posi tively identify the peaks at 

18.0 
-1 

cm and 35.0 
-1 

cm The peaks at 
-1 

9.0 cm (x = 0.75) and 

-1 
11.0 cm (x = 1.00) are believed to be related and will be discussed 

below in relation to the anomalous phonon scattering in CsMg
1 

Fe C1
3

, -x x 

x = 0.90 and 1.00. 

Disorder-induced phonon scattering 

2+ 
It is mentioned in Chapter 4 that when Fe is doped into CsCdBr

3
, 

a di sorder-induced scat ter is observed in ZZ polarisation 

consisting of a peak at 138 cm-1 and a shoulder at 134 cm-
1

. When 

Mg2+ is used instead. this band shifts downwards to 131 cm-1 . Similar 

scattering is also observed in the CsMgC1
3 

system doped with Fe2+ and 

C02+. Thus, the band at 221.0 cm -1 in the spectrum for 

CsMgO.9Feo.1C13 shifts to 214.0 cm-
1 

when C0
2

+ is introduced (Figure 

6.14). Interestingly, when the relative concentration of Fe2+ and 

Mg2+ is reversed so that Mg2+ becomes the dopant, as with x = 0.75, 

the peak frequency of this scattering shifts to 225.0 cm-1 It is not 

clear if this shift also occurs in the CsMg
1 

Co C1
3 

system. Although 
-y y 

the spectra for this system have been publi by Johnstone et. al. 

(1982). the information contained therein is insufficient to allow any 

conclusive deduction to be made. While weak peaks of ZZ polarisation 

can be seen between 210.0 cm- 1 and 230.0 cm-1 
some of these were 

. d C 2+ . l' d h If' d asslgne as 0 -paIr lnes an ot ers were e t unasslgne . 

When Fe
2

+ is doped into CsCoCI
3

, a band in ZZ polarisation is 

observed at 225.0 cm-
1 

together with a weak shoulder at 234.5 cm-1 

(Syme et. al.. 1986). Both these lines were attributed by et. 

al. to electronic scattering by Fe
2

+ exci tons. In view of the 

similarity between these peaks and others mentioned previously, it is 

more likely that this is in fact phonon scattering. This is also 

2+ 2+ 
supported by the observation that when both Fe and Co are doped 

together into CsMgC1
3

, the mul tiple-peaked band in ZZ polarisation 



also appears in the 

region is below the 

region 200 cm- 1-230 cm- 1 
(Appendix A). 

single-ion Co2+ excitation at 233.0 
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This 

-1 
cm 

(Johnstone et. al., 1982) and has been established to be clear of Fe2+ 

electronic spectral lines (Chapter 4). Thus, the observed scattering 

appears to be vibrational in origin. The relative intensi ties of 

h 1 h d d h I · . f F 2+ d t ese pea{s, owever, epen on t e re atIve concentratIon 0 e an 

2+ 
Co : a feature usually associated with electronic scattering. 

Pooling the information together, it can be seen that these 

spectral lines, although always occuring in the same region, have 

frequencies which depend on both the host material and the dopant ion. 

The sharpness of these lines suggests that they may in fact be local 

mode vibrations about the dopant ions. The frequencies of such modes 

depend on the changes in the force constant between the dopant ions 

and their neighbours. It is therefore not surprising that the 

freuqency varies wi th the dopant and the host material. When two 

unl ike dopants come together, as wi th Fe
2+ and Co2+ double-doped in 

CsMgCl
3

, new modes should therefore occur wi th a frequency 

characteristic of the unlike-pair. Further work in this area is 

desirable. 

Collective excitation and electron-phonon coupling 

Neutron scattering studies on CsFeCl
3 

have been reported by 

Yoshizawa et. al. (1980) and Steiner et. al. (1981). In both studies, 

a dispersive exci tation was detected which at the Bri llouin zone 

-1 
center, is approximately 10 cm . As no magnetic transition has ever 

been observed in CsFeC1
3

, this excitation was therefore attributed to 

an excitonic transition bet,veen the singlet ground state and the first 

excited doublet state of the crystal field levels (Figure 3.2). The 

dispersion occurs due to exchange coupling between neighbouring ions 

both interchain and intrachain. 
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It is that the Raman spectral line at 11.0 
-1 

cm 

corresponds to the same singlet-doublet transi tion mentioned above. 

This transition has also been observed in RbFeCl
3 

using far-infra-red 

techniques (Prinz, 1977). In this case, the postion of the doublet 

level shows no dependence on temperature, contrary to theoretical 

calculation us a correlated-efFective-field (CEF) theory (Lines, 

1974; Prinz, 1980; et. al .. 1980). In the present case, the 

temperature dependence cannot be adequately determined as the quality 

and the resolution of the spectra are not good enough to detect the 

small changes predicted. Further work in this area, particularly 

temperature variation study between 2 K and 20 K is highly desirable. 

This would however, require a substantial upgrading of the present 

equipment, especially with to cryogenics and light collection. 

The anomaly affect the 
c 

and E
2g 

mode is not understood. As 

high energy side bands to the phonon modes are observed, the effect 

may involve the coupl of the phonons with the "exci ton" mentioned 

above (M. Cardona, private communication). The result would not be 

unlike the vibronic levels observed in the fluorescence studies of 

rare-earth ions doped in ionic Thus, the intensities of the 

"exci tonic" side-bands should decrease wi th temperature in the same 

way as .the intensity of the excitonic transition decreases in 

accordance to the Boltzmann population factor. Experimentally, 

however. the "excitonic" side bands appear to have a different 

temperature dependence than the singlet-doublet excitation. The 

available data suggest that abrupt changes in the intensities of the 

side-band occur between 2 K and 25 K. (Due to limitations imposed by 

the equipment. data in this temperature range cannot be obtained.) 

Further work is needed to clarify this point. 

It is also not understood why a particular coupl should lead to 

the broadening of the E c band but not the 
2g 

band when diamagnetic 
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impurities are introduced to break up the chains of Fe
2+ ions, as in 

the case where x 0.90. Such phenomenon suggest that the length of 

h F 2+ h . tee -c aln p an important part in the "exciton"-phonon 

coupling. The implication is perhaps the presence of one-dimensional 

magnetic excitations. If such is the case, doping CsFeC1
3 

with other 

magnetic ions such as Co2+, Mn2+. Ni2+ or V2+ should yield qui te 

different results. Further work in this area, particularly 

temperature variation measurements, are crucial towards an 

understanding of the apparently new phenomenon. 
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aIAPTER 7 

Overall summary and conclusion 

The resul ts presented in this thesis form part of an on-going 

study on the hexagonal AMX3 compounds in this department (Tomb 1 in 

C.W., 1983; Vickers R., 1985; Syme et. al., 1986; Ward et. al., 1987; 

Boucquet S., 1987). The present work has concentrated on Fe
2+ its 

single-ion spectra in various environments, and CsFeC1
3 

and its 

Mg-diluted derivatives. 

Th R . f . 1 . F 2+. C CdB C M B d e aman scatterIng rom SIng e-Ion e In s r
3

, s g r3 an 

CsMgC1
3 

have been recorded. These have been fitted successfully using 

crystal field theory and the results indicate that the trigonal 

crystal fields are strong but decrease in the order CsMgC13' CsMgBr
3 

and CsCdBr
3

. However, there remain some broad features of the 

electronic spectra that could not be accounted for. The intensities 

of the fitted spectral lines are in general agreement with theoretical 

calculations incorporating the well known closure approximation. 

Results from CdBr
2

:Fe, on the other hand, have raised serious 

doubts on the analysis of the Raman scattering from Fe2+ ions in CdI
2 

reported by Johnstone and Dubicki (1980a). 

On phonon scattering. the supposedly anomalous YX intensity of the 

A
1g 

phonon mode in AMX3 crystals has been shown to be geometry induced 

break-through of the allowed XX intensity. Other phonon features were 

also observed which can be attributed to disorder-induced scattering. 

Mossbauer absorption studies on the CsMg
1 

Fe C1
3 -x x system have 

revealed complex structural changes partially localised about the 

defect sites where Mg and Fe ions meet. There is a general reduction 

2+ 
of the trigonal crystal field experienced by an Fe ion going from 

the single-ion case to a full-chain situation. There is evidence to 

suggest that the trigonal crystal field for some sites increases with 
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temperature to some extent. This has also revealed that the 

spin-lattice relaxation for the first exci ted doublet state of the 

single Fe2+ ion is unusually slow. 

Al though this present work has succeeded in revealing some new 

facts and answering some old questions, it has also generated a number 

of questions and revealed a few curious phenomena. Chiefly among this 

is the anomalous behaviour of the and 
c 

phonon modes in CsFeC1
3 

which appear to couple s ly with an excitonic transition at 

-1 
10 cm . In CsMgO.IFeO.9Cl3' this coupl results in a broadening of 

c 
the E

2g 
phonon mode at 2 K. Unfortunately, the experiemntal data for 

this is at present, incomplete. More measurements, at temperatures 

between 2 K and 20 K, sadly unattainable in this department, is 

crucial towards an under of this behaviour. It is also 

intriguing to know how the broadened phonon would behave under an 

applied magnetic field as in Zeeman Raman spectroscopy. Theoretical 

work in this area is also desirable. 

A study of other s t ground state magnets, e.g. RbFeCl
3

, 

RbFeBr
3 

and CsFeBr
3 

should reveal if the anomalous behaviour noted 

above is peculiar to CsFeCl
3

. 

Suggestions for flltll:r~_work 

Having understood the pattern of the electronic scattering 

. 2+ by SIngle Fe ions in ~HJU5uvtic hosts, the logical next step is to 

study the inf luence of various exchange interactions using various 

magnetic AMX3 compounds as hosts. This has recently been done in 

CsCoC1
3 

(Syme et. al., 1986). However in this case, many of the 

spectral features were found to be broad, making any attempted 

interpretations ambiguous. Indeed, we have seen why two of 

the spectral lines that have been assigned as Fe
2+ ion excitations are 

more likely to be phonon scattering. There has al so been a recen t 

disagreement over the s of the trigonal crystal field for the 
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ion (Ward et. al .. 1987.) Other magnetic hosts, however, have yet 

to be attempted. 

Recently. Gaulin et. al. (1986) reported the neutron scattering 

~1 
from a dispersionless mode at 36 cm in CsMnO.89FeO.llBr3 at 18 K. 

have proposed two possibilities: a singlet-doublet transition of 

the ion or a half-wavelength standing wave excitation of a patch 

of spins. A Raman scattering study could help to clarify the 

situation. 

Another host of interest is CsNiC1
3

. Montano P .A. (1974) has 

reported a negative trigonal crystal field for Fe
2+ ion in this 

compound. 

Raman spectroscopy study of unlike-pairs of paramagnetic ions 

double-doped in a diamagnetic host is also an unexplored territory. 

Preliminary investigation has been carried out on Co-Fe double-doped 

in CsMgC13' The Raman spectra show numerous features. mostly broad. 

unseen in the relevant single-dopant spectra. However. a lot more 

work needs to be done in this area. The un-analysed spectra obtained 

dur the preliminary investigation are included in Appendix A. 
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Appendix A 

This appendix contains a collection of the 20 K Raman for 

the following Fe Co C1
3 

crystals. -x-y x y 

l. x :::;: 0.05 y == 0.05 

2. x =: 0.10 y 0.02 

3. x :::;: 0.10 y :::: 0.05 

4. x ::::: 0.10 y := 0.10 

5. x 0.15 y :::: 0.10 

6. x ::::: 0.01 y :::: 0.10 

7. x :::: 0.00 y == 0.10 

Also included in this collection is the 20 K spectrum for RbMnBr
3

, 

To the author's lmowledge. the Raman spectrum for this compound has 

hitherto not been reported, The structure for this compound was first 

reported by Glinka et.a al. (1972) to be the 2L structure (space group 

4 P63/mmc or D6h). Subsequently this was confirmed by Goddyear et.al. 

(1980). As such, the Raman spectrum of RbMnBr3 should show only five 

first order phonon peaks, similar to other 2L AMBr3 compounds. 

However, the recorded spectra show a large number of lines. mainly in 

the YX polarisation. Samples cleaved from two separately prepared and 

grmm s e-crystals were used to confirm the validi ty of the 

spectra. The observed spectral lines are genuine Raman lines as their 

frequency shifts did not alter when the laser excitation was changed 

from 496.5nm to 514.5nm. 

The observations of large numbers of spectral lines suggests that 

the uni t cell may contain more than two formula uni ts. The spectrum 

is in fact very simi lar to that of RbMgBr
3 

at 80 K (Tomblin et. al. 

1984) . However, the structure of RbMgBr
3 

has also not been 

identified. Physically, single-crystal RbMnBr 3 is indistinguishable 

. bo th being transparent pink and cleave readily in the from 

[1120J Further work is needed to clarify whether the observed 
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spectrum is indicative of the existence of a new low temperature 

structure or otherwise. 

Glinka C.J., Minkiewicz V.J .. COX D.E., Khattak C.P. (1972) AlP Conf. 
Proc. 10. 659-663 

Goodyear J., i E.M., Sutherland H.H. (1980) Acta. Cryst. B36, 671-2 

Tomblin C.W., Jones G.D .. Syme R.W.G. (1984) J. Phys. C 17. 4345-4368 



>-
.j..J 

• .-1 

III 

C 

(J.l 

.j..J 

c 
H 

..... 
III 

C 

CIl 

.j..J 

C 

H 

o 

o 

L=476.5nm 

trJ 
If) 

III 
(\J 
_('f'l 

~~ 
II 

II 

en 
III ... 

(0 
trJ 
(\J 

20K 

X (YX) Y 

I \... X {YZl Y , ______ -".. _______ ......i' ______ , ____ -"' __ ,..... ______ _ 

Frequency sh i ft 

x 0.05 y=0.05 

(f) 
(f) 
N 

x (ZZ) Y 

Part 1 

188 

350 

350 



>
-!J 
·rl 

(fJ 

C 
OJ 

-!J 
C 

H 

400 

L=476.5nm 

Frequency 

x=O.05 

20K 

y=O.05 Part 2 

o 
m 
(V'l 

1400 



L=476.5nm 

l I 

o 
Frequency shift 

x=O.10 y=O.02 

(cm 1) 

Part 1 

20K 

x (YX)Y 

400 
..... 
to o 



>. 
+I 
.,-1 

III 
C 
III 
+I 
C 
H 

L=476.5nm 

400 

X(YX)Y 

Ii 822 

II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
I 

Frequency shift 

x=O.10 y=O.02 

20K 

1265 

1400 



m 
C\I 

UJ 

I 
z 
H 
-l 

l 
>-
.jJ 
• .-1 

!fJ 
C 
ill 
.jJ 

C 

~ H 

I 

o 

Ln 
1.0 01 

~I 
I 

./ 

I 
I 
I 
I 
J 
I 
I 
I 

r-- J I 
~I I 

I I 
I I 
I I 
I I 
I I 
I r-- I 
I C\I I 
! .... I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

Ln 
M 0 .... m 

"" 

.... 
m .... 

I I 
I I I 

I j' 
I ,i 

m 
"f Ln 
C\I C\I ru 

"f 
M 

I (I , 
I \ I i II 

I I " II 

L=496.5nm 

1 

20K 

" 1 

I I I I I I \. 

~ I \ jl I, I I \ !O 

i\ ! \ "", Ii I !\ 1\\ \v\.f\.::g 
I 

I ~ I \ -, I I I I \ !'l 
'" ,.,.., x (lX) Y / ' I V '\ I . I J "\ 

u; -~ -~h ____ " ,N\ .,' ";,.1,,--,) ', ... " '-,,--,-.-.\/"-
\ Ji S x Ill) y.J ,~'~'.JvIV,~,~' 
\.w' V \",~,~~' 

Frequency shift 

x:::::O.10 y:::::O.05 Part 1 

350 



L=496.5nm 

400 
Frequency shift 

x=O.10 y=O.05 

[0 

m 
o 
..-I 

20K 

1500 



10 
10 

OJ 
ru 

UJ 
z 
H 

-' 
<i. 
:E 
[f.) 
<i. 
-' n.. 

o 

0
' ('11 

~, I 

- I 

r--' 
(\]1 

" I 

I 
I 
I 

I 
I 
I 
I 
I 
1 

I 
I 
I 
I 
I 

-q-
C'l a 
~i OJ .... 

• 
I 
~ 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 

I II 
\ II 
_,,~ I I 

\I\q~ '"\ I I 
I 1\ I I 
' ..... .... ~I\ J 

.'1 

Frequency shift 

x=O.:l.O y=O.10 

~ 
C'l 
ru 

(cm -1) 

,I 
,I 

( : 
'( 
, I 
I I 
I I 
I ( 
I I 
I I 
J I 
I , 
I I 
I I 
I I 
I 1 
I I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Part :l. 

L=496.5nm 20K 

x (YX) Y 

400 



:>. 
..IJ 
·rl 
!/) 
c: 
W 

..IJ 
C 

H 

l 

400 

,\ . 
. L.w 

l. 

II 
II 
II 
II 
II 
II run 

11011 
II 
II 
II 
II 
II 
II 
II 
1I 
II 
II 

I 

Frequency 

x=O.10 
shift 

y=O.10 

L==496.5nm 20K 

x y 

:1500 



>
.jJ 
·rl 
II) 

C 
Q.l 
.jJ 

C 
H 

to 
l!) 

r--. 
(\1 
y' 

x=0.15 

a 
m 
vi 

y=0.10 

m 
to 
N 

L=501.7nm 20K 

x ryX) y 



L=501.7nm 20K 

400 Frequency shift (cm -1) 1500 

x=O.15 y=O.10 Part 2 



» 
.jJ 

'rl 
If) 

C 
Ql 
.jJ 

C 
H 

o 

I I ~ 
I I ~ 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I l 
I 
I 
I 

o 
m 
..-i 

Frequency shift 

x=O.01 y=O.10 

m 
~. 

ru L=476.5nm 20K 

400 



II 10 
iD 

L=476.5nm 20K I It' 
ru 

I~ 
"<"'i 

NI 
~I II I 

I 
ru 
ro 

I II 
(TJ 

I II 
..-'I 

I I II 
l"-

I 
U1 

III 

...-i 

I 
"<"'i 

III 
Y 

(TJ I :>. t' I ! -iJ "<T 
·M 

!IJ 
C I 

V I w 
-iJ I 
c 1\ J H ~ II iD I ,~ ru 

I I U1 \ 
'il1'1N} ~)\~t\t.~~~~,IItr4~lMfffl!l~'~ 1,¥,,,,~~~Ur~'t 

X (YZ) Y 

x (ZZ) Y 

Frequency shift 

x=O.01 y=O.10 Part 2 



L=47Ei.5nm 20K 

X(ZX)y 

I I I 
I I II 
II 11m 
I I II '<r 

NIl 11
m 

Nil )1 
m I II 

I I II 
I I II 
I I II 
I I II 
I I II 
I I II 
) I )1 
I I II 
I I II 
I I II 
I I II 
I I II 
I I ,I 
I I I' 
I I II 
I I ,I 
I I II 
I I II 
I I II 
I I II 
I III 
.1 1,1 
I II I 
I II I 
I II I 

I I 

Frequency shift 

x=o.oo y=O.10 

I 

LO 
I N. 

ID I m 
N I 

["l 

.... ..... 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

,.. 
LO .... .... 

Part 2 



;>. 
~.J 

·rl 
UJ 
C 
QJ 

+' 
C 
H 

o 

to 
U1 

l"<t a 
I~ OJ 

0
' I (Tli 

~-< I I'-. I 

IlU I 
I ... -{ I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Frequency shift 

x=o.oo y=O.10 

\ I 
\ ... _/ 

I , 
'I 
I( 

" f I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I 
I 

I , 

L=476.4nm 20K 

400 



>-
.,IJ 
.,-j 

Ul 
c: 
(JJ 

.,IJ 

c: 
H 

>
.,IJ 
'r-! 
UJ 
C 
(JJ 

.,IJ 

C 
H 

o 

o 

L=514.5nm 20K 

(!J 
to .... 

Il1 
f'.. 

x (YX)Y 

X (ZX) Y --- - -- --"-- -'\'. ---------;- - - - --- - -- -"" -- --- - - - - ---- -'" -- - - -- - - - - - - --- - - ---

C\J 0 
C\J tOU1 

""l' 

Frequency 

en 
to 

Frequency 

shift 

shif:: 

-1 (em -) 

X (Zl)'( 

202 

250 



203 

Appendix B 

The matrix elements of the A, /1, 1(' and J.l' terms with I 2 I MSML > 

states as basis functions can be easily calculated using quantum 

mechanical operators, Therefore only the matrix elements of the 

!! s !! s 
operator (E8 E8 + Ee Ee ) are tabulated here, The mul tiplicative 

f 
. I 

actor IS 2' 

xl 
2 

1±2, 0) 1±1, ±1> 1+2. ±1> Fl. 0) 10, +1> 

1±2, 0> 0 3-f2 0 0 +D 

1±1. ±1> 3-f2 0 0 ±3 ±D 

1+2, ±1> 0 0 0 -3-f2 ,[(3 

I±l, 0> 0 ±3 -3-f2 0 D 

10, +1) +,[(3 ±D ,[(3 D 0 

xl 2 11. -1) 10, 0) 1-1, 1) 1-2, -1) 12. 1) 

11. -1) 0 -D 3 0 3-f2 

10, 0> -D 0 -D -,[(3 ,[(3 

1-1. 1) 3 -D 0 -3-f2 0 

1-2, -1) 0 -,[(3 -3-f2 0 0 

12, 1) 3-f2 ,[(3 0 0 0 
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The tions of the fitted effective Hamiltonians for 

CsMgC1 3 :Fe, CsMgBr
3

:Fe and CsCdBr3 :Fe. 

The IMSML> basis states are: 

~1 1-2,0> ~6 == 12,0> ~1l == 11,-1> 

~2 1-1,-1> ~7 =: 11,1> ~12 = 10,0> 

~3 12,-1> $8 =: 1-2,1> $13 =: 1-1,1> 

$4 =: 11,0> $9 =: 1-1,0> $14 =: 1-2,-1> 

1>5 =: 10,1> $10 =: 10,-1> $15 = 12,1> 

$1(1)6) ';2(';7) $3("8) "4(';9) cf#5(';10) 

'1'3 
(1) + 0.001 :; 0.001 0.201 -0.961 0.192 

(2) ± 0.988 :; 0.512 a - 0.001 0.001 

(3) a 0.001 ± 0.971 + 0.169 + 0.169 

'1'3 
(4) ± 0.004 ± 0.012 0.130 0.220 0.967 

(5) ± 0.152 ± 0.988 - 0.002 - 0.004 - 0.012 

';11 1>12 "13 cf#14 cf#15 

'1'1 
(1 ) 0.210 - 0.955 0.210 0.001 0.001 

'1'2 
(1 ) - 0.707 a 0.707 0.005 0.005 

'1'1 
(2) - 0.675 0.298 - 0.675 0.009 0.009 

(2) 0.005 a - 0.005 0.707 0.707 

'1'1 
(3) - 0.008 0.005 - 0.008 0.707 - 0.707 
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CsMgBr3 

~1(~6) ~3(1'8) ~4(~9) 1/15(1/110) 

73 
(1) + 0.008 + 0.011 0.240 - 0.940 0.241 

73 
(2) ± 0.978 + 0.208 0.003 - 0.009 - 0.015 

73 
(3) + 0.042 + 0.117 0.168 - 0.282 - 0.937 

73 
(4) 0.204 - 0.971 ± 0.022 ± 0.048 ± 0.112 

73 
(5) ± 0.003 + 0.005 - 0.956 - 0.185 0.227 

1/111 1/112 ~13 ~14 P15 

71 
(1) 0.254 - 0.933 0.254 0.006 0.006 

72 
(1) - 0.706 0 0.706 0.047 0.047 

71 
(2) - 0.655 - 0.355 - 0.655 0.091 0.091 

72 
(2) 0.047 0 0.047 0.706 0.706 

71 
(3) - 0.083 - 0.054 - 0.083 0.701 0.701 

1'1(1/16) ~2(q,7) ~5("'10) 

73 
(1) + 0.001 + 0.001 0.330 0.902 0.277 

73 
(2) ± 0.972 + 0.236 0 0.001 - 0.001 

73 
(3) 0 0 - 0.922 - 0.245 0.300 

73 
(4) ± 0.003 ± 0.008 0.202 0.354 0.913 

73 
(5) - 0.236 - 0.972 ± 0.002 ± 0.004 ± 0.008 

P11 P12 q,13 P14 "'15 

71 
( 1) 0.315 - 0.896 0.315 0 0 

72 
(1) - 0.707 0 0.707 0.003 0.003 

71 
(2) 0.633 - 0.445 - 0.633 - 0.006 0.006 

(2) 0.003 0 - 0.003 0.707 0.707 

71 
(3) 0.005 - 0.004 - 0.005 0.707 0.707 
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