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ABSTRACT 

Temperature-dependent "̂̂ Fe Mossbauer measurementis have 

been performed between 4.2 and 300K on three powdered samples 

of the oxide spin-glass Fe2-xTii+x05 with x=0.00, 0.20, and 

0.25. Our measurements show that the onset of spin-glass 

transition temperature, Tg, drops from 62K for x=0.00 sample 

to 41.5K for x=0.25 sample. The transition from the doublet 

paramagnetic state to the six lines spin-glass state covers a 

broad temperature range, in contrast to a sharp transition 

generally observed in magnetically order materials. A broad

ening in the background above the transition temperature may 

be interpreted as due to cluster freezing effects observed in 

the spin dynamics of the crossover region between the para

magnetic and spin-glass states. These results are consistent 

with earlier studies of the spin freezing dynamics of this 

system using ESR and |XSR. The Window method is employed to 

extract the hyperfine magnetic field distributions, p(H), 

from the 4.2K-Tg spectra. The resulting p(H) curves are not 

very sensitive to concentration, confirming the similarity of 

the glassy magnetic phases. The observed line broadening may 

be caused by the randomly distributed cations in Fe2-xTii+x05^ 

simulations of the spectra based on the Local Molecular Field 

Theory model, which calculates a distribution of hyperfine 

magnetic fields resulted from the randomly arranged nearest 

neighbor cations, is then performed to test this assumption. 

vi 



These simulations show that the randomly arranged cations are 

not the only source for the line broadening found in x=0.00 

and x=0.2 samples. The simulation, however, describes most 

of the general features of x=0.25 data well. The Mossbauer 

spectra at high temperatures indicate the presence of both 

Fe-̂"*" and Fê"*" ions in the two x>0 samples as expected, whereas 

only Fê "*" is seen in x=0.00 sample. However, the low 

temperature magnetic spectra appear to be nearly identical 

for all three concentrations, implying very little change in 

the spin-glass phase. The Fê"*" ions are not distinguishable 

from the Fê"*" ions in these spectra below Tg, an unexpected 

observation. 
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CHAPTER I 

INTRODUCTION 

The mixed iron-titanium oxides, Fe2-xTii+x05, also known 

by the mineral name of pseudobrookite, have been studied for 

a decade or more. First they were considered as a possible 

additive to enhance the thermal properties of ceramic insu

lators, and later they become important because of their 

highly anisotropic and glassy magnetic properties. This 

system was one of the earliest known examples of an Ising 

spin glass, and as such, attracted a lot of attention because 

it provided one of the few experimental testing grounds for 

theoretical treatments of the spin-glass problem based on the 

Ising model. 

1.1 Objectives and Approach 

The crystal structure of this insula-ting compound is 

orthorhombic (see details in 1.1.2). Metal ions occupy two 

crystallographic sites: one within a distorted octahedron (8f 

site) and the other surrounded by a rather symmetric octa

hedron (4c site) of oxygens. The magnetic ions, Fê "*", and 

nonmagnetic ions, Tî "*", are distributed on both the 8f and 4c 

sites in a disordered arrangement. It is quite likely that 

this "random" site occupation is responsible for the spin-

glass behavior of this material. Frustration and quenched 

disorder are two characteristics of spin glasses.^'^ Previous 



experimental studies in Fe2Ti05 show that the insulating 

spin-glass nature of Fe2-xTii+x05 has been attributed to 

frustration resulting from random distribution of Fê "̂  and 

Tî "'' ions on the (8f) and (4c) sites. The Ising nature of 

this system, i.e., its anisotropy, has been attributed to 

crystal fields due to the structure. 

1.1.1 Objectives 

The current project, an investigation of the Fe2-xTin-x05 

system by Mossbauer spectroscopy, grew out of these Ising 

spin-glass studies. The main objective of this investigation 

is to measure the hyperfine magnetic fields and to determine 

what changes occur due to dilution of the Fê"*" magnetism by 

addition of extra non-magnetic Ti"*"̂  ions. Pseudobrookite was 

expected to be an antiferromagnet because of its similarity 

to other mixed iron-titanium oxides which have well defined 

separate crystallographic sites for the two metal ions. This 

system is believed to show spin-glass properties because both 

metal sites in its structure have a mixed iron and titanium 

occupation. One of the goals of the present work is to look 

for effects in the hyperfine fields, and in the development 

of these internal fields as a function of temperature, which 

could identify whether the transition to the spin-glass state 

is homogeneous implying a uniform random mix of metal ions, 

or inhomogeneous implying some clustering of various Fe-Ti 

ratios into locally distinct regions. Large differences in 

the local Fe concentrations should result in a rather large 



spread of spin-glass freezing, or transition temperatures, 

Tg. One could expect that increasing tihe titanium content 

should modify any clustering effects and thus change the 

local magnetic field distributions, and should also result in 

observable differences in the transition region for different 

values of x. 

1.1.2 Approach 

In order to get more detailed information on the origins 

of spin-glass interactions we will study Fe2-xTii+x05 (x=0, 

0.2, and 0.25) by using Mossbauer Effect Spectroscopy (MES) 

because MES is a sensitive tool for determining the local 

magnetic fields and can provide some information on the spin 

dynamics. The lower temperature Mossbauer measurements were 

performed in order to examine the onset of hyperfine magnetic 

fields and thus obtain information about the magnetic order

ing in the spin-glass transition region. Since the cation 

occupations are disordered, which may be the source of spin-

glass behavior in this material, we can obtain additional 

information on both the magnetic ordering and the site occu

pation; i.e., whether it is random, or whether clusters of 

various Fe2-xTii+x05 oxides are formed, by examining the dis

tribution of hyperfine magnetic fields for Fe2-xTii+x05 as a 

function of T and x. We adopt the Window method^ to extract 

the hyperfine magnetic field distributions from our Mossbauer 

data below Tg. In order to understand more about the rela

tionship between the cation site distribution for iron ions 



and Ti4+ in Fe2-xTii+x05 (0 < x < 0.25) and the spin-glass 

properties, a simulation of the Mossbauer spectra was 

performed based on Local Molecular Field Theory^"^ assuming 

completely randomly distributed nearest neighbor cations. 

The nature of the change from a paramagnetic doublet to 

the typical magnetic six lines spectrum for iron ions pro

vides important information on whether the freezing is homo

geneous or inhomogeneous. This will determine whether pseu

dobrookite should be classified as a "cluster glass" as pro

posed from the JlSR results for x=0.25 sample. Our Mossbauer 

data provide a more direct view of the development of spin-

glass "order" from an internal field viewpoint rather than 

indirect measurements of the spin dynamics. A question also 

to be answered from the Mossbauer data is whether the spin-

glass and magnetic cluster formation temperatures observed in 

the dynamics represent abrupt transitions or are part of a 

much more gradual magnetic freezing process. 

Some expected and unexpected results are obtained. We 

expected a paramagnetic doublet to coexist with the magnetic 

hyperfine pattern at the temperature around Tg and such 

behavior is seen in our Mossbauer data. The onset of the 

spin-glass state was expected to decrease with increasing 

concentration of nonmagnetic ions, and the results show that 

the Tg's of the x=0.00 and x=0.20 samples are about the same, 

~62K; but is lowered to 41.5K for the x=0.25 sample. Broader 

lines and -18% concentration of Fê "*" ions were expected for 

the x=0.25 Mossbauer data compared to the x=0.00 data, but we 



see nearly identical spectra at 4.2K, which only a 2% area 

difference between the x=0.00 and x=0.25 spectra. For some 

reason, the Fe2+ ions are not distinguishable from the Fe-̂"*" 

ions in the spectra below Tg, even though they are already 

visible in the paramagnetic phase. Comparison of the 

simulated and observed spectra do show some differences which 

may be due to clustering. 

1^ About the Material (Ff̂ 2-xILil+xa5l 

In this section we discuss previous works on pseudo

brookite and briefly outline the major conclusions from those 

studies. Results of principal magnetic susceptibility, ̂~•'••'• 

neutron scattering,*^ specific heat,"̂  and oriented single-

crystal"̂  or powderl2-l4 Mossbauer measurements in Fe2Ti05 show 

that pseudobrookite exhibits strongly anisotropic spin-glass 

characteristics. A study of the spin freezing dynamics, 

using Zero-field muon-spin-relaxation (|XSR) and ESR 

measurements^^"^*^ in single crystals, has shown effects 

assigned to magnetic cluster formation above the bulk spin-

glass transition temperature. A summary of the experimental 

studies which have been reported during the last decade is 

given in section 1.1.1. 

The samples were prepared from single crystal pieces 

originally grown by Dr. J.P. Remeika and Dr. V.A.M. Brabers 

from the melt by a floating zone technique. 1̂ '16 The single 

crystals were checked by means of X-ray diffraction. Auger 

analysis and resistivity measurements.^^ 



1.2.1 Results of Previous Experimental 
Technique-^ 

A summary of several experimental studies of Fe2Ti05 

which have been reported during the last decade is presented 

in the following. 

i. The magnetic susceptibility measurements'''"-̂ -'- show 

Fe2Ti05 to be strongly anisotropic at low tempera

tures . A cusp is observed in the zero field cooled 

magnetization along the c axis near 50K. The glass 

transition is signaled by this cusp and is placed at 

55K in the low field measurements (see Fig. 1.1 from 

ref.7). The Ising properties are clear by contrast

ing the c-axis results with the smooth paramagnetic 

behavior found down to ~8K for fields applied 

along the a and b directions. Below 8K a plateau is 

found for fields along the b direction and a broad 

maximum is observed along the a direction. The 

anomaly around 8K could signal a crossover to 

transverse freezing.^ The effective magnetic 

moment, jleff/ measured from the 100< T <300K 

susceptibility data is much lower than the 

theoretical full moment value, 5. 92|J,B̂  expected for 

isolated Fe-̂"*" ions with S=5/2 . The high temperature 

susceptibility measurements showed that the Curie-

Weiss behavior (with fi-eff approaching the free-ion 

value) exists at temperatures above 650K and that 

strong antiferro-magnetic bonds are present. 
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ii. The powder neutron diffraction measurements'^ did not 

reveal any long range magnetic order even at liquid 

helium temperature. Analysis of the 2 95K neutron 

diffraction pattern also showed conclusively that 

the Fê "*" and Ti"̂ "̂  ions are distributed on both the 

(8f) and (4c) sites of the Dl'72h (CmCm) space group. 

A broad diffuse background in the pattern is a 

characteristic of short range magnetic correlations, 

and it follows that at least some of the Fê ''"-Fê "'' 

exchange bonds are surprisingly strong. These mea

surements confirm the glassy nature of the magnetic 

ordering and provide a clue as to why there is no 

long range order, 

iii. The ultrasonic measurements of single-crystal, and 

specific heat measurements'^ of powdered Fe2Ti05 in 

the temperature range between 30 and 80K revealed no 

anomalies. This result also gives evidence that 

there is no long-range magnetic order in Fe2Ti05 

below 55K. The absence of such anomalies expected 

for an antiferromagnet is characteristic of spin-

glass behavior, 

iv. Mossbauer effect measurements'^ of oriented single-

crystal Fe2Ti05 showed that a) the Am=0 lines are 

markedly suppressed for y radiation parallel to the c 

axis, while they are dominant when the y radiation is 

perpendicular to this axis, b) the hyperfine magnetic 

fields are coaxial with the spin orientation along 

8 



the ±c axis, and c) no indication of any relaxation 

effects was observed. 

V. Zero-field p.SR measurements^^'l"^ on the x=0.25 spin-

glass compound indicate that cluster effects are 

important just above the spin-glass transition 

temperature, in the range of Tg=43.5±0.5K to 60±1K. 

Results from combined ESR and |J,SR data^^ on titanium-

rich samples indicate less rapid freezing in the 

diluted pseudobrookites and yield power-law and 

Vogel-Fulcher spinfreezing parameters consistent with 

other methods. The samples used in these two 

experiments are from the same growth batches as the 

samples used in the current Mossbauer measurements. 

1.2.2 Crystal Structure of Fê TiÔ ^ 

According to Wyckoff,^^ Fe2Ti05 has orthorhombic symmetry 

and contains four molecules in a unit cell with dimensions 

a=9.792A, b=9.93 A, c=3.72 A. The neutron diffraction cry

stallographic data at 2 95 K indicate that Fê "*" and Ti"̂"*" ions 

are essentially randomly distributed on the 8f and 4c sites 

rather than fully ordered as originally reported by Pauling. 

The structure belongs to the Dl'72h(CmCm) space group. The 

atoms are in the following fractional positions: 

(4c) ±(u, 1/4, 0; u+1/2, 1/4,1/2) 

(8f) ±(u, V, 0; u, 1/2-v, 0; u+1/2, 1/2-v, 1/2) 



with the parameters u and v tabulated in Table 1.1.^^ The 

coordination and local environment of the cation sites is 

schematically illustrated in Fig. 1.2 (from ref.19) and 

Fig. 1.3 (from ref.12), along with some relevant interionic 

distances. The six nearest cations around a central 4c site 

cation are all in 8f sites while the six nearest cations 

around the central 8f site cation are made up of three in 4c 

sites and the other three in 8f sites. The 4c site 

(nominally Tî "*") cations are surrounded by fairly uniform 

octahedra of oxygen ions at distances of 1.91-1.95 A; but the 

8f site (nominally Fe-̂"*") cations are in much more strongly 

distorted oxygen octahedra. Four of the oxygen ions around 

the 8f site are positioned almost tetrahedrally at distances 

between 1.90-1.93 A while the remaining two are situated at a 

distance of 2.25 A. 

10 



Table 1.1 Atomic Positions of Fe2Ti05.5 
11 

Atom Position u v 

Ti 

Fe 

0 ( 1 ) 

0 ( 2 ) 

0 ( 3 ) 

(4c) 

(8f ) 

(4c) 

(8f ) 

(9 f ) 

0.190 1/4 

0.135 0.560 

0.730 1/4 

0.045 0.110 

0.310 0.095 
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Fig. 1.2 The Crystal Structure of Fe2Ti05. 
Left: The orthorhombic structure of pseudo
brookite, Fe2Ti05, projected along its CQ axis. 
Right: A packing drawing of the orthorhombic 
structure of pseudobrookite, Fe2Ti05, seen 
along its CQ axis. The titanium atoms are 
black and the iron atoms are small and heavily 
ringed. 
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Fig. 1.3 Cation Positions of Fe2Ti05 Projected Along 
the c-Axis: Large open circles, Fe at z=0; 
small open circles, Ti at z=0; Large shaded 
circles, Fe at z=l/2; small shaded circles, 
Ti at z=l/2. 



CHAPTER II 

MOSSBAUER EFFECT 

The recoil-free emission and resonant absorption of nu

clear gamma rays in solids were discovered by Rudolf L. Moss-

bauer^O i^ 1957. Detailed discussions on the theoretical 

foundations and the origin of the hyperfine interactions can 

be found in the literature.21-24 The Mossbauer effect arises 

when the recoil energy is less than the phonon energy (10"2-

10"! eV) in the collisions between y-rays and atoms bound in 

solids so that the quantized lattice can not be excited in an 

arbitrary fashion. The most important feature of Mossbauer 

spectroscopy is that it is possible to determine the energy 

of y-rays very accurately. This allows the precision 

necessary to observe the very narrow recoil-free resonances 

involved in the Mossbauer effect. The extreme sharpness of 

the Mossbauer transition leads to measurable differences that 

result from changes in chemical bonding, structure, and the 

existence of internal magnetic fields. The total range of 

these hyperfine effects covers about one millionth of 1 eV. 

The nuclear lifetime of iron is the order of -10""̂  sec which 

corresponds to a width of -lO-^ eV. The ratio of the width to 

the total energy of the gamma ray (14.4 KeV in our case) is 

^10~12 which makes the Mossbauer technique the most accurately 

defined electromagnetic radiation available for physical 

experiments. 

14 



15 
There are more than 4 0 Mossbauer isotopes which have an 

appropriate life time (1-100 ns) and energy of y-rays (10-100 

keV) in the first excited state. The '̂̂ Fe is a suitable 

isotope^S for use in this work. Some properties of the "̂̂ Fe 

nucleus are shown in Fig. 2.1 and Table 2.1. 

2.1 Probabilities for Observing 

Mossbauer Resonance 

The fraction of gamma rays which are emitted (or ab

sorbed) without energy loss due to recoil is related to the 

dynamical properties of the solid lattice in which the 

emitter or absorber nucleus is located. In general, the 

gamma ray emission (or absorption) process involves the 

nucleus changing its energy state from |Ni> to |Nf> and the 

crystal lattice simultaneously changing its vibrational state 

from ILi> to |Lf>. There is a finite probability that during 

the period of the emission or absorption of the gamma ray, 

the lattice state does not undergo a change. A general 

expression for the fraction of zero-phonon processes is 

f = exp[-47c2 <x2> / >,2] 

= exp[-k2 <x2>] (2.1) 

where ^ is the wavelength of the gamma quantum, k = lii/X = 

27CE/hc, and <x2> is the component of the mean square vibra

tional amplitude of the emitting nucleus in the direction of 
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16 

5/2 

E.G. 
~0.6MeV 

123 keV 

^1/2=10"' 

14.4 keV 

Fig. 2.1 The Decay of 57co to 57pe. g^c. denotes 
electron capture. 



Table 2.1 Properties of ^'^Fe 
17 

Ground state First excited state 

Energy (keV) 

Spin and parity 

Magnetic moment(nm) 

0 

1/2-

0.0903 

Quadrupole moment(barns) 0 

Mean life time(sec) Stable 

14.36 

3/2-

-0.153 

0.29 

1.4x10-7 

Internal conversion coefficient: 9.7±0.2 

Isotope abundance: 2.19% 

Maximum resonance cross section: 256.6xl0"20 cm2 

Natural line width: 0.194 mm/sec 

Recoil energy: 1.957x10"^ eV 

the gamma ray. With this equation we have obtained impor

tant results for the Mossbauer effect: 

i. the recoil-free fraction increases with decreasing 

energy of y-rays (y-rays with an energy about 5-

150 keV are important for Mossbauer effect), and 

ii. the recoil-free fraction becomes large at low-T 

because <x2> decreases. 

2.2 Hyperfine Interactions 

Hyperfine interactions, the electric and magnetic inter

actions between the electrons of the Mossbauer active ion 



18 
(and also other neighboring charges in the lattice) and the 

emitting or absorbing nucleus, cause the nuclear energy 

levels to shift and split. The appropriate Hamiltonian is 

shown in the following: 

H = H(eO) + H(ml) + H(e2) + (2.2) 

The first term in Eq. (2.2) stands for the Coulombic interac

tion between the nucleus and electrons at the nuclear site, 

which affects the nuclear energy levels without altering 

their degeneracies. The second term H(ml) refers to the 

coupling between the nuclear magnetic dipole moment and an 

effective magnetic field at the nucleus. The third term, 

H(e2), represents electric quadrupole interactions. H(ml) 

and H(e2) split the nuclear energy levels into sublevels 

without shifting the center of gravity of the multiplet. 

2.2.1 Isomer Shift 

The isomer shift,26-28 ^ shift in the center of the 

spectrum experimentally, arises from the fact that an atomic 

nucleus occupies a finite volume, and s-electrons have the 

ability of penetrating the nucleus and spending a fraction of 

time inside the nuclear region. The difference between the 

electrostatic interaction of a hypothetical point nucleus and 

one of actual radius R, both having the same charge Ze, is 

5E = 27C/5 Ze2|^(0)|2R2 (2.3) 



19 
where -e|^(0)|2 is the electronic charge density. This 

expression relates the electrostatic energy of the nucleus to 

its radius, which will in general be different for each 

nuclear state of excitation, or energy level. Observations 

are made not on the location of individual nuclear levels but 

on gamma rays resulting from transitions between two such 

levels. The change in the energy of the gamma ray due to the 

nuclear electrostatic interactions for the nucleus in the 

ground and excited states is 

5Eex - 5Egd = 27C/5 Ze2 |^(0) |2 (R3x2 _ Rg^2) . (2.4) 

We compare the nuclear transition energy in a source with 

that in an absorber in a Mossbauer experiment. The shift 

relative to some standard substance is obtained by taking the 

difference of Eq. (2.4) for a standard source and an 

absorber. 

I.S. = 47C/5 Ze2R2 (5R/R) {|4'abs(0)|2 - l^source (0) 12} 

nuclear atomic (2.5) 

where 5R = Rex - Rgd. This equation consists of two factors: 

the second contains the electronic charge density at the 

nucleus, which is an atomic or chemical parameter, since it 

is affected by the valence state of the atom; the first con

tains only nuclear parameters. 
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This equation indicates that only the s-electrons 

affect the isomer shift. However, the unpaired d-electrons 

also indirectly affect the isomer shift. For example, in our 

pseudobrookite system, Fe2-xTii+x05, both the Fe2+ and Fê "̂  

ions exist in the x=0.2 and x= 0.25 samples. The atomic 

configurations of Fe2+ (3d6) and Fê "*" (3d^) differ only by a 

d-electron which does not itself contribute to the change 

density 14^(0)|2. The effect arises indirectly via the 3s-

electrons which spend a fraction of their time further from 

the nucleus than the 3d-electrons. The electrostatic poten

tial which they experience depends on the screening effects 

of inner electrons. Thus adding a d-electron reduces the 

attractive Coulomb potential and causes the 3s-electronic 

wave function to expand, reducing the 3s charge density at 

the nucleus. In this indirect way, the removal of the 6th 

3d-electron in going from Fe2''" to Fê "*" increases the charge 

density at the nucleus and results in a smaller, positive 

isomer shift. 

2.2.2 Quadrupole Coupling 

Usually the nucleus is not spherical and the charge 

density is not uniform. This will result in higher order 

terms in the multipole expansion of the electrostatic inter

action. These terms do not shift the nuclear levels, but 

rather split them, i.e., they lift all or part of the (21+1)-

fold degeneracy (I is the nuclear spin quantum number). 
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The quadrupole coupling, H(e2),29 is the result of the 

interaction of the nuclear quadrupole moment, Q, with the 

gradient of the electric field (VE or EFG) due to other 

charges in the crystal. The nuclear quadrupole moment re

flects the deviation of the nucleus from spherical symmetry. 

A nucleus with a negative quadrupole moment is flattened 

while a nucleus with a positive moment is elongated. Two 

fundamental sources of EFG are the charges on distant ions 

and the electrons in incompletely filled shells of the atom 

itself. The EFG due to partially filled, non-spherical 

shells tends to be larger than that due to distant charges. 

The EFG is obtained by applying the gradient operator to the 

three components of the electric field. The EFG is a 3x3 

tensor, which can be reduced to diagonal form in the proper 

coordinate system so that it can be specified by three 

components 3v/3x2, 3v/3y2, 3v/3z2 (generally abbreviated Vxx/ 

Vyy and V^z) . These three components are not independent, 

however, since they must obey the Laplace equation in a 

region where the charge density vanishes: 

Vxx + Vyy + Vzz = 0. (2.6) 

As a result, there remain only two independent components, 

usually chosen as V^z and Tl, the asymmetry parameter which is 

defined by 

n = (Vxx - Vyy) / Vzz. (2.7) 
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Many of the properties of EFG tensor can be deduced from the 

symmetry properties of the crystal. An axially symmetric 

field gradient can be completely specified by its z-

component. Two mutually perpendicular axes of three-fold or 

higher symmetry result in a vanishing field gradient. The 

Hamiltonian for the quadrupole coupling can be written as 

H = Q V E (2.8) 

and its eigenvalues are 

EQ = e q Q / 4 I ( 2 l - l ) [3mi2 - 1 (1 + 1) ] (1 + Tl2/3)l /2 

mj = I , I - l , . . . , - I . (2 .9) 

This expression contains only the second power of the magne

tic quantum number mj, which means that states whose mj differ 

only in sign remain degenerate. The angular dependence of 

the radiation pattern produced at the '̂̂ Fe nucleus by an EFG 

with axial symmetry (T|=0) is given in Table 2.2. 

For an 1=3/2 nucleus, such as '̂̂ Fe, the quadrupole 

interaction leads to a two line spectrum in the absence of 

other major splittings. This two line spectrum is typical of 

iron in a paramagnetic setting. The relative line intensi

ties of the two quadrupolar split lines are 3:1 for 9q=0°, and 

3:5 for 0q=9O°. The relative line intensity will deviate from 

these values whenever Tĵ tO, because the nuclear wave functions 

are no longer pure |m> states. For a randomly oriented 
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Table 2.2 Angular Dependence of the Electric Quadrupole 

Interaction of ^'^Fe {T{=0) . 6q represents the angle between 
the direction of the principle axis of the electric field 
gradient and the propagation direction of the y-radiation. 

Transition Angular dependence 

±3/2 -> ±1/2 1 + cos2eq 

±1/2 -> ±1/2 2/3 + sin2ea 

polycrystalline material, the relative line intensities are 

1:1. In the case of '̂̂ Fe, the configuration of divalent iron, 

Fe2+ (3d6),28 in a weak crystal field where Hund's rules are 

obeyed is 5D4, i.e., there is one d-electron outside a half-

filled shell with spherical symmetry. The entire field 

gradient then arises from this sixth 3d-electron, assumed to 

occupy a definite crystal field state. In this case, where 

the EFG arises mainly from electrons associated with the atom 

itself, the temperature dependence of the quadrupole 

splitting is often very pronounced. For the second case 

relevant to our experiments, the ionic trivalent iron (3d5) 

has smaller qua-drupole couplings. In a weak crystal field, 

the configura-tion of the outer shell of the Fê "*" ion is 

6S5/2. The five 3d-electrons are in a half-filled shell with 

spherical symmetry which does not contribute to the field 
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from the field gradient due to other ions in the crystal. 

For trivalent iron ions, the quadrupole splitting varies only 

slightly with temperature, since the position of neighboring 

changes depend only on thermal expansion. 

2.2.3 Magnetic Hyperfine Interaction 

The magnetic hyperfine interaction is the interaction of 

the nuclear magnetic dipole moment |X with the magnetic field. 

Hint/ mainly due to the atom's own electrons. The Hamiltonian 

of the interaction is 

H(ml) = - ^Hint (2.10) 

and the energy levels are 

Em = -g|Xn Hint mj mj = I, I-l, ..., -I (2.11) 

where M-n is the nuclear magneton and g the gyromagnetic 

ratio. There are 21+1 equally spaced levels. This equation 

is applied to ^'^Fe in Fig. 2.2. In general, a gamma transi

tion between two nuclear levels of spin Ii and I2 must con

serve the z-component of angular momentum, i.e., the angular 

momentum, L, carried off by the gamma ray must satisfy 

(Il - I2) < L < Ul + I2I . (2.12) 

However, L can not be zero. For the nuclear Zeeman effect 
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we have the selection rule, Am=0,±l. For ^'^Fe, where Ii= 3/2, 

l2=l/2, L=l, the relative probabilities for the various 
« 

allowed transitions are given in Table 2.3. The allowed 

transitions leading to the six-line pattern characteristic of 

iron in a magnetic material in the ordered phase are shown in 

the diagram (Fig. 2.2). From Table 2.3 one can find the 

relative line intensities of a Zeeman hyperfine pattern in 

the thin absorber approximation, assuming isotropy of the 

lattice vibrations. The relative line intensities for 6ni=0 

are 3:0:1:1:0:3 and for 9ni=90°, 3:4:1:1:4:3. The relative 

line intensities for a randomly oriented magnetic material 

are 3:2:1:1:2:3. Note: a) that the intensity of the Am=0 

transition vanishes for 6=0, i.e., along the magnetic axis; 

b) that the sum of the three angular functions is independent 

of angle, i.e., that total radiation emitted between the 

1=3/2 and 1=1/2 states has spherical symmetry; and c) that 

the average over a sphere of the angular dependence for each 

component reduces to the total relative probability for the 

random case (the average of cos20 over a sphere is 1/3, the 

average of sin2e is 2/3). A Mossbauer spectrum of an a-Fe 

foil with a hyperfine magnetic field of Hint = 330 KOe is 

shown in Fig. 2.3. The Mossbauer spectrum of ^'^Fe is a 

symmetric six line spectrum with A16/A34 = 6.35 and A25/A34 = 

3.675 (Aij is the separation between the ith and jth lines). 

This spectrum presents the magnetic hyperfine interaction 

alone. 



Table 2.3 The Relative Probabilities for the Various 
Allowed Transitions of '̂̂ Fe Nucleus. 
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Transitions Am Total Angular dependence 

3/2 -> 1/2 -1 

-3/2 -> -1/2 +1 

1/2 -> 1/2 0 

-1/2 -> -1/2 0 

-1/2 -> 1/2 +1 

1/2 -> -1/2 -1 

9/4(l+cos2e) 

3 sin2e 

3/4(l+cos2e) 

The various sources of the hyperfine magnetic interac

tion are discussed in the following, 

i. Fermi contact interaction: 

The Fermi contact interaction arises from the unba

lanced spin density of s-electrons at the nucleus. 

For ionic iron compounds, this term is large and 

negative (i.e., the atomic moment and the magnetic 

field at the nucleus are oppositely oriented). The 

exchange interaction between the spin-up polarized 

d-shell and the spin-down s-electron is repulsive. 

As a result, the radial parts of the two s-electron 

wave functions will be different, one being pulled 

toward the nucleus, the other pushed outward. Hence 

the spin densities at the nucleus no longer cancel 

and a Fermi interaction is observed. 
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11. The spin-orbit interaction 

The spin-orbit interaction arises from the orbital " 

angular momentum of the ion. For high-spin ferric 

compounds, this term is 0 because the ferric iron is 

in an S-state, 655/2. In ferrous iron the spin-orbit 

interaction can be large and of opposite sign to 

Fermi contact interaction, 

iii. The dipolar interaction 

The dipolar interaction is produced by the arrange

ment of atomic moments throughout the crystal. The 

dipolar fields due to neighboring ions interact with 

the moment of the Mossbauer ion in the usual way to 

produce this term. For most iron compounds, the 

dipolar interaction is somewhat smaller than the 

other two interactions above. Because Horb=0 in 

high-spin ferric compounds, the hyperfine field at 

low temperatures in these compounds is always nega

tive and on the order of 500-600 kOe. In ferrous 

compounds where Horb can be large, the sign of the 

hyperfine field may be difficult to predict parti

cularly when the observed internal magnetic field is 

small. 

2,2.4 Combined Magnetic and Electric 
Hyperfine Coupling 

Both the magnetic and quadrupole interactions are 

direction-dependent effects, and consequently, when both are 
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present the general interpretation of the spectrum can be 

quite complex. These combined effects can cause a change in 

the line positions and/or in the relative line intensities 

and widths in the hyperfine pattern. If the electric field 

gradient tensor is axially symmetric and its principal axis 

makes an angle 9 with the magnetic axis, then a relatively 

simple solution exists provided that e2qQ « }IH. In this 

case the quadrupole interaction can be treated as a first-

order perturbation to the magnetic interaction. The 

resulting level splitting is illustrated for a 3/2 —> 1/2 

decay as the final stage in Fig. 2.2. 



CHAPTER III 

INSTRUMENTATION 

In this chapter we discuss the instrumentation and tech

niques used in Mossbauer effect spectroscopy (especially for 

low temperature) . The Mossbauer effect is based on very 

simple and yet elegant recoil-free concepts discussed in the 

last chapter. The technique is simple as well. All it takes 

is a moving source that emits y-rays, an absorber (sample), 

and a detector that detects the y-rays that are transmitted 

through the absorber. All transmission Mossbauer effect 

spectrometers consist of these three basic components. 

3.1 Mossbauer Effect Spectrometer 

The Mossbauer Effect Spectrometer that we have available 

is the ASA-600 spectrometer manufactured by Austin Science 

Associates (ASA). The spectrometer includes: 

a. a Co^^ source 

b. a linear motor and a laser interferometer assembly, 

c. a Mossbauer (linear motor) controller, 

d. a cryostat with holder for absorber, 

e. a detector, 

f. a pulse amplifier and a single channel analyzer, and 

g. a computer, CRT display unit, and printer. 

31 
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The inter-connections of these are demonstrated by the 

block diagram in Fig. 3.1. The ASA-6800 computer generates a 

bistable pulse at 208 msec intervals once the NMI interrupt 

of the Motorola-6800 microprocessor is activated by pressing 

the ADD(ress) ADV(ance) switch on the front computer panel. 

This signal is fed into the Mossbauer controller which 

actuates the linear motor by first positioning it in the 

starting position and then driving it at a scan rate of 6 Hz. 

The "̂̂ Co source is attached to one end of the motor shaft so 

the source motion is back and forth along the cylindrical 

axis. Gamma rays emitted from a moving source are Doppler-

shifted by an energy AE which is given by 

AE = EyV/C (3.1) 

where v is the relative velocity between source and absorber 

(v is defined positive if the source moves toward the 

absorber), Ey is the energy of y-rays, and c is the light 

velocity. The energy conversion can be calculated from this 

equation (1 mm/sec = 4.8x10-8 eV) . The y-rays are either 

absorbed by the sample when resonance occurs with the nuclear 

transitions or transmitted through the sample without attenu

ation. The detector and amplifier assembly, placed 13 cen

timeters behind the absorber in our system, counts the y-rays 

getting through, amplifies the resulting signal, and converts 

from an analog to a digital signal which is read into the 

computer. Over a period of 208 msec, the computer reads and 
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stores the Mossbauer data in 1022 channels, each correspon

ding to a different time, thus a different instantaneous 

velocity of the source. In fact, the computer can read two 

pieces of data for each channel, one for laser data, used to 

accurately measure the source velocity, and one for Mossbauer 

data. The laser data comes from the fringe patterns gener

ated by the laser interferometer whose moving mirror is 

attached to the opposite end of the motor shaft from the 

source. There are actually 2x1022 channels of data being 

logged in the 208 msec motor oscillation period. When the 

next NMI pulse occurs, the whole cycle is repeated and the 

new data is added to the contents of each channel. 

We now discuss the individual components of the ASA-600 

Mossbauer spectrometer. 

.3.1.1 The Source 

The source is "̂̂ Co in a Rh matrix. "̂̂ Co is used because 

the y-rays it emits can excite the '̂̂ Fe nuclei in the pseudo

brookite system we are investigating. The 5*̂ 00 source has a 

half-life of 270 days. When the source we used in our inves

tigation was bought 1987, it was 58 mCi. By the time this 

experiment was finished in 1989, it had dropped to less than 

15 mCi. The counting rates at the end were about 15 counts 

per channel per second. 



3.1.2 Linear Motor and Laser Interferometer 

The linear motor is used for driving the source at con

stant acceleration. The scan rate can be either 6 or 24 Hz. 

When the computer is used instead of a multiple channel 

analyzer (MCA), only 6 Hz is allowed. The linear motor is 

basically a coil in a uniform magnetic field. An Aluminum 

shaft with a pair of coils is mounted along the axis of the 

cylindrically shaped magnet assembly. A pair of spiral 

springs at each end of the cylinder are used to support the 

shaft. The Cô *̂  source is attached to one end of the shaft, 

and a plane mirror to the other end. When a triangular pulse 

is applied to the coil, it causes the shaft to oscillate with 

a constant acceleration along the cylindrical axis. The 

motor can handle a source as large as 2 kg and the maximum 

velocity for the 6 Hz scan rate is 15mm/sec. 

The mirror on the other end of the motor shaft forms 

part of a Michaelson interferometer. The movable mirror 

causes the fringe patterns which are registered by the 

computer, hence the instantaneous speed can be determined 

accurately. An additional advantage of the laser interfero

meter is that it allows one to check the velocity linearity 

of the motor quickly by simply fitting the laser data to a 

quadratic equation. If the velocity is linear, then the 

quadratic coefficient should vanish. A Helium-Neon laser is 

used as the light-source. 

35 
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3.1.3 The Mossbauer Controller 

The motor controller has many functions built in, such 

as controlling the ultralinearity of the motor speed, compen

sating for the spring distortion, selection of the constant 

acceleration or constant speed mode, selection of the velo

city window, and interfacing to the data recording system. 

In the present setup, the controller derives a bistable 

signal from the computer, generates a triangular reference 

signal, and converts the triangular reference signal by inte

grating it into a flyback waveform. This signal quickly 

repositions the motor in the starting position and starts the 

scan at a rate of 6 Hz. 

3.1.4 Cryostat 

Two types of cryogenic dewars were used in our measure

ments: the conduction type and a convection system. The 

conduction type dewar is a remodified Janis helium metal 

dewar which can hold about 2 liters of liquid helium. The 

system is made almost entirely of stainless steel except for 

the holder and outside tail section, which are made of Alu

minum instead of stainless steel in order to reduce the 

background from resonant scattering from iron in the stain

less steel. The cryostat consists of an inner vaccum-

insulated container holding the liquid helium, surrounded by 

a liquid-Nitrogen bath in an outer dewar vessel. The sample 

resides in the vacuum space on a cold finger, the temperature 

can be varied either by changing the temperature of the 
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coolant (liquid nitrogen or liquid helium in our case) or by 

partially decoupling the sample from the heat reservoir and 

applying a small heat input to it. We used the first method 

by lowering the pressure above the liquid nitrogen to collect 

data in the temperature range between 55K and 77K. We used 

the second method to collect the data in the temperature 

range between 4.2K and 55K. That arrangement uses electrical 

heating of the sample holder assembly which is partially 

isolated from the coolant by a suitable thermal resistor. 

Careful temperature shielding is required, since liquid 

helium has an extremely low heat of vaporization (0.68 

kcal/liter) and in Mossbauer experiments the recoil-free 

fraction depends on the state of excitation of lattice 

vibrations. Some additional equipment besides the dewar and 

coolants should be included, a) a good high-vacuum station to 

pump down the vacuum space of the dewar to at least IQ-^ torr, 

and b) a vacuum-insulated transfer line. The convection type 

cryostat cools the sample by evaporation, and the sample is 

directly expose to helium gas. A 5-liter liquid helium 

capacity Jannis dewar was used. The sample holder is a cup, 

lcm2 in area. 

? 1 .S Holder for the Absorbers 

The absorber is one of the Fe2-xTii+x05 (x=0, 0.2 and 

0.25) samples used in this experiment. The samples were 

prepared from crystals originally grown by Dr. J.P. Remeika 

and Dr. V.A.M. Brabers. 
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The sample must be first ground into powder. The optimum 

absorber thickness is about 10 mg/cm2 of total iron. If 

there is not enough powder to fill up the sample holder disc 

to get the optimum spectrum, a nonmagnetic and nonactive fine 

powder (for example, boron nitrite(BN)) can be added to fill 

the holder. For room temperature measurements, the holder we 

used is a thin disc of lucite 23 mm in diameter. Aluminum 

foils are used to sandwich the sample powder which was held 

together by Apiezon-N grease for low temperature measurements 

in the conduction type dewar. A thin disc of lucite 0.5 inch 

in diameter was used to hold the powder sample for the 

convection type dewar. 

3.1.6 Detector 

The detector is a proportional counter built for trans

mission type Mossbauer spectroscopy. The counter is filled 

with krypton and CO2• The krypton is preferred for Co^^ work 

because its 14.3 keV K-absorption edge is ideally matched to 

the 14.4 keV gamma resonance. 

?.i,7 Ampnfiers ^nd .Single Channel Analvzer 

A charge sensitive preamplifier amplifies the signal 

from the proportional counter and feeds it into a double 

differential linear amplifier with a gain of 100-2000. The 

linear amplifier output is fed into a single channel analyzer 

(linear gate) that has an upper and lower discriminator to 

select the 14.4 keV y-ray signal. The linear gate then 
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delivers a TTL and a linear signal suitable for both the 

multichannel-scaling (time) mode for the computer and a pulse 

height analysis for oscilloscope viewing. 

3.1.8 Computer 

The computer which came with the ASA Mossbauer effect 

spectrometer is a now outdated Motorola-6800 microprocessor 

based microcomputer. It has 64 K memory (ROM plus RAM), a 

monitor, a printer and a cassette drive. The data acquisi

tion program was already built into the ROM. Only the data 

analysis program written in BASIC and the BASIC interpreter 

needed be loaded into the RAM from a cassette tape when 

setting up the apparatus for the first time. However, a 

power surge, a power failure, or a move requires reloading 

the BASIC program. 

The computer generated ADD. ADV. pulses at 208 msec 

interval to signal the Mossbauer controller to drive the 

linear motor. Within the 208 msec interval, the computer 

acquires the laser and Mossbauer data and store them in 1022 

channels. Each channel is represented by 3 bytes of memory. 

The laser data is stored in memory location D400-DFFA 

(hexdecimal) and the Mossbauer data in C800-D3FF. So, a 

total of 6 kilobytes are required for the data storage. The 

6800 processor, at its present low speed, can not do anything 

else but collect data. In order to prevent accidental loss 

of data, we periodically send the data from the ASA-6800 

computer to an IBM AT and stored the data on disk. 



CHAPTER IV 

RESULTS AND DISCUSSIONS 

As mentioned in, the first chapter, the neutron diffrac-

tion data*̂  at 295 K for Fe2Ti05 showed that the magnetic ions, 

Fê "*", and non-magnetic ions, Tî "*", are randomly distributed at 

the 4c and 8f sites. When the magnetic nearest neighbors are 

replaced by non-magnetic cations the hyperfine field seen by 

a central iron ion will be reduced. In the case of Fe2Ti05 

there are six nearest-neighbor cations at an average dis

tance of 3.13 A from a central cation in a 4c or 8f site (see 

Fig. 2.5). There are seven possible configurations corres

ponding to 0, 1,..., 5, 6 nearest-neighbor magnetic ions 

respectively. This mix of local cation distributions will 

result in a distribution of hyperfine magnetic fields at ̂ '̂ Fe 

sites. 

Our Mossbauer data for the pseudobrookite system at low 

temperatures display magnetic hyperfine splitting with broad 

asymmetric lines (see Figs. 4.1-4.3) which is evidence of a 

substantial distribution of hyperfine magnetic fields. These 

broad features prevent a simple least squares fitting of the 

spectra to idealized 6-line spectra associated with specific 

sites. In order to analyze the spectra and get the distri

bution of hyperfine magnetic fields, we adopt the Window 

methodic which is often applied to amorphous material30-33 or 

the boroferrite systeitv̂ .̂ Because the lines are much broader 
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than the separation expected for 4c and 8f sites based on 

detailed simulations of the room temperature spectra, we 

choose to extract the distribution of fields from the data 

assuming a single type of site. Basically, this is valid 

when differences due to cation disorder are larger than 

differences between sites, a situation strongly implied by 

the experimental spectra at low temperatures. The results of 

detailed Mossbauer measurements in the temperature range from 

4.2 to 300K and detailed analysis based on both the Window 

method and least square fitting are presented in this cha

pter. We obtain information about the distribution of hyper

fine magnetic fields, p(H) from this analysis, without any 

direct information regarding the sites or arrangements of 

nearest neighbor cations. 

4.1 Window Method 

The Window method was originally developed by B. Window 

in 1969."^ This method is applicable when the following two 

basic assumptions are satisfied, 

i. the effects of both the quadrupole and isomer shift 

distributions are negligible (in many cases the 

effects of both the quadrupole and isomer shift 

distributions are not negligible). 

ii. the intensity ratios and line widths of the indi

vidual components of the distribution are known. 
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The main advantage of the Window method is that it does not 

require a priori knowledge of the distribution shape. There 

are two major shortcomings for this method: 

i. a serious problem arises from the ill-defined 

background: the resulting negative p(H) values cause 

a distortion of the determined p(H) (i.e., the real 

magnitude of p(H) is unknown). 

ii. only smooth and broad distribution functions can be 

found correctly while large errors arise if there 

are sharp peaks in the distribution. 

The evaluation of p(H) in this method is carried out by 

series expansion of p(H) using trigonometric functions as a 

basis. 

p(H) = y an {cos(^^^) - (-1)^}. (4.1) 
.^ " Hmax 
n=l 

Additional constraints are that the magnitude and derivatives 

of p(H) must satisfy certain boundary conditions, 

specifically 

where Hmax is an upper value, above which p(H)=0. The Fourier 

coefficients, an, which provide the best least-squares fit to 

the data can be determined from a set of (N+1) simultaneous 

equations. We assumed Fn(x) is the expected Mossbauer 
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spectrum for the distribution of hyperfine fields given by 

fn(H), where we define fn as elements of the distribution of 

hyperfine magnetic fields 

fn(H) = cos(^^^) - (-1)^. (4.3) 
"max 

The fitted spectrum is given by 

N 
y = B + C Y, anFn(x), (4.4) 

n=l 

i.e.. 

N 
y = £ A^Fm(x) (4.5) 

m=0 

where FQ(x) = 1 for all x, and B, the background, equals AQ. 

If the data are given by y', then the values of A^ necessary 

to minimize the sum of squares 

E = X (y-y')^ ^̂ -̂ ^ 
all X 

are determined exactly by solving the set of (N+1) simulta

neous equations obtained by setting the partial derivatives 

of E with respect to Am equal to zero. 

Since the coefficients an are to be calculated from a 

set of (N+1) simultaneous equations, one in practice uses a 

truncated Fourier series. As in all truncated Fourier 



analyses, the number of terms in the series must be chosen 

according to certain criteria; too few terms cannot truth

fully reproduce p(H) and too many terms require very long 

computation time and result in oscillatory features of the 

resultant p(H). Our choice of N was based on the test 

results from C L . Chien,33 which indicated that the best 

number of terms, N, is between 13 and 20. The Mossbauer 

spectra of the insulating spin glass system, Fe2-xTii+x05, at 

temperatures below 57K for x=0 and x=0.2 samples and below 

40K for x=0.25 sample were analyzed by adopting this method 

as described above, with N=15 and Hmax=800 kOe. 

The effective quadrupole interaction has been originally 

assumed to be negligible by Window and a single average 

isomer shift has been assumed for simplicity. However our 

Mossbauer spectra for Fe2-xTii+x05 show very broad lines and a 

slight asymmetry in line widths and intensities for lines 1 

and 6, and lines 2 and 5. They also show that the splitting 

between line 1 and line 2, A12, is slightly smaller than the 

splitting between line 5 and line 6, A56. These phenomena 

give us the information that the quadrupole interaction can 

not be ignored, and that area ratios under the lines should 

be compared rather than the intensity ratios. 

The value of the parameter, b=2, where the six spectral 

lines have the area ratios (3:b:1:1:b:3) under the lines, 

gave satisfactory results, and is theoretically expected 

since the magnetic moment directions are completely randomly 

distributed for the powder samples. Another fit parameter is 
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the line width, WQ; but it turns out that the values of WQ, 

within a reasonable range, do not affect p(H) significantly. 

±^ Window Method Results and Discussion 

The hyperfine magnetic field distributions (HMFD) 

from the Window analysis for the pseudobrookite system, 

Fe2-xTii+x05/ are shown in Figs. 4.4-4.6 and the corresponding 

fitted results are shown in Figs. 4.7-4.9. The oscillatory 

features of the p(H) obtained are the result of the truncated 

Fourier analysis as mentioned above. Since the field distri

butions obtained in these samples at different temperatures 

are asymmetrical, it is necessary to characterize the p(H) 

with two widths AHR and AHL, which are measured at the half-

maximum from Hp, the dominant peak value of p(H). From the 

measured p(H) one can also calculate the average field value 

HM, defined as 

HM = T"'̂ '' H p(H)dH. (4.7) 
-^0 
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These values are shown in Tables 4.1-4.3. 

4.2.-1 General Features 

Before further discussion, the general features 

exhibited by the field distributions are summarized as 

follows: 
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Fig. 4.5 The Hyperfine Magnetic Field Distribution for 
Fe1.8Ti1.2O5 at Different Temperatures. 
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Fig. 4.6 The Hyperfine Magnetic Field Distribution for 
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Fig. 4.7 Mossbauer Spectra of Fe2Ti05 Fitted by 
Hyperfine Field Distribution: Using the 
deduced p(H) shown in the Fig. 4.4. 
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Fig. 4.8 Mossbauer Spectra of Fe1.8Ti1.2O5 Fitted by 
Hyperfine Field Distribution: Using the 
deduced p(H) shown in the Fig. 4.5. 

http://Fe1.8Ti1.2O5
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Hyperfine Field Distribution: Using the 
deduced p(H) Shown in the Fig. 4.6. 
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Table 4.1 The Analyzed Results for Fe2Ti05 Sample by 

the Window Method. 

T(K) 

4.2 

20 

30 

55 

57 

HM(kOe) 

423.89 

357.77 

337.47 

103.64 

87.05 

Hleast 

452.40 

428.89 

419.00 

Hp 

465.71 

441.14 

425.71 

97.14 

81.14 

AHR . 

40.00 

45.71 

62.86 

AHL 

45.71 

51.43 

88.57 

Pmos 

0.107 

0.076 

0.046 

0.041 

0.042 

Table 4.2 The Analyzed Results for Fe1.8Ti1.2O5 Sample 
by the Window Method. 

T(K) 

4.2 

20 

30 

55 

HM(kOe) 

438.25 

364.78 

316.62 

145.69 

Hieast 

456.05 

429.84 

409.11 

Hp 

472.00 

440.00 

434.29 

91.43 

AHR 

40.00 

57.14 

65.71 

AHL 

45.71 

60.00 

74.29 

Pmos 

0.127 

0.059 

0.063 

0.041 

http://Fe1.8Ti1.2O5
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Table 4.3 The Analyzed Results for Fe1.75Ti1.25O5 Sample 

by the Window Method. 

T(K) 

4.2 

18 

30 

35 

38 

40 

HM(kOe) 

411.96 

344.46 

247.33 

144.22 

88.06 

18.45 

Hieast 

451.72 

419.84 

377.00 

Hp 

457.14 

433.14 

391.43 

125.71 

102.86 

102.67 

AHR 

44.57 

45.71 

71.43 

AHL 

45.71 

60.00 

188.57 

Pmos 

0.093 

0.071 

0.034 

0.029 

0.041 

0.061 

i. All the p(H) curves at 4.2K are well defined and 

rather smooth, structureless single-maximum 

functions of H. Slight "bumps" appear to exist on 

both shoulders, but may be due to the truncation. 

11 

111 

The p(H) curves are asymmetric with a larger popu

lation on the low-field side for 4.2K < T < 30K. 

The values of AHL are consistently larger than those 

of AHR and when temperature increases the value of 

AHL increases much more than that of AHR. The 

opposite trend is seen at results for p(H) at 

30K< T <Tg. 

The peaks of highest probability in the p(H) curves 

shift to smaller values of H and become broader with 

increasing temperature. It is obvious that the 

dominant peaks start to appear in the low field 

http://Fe1.75Ti1.25O5


57 
(< 100 KOe) at ~55K for x=0.00 and x=0.2 samples and 

~38K for x=0.25 sample. 

iv. The shape of p(H) is temperature dependent and not 

very sensitive to the iron concentration. 

4.2.2 Temperature Dependence of p(¥{) 

The temperature dependence of the various parameters of 

p(H) in Fe2-xTii+x05 are shown in Figs. 4.10-12. The depen

dence of HM on temperature as shown in Figs. 4.10-12 can be 

used to extrapolate the onset of phase transition temper

ature, Tg, and the saturation hyperfine fields, H(0). The 

onsets of phase transition temperatures are about 62K, 61K, 

and 41.5K with errors of 2K while the saturation hyperfine 

fields are 425, 440, and 412kOe with errors of lOkOe for the 

x=0.00, x=0.20, and x=0.25 samples, respectively. The phase 

transition temperature for the x=0.25 sample is close to the 

glass temperature of 44. OK obtained for that sample from )ISR 

results .̂ -̂̂ "̂  The 41.5K for x=0.25 is much lower than the 

onset, ~62K, which we found for the x=0.00 and x=0.20 

samples. This is because lower concentration of magnetic Fê "*" 

ions results in weaker average interactions between magnetic 

ions. The weaker coupling energy can conquer thermal energy, 

kT only at lower temperature where the hyperfine features 

start to appear. Transition temperatures for the other two 

samples are nearly identical to the point, ~61K, at which 

spin-cluster freezing begins to be observed in the |ISR data 

for the x=0.25 sample. ̂ "̂̂ "̂  
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The increase in value of AHR+AHL with increase in 

temperature (as shown in Figs. 4.4-4.6) indicates that the 

exchange interaction is a very short-range one. If the ex

change interaction is a very long-range one, the local fluc

tuation of exchange field should be small, so that the 

magnetization and hence the hyperfine internal field have a 

narrow distribution at high temperatures. On the other hand, 

if only the nearest-neighbor interaction is dominant, the 

material should have a large local variation of the exchange 

field and thus in the hyperfine internal field depending on 

the neighboring cation configuration. The value of AHL 

increases more than AHR does with increasing temperature from 

4.2K to 30K indicating that the weaker internal magnetic 

fields are more temperature dependent than the stronger 

internal magnetic fields. This is consistent with Tomiyoshi 

et al.,^3 who have shown that the thermal average <[i> of the 

magnetic moments on which the weaker exchange field is acting 

decreases more rapidly with increasing of temperature than 

for those in which the stronger exchange field. Therefore, 

reduced magnetization at high temperature is accompanied by a 

broader field distribution as shown in our p(H) results. 

The appearance of the two peaks in p(H) for x=0.00 and 

0.20 at 55K, 38K for the 0.25 sample imply that a clustering 

takes place at this temperature. Alternatively some iron 

ions which are weakly coupled by the exchange interaction go 

into the paramagnetic state at a comparatively lower 

temperature than the remaining iron ions. This will result 
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in a spread of Tg. The first dominant peak is at less than 

lOOkOe and reflects the doublet from the quadrupole splitting 

in the paramagnetic phase. The second peak at higher field 

is the contribution from magnetic clusters. This is a strong 

evidence that the clustering effect is very inportant in this 

temperature range. 

The Hp < HM at 55K< T <Tg for x=0.00 and 0.20 samples 

give hints that even when Hp-̂ 0 as T approachs Tg, the HM is 

still with some nonzero value. It indicates that the spin 

glass phase does not vanish suddenly in these two samples. 

For temperatures below 30K, the values of HM are 

consistently smaller than those of Hp for all three samples 

and the low field shoulder of p(H) is always wider than the 

high field shoulder due to the asymmetry in p(H). In the 

temperature range above 55K for x=0.00 and x=0.2 the values 

of HM become larger than those of Hp and the shape of p(H) 

changes so that the low field shoulder is narrower than the 

high field shoulder. This suggests that another phase which 

is different from the bulk spin-glass and paramagnetic phases 

may be produced above 55K for x=0.00 and 0.20. This could be 

labeled as the cluster-glass phase, involving partial spin-

qlass freezing and is similar to the Griffiths phase in a 

diluted ferromagnet. 

The temperature dependence of HM/ in reduced units for 

Fe2- Tii+xOs system is shown in Fig. 4.13. We can see that 

all the reduced magnetization values, HM/H(0), are much below 

the upper solid line which is the magnetization curve of 
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crystalline magnets. Therefore we introduce the additional 

curves which are magnetization curves for glassy magnets. 

Although Fe2-xTin-x05 has a crystal structure, the disordered 

arrangement of cations results in an amorphous-like 

arrangement of the magnetic ions. The solid lines except for 

5̂ 0 are the reduced magnetization for a glassy magnet where 

the disordered structure is characterized by 

a = ^IQI = |{BS[(1-5)X] + I5S[(1+5)X]} (4.8) 

with 

^ _3S_ 5T3 
^ S+1 T 

(4.9) 

where i5s is the Brillouin function for spin S, Tg is the 

phase transition temperature of the spin-glass, and 0<5<1 is 

a measure of fluctuation of the exchange interactions. Here, 

the molecular field approximation was used and a random 

fluctuation of exchange constants in the Heisenberg inter

action as obtained by Handrich^S ̂ ^s considered in Eq. (4.8) . 

Equation (4.8) retains the well-known form for crystalline 

gnets by setting 6=0, i.e.. ma 

0=i5s(x) (4.10) 

h'ch is the magnetization what we used in the simulations 

discussed in more detail in Chapter V. Eq. (4.8) predicts a 
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lower magnetization curve than does Eq. (4.10). The amount 

of deviation depends on the value of 5 as shown in Fig. 4.13. 

For the present case, a value of 5 ~ 0.6 can be assigned as a 

reasonable estimate for the x=0.2 sample. Generally, the 

results predicted by Eq. (4.8) are lower than the experi

mental results at high temperatures and higher at low 

temperatures for x=0.20 sample. For the other two samples, 

we found the experimental results are much higher than the 

calculated magnetization curve for 5=0.6 at T<30K and much 

lower than the curve for 5=0.6 at T>30K. Although 5=0.6 may 

not be the best estimation for all the three samples, the 

observed lower curve means that the spin-glass effects can be 

explained by taking into account a distribution of exchange 

interactions. 

4.2.3 Concentration Dependence of p(H) 

Since all the samples studied have the same content of 

oxygen, we shall assume that any influence of oxygen on the 

Fe hyperfine field distribution is approximately independent 

of Fe concentration. This is not to imply that the effects 

on p(H) due to the oxygen are negligible. If we can do the 

hyperfine field distribution analyses of samples containing 

varying amounts of oxygen it may help to clarify the 

contributions of oxygen. 

The hyperfine field at a given Fe site due to the Fe 

neighbors should be smaller when the Fe neighbors are 

replaced by non-magnetic ions, Ti"*"*". Thus when more Tî "*" is 
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added to the system p(H) progressively shifts to lower 

values. The saturation hyperfine field, H(0), should also 

become smaller and the phase transition temperature, Tg, 

should decrease. Comparing Fig. 4.4 and Fig. 4.6 at 4.2K one 

observes that, although p(H) is shifted to lower values at 

lower Fe concentration as expected, the shape of p(H) remains 

basically unchanged. Thus the shape of p(H) of these samples 

is essentially concentration independent at 4.2K. 

Comparing values of AHR and AHL for the three samples 

between 4.2K and 30K suggests that as the Fe concentration 

for Fe2-xTii+x05 ranges from x=0.00 to x=0.20, the shape of 

p(H) may be essentially independent of Fe concentration. For 

the x=0.25 sample at 30K, the values of AHL are obviously 

expanded more than those in the other two samples, whereas 

the values of AHR show only a slight difference from the 

other two samples. This implies that the concentration de

pendence of the lower hyperfine fields at 30K is completely 

different from that measured at 4.2K. The onset region for 

spin-glass behavior is apparently dominated by different 

features of the system than those which control the low-

temperature state of the system. This may mean that thermal 

fluctuations play an important role at higher temperatures 

within the spin-glass state. 



±^ High Temperature Mosshaupr 
Spectra Analysi .q 

Since the Mossbauer Spectrometer is a sensitive tool in 

studying the spin dynamics, the effects related to the 

formation of a spin-glass phase which extend into the 

paramagnetic phase can be seen directly from the Mossbauer 

measurements. 
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4.3.1 Cluster Fffer+.q 

The Window method can only be applied to magnetic spectra, 

i.e., at the temperatures below Tg. We now turn our 

attention to a region just above Tg, where some precursor 

effects are observed. We will concentrate on the data 

analysis in a rather narrow temperature range where partial 

freezing may occur, and clusters of linked spins are formed 

below some T' (~70K for x=0.00 0.20 sample;and ~50K for 

x=0.25 sample) which is higher than Tg. Most of the 

Mossbauer spectra in this temperature range show a doublet 

with very broad back-ground. When the temperature goes 

higher than T' the para-magnetic doublet is well defined and 

the broad background disappears- (see Figs. 4.14 and 4.15) . 

The doublet with broad background can be due to a slow 

paramagnetic-like response of small frozen clusters which are 

more magnetically "ordered" than the rest of the solid: this 

is the one so called "cluster ef fects. "15-1'̂ '35,36 These 

effects are also known as "superparamagnetism" if the cluster 

moments are not fixed in direction. Within the cluster the 
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magnetic ordering can start to freeze into a "glassy" state 

at T', while the rest of the sample remains paramagnetic-

The moments of these small clusters may fluctuate randomly 

due to thermal agitation and because the cluster-cluster 

interaction is generally quite weak. Thus, the line shape of 

Mossbauer spectrum will depend on the relative magnitude of 

TFf the relaxation time of cluster magnetization, and XL, the 

nuclear Larmor precession time. Due to a distribution in 

cluster moments and physical dimensions, which result in a 

spread in the value of X^, the observed Mossbauer spectrum 

will be broad and ill defined since it is a sum of a large 

number of different Mossbauer patterns. If the concentration 

of small clusters is very low so that they interact weakly, 

then at temperatures low enough (the anisotropic energy is 

about the order of kT) the moments of the small clusters get 

"frozen." In other words, the flip time becomes infinite. 

Thus, the system may be in the "mictomagnetic" phase in the 

temperature range Tg<T<T' instead of the spin-glass phase. 

The clusters may be getting larger and larger with decreasing 

temperature from T' to Tg. At Tg the clusters fully merge and 

the whole spin system is frozen and enters what is properly 

called the spin-glass state. The least squares fitting in 

this temperature range shows that the chi-squared is higher 

than those for T > T'. 
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4.3.2 Paramaanet-ic Pha.ĉ P 

The average quadrupole splitting is about 0.645 mm/s and 

the isomer shift is about 0.5 mm/s for the major doublet for 

T > Tg for all three samples. Those values are typical 

values of quadrupole splitting and isomer shift for Fe3+ in a 

paramagnetic system. A small doublet can be obviously seen 

on the shoulders of the high temperature Mossbauer spectra (T 

> 4 5K) for the x=0.25 sample. The isomer shift and 

quadrupole splitting for that second doublet are 1.15 mm/s 

and 3.1 mm/s, respectively. Those values are typical values 

of isomer shift and quadrupole splitting for Fe2+. 

Introduction of additional Tî"*" forces some of the iron-

ions to become Fe2"'" and introduces more randomness. From the 

chemical formula with x=0.25, the theoretical value for the 

ratio of Fe2+ to total iron should be 14.4%. The analysis of 

spectra above 60K for x=0.25 sample shows there are about 18% 

Fe2"'" ions in this sample. The region well above Tg is well 

fit assuming quadrupolar doublets for these two ions. How

ever, below T', identified as approximately 70K in the x=0.00 

and 0.20 samples (50K in the x=0.25 sample), an extra absorp

tion or broad background is present which can not be explain

ed by either the paramagnetic phase or as an extension of the 

low temperature spectra. The most acceptable model for this 

region involves some form of magnetic clusters, although 

additional experiments and modeling would be required to 

fully characterize the magnetism in this region. 



CHAPTER V 

THEORETICAL MODELING 

In this chapter we will apply a simple model based on 

Local Molecular Field Theory (LMFT) which was originally 

developed by J.M.D. Coey^. The LMFT was used in Mossbauer 

investigations of '̂̂ Fe in mixed oxides^-^ to model dilution by 

non-magnetic substitutions. Our Mossbauer measurements for 

the Fe2-xTii+x05 system show the following features in common 

with those of mixed oxides such as a—Fe203 with rhodium, 3"̂ '38 

or titanium^^ substitutions. 

i. T ~ 4.2K. The spectra are magnetically split and 

the outside lines are very broad, (half width is 

about 0.6mm/s). 

ii. T ~ Tg, but smaller than Tg. Central peaks begin to 

appear at Tp having the form of the paramagnetic 

spectrum. As T -> Tg they increase in intensity at 

the expense of the magnetically split spectrum, 

which frequently becomes ill defined, 

iii. T > T > 4.2K. The hyperfine splitting decreases as 

T increases, the outside lines in particular become 

broad and asymmetric and show structure. 

One feature in our measurements different from that in mixed 

oxides is that in the temperature range Tg < T < T', a dou

blet with a broad background is found in our case instead of 

well defined doublet where all trace of magnetic hyperfine 
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splitting disappears as seen in mixed antiferromagnetic 

oxides. Even though there are such differences, we decided 

to apply the LMFT model in simulating our data because the 

LMFT model works at temperatures below Tg where the Mossbauer 

features in mixed oxides and in our case are very similar. 

In mixed oxide compounds, the Mossbauer features mentioned 

above mainly come from the many different nearest-neighbor 

environments possible for the iron ions in a given site, all 

with different numbers and arrangements of magnetic and non

magnetic neighbors. For the Fe2-xTii+x05 system we 

investigated, the magnetic ions, Fê"*" (or Fe2''" in addition for 

x=0.20 and x=0.25 samples), and non-magnetic ions, Ti"*"*", are 

taken to be randomly distributed at 8f and 4c sites. This 

random distribution will give seven possible environments for 

the iron ions in a given site. The resulting broadening and 

asymmetry of the Mossbauer spectra lines (see Figs. 4.1-4.3) 

depend both on the concentration of magnetic ions, and on the 

reduced temperatures, X, defined as T/Tg, where Tg is the spin 

glass phase transition temperature. Therefore, the hyperfine 

interaction parameters, particularly the hyperfine field, 

Hhpf/ will depend on the number and type of cation neighbors. 

We choose LMFT in studying the Fe2-xTii+x05 system because of 

the similarity with systems where it has been proven to work 

well. Using LMFT we can predict the Mossbauer spectra as a 

function of temperature for different non-magnetic 

concentrations. 
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First we shall introduce the Local Molecular Field 

Theory; then, results will be presented. Finally, a compa-

rison will be made with our experimental results. 

.5_JL Local Molecular Field Theory 

For simplification in this modeling, we suppose 

i. both the cation sites, 4c and 8f sites, are equiva

lent and they are occupied by a random mixture 

of iron and titanium ions, 

ii. the only important exchange interactions are between 

a central iron ion and an iron ion on the nearest 8f 

or 4c site, with exchange parameter J, and 

iii. only the 6 nearest cation neighbors (Z of them are 

iron ions and 6-Z of them are titanium ions) are 

considered. 

Under these assumptions, the probability of finding an iron 

ion with Z magnetic and 6-Z nonmagnetic neighbors is given by 

the binomial distribution 

P6(Z) - zi (6-Z)! 
(l-y)Z y6-Z. (5.1) 

where y is the concentration of nonmagnetic ion (Tî )̂ on any 

4c and 8f site. The values of y are 0.333, and 0.417 for the 

x=0.00, or 0.25 samples, respectively, and the values of 

these probabilities are listed in Table 5.1. The average 

molecular field acting on the central iron ion with Z 



Table 5.1 Nearest-neighbor Probabilities for a Random 
Distribution of Two Kinds of Ions. 
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z \ y 

0 

1 

2 

3 

4 

5 

6 

0 . 3 3 3 

0 . 0 8 8 

0 . 2 6 3 

0 . 3 2 9 

0 . 2 1 9 

0 . 0 8 2 

0 . 0 1 6 

0 . 0 0 1 

0 . 4 0 0 

0 . 0 4 7 

0 . 1 8 7 

0 . 3 1 1 

0 . 2 7 6 

0 . 1 3 8 

0 . 0 3 7 

0 . 0 0 4 

0 . 4 1 7 

0 . 0 3 9 

0 . 1 6 9 

0 . 3 0 2 

0 . 2 8 7 

0 . 1 5 4 

0 . 0 4 4 

0 . 0 0 5 

interacting iron neighbors is then given by 

Hhpf(Z) = 
2 Z J < Sz > 

g ^B 
(5.2) 

where [XB is the Bohr magneton, Sz is the thermal average of 

the spin of an iron ion along the magnetic axis, and <•••> 

denotes an average over all the iron sites in the bulk 

cluster. Here the bulk cluster is divided into a central 

ion whose interactions are considered explicitly, and the 

rest of the ions, which are treated in an average way. 

The average magnetization of all central ions must be the 

same as that of the ions in the rest of the bulk cluster. 
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The magnetization of the central ion with Z magnetic 

neighbors is given by the Brillouin function 

- ^ o .g ̂ B S Hhpf(Z) 
Sz = S 15s( ĵ ^̂ -̂ ^ ) . (5.3) 

where S is the spin of magnetic ions, 5/2 for Fê "*" and 2 for 

Fe2+. By solving the simultaneous Eqs. 5.2 and 5.3, and 

introducing the reduced variables, CJ(Z)= Sz, < G >av=< Sz >/S, 

and T = 3kT/2S(S+l) J <Z>av one can find the reduced magne

tization curves of iron in different nearest neighbor 

environments. The reduced magnetization is expressed as 

ry 3 S < G >av Z 
G(Z) = iDs( ) (5.4) 

(S+1) T < Z >av 

where < Z >av = 6(l-y). The temperature dependence of the 

hyperfine magnetic field in different environments, calcu

lated from Eq. (5.4) for two different concentrations of the 

non-magnetic substitute (x=0.00 and x=0.25) is illus-trated 

in Fig. 5.1 and Fig. 5.2. 

It is necessary to allow each molecular field Hhpf(Z) to 

take a small range of values, because the nearest neighbors 

of the central ion can themselves have a range of nearest-

neighbor environments. Hence the lines in each hyperfine 

pattern corresponding to a different value of Z are broad

ened. The standard deviation in Hhpf(Z) is 
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F i g . 5 .1 T-dependent Magnetization of an S=5/2 Ion in 
Environments with Different Numbers of 
Magnetic Neighbors. The nonmagnetic 
concentrations are 1/3 (x=0.00 sample). 
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F i g . 5 .2 T-dependent Magnetization of an Ion in Envir
onment with Different Numbers of Magnetic 
Neighbors with Mixed Spins: (85.6% S=5/2 ions 
and 14.4% S=2). The nonmagnetic concentrations 
are 1.25/3 (x=0.25 sample). 
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AHhpf(Z) = ̂ ^ A / Z^PeMZ) [G(Z) - < G >av]2. (5.5) 

The probability here, P6'(Z) = Pe(Z)/ (l-Pe(0)) . The deviation 

in G(Z) corresponding to AHhpf(Z) is 

AG(Z) = (9G(Z)/aHhpf (Z)) AH(Z). (5.6) 

The line broadening is given by. 

6YS di3 V5 ^ ^ = (S + l ) < Z > a v T ^ ^ ' ' ^ " ^ ' ^ ' ^ ^ ^ ^ ' ^ - < a > a v ] 2 

( 5 . 7 ) 

AP is in reduced units and the constant y which is decided 

from the relative positions of the 6-line iron Mossbauer 

spectrum is 1.00 for lines 1 and 6, 0.579 for lines 2 and 5, 

and 0.157 for lines 3 and 4. Since the hyperfine field, 

Hhpf(Z), is usually proportional to Sz(Z,T)/S, the Moss-bauer 

spectra will be composed of seven sub-spectra whose hyperfine 

splitting varies as G(Z), and whose intensities are propor

tional to P6(Z).'*^'^^ The lines are taken to be Lorentzian 

with a reduced line width of 0.02+Ar and with intensity ratio 

3:2:1:1:2:3. Here, the value of 0.02 in reduced units 

includes the natural line width plus instrument broadening. 



The interaction and isomer shifts are taken to be zero. The 

simulated spectrum for x=0 is shown in Fig. 5.3. 

A program written by using Mathematica Software in 

Macintosh for the simulation of the spectra on the basis of 

the above model is reproduced in Appendix. There are two 

parts in this program, one for x=0.00 in which only one type 

of magnetic ion, Fê "*", is considered; and the second for 

x=0.25 in which two types of magnetic ions, 85.6% of Fê "*" and 

14.4% of Fe2"'"/ are considered. 

5.2 Results and Discussions 

5.2.1 FeoTiO^ 

As mentioned in Chapter 2 the combined effects of the 

quadrupole and hyperfine magnetic interactions will bring 

about a change in the line positions and/or in the relative 

line intensities or width in the hyperfine pattern obtained 

on the basis of Eq. (2.2). Since the simulated spectrum of 

Fig. 5.3, calculated for Fe2Ti05 without considering the 

isomer shift and quadrupole interaction, shows that the 

relative line positions and intensities are significantly 

different from those of the corresponding experimental 

spectrum in Fig. 4.1, the quadrupole interaction should be 

taken into account in this simulation by LMFT. By intro

ducing a quadrupole splitting of 0.58 mm/s (0.03731 in 

reduced units), somewhat better agreement is obtained for the 

line positions, however, even at lower temperatures the line 

*dths of the actual spectra are significantly broadened. 

80 
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Fig. 5.3 Mossbauer Spectra Predicted for Material 
with Non-magnetic Concentration 1/3 (x=0.00 
Sample). 



A comparison of the simulated spectra with the experimental 

data are shown in Fig. 5.4. it was found that the simulated 

patterns for Fe2Ti05 could not account for the broadening of 

lines at temperature below 30K and a broad background 

component which progressively become more prominent above 30K 

(see the spectrum at 55K, x ~ 0.9 in Fig. 5.4). The same 

results are obtained for x=0.00 sample by N.H.J. Gangasi2 ̂ ^Q 

adopted a molecular field model by Kostikas et al.^2 since we 

only consider the distribution of hyperfine magnetic fields 

on one site in this simulation, one may expect the line 

widths of the simulated spectra to be smaller than those of 

the measured spectra. Results of an additional step in the 

simulation, considering the distribution of hyperfine 

magnetic field on both the 8f and 4c sites for x=0.00 are 

shown in Fig. 5.5 and in Fig. 5.6 for x=0.25. Neither 

addition satisfactorily produces the broad features of lines 

or the background component above 30K. The broad background 

component remains present above Tg in our Mossbauer data as 

discussed previously. The progressive increase of this broad 

background component with increasing temperature may indicate 

a gradual character to the transition and suggests the 

existence of a magnetic cluster phase, as discussed in 

Chapter VI. A broad transition region with an intermediate 

cluster phase and a poorly defined Tg could easily result in 

additional line broadening. 

^ V. «-,̂ îr.-i nrr rnuld be a non-random mix Another source of broadening couia u^ 

^ . ^ Tr. -Far-t- near the transition 
of cation arrangements. In tact, nedi 
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Fig. 5.4 Simulated Mossbauer Spectra for Fe2Ti05: With 
considering of the quadrupole and hyperfine 
magnetic interactions for one site. Com
parison with the experimental spectra 
is made. 



84 

r-4.2K T-55K 

0.75 -0.5 -:.25 0. 0.25 
r»30K 

-0.75 -0.5 -0.25 0. 0.25 0.75 

Fig. 5.5 

sample Along with the experimental spectra 



85 

T - 4.2K 

-0•6-0.4-0.2 0. 0.2 0.4 olfi ol8 
l.T—v-̂ . T " 30K T » 38K 

•0.6-0.4-0.2 0. 0.2 0.4 0.6 0.8 
T - 35K 

-0.6-0.4-0'.2 0. 0.2 0.4 0.6 0:8 
T - 40K 

0.2 0.2 

-0.5-0.4-0.2 0. 0.2 0.4 0.5 0.3 -0.6-0.4-0.2 0. 0.2 0.4 0.6 0.8 

Fig. 5.6 Simulated Mossbauer Spectra with 2-sites 
Hyperfine Magnetic Distribution for x=0.25 
Sample Along with the experimental spectra 
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temperature the experimental data for the x=0.00 sample are 

more like the simulated results for high concentrations of 

non-magnetic ions, much like that expected for an extreme 

case of Feo.3Ti2.7O5 (x=1.7) shown in Fig. 5.7. But, as X^O, 

the simulated results show little difference for samples with 

different concentration of magnetic ions. This suggests that 

perhaps non-random cation clustering may be important in this 

sample (and the x=0.20 case as well), but less important in 

x=0.25 case. 

Since the quadrupole interaction is much smaller than 

the hyperfine magnetic interaction, we treat the quadrupole 

effect as a perturbation. Therefore the quadrupole splitting, 

£,can be expressed as 

8 = e2qQ/4 (3cos2e - l)/2 

where 8 is the angle between the major axis of EFG and the 

magnetic axis. By comparing the values between the intro

duced quadrupole splitting and the value of A12 - A56 ("0.22 

mm/s) measured from the spectrum for Fe2Ti05, we find that the 

former is about twice of the latter and hence 9 will be 90°. 

This agrees with the result of the point charge calculation 

done by N.H.J. Gangasl2 ,hich shows that the major axis of the 

EFG for Fe2Ti05 lies in the [a, b] plane (perpendicular to the 

magnetic, z, axis) . This indicates a spin direction along 

V .r-î-h 1-he single-crystal results of the c axis in agreement with tne sinyxc j 

Atzmony et al."̂  

http://Feo.3Ti2.7O5
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Fig. 5.7 Mossbauer Spectra Predicted for Material 
with High Concentration (90%) of Non-magnetic 

Ions. 



The LMFT introduced above is only for materials with one 

type o-f magnetic ion and one type of non-magnetic ion. In 

order to predict the Mossbauer spectra for Fe1.75Ti1.25O5 in 

which there are two different types of magnetic ions and one 

type of non-magnetic ions we need to make another modifi

cation to the LMFT model. The following are the additional 

considerations in the simulations for the x=0.25 sample: 

i. The probability of finding an iron ion with z Fe3+ 

(z Fe2+) and 6-z non-magnetic ions for Fei,75Tii.2505 

sample is 0.856 p(z) (0.144p(z)). 

ii. Three types of interactions are present for 

x=0.25; Fe3+-Fe3+, Fe3+-Fe2+, and Fe2+-Fe2+ 

instead of only Fe-̂''"-Fê '̂  as considered for x=0.00 

sample. 

iii. Only 7 environments for each site are present for 

x=0.00 sample, but there are 29 environments in each 

8f or 4c site for x=0.25 (we only consider 14 envi

ronments in the predicted spectra shown in Fig. 5.8). 

iv. Only the quadrupole interaction due to the Fe3+ ions 

(0.58mm/s, 0.03731 in reduced units) is considered 

in calculating the Mossbauer spectra for the Fe2Ti05 

sample, but both the quadrupole interactions due to 

Fe3+ and Fe2+ (>3mm/s, 0.193 in reduced units) should 

be considered for Fe1.75Tii.25O5 (see Fig. 5.8). 

For Fe1.75Ti1.25O5, the introduced quadrupole splitting 

oj. , • _̂v,« e-iTTi-i 1 ;Rtion was 0.58mm/s, parameter for Fe3+ used in the simiiation 

http://Fe1.75Ti1.25O5
http://Fe1.75Tii.25O5
http://Fe1.75Ti1.25O5


89 

T-4^2K 

-0.6-0.4-0.2 0. 0.2 0.4 0.6 0.8 
1 

0.8 

0.6 

0.4 

0 .2 

1 

' 

• 

• 

• • %\ 
• 1 

• I 
• 1 
N \ • • 

• 1 

T-30K 

f * 1 « M f 4 

^ * l 1 • 1 T 
A a l 1 J f ^ 

/^vS" 

9g 

/9tf»4' 

1 . 

0.8i 

0 . 6 

0 . 4 

0 . 2 

1 

?«38K 

* •• II 

JP^^ 

-0.6-0.4-0.2 0. 0.2 0.4 0.6 0.8 
T-40K 

-0.6-0.4-0.2 0. 0.2 0.4 0.6 0.8 -0.6-0.4-0.2 0. 0.2 0.4 0.6 0.8 

Fig. 5.8 Simulated Spectra with Considering 14.4% of 
Fe2+ Ions for the x=0.25 Sample. 
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obtained from high temperature data, is quite different from 

the average experimental value of 0.16mm/s (twice the value 

of Ai2 - A56, 0.08mm/s from least square fitting) . This 

difference may come from the fact that the lines are so broad 

that the error in deciding the line posi-tions has increased 

a lot. If the error in position is 1 channel, it will result 

in ~0.2mm/s difference in determining the EFG for a major 

axis perpendicular to the magnetic axis. 

It also can be seen in Fig. 5.8 that there is fairly 

close agreement between the LMFT simulated and the experi

mental spectrum for Fe1.75Ti1.25O5. The 30K spectrum has 

better agreement with the simulated spectrum (X ~ 0.71) than 

it did for other temperatures. From the simulated spectrum 

one can obtain the value of J, the exchange integral, by 

using the relationship between the reduced temperature and J 

3k T 
X = 

2S(S+1) J <Z>av ' 

From the relationship between X and J shown above we obtain J 

- 1.43cm-l for Fe1.75Ti1.25O5. Since the J mainly depends on 

the distance between two magnetic ions, the values of J at 

other different temperatures will just slightly change in a 

solid compound. 

http://Fe1.75Ti1.25O5
http://Fe1.75Ti1.25O5
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one interesting thing i will point out here is that the 

experimental spectra and hyperfine magnetic distributions, 

p(H), extracted from the Window method for all x=0.00, 

x=0.20, and x=0.25 samples at 4.2K show almost no difference 

among them. By superimposing the data of x=0.00 and x=0.25 

samples (see Fig. 5.9) and accounting for the errors we see 

that the positions, widths of major lines, and even some 

small features (which we originally thought were fast 

relaxing doublet or hyperfine magnetic lines for the 14.4% 

Fe2+) are all almost the same. The intensities of lines for 

x=0.00 and x=0.25 have about 1% difference which is due to 

the total concentration of iron ions in the samples. This is 

not a feature due to Fe2'̂  ions because the line positions for 

two samples are at the same places. These differences can 

not give the values of quadrupole splitting and I.S. in the 

accepted range for Fe2+. We analyzed both x=0.00 and x=0.25 

data at 4.2K and found that those small visible differences 

in the spectra are most likely not from the Fe2+, again 

because the quadrupole splitting and I.S. are not in the 

range for Fe2+. Even assuming those smaller features were 

from Fe2+, they only occupy 2% in total area (See Fig. 5.9). 

The high temperature spectra (above the phase transition) for 

x=0.25 clearly shows the doublet feature of Fe2+ and represent 

a fractional area of -18%. The question arises as to why the 

effects of Fe2-̂  on the Mossbauer spectra for x=0.25 seem to 

disappear at 4.2K. In order to search for the effects of 
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x=0.00 and x=0.25 Samples. 



Pe2S we attempted the following in the LMFT simulations and " 

data analysis. 

i. The simulated spectra without considering the Fe2+ 

along with the experimental spectra is shown in Fig. 

5.10. By comparing Fig. 5.10 with Fig. 5.8 (the 

simulated spectra including the hyperfine magnetic 

interactions of 14.4% Fe2+ in the x=0.25 sample) we 

see a slight improvement when including the 

effects 14.4% of Fe2+ except for the simulated 

spectrum at 4.2K. 

ii. If the 14.4% Fe2+ show a paramagnetic doublet in

stead of the 6-line magnetic spectra at 4.2K the 

doublet feature should be visible in the spectrum 

(see Fig. 5.11). 

We have searched for the possible existence of a doublet due 

to fast fluctuation for Fe2"*' and for the expected hyperfine 

fields for Fe2''" at low temperature. Obviously the 14.4% Fe2+ 

ions with S=2 seem not to be distinguishable from the Fê"*" 

ions with S=5/2 below the spin glass temperature. We need 

some more measurements such as Mossbauer measurement with an 

applying a magnetic field or single crystal suscepbility 

measurement along c, a, and b axis for the x=0.25 sample. 

The former measurement can help to distinguish the features 

from Fe2+ and Fe3+ ions. The later one can determine whether 

Fe1.75Ti1.25O5 still has spin-glass features similar to 

Fe2Ti05, and define Tg in the standard manner. 

http://Fe1.75Ti1.25O5
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Fig. 5.10 Simulated Spectra without Considering 14.4% 
of Fe2+ Ions for x=0.25 Sample. 
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Fig. 5.11 Simulated Spectra with Considering the 
Paramagnetic Properties of 14.4% of Fe2+ ions 
for x=0.25 Sample. 



5.3 Compari.<.nr̂  ̂ f r^.^uM-^ |.y ^^ 

Window MethoH ^n1 TiMFT 

in the previous chapter we find the values of HM are 

smaller than the values of Hp in the temperature range of 4.2K 

to 30K for all three samples and the inverse results for the 

x=0.00 and x=0.20 samples in the temperature range between 

55K and 62K but not for x=0.25 except at 38K. In this 

chapter we can see the values of average magnetization in 

reduced units are always smaller than the values of the most 

probable magnetization (in z=2 or 3) . Since the Window 

method does not predict the shape of the probability distri

bution, but LMFT is based on an assumption of the binomial 

distribution, the results by the Window method seem more 

reliable to me. 

As seen in Fig. 5.4 and Fig. 5.8 the simulated spectra 

by LMFT failed to fully explain the data for x=0.00 and 

x=0.20 but work well for x=0.25. The good agreement for 

x=0.25 for LMFT may mean that the cation distribution is 

closer to random in that sample than for the other two. The 

failure to fully explain the data for x=0.00 and 0.20 may be 

caused by without considering several important character

istics for these material in this modeling. The Tg may have 

a spread as mentioned in Chapter IV. This distribution of Tg 

can cause additional broadening in the simulation based on 

LMFT. Since we did not count the clustering in the modeling 

baseed on LMFT, this will give another source of line 

broadening. The J may have a distribution since the 
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distances between iron ions are not identical (as modeled) 

and the oxygen positions around the 8f cation site are much 

distorted. Both can contribute to the broadening of lines. 

In the LMFT modeling we assume the magnetization curve 

for crystalline magnets (5=0). Obviously, from the analysis 

by the Window method, the magnetization is much lower in the 

spin-glass. The magnetization curve (see Fig. 4.13) with 

5=0.6 is fairly reasonable for all three samples even though 

the temperature dependent magnetization points for x=0.00" and 

x=0.25 are far away from the 5=0.6 curve. Therefore, the 

magnetization is much lower than that from crystalline 

magnets (5=0), and will have an effect on the simulations in 

the intermediate temperature region. 



CHAPTER VI 

CONCLUSION 

Two main objectives of our investia3̂ -̂ r̂ n =0 ^ • • 
xiivei>T:igarion, as originally 

defined, were 

i. to measure the hyperfine magnetic fields and to 

determine what changes occur due to dilution of Fe3+ 

magnetism by addition of non-magnetic Ti4+ ions, and 

• ii. to look for effects in the hyperfine fields, and in 

the development of these internal fields as a 

function of temperature, which can identify whether 

the transition to the spin-glass state is homoge

neous or not. 

A systematic series of investigations of the Fe2-xTii+x05 

system in the temperature range between 4.2K and room 

temperature by means of Mossbauer spectroscopy have been 

carried out. The low temperature Mossbauer measurements were 

performed in order to examine the development of hyperfine 

magnetic fields and thus obtain information about the onset 

of magnetic ordering in the spin-glass transition region. 

A broad background observed to begin about 6K above Tg 

and the coexistence of the paramagnetic doublet with the 

hyperfine magnetic pattern for an extended region below Tg, 

provide evidence of inhomogeneous spin freezing. These 

measurements yield a direct view of the development of spin-

glass "order" from an internal field viewpoint rather than 
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only from indirect measurements of the spin dynamics. Simple '' 

relaxation effects were ruled out in interpreting the back

ground broadening because the critical fluctuations will only " 

occur in the very close neighborhood of a phase transition. 

Cluster effects were used to interpret the broadening pheno

mena in this temperature range as proposed from the ̂ISR 

results for the x=0.25 sample. Large differences in the 

local iron concentrations are suggested by several features 

of our data, and should result in a rather large spread of 

spin-glass freezing, or transition temperatures. The transi

tion from the doublet to the six line spectra covers a broad 

temperature range as seen in the Mossbauer data, indicating a 

distributed spin-glass freezing transition in contrast to the 

sharp transition observed in conventionally ordered magnetic 

materials. This broad temperature range establishes that the 

spin-glass and magnetic-cluster-formation temperatures for 

this system represent a gradual magnetic freezing process 

instead of an abrupt transition. 

By applying the Window method we extracted the hyperfine 

magnetic field distributions from the Mossbauer data below Tg 

and get the temperature dependent average hyperfine magnetic 

fields. The resulting curves yield temperatures for the 

onset of hyperfine magnetic fields of about 62, 61, and 41.5K 

for x=0.00, 0.20, and 0.25, respectively. The fact that this 

temperature is nearly identical for the x=0.00 and 0.20 

samples but drastically drops for the x=0.25 sample indicates 

that there is a critical percentage of increasing Ti 
4 + 



content, Gg, in the range between 6.67% and 8.33% (0.2 < x < 

0.25), which overcomes the site disorder already existing in 

the parent material, Fe2Ti05. Below Gg no difference is seen 

in the transition region, but above Gg effects of increasing 

disorder due to the increasing content of Ti4+ ions are ob

served and Tg drops as we expected. This behavior provides 

indirect evidence that the cation site disorder is indeed 

important in driving Fe2Ti05 into the spin-glass state rather 

than an antiferromagnetic phase expected for the site-ordered 

material. 

The appearence of the two peaks in p(H) for x=0.00 and 

0.20 at 55K, 38K for the x=0.25 sample imply that a clus

tering takes place at this temperature or a epread of Tg. 

The first dominant peak reflects the doublet from the qua

drupole splitting in the paramagnetic phase. The second peak 

is the contribution from from magnetic clustering effects. 

The asymmetric and very broad hyperfine magnetic field 

distribution near Tg as well as the observed anomalous 

broadening in the Mossbauer data above Tg, also indicate that 

inhomogeneous magnetic clusters are formed in these materi

als. The non-uniform nature of the spin-freezing implies 

some clustering of various Fe-Ti ratios into locally distinct 

regions. The increasing width of p(H) (beyond that from an 

increase of temperature) can be understood by considering 

that the exchange interaction is a very short-range one and 

iron ions may therefore lie in clusters for which the local 

hyper-fine fields have quite different temperature 

100 



mv. ^ -, 101 

dependences. The development of a paramagnetic peak even 

before the spin-glass temperature is reached gives additional 

evidence that there is a distribution of spin-glass 

temperatures in these three samples. 

The low temperature spectra (below 20K) and measured 

average hyperfine magnetic field are nearly unchanged by 

dilution. Therefore, the average local environment for iron 

ions remains nearly identical over the 0<x<0.25 range. This 

is additional evidence that the inherent disorder in Fe2Ti05 

is important, since the extra disorder which is introduced 

has little effect for T«Tg. 

By examining the distribution of hyperfine magnetic 

fields for Fe2-xTii+x05 as a function of T and x, we obtain 

information on both the magnetic ordering and the site occu

pation. A simulation of the Mossbauer spectra based on Local 

Molecular Field Theoryl2,13 assuming completely randomly 

distributed nearest neighbor cations was performed in order 

to understand more about the relationship between site 

occupation and spin-glass properties. Comparison of the 

experimental and simulated spectra suggest that the x=0.25 

sample had a more random site occupation and much more 

homogeneous magnetic behavior than the other two since the 

assumptions of randomness gave a good fit only in that case. 

The similarity of the temperature dependences for the x=0 and 

0.20 cases imply that the observed hyperfine fields may be 

dominated by clusters which behave nearly identically in 

those two samples. 



The high temperature least squares analysis using two '^^ 

sets of quadrupole doublets in the paramagnetic phase of the 

pseudobrookite insulating spin-glass system show that there 

are 7.4%, and 17.4% Fe2+ in the x=0.20 and x=0.25 samples, 

respectively. These results are close to the theoretical 

values 11.1% for x=0.20 and 14.3% for x=0.25 obtained by 

conservation of charge assuming all Ti ions remain in the 4 + 

ionic state. The low temperature spectra (below Tg) shows 

conflicting results compared to the high temperature charge 

balance. Only a 2% area difference between the x=0.00 and 

x=0.25 Mossbauer spectra is observed at 4.2K instead of the 

-18% area difference seen for T>Tg and also expected in the 

magnetic 6-line spectra due to effects related to the extra 

electron on Fe2''" compared to Fê "*". This unexpected result 

should be confirmed by using other experimental techniques to 

help us understand the origin of this phenomenon. 

In order to get more information about the properties of 

the pseudobrookite spin-glass system. The following 

experimental measurements are suggested, particularly for the 

x=0.25 sample. 

i. Mossbauer measurements at 4 . 2K with an applied 

magnetic field may help to distinguish the Fe2+ and 

Fe3+ features . 

ii. Neutron diffraction measurements can help determine 

the disorder of cation occupation and also give 

information about the range of magnetic 

correlations. 
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iii. Susceptibility measurements can help us to determine 

the spin-glass transition temperature of this sample 

in a more conventional manner for comparison with the 

undiluted case. 

In conclusion, the temperature and concentration depen

dent Mossbauer spectra obtained in this study of the pseudo

brookite system show that the spin-glass nature of the mag

netism in Fe2Ti05 is most likely due to cation site disorder, 

and that this system should be considered a cluster spin-

glass rather than as a homogeneous random system. We find an 

unexplained absence of effects clearly identified as due to 

Fê"*" ions in the magnetic spectra of titanium enriched 

samples, even though the presence of both iron species is 

clearly observed in the paramagnetic state. Additional 

experiments are suggested to help clarify the origins of some 

of the differences seen among the three samples. 



REFERENCES 

1. D. Sherrington, "Disordered Solids: Structures and 
Processes," Baldassare Di Bartolo, Plenum Press New York 
(1989) . 

2. Marc Mezard, Giorgio Parisi, and Miguel Angel Virasoro 
"Spin Glass Theory and Beyond," World Scientific, New ' 
Jersey (1987) . 

3. B. Window, J. Phys. E: Sci. Ins. 4 (1971) 401. 

4. J.M.D. Coey and G.A. Sawatzky, Phys. Stat. Sol. (b) 44 
(1971) 673. 

5. J.M.D. Coey, Phys. Rev. B6(9) (1972) 3240.7. U. Atzmony, 
E. Gurevitz, M. Melamud, H. Pinto, H. Shaked, G. 
Gorodetsky, E. Hermon, R.M. Hornreich, S. Shtrikman and 
B. Wanklyn, Phys. Rev. Lett. 43 (1979) 782. 

6. N. Ravi, Ph.D. Thesis, University of Hyderabad, Hyderabad 
(1981) . 

7. U. Atzmony, E. Gurevitz, M. Melamud, H. Pinto, H. Shaked, 
G. Gorodetsky, E. Hermon, R.M. Hornreich, S. Shtrikman, 
and B. Wanklyn, Phys. Rev. Lett. 43 (1979) 782. 

8. Tholence, Y. Yeshurun, J.K. Kjems, and B. Wanklyn, 
J. Mag. & Mag. Mat. 54-57 (1986) 203. 

9. Y. Yeshurun, I. Felner, and B. Wanklyn, Phys. Rev. Lett. 
53 (1984) 620. 

10. Y. Yeshurun and H. Sompolinsky, Phys. Rev. B31 (1985) 
3191. 

11. Y. Yeshurun, J.L. Kjems, and B. Wanklyn, J. Phys. C18 
(1985) L483. 

12. N . H . J . Gangas , J . K a t r a d i s , A. Moukarika, A- Sijnopoulos, 
A. K o s t i k a s , and V. P a p a e f t h i m i o u , J . Phys . CIS (1980) 
L357. 

13. J.M.R. C r u z , P . C . M o r a l s , and K. Skeff Neto , P h y s i c s 
L e t t e r s A116(1) 45 ( 1 9 8 6 ) . 

104 



14. Sh ige tosh i Muranaka, Teruya Shinio Yoc,h^ o>..'v r, . 
Toshio Takada, J . Phys . Soc. Jap ln 30 ( i m ) ^ " ^ ^ ""^ 

105 

16. V.A.M. Brabers, C. Boekema, R.L. Lichti, A.B. Denison 
D.W. Cooke, R.H. Heffner, R.L. Hutson, M.E Schillaci' 
and D.E. MacLaughlin, J. Appl. Phys. 61(8) (1987) 4086. 

17. R.L. Lichti, S. Kumar, and C. Boekema, J. APDI Phvs 
63(8) (1988) 4351. ^^ ^^' 

18. H. Schotte, Thesis, University of Technology, Eindhoven 
(NL) (1984) . 

19. R.W.G. Wyckoff, "Crystal Structures," Wiley, New York 
Vol.3 (1964) 297. 

20. R.L. Mossbauer, Z. Physik 151 (1958) 124. 

21. N.N. Greenwood and T.C. Gibb, "Mossbauer Spectroscopy," 
Chapman and Hall Ltd., London (1971). 

22. V.I. Goldanskii and R.H. Herber, "Chemical Applications 
of Mossbauer Spectroscopy," Academic Press, New York 
(1968) . 

23. "Mossbauer Spectroscopy," U. Gonser, ed., Springer-
Verlag, New York (1975). 

24. G.K. Wertheim, "Mossbauer Effect: Principles and 
Applications," Academic Press, New York (1971). 

25. S.S. Hanna, J. Heberle, C. Littlejohn, G.J. Perlow, R.S. 
Preston, and D.H. Vincent, Phys. Rev. Letters 4 (1960) 
177. 

26. O.C. Kistner and A.W. Sunyar, Phys. Rev. Lett. 6 (1961) 
60. 

27. A.C. Melissinos and S.P. Davis, Phys. Rev. 115 (1959) 
130. 

28. S. deBenedetti, G. Lang, and R. Ingalls, Phys. Rev. Lett 
6, (1961) 60. 

29. M.H. Cohen and F. Reif, Solid State Phys. 5 (1957) 321. 



30. C. L. Chien, D. Musser, F. E. Luborskv ^r,r^ T T TT -.̂  
J. Phys. F8 (1978) 2407. ^^^^sky, and J. L. Walter, 

31. Anil K. Bhatnagar and N. Ravi, Phys. Rev. B28 (1983) 359. 

32. C L . Chien, Phys. Rev. BIB (1978) 1003. 

33. c.L. Chien, D. Musser, E.M. Gyorgy, R.c. Sherwood, H S 
Chen, F.E. Luborsky, and J.L. Walter, 1979, Phys. Rev 
B 2 0 ( 1 ) 283. 

34. M. Vithal, Ph.D. Thesis, University of Hyderabad 
Hyderabad (1985) . ' 

35. K. Handrich, Phys. Stat. Solidi 32 (1969) K55. 

36. K.L. Ngai, Comments Solid State Phys. 9 (1979) 127. 

37. I. Deszi, Gy Erlaki and L. Keszthelyi, Phys. Status 
Solidi 21 (1967) K121. 

38. J.M.D. Coey and G.A. Sawatzky, J. Phys. C4 (1971) 2386. 

39. G. Shirane, D.E. Cox, W.J. Takei, and S.L. Ruby, J. Phys. 
Soc. Japan 17 (1962) 1598. 

40. F. Van Der Woude, G.A. Sawatzky, and A.H. Morrish, Phys. 
Rev. 167 (1968) 533. 

41. H. Pinto, G. Shachar, and H. Shaked, Solid State Commun. 
8 (1970) 597. 

42. A. Kostikas, A. Simopoulos, and N.H.J. Gangas, Phys. 
Stat. Solidi 42 (1970) 705. 

43. Tomiyoshi S., H. Yamamoto, and H. Watanabe, J. Phys. Soc. 
Japan 30 (1971) 1605. 

106 



APPENDIX 

INPUT PARAMETERS: 

x = l / 3 ; 

n = 6; 

s = 5 / 2 ; 

S i g a v = 0 . 3 ; 

t = 0 . 9 5 ; 

CALCULATION of REDUCED MAGNETIZATION: 

p [ 2 ] := ( n l / ( z ! (n - z ) ! ) ) (1-x) "z (x)'^ (n - z) 

p p r i m [ z ] := ( p [ z ] / (1 - p[01) ) ; 

Zav = (1-x) n ; 

s i = (2 s + 1) / (2 s ) / / N ; 

s2 = 1 / (2 s ) / / N ; 

x l [ z ] = (3s S igav z) / ((s+1) t Zav); 
Bs[z ] := s i Coth[ s i x l [ z n - s2 Coth[ s2 x l [ z ] ] 

d B s L z J := - sl '^2 / ( S i n h [ s l x l [ z ] ] ) ' ^ 2 + 
s2'^2 / ( S i n h [ s 2 x l [ z ] ] ) ' ^ 2 

Sigma[z ] := p [ z ] B s [ z ] / / N 

B = T a b l e [ B s [ z ] , {z, 6} ] / /N; 

dB = T a b l e [ d B s [ z ] , {z, 6} 1//N; 

Sa = Sum[Sigma[z ] , ( z , 1, 6}] 

cof = ( (6 s ) / ((s+1) Zav t ) ) ; 

dsigl = Sum[(pprim[zl (Bs[z] - Sa) ^ 2), {z, 1, 6}]; 

dsig = Table[Sqrt[z dsigl], {z, 6)1; 

wnl = 0.02; 

LINE WIDTH: 

dwlz = (cof dB dsig + wnl) / 2; 

dw6z = dwlz; 

dw22 = (0.579 cof dB dsig + wnl) / 2; 

dw5z = dw2z; 

dw3z = (0.157 cof dB dsig + wnl) / 2; 
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dw4z = dw3z; 

dw = Transpose [{dwlz, dw2z riw:i, ̂  . 
K T • r,, ' '̂ ''̂ '̂ ^^5Z, dw6z}]; 

hwLz = Flatten[dw]; 

LINE POSITIONS: 

Posl = -B / 2 + 0.03438; 

Pos2 = Posl + 0.2053 B; 

Pos3 = Posl + 0.4149 B; 

Pos6 = B / 2 + 0.03438; 

Pos5 =Pos6 - 0.2206 B; 

Pos4 = Pos6 - 0.4312 B; 

p^%^ Transpose [ (Posl, Pos2, Pos3, Pos4, 
Pos5, Pos6}] ' 

PosLz = Flatten [Pos]; 

INTENSITY: 
P r o b l = T a b l e [ p [ z ] , (z , 6 } ] ; 

P robe = P r o b l ; 

Prob2 = T a b l e [ 0 . 6 6 6 7 p [ z ] , (z , 6 } ] ; 

ProbS = P r o b 2 ; 

Prob3 = Table[0.3333 p[z], {z,6}]; 

Prob4 = Prob3; 

Prob = Transpose[{Probl, Prob2, Prob3, Prob4, ProbS, 
Prob6}]; 

ProbLz = F l a t t e n [ P r o b ] / (2 hwLz) ; 

LORENTZIAN LINES: 

Ch = . 

pal = 1 + ((Ch - PosLz) / hwLz) '̂  2; 

L = ProbLz / pal; 

sumL= Sum[L[ [ i ] ] , { i , L e n g t h [ L ] } ] ; 

Ch = . 

Data = - T a b l e [sumL, {Ch, - . 8 0 , .80 , . 0 1 } ] ; 
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x = . 

C h = T a b l e [ x , {x, - 0 . 8 , 0 .8 , O.OI)]-

DataP = Transpose[{Ch, Data}] ; 

OUTPUT: 

PlotLabei -> ;.tio sl"?^"^^ -^ <-25,0), 
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x = . 

C h = T a b l e [ x , {x, - 0 . 8 , o .8 , o .Ol}] . 

DataP = Transpose[{Ch, Data}] ; 

OUTPUT: 

PlotLabei -> ; . t io s l - f " ' ^ -^ ' -25-0) , 
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INPUT PARAMETERS: 

X = 1.25/3; 

xferi = 0.856 (l-x) 

xfero =0.144 (1 - x); 

n =» 6; 

sferi = 5/2; 

sfero - 2; 

aferiav = 0.331; 

aferoav = 0.059; 

X = 0.905; 

DEFINITION of FUNCTIONS: 

p[z_] := 

( n! / (z! (n - z)!)) (1 - x)'̂ z x'̂  (n - z) 

pfe r i [ z_] :=0.856 p[z] 

p f e r i [ l ] ; 
pfero[z_] := 0.144 p[z] 

p f e r o [ 6 ] ; 

pprimferi[z_] := ( pfer i[z] / (1 - pferi[0]) ) 

pprimfero[z_] := ( pfero[z] / (1 - pfero[0]) ) 

p p r i m f e r i [ l ] ; 

s l f e r i = (2 s f e r i + 1) / (2 sfer i ) / /N; 

s2 fe r i = 1 / ( 2 s fe r i ) / /N; 

slfero = (2 sfero + 1) / (2 sfero)//N; 

s2fero = 1 / ( 2 sfero)//N; 

Bsferi[z__] : = 
slferi Coth[slferi xlferi[z]] -
s2feri Coth[ s2feri xlferi[z]] 
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Bsfero[z_] := 

slfero Coth[slfero xlfero[z]] -
s2fero Coth[ s2fero xlfero[z]] 

dBsferi[z ] := - slferi'̂ ? / ĉ•ir̂>̂r -i ̂  
ô i -Ao , , ' <Sinh[slferi xlferi[z]])-2 + 
s2feri-2 / (Sinh[s2feri xlferi [z] ]) ̂ 2̂ 

dBsfero[z ] := - slfero^2 / (Sinh[slfero xlfero [z] ]) ̂ 2 . 

s2fero'̂ 2 / (Sinh[s2fero xlfero [z] ])-2 

Zferiav := xferi n; 

Zferoav := xfero n; 

xlferi[2_] = (3 sferi aferiav z) / 
((sferi+1) X Zferiav); 

xlfero[z_] = (3 sfero aferoav z) / 
((sfero+1) X Zferoav); 

apferi[z_]. := pferi[z] Bsferi[z]//N 

Opfero[z_] := pfero[z] Bsfero[z]//N 

Saferi = Sum[apferi[z], {z, 6}] 

Safsro = Sum[apfero[z], {z, 6}] 

Bferi = Table[ Bsferi[z], {z, 6} ]//N; 

Bfero = Table[ Bsfero[z], {z, 6} ]//N; 

dBferi = Table [ dBsferi[z], {z, 6} ]//N; 

dBfero = Table[dBsfero[z], {z, 6}]//N; 

cof f eri = ((6 sferi ) / ((sferi+1) Zferiav t)); 

coffero = ((6 sfero ) / ((sfero+1) Zferoav t)); 

dsiglferi = Sum[(pprimferi[z] (Bsferi[z] -
Saferi) '^ 2), {z, 1, 6}]; 

dsiglfero = Sum[(pprimfero[z] (Bsfero[z] -
Safero) " 2 ) , {z, 1, 6}]; 

dsigferi - Table[Sqrt[z dsiglferi], {z, 6}]; 
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dsigfero = Table[Sqrt[z dsiglfero], {z, 6}]; 

LINE WIDTH: 

wnl = 0.02; 

cferi = cofferi dBferi dsigferi //N; 

cfero = coffero dBfero dsigfero; 

dwlzferi = (cferi + wnl) / 2; 

dw6zferi = dwlzferi; 

dw2zferi = (0.579 cferi + wnl) / 2; 

dwSzferi = dw2zferi; 

dw3zferi = (0.157 cferi + wnl) / 2; 

dw4zferi = dw3zferi; 

dwferi = Transpose[(dwlzferi, dw2zferi, dw3zferi, 
dw4zferi, dwSzferi, dw6zferi}]; 

dwlzfero = (cfero + wnl) / 2; 

dw6zfero = dwlzfero; 

dw2zfero = (0.579 cfero + wnl) / 2; 

dwSzfero = dw2zfero; 

dw3zfero = (0.157 cfero + wnl) / 2; 

dw4zfero = dw3zfero; 

dwfero = Transpose[(dwlzfero, dw2zfero, dw3zfero, 
dw4zfero, dw5zfero, dw6zfero}]; 

hwLzferi = Flatten[dwferi]; 

hwLzfero = Flatten[dwfero] 

LINE POSITIONS of FERRIC: 

Poslferi4c = -Bferi / 2 + 0.0193; 

Pos2feri4c = Poslferi4c + 0.2085 Bferi; 

Pos3feri4c = Poslferi4c + 0.4191 Bferi; 

Pos6feri4c = Bferi / 2 + 0.0193; 
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Pos5feri4c =Pos6feri4c - 0.2142 Bferi; 

Pos4feri4c = Pos6feri4c - 0.4256 Bferi; 

PoslferiSf = -Bferi / 2 + 0.045; 

Pos2feri8f = PoslferiSf + 0.2085 Bferi; 

Pos3feri8f = PoslferiSf + 0.4191 Bferi; 

Pos6feriSf = Bferi / 2 + 0.045; 

Pos5feri8f =Pos6feriSf - 0.2142 Bferi; 

Pos4feri8f = Pos6feriSf - 0.4256 Bferi; 

LINE POSITIONS Of FERGUS: 

Poslfero4c = -Bfero / 2 + 0.1S66; 

Pos2fero4c = Poslfero4c + 0.20S5 Bfero; 

Pos3fero4c = Poslfero4c + 0.4191 Bfero; 

Pos6fero4c = Bfero / 2 + 0.1866; 

Pos5fero4c »Pos6fero4c - 0.2142 Bfero; 

Pos4fero4c = Pos6fero4c - 0.4256 Bfero; 

PoslferoSf = -Bfero / 2 + 0". 1994; 

Pos2fero8f = PoslferoSf + 0.2085 Bfero; 

Pos3fero8f = PoslferoSf + 0.4191 Bfero; 

Pos6fero8f = Bfero / 2 + 0.1994; 

PosSferoSf =Pos6feroSf - 0.2142 Bfero; 

Pos4fero8f = PosSferoSf - 0.4256 Bfero; 

Posferi4c = Transpose [ {Poslferi4c, Pos2feri4c, 
Pos3feri4c, Pos4feri4c, Pos5feri4c, Pos6feri4c} ]; 

Posfero4c = Transpose [ {Poslfero4c, Pos2fero4c, 
Pos3fero4c,Pos4fero4c, Pos5fero4c, Pos6fero4c} ]; 

PosferiSf - Transpose [ {PoslferiSf, Pos2feriSf, 
Pos3feriSf, Pos4feri8f, PosSferiSf, Pos6feriSf} ]; 
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P o s f e r o S f = T r a n s p o s e [ {Pos l fe roSf , Pos2fero8f 

P o s 3 f e r o 8 f , P o s 4 f e r o S f , Pos5 fe r ;S f , 1 o : 6 f e r ; S f } ] ; 

P o s L z f e r i 4 c = F l a t t e n [ P o s f e r i 4 c ] 

P o s L z f e r o 4 c = F l a t t e n [ P o s f e r o 4 c ] 

P o s L z f e r i S f = F l a t t e n [ P o s f e r i S f ] 

PosLzfe roSf = F l a t t e n [ P o s f e r o S f ] 

LINE INTENSITIES: 

P r o b l f e r i = T a b l e [ p f e r i [ z ] , {z, 6 } ] ; 

P r o b 6 f e r i = P r o b l f e r i ; 

P r o b 2 f e r i = T a b l e [ 0 . 6 6 6 7 p f e r i [ z ] , {z, 6 } ] ; 

P r o b S f e r i = P r o b 2 f e r i ; 

P r o b 3 f e r i = T a b l e [ 0 . 3 3 3 3 p f e r i [ z ] , { z , 6 } ] ; 

P r o b 4 f e r i = P r o b 3 f e r i ; 

P r o b f e r i = T r a n s p o s e [ ( P r o b l f e r i , P r o b 2 f e r i , P r o b 3 f e r i , 
P r o b 4 f e r i , P r o b S f e r i , P r o b 6 f e r i } ] ; 

P r o b L z f e r i = F l a t t e n [ P r o b f e r i ] / (2 hwLzfe r i ) ; 

P r o b l f e r o = T a b l e [ p f e r o [ z ] , {z, 6 } ] ; 

P r o b 6 f e r o = P r o b l f e r o ; 

P r o b 2 f e r o = T a b l e [ 0 . 6 6 6 7 p f e r o [ z ] , {z, 6 } ] ; 

P r o b 5 f e r o = P r o b 2 f e r o ; 

P r o b 3 f e r o = T a b l e [0 .3333 p f e r o [ z ] , { z , 6 } ] ; 

P r o b 4 f e r o = P r o b 3 f e r o ; 

P r o b f e r o = T r a n s p o s e [ { P r o b l f e r o , P rob2fe ro , Prob3fero , 
P r o b 4 f e r o , P r o b 5 f e r o , P r o b 6 f e r o } ] ; 

P r o b L z f e r o = F l a t t e n [P robfe ro ] / (2 hwLzfero); 

LORENTZIAN LINES: 

Ch = . 
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palferi4c = 1 + ( (Ch - PosLzferi4c) / hwLzferi) - 2 

palfero4c = 1 + ( (Ch - PosLzfero4c) / hwLzfero) - 2 

palferiSf = 1 + ( (Ch - PosLzferiSf) / hwLzferi) ^ 2 

palferoSf= 1 + ( (Ch - PosLzferoSf) / hwLzfero) ^ 2; 

Lferi4c = ProbLzferi / palferi4c; 

Lfero4c = ProbLzfero / palfero4c; 

LferiSf = ProbLzferi / palferiSf; 

LferoSf = ProbLzfero / palferoSf; 

sumLferi4c = Sum[Lferi4c[[i]],(i, Length[Lferi4c] } ] 

sumLfero4c = Sum[Lfero4c [ [i] ], (i, Length[Lfero4c] } ] 

sumLferiSf = Sum[Lferi8f [ [i]],{i, Length[Lferi8f ] } ] 

sumLferoSf = Sum[LferoSf[[i]],{i, Length[Lfero8f ] } ] 

sumL := sumLferi4c + sumLfero4c + 
sumLferiSf + sumLferoSf 

Ch =. 

Data = -Table [sumL, {Ch, -.80, .80, .00625}]; 

dmax = Max[Data]; 

dmin = Min[Data]; 

Datanew = (Data - dmin) / (dmax - dmin) ; 

X =. 

Ch = Table[x, {x, -0.8, O.S, 0.00625}]; 

DataP = Transpose[{Ch, Datanew}]; 

vel = ReadList ["vel2535K.dat",Number]; 

rawdata = ReadList["raw253SK.dat", Number]; 

rawmax = Max[rawdata]; 

rawmin = Min[rawdata]; 

nrawdata = (rawdata - rawmin) / (rawmax - rawmin); 




