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CHAPTER I 

INTRODUCTION 

Several experimental studies of the uniaxial spin-glass 

Fe2Ti05 have been reported during the last decade. This in

sulating oxide has been one of the few systems which gives a 

reasonable approximation of the idealized Ising model as ap

plied to spin-glass phenomena. 

The magnetic susceptibility of Fe2Ti05 was shown to be 

strikingly anisotropic at low temperatures.-^ The c-axis 

susceptibility exhibits a cusp at 55 K (see fig. 1-1), 

whereas the other two components exhibit smooth paramagnetic 

behavior to below 10 K. These measurements, first reported 

in 197 9, established the uniaxial nature of this system and 

identified the spin-glass freezing temperature as 55 K. 

Powder neutron diffraction measurements-'- did not reveal 

any long-range magnetic order even at liquid-helium temper

atures . Analysis of the 295 K neutron diffraction pattern 

also showed conclusively that the Fe-̂ "̂  and Tî "*" ions are 

essentially randomly distributed on the (8f) and (4c) sites 

of the Dl^2h (CmCm) space group. (See section 2-B for more 

structural details.) These measurements confirm the glassy 

nature of the magnetic ordering and provide a clue as to why 

there is no long range order. 



Fig. 1-1 Magnetic Susceptibilities of Fe2Ti05. Low field 
principal magnetic susceptibilities parallel to a, 
b and c crystallographic axes. 



No peaks were revealed by either ultrasonic measure-

ments-'- of single-crystal or specific heat measurements^ of 

powdered Fe2Ti05 in the temperature range 30 < T < 80 K. The 

absence of a phase transition in such measurements is charac

teristic of spin-glass transitions. 

Mossbauer effect measurements-'- on mosaics of oriented 

single-crystal platelets showed hyperfine splitting at 16 K. 

From the spectral patterns it was definitely concluded that 

the hyperfine magnetic field was aligned in the c direction 

which implies that the spin directions are also along the ±c-

axis. 

The experimental Mossbauer study reported here is a part 

of a more comprehensive investigation of the spin-glass pro

perties of Fe2-xTii+x05 in which excess titanium is used to 

dilute the magnetic system. The overall project is looking 

at the internal fields and the dynamics of this spin-glass 

system using several magnetic tools which probe the magnetic 

interactions on an atomic scale. Low temperature Mossbauer 

studies, which will show how the internal fields vary in this 

system, are planned as a continuation of the room temperature 

study of the changes in quadrupole splittings and ion distri

butions, which form the core of the work reported in this 

thesis. In this investigation, we are attempting to deter

mine how a change in concentration of the magnetic ions, 

Fe^"^, affects the spin-glass behavior of Fe2Ti05. The room 

temperature Mossbauer investigation is the first step toward 
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this goal. We have examined samples of the concentrated 

Fe2Ti05 and the titanium rich samples Fe2-xTii+x05 with x=0.2 

and x=0.25. Since the Fe3+ and Ti'̂"'' ions have different va

lence and are randomly distributed on the two types of metal 

sites, we can predict that the quadrupole splittings will be 

different for an Fê "̂  ion on the two metal sites. Increasing 

the concentration of Tî "̂  ions in this sample will increase 

the opportunity for the 4+ valance Ti ion substitute for the 

3+ valance Fe ion at the nominally iron (8f) site. This will 

affect the quadrupole splitting and isomer shift on both 

metal sites. Our fitted results using two Lorentzian pairs 

show these changes of quadrupole splitting and isomer shift. 

We will discuss these results in detail in chapter four. An 

interesting and unexpected finding from the room temperature 

Mossbauer investigation is that two or more small bumps very 

clearly appear when the concentration of Tî "*" is increased. 

Possible source of these spectra are discussed briefly, al

though its origin has not been determined. 

In the following chapters we will introduce some theore

tical background relevant to the room temperature Mossbauer 

investigation, the spectrometer instrumentation, our experi

mental results and analysis, and discuss the conclusions and 

questions remaining from these studies. 



CHAPTER II 

THEORETICAL BACKGROUND 

Instruction 

The Mossbauer effect refers to the "recoilless emission 

and absorption of gamma radiation. The extreme sharpness of 

the Mossbauer translation leads to measurable differences 

that result from changes in chemical bonding, structure and 

the existence of internal magnetic fields. The total range 

of these effects in iron covers about one millionth of 1 eV. 

The nuclear transition of interest in iron is 14370 eV, which 

means that the relative shift of nuclear energy by chemical 

effects is only one part in ten billion. The Mossbauer gamma 

ray is emitted with a width of 5.0x10"^ eV. The sharpness of 

the energy dE/E is hence 3. 5xl0~-'--̂ , which yields a reason

ably good resolution of chemical effects. The reason for 

this extraordinary resolution will be given in the theory be

low, and its implication to Fe2Ti05 will be discussed. 

Since knowledge of the structure of Pseudobrookite is 

essential to part of the discussion below, the crystal struc

ture will be presented first. 

Crystal Structure of Fe^TiO^ 

According to Wykoff,^ Fe2Ti05 has orthorhombic symmetry 

and contains four molecules in a unit cell with dimensions 

a = 9.79 A, b = 9.93 A , and c = 3.72 A. Fê "*" ions are 
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nominally located in 8f sites and Tî "*" ions are in 4c sites 

of the space group Dl72^(CmCm). (See fig. 2-la and fig. 2-

Ib.) The atoms are in the following fractional positions: 

(4c) ±(u,l/4,0;u+l/2,l/4,l/2) 

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

with the parameters are tabulated in table 2-1. Table 2-2 

lists the coordinates of theses atoms. The coordination and 

local environment of the cation sites is schematically illus

trated in fig. 2-2a and fig. 2-2b,-̂  along with some relevant 

inter-ionic distances. The six nearest cations around a cen

tral 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 (Tî "̂ ) cations are surrounded by fairly uniform octahe-

dra of oxygen ions at distances of 1.91-1.95 A; but the 8f 

site (Fe-̂ "̂ ) cations are in much more strongly distorted oxy

gen 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 dis

tance of 2.25 A. 

The neutron diffraction data-̂  at 2 95 K indicated that 

Fe-̂"*" and Tî "*" ions are essentially randomly distributed on 

the 8f and 4c sites rather than fully ordered as originally 

reported by Pauling.'^ 



Fig. 2-1 The Crystal Structure for Pseudobrookite. 
a) (left),The orthorhombic structure of pseudobroo

kite, Fe2Ti05, projected along its c axis. 
b) (right), A packing drawing of the orthorhombic 

structure of pseudobrookite, Fe2Ti05, seen along 
its c axis. The 4c sites are black, the 8f 
sites small and heavy ringed. 
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Table 2-1: Atoms' Positions and Parameters 

Atom 
Ti 
Fe 

0(1) 
0(2) 
0(3) 

Position 
(4c) 
(8f) 
(4c) 
(8f) 
(8f) 

u 
0.910 
0.135 
0.730 
0.045 
0.310 

V 
1/4 
0.560 
1/4 
0.110 
0.095 

Table 2-2: Positions of Atoms in Pseudobrookite 

ATOM POSITIONS 

Ti ; (1.86,2.^8,0), (7.93,7.^5,0) 
; (3.03,7.^5,1.86), (6.76,8.^8,1.86 

Fe 

I (6.28,5.56,1.86), (6.22,9.33, 

0(1) ; (7.15,2.^8,0), (2.6^,7.^5,0) 
I (2.25,2.^8,1.86), (7.5^,7.^5, 

0(2) I (0.^^,1.09,0), (0.^^,3.87,0) 
; (9.35,8.84,0), (9.35,6.06,0) 
! (4.45,8.84,1.86), (4.45,6.06,1.86) 
: (5.34,1.09,1.86), (5.34,3.87,1.86) 



o 

Fig. 2-2 Nearest Cation and Oxygen Ion Positions. 
a) (right) Cation positions of Fe2Ti05 projected 

the caxis: Large open circles, Fe at 0: small 
open circles, Ti at 0: large shaded circles, Fe 
at 1/2:small shaded circles, Ti at 1/2. 

b) (left) Nearest oxygen ions around a central 4c 
and 8f site: Large open circles, O at 1/2: small 
open circles, cation at 4c and 8f: large shaded 
circles, O at 0. 
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Theory of Mossbauer Effect 

The nuclear gamma resonance technique Mossbauer Effect 

Spectroscopy (MES), has become an important and well estab

lished tool in physical and chemical research, especially in 

the solid state area. A brief discussion of the relevant as

pect to our MES investigations will be given here. Detailed 

discussions on the theoretical foundations and the origins of 

the hyperfine interactions can be found in many Mossbauer 

textbooks^""^ and will not be treated here, since no informa

tion on internal magnetic fields is obtained from the room 

temperature spectra. 

For decaying nuclei in a solid matrix (source), there 

will be a fraction of the gamma photons which are emitted 

without loss of recoil energy. Also, recoilless absorption 

processes will occur at the nucleus in the absorber. This 

combination of recoilless emission and absorption of gamma 

rays form the basis for the Mossbauer effect. 

The width of the absorption lines in MES is not much 

larger than twice the natural linewidth, which is determined 

by the life time of nuclear excited states. Hyperfine inter

actions may shift or split the absorption lines by amounts 

that are several orders of magnitude larger than the line-

width, which illustrates the resolving power of MES. 

Interactions leading to the shifts and splittings which 

provide important information concerning the absorbing or 

emitting nuclei and their surroundings are: 
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i. The interaction between the nuclear charge and the 

electron densities at the nucleus yields the isomer shift. 

ii. The quadrupole interaction between the electric qua

drupole moment of the nucleus and the electric field gradient 

at the nucleus. 

iii. The magnetic interaction between the nuclear magne

tic moment and the effective magnetic hyperfine field pro

duced by the chemical surroundings of the nucleus. 

The interactions (i) and (iii) give valuable information 

about the spin and charge densities near the nucleus. The 

quadrupole interaction reflects the local symmetry for the 

site of the nucleus. Interactions regarding (i) and (ii) 

will be discussed in detail later in this chapter. Informa

tion on (iii) can not be obtained from the room temperature 

experiments covered by this thesis thus detailed discussion 

is omitted. 

Recoil-Free Emission 

The phenomenon of the emission or absorption of a gamma 

ray photon without loss of energy due to recoil of the nu

cleus and without thermal broadening is called the Mossbauer 

effect. In a solid, the chemical binding and lattice ener

gies are of the order of 1-10 eV, and are considerably great

er than the free-atom recoil energies ER. If the emitting 

(absorbing) atom is unable to recoil freely because of chemi 

cal binding, the recoiling mass can be considered to be the 
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mass of the whole crystal rather than the mass of the single 

emitting (absorbing) atom. For this reason, the recoiled 

energy ER is equal to (Ega)2/2mc2, where Eg^ is the energy of 

the gamma radiation and m the mass of the whole crystallite 

and c the velocity of light. The mass of the whole crystal

lite, which even in a very fine powder contains at least 10-'-̂  

atoms is very large compared to a single atom. The diminu

tion of ER by a factor of > 10^^ makes it completely negli

gible. It thus becomes possible to observe the Mossbauer 

effect when there is no exitation of lattice vibrations, or 

phonons. The probability of the Mossbauer effect (zero pho-

non) will depend on three things. 

i. The free-atom recoil energy, which is itself propor

tional to the square of Eg^. 

ii. The properties of the solid lattice, 

iii. The ambient temperature. 

The probability W of gamma emission from a nucleus embedded 

in a solid can be calculated by dispersion theory^'^ to be 

proportional to the square of the matrix element connecting 

the initial Ii> and final <fI states. Quite generally, 

W = Const X I <f|H|i> |2 (2-1) 

where H is the interaction Hamiltonian operator. The forces 

acting within the nucleus are extremely short range whereas 

those holding the lattice together are of much longer range. 

Hence the nuclear decay is independent of the vibrational 
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state, thus allowing the matrix element to be split into nu

clear and lattice terms. The nuclear part will be a constant 

depending only on the properties of the particular nucleus. 

The matrix element can therefore be reduced to the one term 

for the transition from the initial lattice vibrational state 

Lj_ to the final state Lf. Thus, 

W = const X I <Lf lei'̂  ̂ |Li> |2 (2-2) 

where k is the wave vector for the emitted gamma-photon, is 

the center of mass of the decaying nucleus. For zero-phonon 

emission the lattice modes are unchanged and hence the proba

bility of recoilless emission is 

f = Const X I <Li|ei'^ ̂ |Li> |2. (2-3) 

Since the L^, is normalized, one gets just 

f = exp[-k2r2]. (2-4) 

Furthermore, since r is a random vibration vector describing 

displacement of nucleus, r2 can be replaced by <r2>. Finally, 

using 

hk = p = Ega/c, (2-5) 

f can be r e w r i t t e n as 

f = exp[-47c2Ega2<r2>/h2c2] . (2-6) 
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This equation indicates that the probability of zero-phonon 

emission decreases exponentially with the square of the 

gamma-ray energy. It also shows that f increases exponen

tially with a decrease in <r2> which in turn depends on the 

firmness of binding and on the temperature. The displacement 

of the nucleus must be small compared to the wavelength of 

the gamma-ray. Since allowed displacements may be large the 

Mossbauer effect is not detectable in gases and nonviscous 

liquids. Clearly, however, a study of the temperature depen

dence of the recoil-free fraction affords a valuable means of 

studying the lattice dynamics of crystals. 

Isomer Shift 

When we consider nucleus-electron interactions we must 

take into account that the nucleus has a finite volume and 

that an s-electron wavefunction implies a non-zero electronic 

charge density within the nuclear volume. The so called iso

mer shift is a result of the interaction of the electric 

charge of a nucleus of finite dimensions with the electron 

cloud which envelops it. The energy of the radiated gamma 

quantum Eg is the energy of transition between two levels of 

the nucleus in the source of radiation, can be written in the 

following form: 

Es = EQ + (1/3) (27le2z) |4'(0)ls2 [<r2>e-<r2>g] (2-7) 
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where EQ is the energy of the nuclear transition for a free 

nucleus in the absence of an interaction with surrounding 

electrons, and |y(0)ls2 is the electron density at the radi

ating (source) nucleus. The subscripts e and g refer to the 

nuclear excited and ground states respectively. The term 

<r2> is defined by 

<r2> = J p(r)r2dv / / p(r)dv, (2-8) 

where p(r) is the nuclear charge density at r. Similarity, 

the nuclear transition in the absorber is 

Ea = EQ + (27Ce2z/3) 1^(0)1^2 [<r2>e - <r2>g] . (2-9) 

The isomer shift Ejs is now defined as the difference 

between the two gamma transitions (Eg-E^), 

Eis = Ea - Eg = (27Ce2z/3) [<r^>e - <r2>g] x [\^{0) \^^ -

l'F(O) Is2] . (2-10) 

The isomer shift Ejs is proportional to the difference be

tween the square of the radii of the nuclei in the ground and 

excited states, and the difference between the chemical pro

perties of bonds in the emitter and absorber. For ^^Fe <r^>Q 

is smaller than <r2>g which means that if 1^(0)|a2 ncreases, 

EJS decreases. 

The quantities 1^(0) Ia2 and \W{0) |g2 are total electron 

densities in the region of the corresponding nuclei. In the 

general case, to calculate the wave functions 4'(0) a and 
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^(0)g, it is necessary to take into account: (i) relativity, 

since the velocities of the atomic electrons in the domain of 

the nuclei, in particular for large Z, are comparable with 

the velocity of light; and (ii) effects of the mutual screen

ing of the electrons. 

It is known that when relativity is taken into account 

not only the S but also the P1/2 electrons of the atom pos

sess nonzero wave function in the domain of the nuclei^. 

Furthermore the following equation holds: 

(l'I'nPl/2(0) 1̂ ) / (l^nS(O)l^^ « (a) 2E2 (at n > 2) , (2-11) 

where a«1/137 is the fine structure constant. If the occu

pancies of Pi/2 states of Mossbauer atoms within the absorber 

and source are identical and if mutual screening of S and 

Pj/2 electrons is ignored then the P1/2 terms can be omitted 

from the electron densities. Hence the differences of the 

total electron densities, 

1^(0) |a2 - 1^(0) |g2 = 1^3(0) |g2-|^3(0) Ia2. (2-12) 

Define S' (Z) |^g (0) I a2, S ' (Z) |^g (0) I g2 as the total densities 

of the S electrons on the absorbing nuclei and the source nu

clei, respectively, where S'(Z) gives the relativistic cor

rection factor. Some volume densities are modified by the 

chemical environment, we rewrite the density as 
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I^s(0)la2 - I^s(0)|g2 = |Og^al(^a.0)|2Sa - lOg^al (̂ s. 0) 12Sg 

+ P(^a.^s). (2-13) 

where l<I>sval (̂ â  0) I ̂  and l^g^ai (̂ ŝ  0) I ̂  are the densities of 

a single S valence electron on the nucleus in the absorber 

and source; Sa and Sg are the occupancies of the valences 

states in the absorber and the source; ^a ^^^ ^s represent 

the parameters of screening of S-valence electrons for the 

absorber and source respectively. The quantity p is deter

mined by the expression: 

P = 22:[|Ong(^a'0) 1̂  - l^ns (̂ ŝ  0) I ̂ ] • (2-14) 

If we assume that the density of the nuclear charge, p(r) is 

constant within the limits of the charge radius of the nu

cleus R and take the relativistic correction into account we 

obtain: 

Eis = A(AR/R) [lOgval(^a'O) Î Sa - l^g^al (̂ ŝ  0) I ̂ Sg] + p(^a'^s) 

(2-15) 

where 

AR2 = <r2>g - <r2>g (2-16) 

and 

A = (471/5) e2zR2s' (Z) . (2-17) 
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Since the various chemical compounds of a given atom differ 

from each other primarily in the structure of the external 

valence electron shells, the principal contribution to quan

tity EJS is made by the difference: l^sval(^a'O) l̂ â -

l^sval(^S'O)I^Sg. However, it is also necessary to take 

into account the change in the electron density on the nuclei 

due to the difference in the internal shells, i.e., P(^a'^s)-

Electric Quadrupole Interaction 

The electric quatrupole interaction is the interaction 

between the quatrupole moment of nucleus with the electric 

field at the nucleus. A nucleus with a spin quantum number 

of greater than 1=1/2 has a non-spherical charge distribu

tion, which when expanded contains a quadrupole term. The 

magnitude of the charge deformation is described as the nu

clear quadrupole moment Q, given by 

eQ = Jp(r)r2 (3Cos2 a-l)dv, (2-18) 

where e is the charge of the proton, p(r) is the charge den

sity in a volume element dv, which is at a distance r from 

the center of the nucleus and makes an included angle a to 

the nuclear spin quantization axis. 

In a chemically bonded atom, the electronic charge dis

tribution is usually not spherically symmetric. The electric 

field gradient at the nucleus is defined as the tensor 
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Eij = -Vij = -(32v/3xiaxj) (xi,xj = x,y,z) (2-19) 

where V is the electrostatic potential. It is customary to 

define the axis system of the resonant atom so that 

Vzz = eQ (2-20) 

is a maximum value of the field gradient. 

Hence the displacement of the energy of the nuclear level 

owing to the interaction of the electric quadrupole moment of 

the nucleus with a gradient of electric field is 

E Q = (l/2)EViiJp(r)r2 (3Cos2a-l)dv. (2-21) 

If the electric field in the region of the nucleus has cubic 

symmetry or if the charge on the nucleus has spherical symme

try, the EQ turns out to be equal to zero. The Laplace equa

tion requires that the electric field gradient be a traceless 

tensor, 

Vxx+Vyy+V2 2 = 0 , (2-22) 

where V^x^ Vyy and ^^^ are the gradients of the electric 

fields at the nucleus along the corresponding coordinate 

axes. The field gradient tensor elements are determined by 

those shells of the atoms and the surrounding iron that are 

devoid of spherical symmetry. 

If Vxx/Vyy = Vzz then 

E Q = (l/4)Vz2 /r2p(r) (3Cos2a-l)dv. (2-23) 



20 

It can be shownl2 that 

Jp(r) r2 (3Cos2a-l)dv = e2Q [3m2-i (i+l) ] / [3l2-i(i + i)] (2-24) 

Introducing (2-21) into (2-24) we obtain 

E Q = (l/4)Vzze2Q[3m2-i(i+l)] / [3l2-i(i+l)] (2-25) 

It can be seen from (2-25) that, in a nonhomogeneous electric 

field the 21+1 multiple degeneracy of the nuclear level is 

not completely removed, since 

EQ(+m) = EQ(-m) . (2-26) 

For 1=3/2, there are four possible values of m (m=±3/2,±l/2). 

However, E Q takes only two values: ±(e2QVzz/4) ("+" for 

m=±3/2 and "-" for m=±l/2) but for 1=1/2 there is only one 

level (EQ=0 for m=±l/2). Basically the laws of conservation 

of angular momentum and of parity lead to the formulation of 

definite selection rules Am=±l,0 which characterize the 

transition between the two states. See fig. 2-3 for typical 

energy levels and observed transitions from state 1=3/2 to 

state 1=1/2 with quadrupole interactions. The absence of at 

least axial symmetry in the electric field gradient intro

duces matrix elements which are off diagonal with [ (m)^ -

(m)a ] = ±2. In that case, exact solutions of the secular 

equations for EQ can only be given for 1=3/2. These are 

E Q = (l/4)Vzze2Q[3m2-I(I + l)]/[3l2-l(l + l)]x(l+Tl2/3)^/2 (2-27) 
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Q'^QNZI^^ 

m=±3/2 

I 

I 

m=±l/2 

Fig. 2-3 Energy Level for Quadrupole Interactions. Typical 
energy level schemes and observed spectra for 1=3/2 
and 1=1/2 transitions with quadrupole interactions. 
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where TI is the asymmetry parameter which can never be greater 

than unity. The maximum difference between the quadrupole 

splittings derived from equations (2-25) and (2-27) is about 

16%. A method for analyzing spectra with a non-zero value of 

h has been described."^ 

The electric field gradient is the negative second deri

vative of the potential at the nucleus of all surrounding 

electric charge. It therefore embraces contributions from 

both the valence electrons of the atom and from surrounding 

ions. In ionic complexes it is customary to consider these 

separately, and to write 

Vzz = e(l-Y)Vzz ion + e(l-Yoo)Vzz latt, (2-28) 

where y and y©© reflect the effects of shielding and anti-

shielding respectively of the nucleus by the core electrons. 

The total electric field gradient from the valence elec

trons of the ion can be obtained by summing the appropriate 

wavefunction contributions. Generally the valence term is 

the major contribution to the electric field gradient unless 

the ion has the high intrinsic symmetry of an S state ion 

such as high-spin Fe-̂"*" (d^) . In the latter case the lattice 

term will be dominant. 



CHAPTER III 

EXPERIMENTAL METHODS 

In this chapter we will discuss the instrumentation and 

techniques used in Mossbauer effect spectroscopy. The Moss

bauer effect is based on a 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 gamma rays, an absorber (sample), and a detect 

that detects the gamma rays that are transmitted through the 

absorber. All transmission Mossbauer effect spectrometers 

consist of these three basic components. 

The Mossbauer Effect Spectrometer that we have available 

is the ASA-600 spectrometer manufactured by Austin Science 

Associates (ASA). The spectrometer includes: 

a ^^Co source, 

a linear motor and a laser interferometer assembly, 

a Mossbauer (linear motor) controller, 

holder for absorber, 

a detector, 

6) a pulse amplifier and a single channel analyzer, and 

7) a computer, CRT display unit, and printer. 

The inter-connections of these units are demonstrated by 

the block diagram in fig. 3-1. The ASA-6800 computer gener

ates a bistable pulse at 208 msec intervals once the NMI 

23 
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interrupt of the Motorola-6800 microprocessor is activated by 

pressing the ADR(ress) ADV(ance) switch shown on the front 

computer panel. This signal is fed into the Mossbauer con

troller 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 are emitted with their energy 

doppler shifted by a time dependent factor of v/c. The gamma 

rays are either absorbed by the sample when resonance occurs 

with the nuclear transitions or transmitted through the sam

ple without attenuation. The detector and amplifier assembly 

placed several centimeters behind the absorber counts the 

gamma 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 stores the Mossbauer data in 1022 channels, each 

corresponding to a different time, thus a different instanta

neous velocity of the source. In fact, the computer reads 

two pieces of data for each channel one for laser data and 

one for mossbauer data. The laser data comes from the fringe 

patterns generated 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 arises, the whole cycle is repeated and 
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the new data is added to the contents of each channel. The 

procedure repeats for about three weeks before satisfactory 

statistics is reached in the present situation. 

We now discuss the individual components of the Mossbauer 

spectrometer. 

The Source 

The source is ^^Co in a Rh matrix. 57QQ ^^ used because 

the gamma-rays it emits can excite the 57Fe nuclei in the 

pseudobrookite we are investigating. The ^^Co has a half-

life of 275 days. When the source was first bought 1983, it 

was 25 mCi. By the time this experiment started in 1986, it 

had dropped to less than 10 mCi. This is relatively weak for 

Mossbauer spectroscopy, so each spectrum required about three 

weeks. 

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 a computer instead of a multiple channel analyzer (MCA) 

is used, only 6Hz 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 '̂̂ Co 

source is attached to one end of the shaft, and a plane 
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mirror to the other end. When a triangular pulse is applied 

to the coil, it cause 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 15 cm/sec. 

The mirror of 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 instant speed can be determined accurately. An ad

ditional advantage of the laser interferometer is that it al

lows one to check the velocity linearity of the motor quick

ly by simply fitting the laser data to a quadratic equation. 

If the velocity is linear, then the quadratic coefficient 

should vanish. A Neon-Helium laser is used as the light 

source. Caution must be taken to insure that the laser in

tensity is constant. We were hindered for some time by a 

defective laser for which the amplitude was modulated by RF 

generated in the power supply. As a consequence, the low ve

locity fringes were always accompanied by the RF (around 50 

KHz), which made the velocity calibration impossible. 

The Mossbauer Controller 

The motor controller has many functions built-in, such as 

controlling the ultralinearity of the motor speed, compensat

ing for the spring distortion, selection of the constant ac

celeration or constant speed mode, selection of velocity 
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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 integrating it 

into a flyback waveform. This signal quickly repositions the 

motor in the starting position and starts the scan at a rate 

of 6Hz. 

Holder for the Absorbers 

The holder is a thin disc of lucite 23 mm in diameter. 

The absorber is one of the Fe2-xTii+x05 (x=0,0.2 and 0.25) 

samples used in this experiment. The sample must first be 

ground into powder. If there is not enough powder for fill

ing up the disc, a nonmagnetic and nonactive powder can be 

added to fill the disc. Our samples were sufficient to fill 

the discs. For room temperature measurement, we insert the 

sample holder into a mount standing between the source and 

the detector. 

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 "̂̂ 00 work 

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

14.4 keV gamma resonance. 
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Amplifiers and Single Channel Analyzer 

A charge sensitive preamplifier amplifies the signal form 

the proportional counter and feeds it into a double differen

tial linear amplifier with a gain of100-2000. 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 gamma ray signal. The linear gate then 

delivers a TTL and a linear signal suitable for both the mul

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

height analysis for oscilloscope viewing. 

Computer 

The computer which comes with the ASA Mossbauer effect 

spectrometer is a Motorola-6800 microprocessor based micro

computer. It has 64 K memory (ROM plus RAM), a monitor, a 

printer and a cassette drive. The data acquisition program 

has already burned 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 in the first time 

setting up the apparatus. However, a power surge, a power 

failure, or a move requires reloading the BASIC program. As 

far as data acquisition is concerned: as soon as the system 

is powered up, the computer is ready to collect data. 

As mentioned earlier, the computer generates an ADD. ADV. 

pulse at intervals of 208 msec to signal the Mossbauer con

troller to drive the linear motor. Within the 208 msec 
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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 lo

cation D400-DFFA (hexdecimal) and the Mossbauer data in C800-

D3FF. So, a total of 6 kilobyte are required for the data 

storage. At the present data rate-208 msec per spectrum of 

1022 channels (or 200 msec per channel, or 5 spectra per sec

ond) is already running the microprocessor at its limit. The 

6800 processor can not do anything else but collect data. 

Since the data are stored in RAM while data acquisition 

is going on, it is vulnerable to a power surge or power fai

lure due to lightning and other unpredictable events. To 

prevent accidental lots of data, we need a good surge pro

tector with an emergency power backup. However, this turned 

out to be too expensive for a small system like this. An al

ternative way to go around it is to use another microcomputer 

for data logging. We adopted the later remedy by periodi

cally sending the data from the ASA-6800 computer to an IBM 

AT and stored the data on the disk. The communication be

tween the ASA-6800 and IBM AT is via RS232 and communication 

software called PCPLOT. 

Originally, the least squares program provided by ASA was 

employed to fit the data. However, because of lack of double 

precision in the ASA BASIC and the low speed of the computer, 

the convergence time for a fit was intolerably long. With 

the data in the IBM AT, we can fit it with this faster 
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machine, and (or) send the data from the IBM to the VAX (pro

vided we have a program in the VAX) to fit it. 



CHAPTER IV 

EXPERIMENTAL RESULTS, 

DISCUSSION AND CONCLUSION 

This chapter covers the experimental data taken in this 

study, the data analysis procedures, some results revealed by 

this experiment and a discussion of those results. 

Before presenting the data and resulting fits we shall 

discuss some of the details of the calibration and fitting 

procedures used. The calibration of the doppler velocity 

drive in "constant acceleration" mode can be done by measur

ing peak positions of a standard iron metal Mossbauer spec

trum. The content of each channel of the Laser data of our 

spectrometer is supposed to give the measured absolute velo

city in that channel. This laser calibration gave different 

results for the same drive settings leading to an unreliable 

calibration. Therefore, we made the transition from channel 

to velocity (.00458 mms~l/channel) by comparing the Mossbauer 

iron foil data we obtained (see fig. 4-1) with the standard 

Mossbauer spectra of iron foil. We used a spectrum taken by 

New England Nuclear with our source at the time of its manu

facture as "standard." The Mossbauer data for iron metal has 

six absorption lines spanning 10.657 mmsec~l. There are only 

two lines in our Mossbauer iron foil data because the veloci

ty window was chosen to be 2.4 mms"^ . Since our "least 

square fit" program fails in fitting the data when there are 

32 
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overlapping lines, we use a "simulation" to get parameters 

form our Mossbauer data, in other words fitting by eye. The 

Mossbauer fitting program used a sum of Lorentzians plus a 

background polynomial of the degree g, 

F(k) = Pg(k) - E {Ai/[l+2(k-Ci)/Wi]}2. (4-1) 

The background term are usually terminated at g=2 which means 

the background is assumed to be parabolic. However, in our 

"simulation fit," we treated the background as linear within 

the velocity window of 2.4 mm/sec. Ai,Ci and W^ are the ab

sorption depth, peak positions and line width of the ith Lo

rentzian line respectively. Fig. 4-2 shows that the fit from 

a single pair of Lorentzians is poor. As shown in fig. 4-3, 

the fit using two Lorentzian pairs, assuming two distinct 

Fê "*" sites, is much superior. In using two pairs of Lorent

zians, we need to adjust as many as twelve parameters to get 

a good fit. From the measurements of peak positions in the 

Mossbauer spectrum and the translation form channel numbers 

to mm/sec, we can now express the separation of each doublet 

and the isomer shift for each sample in unit of mm/sec. The 

results are tabulated in table 4-1. Two points are worth 

mentioning here. First the center shift is about the same as 

the isomer shift in this case. Center shifts arise from two 

mechanisms: one is from the doppler shift due to thermal 

motion of the atoms and the other is the isomer shift which 
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Table 4-1: Results of the Fits. (Sample: Fe2-xTii+x05) 

X 1 relative Intensi ty (V.) ! 2E(mm/s) ! I.S.(mm/s> : c/f 

^c 1 56.9^ 1 .531 : .387 

! 8f 1 ^3.06 ! .998 1 .396 

1 ^c 1 55.5^ 1 .559 1 .385 

5 8f 1 ^^.46 ! .907 ; .375 

1 ^c ; 5^.^8 ! .595 1 .365 

1 8f ! ^5.52 1 .838 1 .381 

! 5th line ! ^2.86 1 ! 

! 6th line i 57.1^ 1 1 

1 5th line 1 ^3.67 1 ! 

1 6th line ! 56.33 ; ! 

1 

: 1.32 
1 
1 

1 
1 

: 1.2^ 
1 

1 

. 1 .20 
1 

1 



38 
is due to the difference in the s-electron densities at the 

nuclei of the absorber and the source. The doppler shift is 

usually comparatively much smaller than the isomer shift when 

the source and the absorber are at the same temperature. The 

other point is that when we measure the isomer shift (in this 

case, the center shift) from the Mossbauer spectrum we don't 

get the results in table 4-1. This is because an offset of 

0.104 mm/sec which is the isomer shift of the iron foil ca

libration spectrum relative to the ^^Co/Rh source. Thus we 

quote the isomer shift with iron as the reference. In fig. 

4-4, the fitted curve clearly shows two small bumps for both 

Fei ̂  S'̂ l̂ .2^5 and Fe^ vsTi^ 25O5 samples. By subtracting the 

fitted four main Lorentzians form the data we more clearly 

show these two small bumps in fig. 4-5. Assuming these two 

small peaks form a doublet and hence fitting them by a pair 

of Lorentzians, we get the fits shown in fig. 4-5. The sepa

ration of the two extra peaks is 0.664 mm/sec and 0.629 

mm/sec and the isomer shift is -0.094 mm/sec and -0.086 

mm/sec (referenced to the iron metal) for the x=0.25 and 

x=0.2 respectively. 

As mentioned in the chapter two, neutron diffraction data 

at 295 K indicated that Fê "*" and Tî "*" ions are essentially 

randomly distributed at 8f and 4c sites rather than fully or

dered as originally reported by Pauling. The quadrupole 

splitting is due to the interaction between the nuclear elec

tric quadrupole moment Q and the electric field gradient. 
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The electric field gradient at the nucleus is defined as the 

tensor 

Eij=-Vi j=-32v/ (BxiBxj) , (4-2) 

where V is the electrostatic potential. 

The electrostatic potential V are different for the two 

metal sites simply because the environment of the 4c site is 

quit different from that of the 8f site. Here, we roughly 

count the contribution to the electric field gradient from a 

single configuration involving the nearest six O^" ions and 

six cations about a Fê "*" ion at 4c or 8f site. In fact, the 

largest difference of the electric field gradient at 8f and 

4c sites comes from the six 0^~ ions because they are nearly 

octahedrally coordinated about each 4c site ion with Fe-0 

length near 1.91-1.95 A while the oxygen arrangement about 

each 8f site is much more distorted. But the six nearest 

cations are at an average distance of 3.13 A from a central 

ion in a 4c site or 8f site (see fig, 2-1). By calculation 

of the electric field gradient using just the six nearest 0^~ 

ions we estimate the ratio of the electric field gradient at 

the 8f and 4c sites as about 1.5. Here, we must be careful 

if we want to take account of the nearest neighbor cations 

because there are seven possible configurations corresponding 

to 0,1,...,6 magnetic ions. For a distribution of magnetic 

iron ions and the nonmagnetic titanium ions the probabilities 

for these configurations are P(i,j) which is defined as 
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6.yJ(l y) 3/j!(6-j)!, where y is the average occupancy by 

magnetic cations: equal to 2/3, 1.8/3 and 1.75/3 in 

Fe2-xTii+x05 with x=0, 0.2, 0.25 respectively. In this ex

pression j is the number of Fe3+ ions in the first-neighbor 

shell. We can represent the Mossbauer lines as superposi

tions of components for iron ions with a different number 

Ti of ions in the neighboring sites. From our rough calcu

lation that the ratio of the electric field gradient at 8f 

and 4c sites is about 1.5 and relation that the quadrupole 

splitting is proportional to the electric field gradient, we 

predict that the quadrupole splitting for an Fê "*" ion on the 

8f site is larger than for the 4c site. For this reason, 

assuming the presence of Fe-̂"*" in two distinct sites (8f and 

4c) with distinct quadrupole splittings, we used two pair of 

Lorentzians (one pair due to Fê "*" ion on 4c site and the 

other pair due to Fê "*" on the 8f site) to simulate the data. 

Our results for the quadrupole splitting and isomer shift on 

the two metal sites for the Fe2Ti05 (note x=0) are in good 

agreement with the results reported by Cruz^^ and Vieira^^. 

(See table 4-2.) 

We now discuss the changes in quadrupole splitting ob

served as the Fe/Ti ratio changes. First, consider the situ

ation of Fe-̂"*" in the 4c sites, then the six nearest cations 

are all in an 8f site (see fig. 2-1). The opportunity for 

the Ti^"^ to reside at an 8f site increases with increasing 

concentration of Tî "*". Because the charge of Tî "*" is greater 
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Table 4-2: Comparison of Results for Fe2Ti05 

Site:2E(mm/s) I.S.(mm/s) Relative intensity(%)1 Reference 

af 
.53 

.89 

.39 

.39 

55 I Vieira 
: (2h 
:annealing) 

^c 
55 

91 

39 

39 

^3 

57 

: Vieira 
! (EOh 
!annealing) 

8f 
.52 

.90 

.37 

.37 

54 

46 
Cruz 

4c 
43 

90 

.40 

.39 

57 

43 

Present 
work 
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than that of Fe3+, the contribution of the nearest cations to 

the electric field gradient for the central Fe3+ ion will in

crease. Thus the quadrupole splitting for Fe3+ ion at a 4c 

site is expected to increase as the titanium content is rais

ed. 

Next consider the 8f site. There are three nearest-4c 

cations and three nearest-8f cations around an Fe^^ at an 8f 

site. With the in-creased concentration of Ti, some Fê """ 

will also exist in this sample because it is more likely the 

Fe charge state will change than for Ti to change. This will 

affect the quadrupole splitting of Fê "*" at an 8f site. Con

sider now a cluster which includes a central Fe-̂"*" ion at an 

8f site, three-nearest 4c cations and three-nearest 8f cat

ions. Assuming the Ti4+ and Fe-̂"*" are randomly distributed at 

4c and 8f sites, the extra Tî "*" will more likely occupy the 

8f sites with the longer distance (r^) from the central cat

ion when the concentration of Tî "*" increases. In order to 

keep the total charge in the cluster conserved, the low va

lence Fê "̂  ion tends to take a place in the 4c site with the 

shorter distance (r2) from the central cation. The electric 

field gradient is proportional to qr"^/^^ The contribution 

from Fe2+ decreases the E.F.G. by the value er2~^/^ and the 

contribution from Tî "*" increases the E.F.G. by the value 

eri"^/^. Because we assume r2 < ri, the contribution from 

Fê "*" decreases more than that from the extra increase in 

Tî "*". Thus the electric field gradient at 8f sites will 
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decrease with increasing concentration of Ti4+ ions if site 

occupation is strictly random. 

If we assume that the recoilless fractions are e«ual for 

the 8f and 4c sites, then the relative intensities of the two 

quadrupole doublets give a site occupancy ratio of c/f= 1.32, 

1.24 and 1.2 for Fe2-xTii+x05 where x=0,.2 and .25 respec

tively. These values are close to c/f=1.17 given by Cruz in 

a Fe2Ti05 (x=0) measurement. 

We want to define an ordering parameter s as follows: let 

a be the fraction of Fê "*" ions at an 8f site, then we define 

s=3-4a. Here s ranges from 1 for complete order (all Fê "*" 

ions on 8f site) and 0 for complete disorder (Fe3+ and Ti4+ 

are randomly distributed among 8f and 4c sites). The ratio 

c/f=l/3 would be expected for complete disorder, and c/f = 1 

would be expected for the extreme situation where all 4c 

sites are filled with Fe-̂"*" ions, but never greater than 1. 

However, our results c/f=1.32, 1.24 and 1.2 obtained from our 

measurements and the c/f=1.17 obtained by Cruz's are out of 

the [0,1] range. This leads us to conclude that either the 

recoilless fractions for 8f and 4c sites are different, or 

the site identification is incorrect. Our identification 

based on the size of the quadrupole splitting agrees with 

that of all previous investigations. 

In table 4-1, we find that the ratio of c/f obtained for 

Fe2-x'^^l+x05 decreases with decreasing Fe-̂ "'' concentration. 

This can be understood from the definition of the ordering 
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parameter s. If one assumes that more Ti4+ ions in the sam

ple increases the disorder, then from the definition of s, 

the value of s will decrease and the value of a increases, 

then c/f decreases. 

The isomer shift is due to the difference in the s-

electron densities at the nuclei of the source and absorber. 

This nuclear isomer shift can be expressed as equation (2-

10) . The electron contribution to the isomer shift is given 

by the total s-electron density at the nucleus. The d-

electrons do not themselves contribute to the electron densi

ty at the nucleus. But, the 3d-electron orbitals will screen 

the 3s orbitals causing a small change in orbit size. This 

means that changes in the charge and spin of 3d character af

fect the inner 3s electrons of an iron ion via the columb and 

exchange interactions. The charge density at the nucleus and 

thus the isomer shift is approximately proportional to the 

number of 3d electrons associated with the ion (including co-

valent bonds) . When Ti"̂"*" is substituted for the Fe3+ ion in 

the 8f site the total number of d-electrons in the neighbor

hood is decreased. Therefore when the metal-oxygen covalence 

is included, the number of 3d electrons near the Fe nucleus 

is slightly reduced. Consequently, the screening of s-

orbitals decreases with increasing Tî "*" concentration and 

increases the 3s density at the nucleus. Therefore the 

isomer shift becomes a little smaller with increasing concen

tration of Tî "*" ions. From another point of view, the 
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increase in concentration of Ti4+ will have some effect on 

the small amount of covalency which gives non-zero occupancy 

in the iron 4s orbitals which also decreases the isomer shift 

a little. This reduced isomer shift is consistent with our 

re- suits. (See table 4-1.) 

We assume the two small peaks for each of the samples 

shown in fig. 4-4 form a doublet. The separation of the two 

peaks is 0.664 and 0.629 mm/sec and the isomer shift is 0.094 

and -0.086 mm/sec for each doublet corresponding to x=0.2 and 

x=0.25 sample respectively. A careful look at the same re

gions of the fit for x=0 (see fig. 4-4) suggests that these 

lines may also be present with very small intensities in the 

Fe2Ti05 sample. The negative isomer shift signifies an in

crease in s-electron density at the nucleus in going from 

source to absorber. This implies either that some small 

amount of iron with high valency (5+ or 6+) is in the x=0.2 

and the x=0.25 samples, or the presence of some low-spin 

iron. Also from fig. 4-4, one can find several other small 

peaks located at about the 641th channel and 734th channel, 

but their relative intensity is quite small compared to the 

two extra bumps fitted. The addition of all six Lorentzians 

for the x=0.2 and x=0.25 samples provide a very good fit, 

shown in fig. 4-5. 

From the charge balance argument, the presence of more 

Ti^"^ ions due to the increase of concentration should induce 

the presence of Fe2+ in the sample. The signature due to 
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Fe , an isomer about 1.2 mm/sec, should be easily detected 

in the Mossbauer spectra. Unfortunately, the data taken in 

this investigation did not cover the 1.2 mm/sec range due to 

the earlier unfamiliarity with the Mossbauer instrumentation. 

A future run using a wider velocity window should be taken to 

verify whether the Fe2+ content is consistent with the above 
model. 

This investigation has shown that using two pair Lorent

zians (one pair on the 4c site, the other on the 8f site) to 

fit the Fe2Ti05 sample can give a better fit. The c/f value 

bigger than 1 leads to the conclusion that the recoilless 

fraction for 8f and 4c sites are quite different. Some iron 

compound high valancy iron ions or some low-spin irons ap

pears obviously with increasing the concentration of Ti4+ in 

the Fe2-xTii+x05 (x=0,0.2 and 0.25) samples. 

This is just the first step of a continuing investiga

tion. We will continue this investigation at liquid Nitro

gen and Helium temperatures, to study the change of quadru

pole splitting and isomer shift with the temperature, and to 

determine the magnetic hyperfine structure of the Mossbauer 

spectra. We will investigate the magnetic ordering and the 

internal fields of the spin glass state (especially in the 

Ts=55 K spin glass transition region). We also will widen 

the velocity window to look for the Fe2+ in the Mossbauer 

spectra and try to get more information to find the region of 
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the small bumps which appear with increasing of Ti4+ concen

tration in these samples. 
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