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ABSTRACT

Experimental studies of the magnetic properties of mixed

Fe-Zn ferrites of the form Zn*F.3-*04 are presented. Magnetization

measurements were performed as a function of temperature, field,

and composition.. The value of the moments on different sites'of

the compound Was determined. Mcissbauer measurements were taken

for various temperatures and fields in order to obtain the

temperature and field dependance of the canting angle and hyperfine

fields. Retaxation effects lvere observed for x = 0.8 well

below the ordering temperature, These effects were found to be

suppressed i.n a magnetic field.

A modifies version of the localized canting model which

considers second and thfrd nearest neighbour interactions for some

cases was developed. This model was used with the Mössbauer

data to provide a fit of the spin structure to the bulk magnetic

properties of the material
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CHAPTER 1

1-1. INTRODUCTION

Mixed Zn ferrites of the type Zn* M3-* 0O where M is

a magnetic ion have been the subiect of numerous investigations

in the past, especiatly with regard to their magnetic properties t'2'

The meta:l'lic ions occupy the tetrahedral A or octahedral B sites

in thé spinel crystal structure. The Zn ions preferentially

occupy the A sites because of their tendency to form covalent

bonds involving sp3 orbitals. The magnetic morænts at x = 0 on

the A sites are aìigned anti-paraìlel while those on the more

numerous B sites are paraìleì to the magnetization direction

Therefore, the substitution of diamagnetic Zn ions for the 14

ions on the A sublattice is expected to resu'lt in an increase in

the magnetic moment of the sampìe at 0K proportional to the

amount of substitution. such is indeed the case in the region

where x < 0,5, although the increase is less than expected if

free ion magnetic moments for the M ions are assumed. At

higher Zn concentrations, i.ê., x ì 0.5, the moment begins to

decrease and for x = 1.0, an antiferromagnetic structure is

observed.3 several explanatìons have been offered for the

behaviour of the magnetization for x ì 0"5""s'6 but spin

canting has been determined to be pnimarily responsibìe. The

canting angles have been measured for several systems using
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the neutron diffraction? or the Mössbauer effect techniQUes.s¡rz

By using the measured values of the canting angles it is

possible in principle to fit qyantitat'ively the magnetization

results.Nosuchworkhasyetbeendone.Magnetization

results and Mössbauer results have primarily been determined

for different samples, and at differing temperatures and fields.

A study ¡e. fit quantitatively the canting angles should allow 
,

.i l. i

a decision on whether or not the spin canting is soìely re-

sponsible for the magnetization behaviour. It should be noted

that a Mössbauer study can onìy give information about canting

of the Fe magnetic moments. Therefore, the only mixed Zn

system for which a correlation between magnetization and Mössbauer 
I

effect measurements is possible is the Zn* F.3-* 0O sYstem

Another interesting phenomenon in mixed Zn ferrit¡s is

the occt¡rence of reìaxation effects in the Mössbauer spectra.

This is usuallJ exp'lained as being caused by ionic spin flippings'r!;

however, .superparamagnetic clustersG and domain waJì osciltationsls'ls

have also been proposed. Frequently, one finds that the Curie

temperatures, as measured by the Mössbauer effecti neutron dif-

fraction, and magnetization measurements, differ from each other.t6-23

This is probably correlated with the relaxation phenomena in the

high Zn region, and the measurement time for each technique

:::
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The present study consists of magnetization and

Mössbauer effect measure¡nents for ferrites of the type

lznï "ïJ 1r."1, Fe3+*) o*

The system lvas first studied by Stuiits et al2b for x ; 0-7-

As with other mixed Zn feryites, the magnetization l'1 was

shown to increase with increasing x unti'l x = 0.5 after

which it began to decrease. Also of interest was a peak in

the magnetization versus temperature curve for x = 0-7 at

40K. Similar peaks were also observed by Ishikawa6 in the

Ni-Zn system. This maximum has not yet been explained.

A more recent study has been published by Srivastava

et al14'ls on sampìes with X = 0,0, 0.?,0.4,0.6, and 0.8.

Their work showed magnetization resuìts from 77R and 300K'

and permeability spectra at 300K. The primary focus of their

study was the relaxation phenomena which were found to occur

wetl be:low the Curie temperature at the higher Zn concentrations

(x > 0.5). These samples.were prepared in a way similar to

those of Stuijts et â.|2a, and were generously made availabìe

to us for the present study. X-ray diffraction techniques

showed the samp'les to be free of impurity phases. The lattice

parameters were measured'¡¡sing a Debye-Scherrer powder diffractìon

camera, and are plotted as a function of 7n concentration in

fig. 1.1. The linear increase in lattice
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parameter with Zn concentration derives from the larger size

of the Znz+ ions as compared to the Fet* ions. The high angle

lines were not broadened, indicating that the samples had a

uniform Zn distribution. This thesÍs will compare our

rneasured magnetization values with those calculated from the

microscopic spin structure as determined from our Mössbauer

study
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CHAPTER 2

THEORY

2-t. FERRII'IAGNETISM IN FERRITES=.

Ferrimagnets are ordered magnetic materials having bvo

or mone lattices antiferromagneticåìly aligned with 'a largef

moment in one direction than the others. Ferrites, of which

tF..*] (Fet+ Fe3+) 0u is an example, are a c'lass of ferrirnagnetic

metal oxides possessing a spinel structure. In this structure¡

n¡etal ions occupy t!,ro different types of sites: A sites, in-

dicated with brackets [ ]; and B sites, indicated with

parentheses ( ). The A sites are tetrahedrally coordinated, and

the B sites, of which there are twice as fnany occupied, are

octahedral'ly coordinated as shown in fi gs. 2.1a and 2;lb.

The exchange interactions in the two lattices can be

represented with 3 exchange parameters: JO* the intersublattice

exchange parameter; and J* and JAA'. the intrasublattice ex-

change parameters. The molecular field for a spin on the ith

lattice can then be written as

(3, ;r, + ît ;tt)

-¡J
where S., and l, rePresent the sum of the 6 neighbouring nnments

on either lattìce, i.e':

.2
H't = 06

J
S=

A
%
9ug

J
$=

B
h
9PB
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Here uo and uu are the magnetic rpments of spins on the A and

B lattices respectively. From the chemical formula of the

example above, and using the free ion magnetic moments of 5Ut

for Fe3+ ions and 4u, for FezÈ ions, we get ro = Sug and

trg = 4.5ur. As lJnel t lJgBl t lJ¡¡|, and the exchange para-

n¡eter JRS is negative because of the antiferromagnetic nature

of the superexchange interaction in ferrites' the two sub-

lattices are arranged in an antiparallel fashion as shown ïn

figure 2.2.

In [Zni* *i:*] (Fe!+rFellr]0u, diamasnetic Zn2+ ions

are randomìy substituted onto the A sublattice, resulting in a

change in SO and SU, and in a breaking of exchange interactions.

Geller et alr proposed that random canting occurred on the

unsubstituted lattice under these conditions, on the basis of

their experimental data. This proposal was matnematica'l'ly

developed by Rosencwai92, and is outlined here

Random substitution of diamagnetic ions is assumed on

the A site, and some average canting angìe 0, with respect to

the magnetization direction, is assumed for the B site. This

allows us to write the local molecuìar field for a given B site

ion called B* as

-.' 2- l-. - + - \
H'i = q-tSRJRe + sB Jss/
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since there is diamagnetic substitution on the A lattice' we

may write

¡Ë I = --(6-mll'ot"At gug

where m is the number of neighbouring A sites occupied by

diamagnetic ions. Simitarily, we have

6u6(x)
l3rl = %

where

uu(x) = (1-x) uA* * (1+x) uå* '

and u[+ and uf+ represent the moments of_.,,the B si te Fe2+ and

Fes+ ions respectively. In fi g. 2.3a, F¡ as well as the com-

ponent terms { ana Ê, u"" shown. The resultant spin structure,

with tne moment s. taking a canting angle of 0 with respect to

the magnetization directior, is shown in fig. 2.3b. By using

fig. 2.3a, and 'the formu]a for the local rrnlecular fie.ld'

we may wrlte
SA - 586 cos 0

cosg=¡ t

where
I

., t= tBB
'v

. .r .ì

It is clear that 0 can take on any value between 00 and 1800

.dependingontheva.lueofthetermso.S,ôcos0.If

,. ,i
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sA > sBô cos 0' i.e., if the net intersublattice interaction on

a spin is greater than the net intnasublattice interaction' then

g will be smaller than the average canting angle O. If SA'SBô cos O'

then 0 witt be larger than the average canting ang.le O, and Ìf

sA = 0, then t¡e B¡ spin witt be aligned antiparal'lel to the B

sublattice and the magnetization direction

Inordertocalcu}at¡anybutkpropertiesofthe

mixed Zn ferrite, we must calculate the probability of a spin

having m of its six A sites occupied by Zn2+ ions. This is deter-'

mined by the binomial distribution:

P(x,m) = tf,l xt-m (l-x)*

which allows us to write the 0'K magnetic moment as

5 , r tr I
p(x,T=0) = ,å=o P(x,m) cos [e(x'm)Juu(x)-(l -x)uc,

The first term indicates the decrease in monent due to random

canting on the B sublattice, and the second represents the

increase in moment due to diamagnetic substitution on the anti-

parallel A sublattice.

This mode'l has been successfulìy applied to the sub-

stituted yttrium Iron Garnets, and gives a quaìitative agreement

with the experimental data for Zn substituted ferrites' Neutron

diffraction3 and Mössbauer effectb data show canting angles in

these systems for Zn substitution in excess of x = 0'5'
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However, no quantitative correlation has been published as yet.

Reasons for this include the facts that magnetization, neutron

diffraction and Mössbauer resu'lts have targely co¡rn from different

sampìes. Also, canting angles, as determined by the Mössbauer

effect, have been measured in relatÍvely large fields and not

compared with rnagnetization results in';'the same field.

2.2 MODEL REVISIONS

The major flaw of the localized canting mode'l is tnat

only first nearest neighbour interactÍons are considered. In

most cases, this is a justifiable approxfmation, but for cases

in which there are spins having canting angles e>900, a revision

is required, considering second and even third nearest neighbour

i nteracti ons .

Spins which have canting angles 0 >900 wilt be referred

to as "reversed" spins. If all or nearty alt of the B site

neighbours of one of these reversed spins are themselves reversed,

then that spin wiìl have been reversed twice. Simíla¡"iìy, lf
all the neighbours to a reversed spin are themselves doubly

reversed, that spin wilì have been triply reversed. Since

lJng I is known to be much larger than lJgg lwe will assurne that

only those spins with aìl six nearest neighbour A sites occupied

by 7n ions. can be reversed. The probabitities for such muìtipìe

reversals occurring are higher than might at first be expected.

This is because the B site nearest neighbours of a spín having six
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Zn A site nearest neighbours each have three Zn A site nearest

neighbours which are shared with the central spin. The remaining

A site neighbours are shared among each other. The calculations

for multiple reversal (single and double reversal for x = 0.6

and single and tripte reversal for x"= 0.8) are gÍven in Appendix

A, where the notation used in the folìowing discussion is defined.

reversals are extremelY small forThe probabilities for multiple

a'lt other cases. The resulls of these calculatíons are as shown

in table2.1. .,'
TABLE 2.1.

Multipìe reversal probabilities for x = 0.6 and x = 0.8.

Sample Unreversed Single Double Triple
(80-85) Reversal Reversal Reversal

%%Bo
x

x

= 0.6

= 0.8

0.95334

0.73786

0.04274

0.15219

0.00392

0.0Bt2L CI.a2874

- :,:.1
'::l:1

Thís allows determination of the total nunber of spins revel"sed

or unreversed with respect to the magnetization direction' ôs

shown in table 2.2.

T¡BI=E 2.2

Probabilities for reversed and unreversed spins in samples

withx=0.6andx=0.8.
Sample Unreversed (tou) Reversed (%- ) Unreversed (B- )

b

X

x

= 0.6

= 0.8

0.9s334

0.73786

0.00392

0.08121

0 -04274

0.18093
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n¡onpnt at T = 0 K may now be written as

randomìy distributed over the aziinuthal

terms witt be close to zero.

used in ChaPter 5 of this thesis

magneti zation results -

u( x,T=0) = 
å=o[t,r,x)cos 

[e(m,x) ]+p(oix)cos[o(6ix) ]

+ P(6,x)cosle(o,x) fl z¡r'-( t-x)ua

one would expect g(6,x) to be quite close to zero, since

the only interaction that a BU site has is with Bi sites, each

having the same canting angle with respect to the quantization

axis. An average of the six Bi spins, will therefore be of the

form:

sinrlr¡ î+SsineÎ'
=f

6^6
5-. = S cos 0 X cos û,: i + S cos 0 E
b -;-i=1 '? s i

Since

angle

the

ü.'
1

spins wiìì be

the first two

This analYsis will be

to compare the Mössbauer and

2.3 MöSSsRUrn rrrrct

General Theory

Theenergydifferenceforagivennucleartransitionis

awe]ìdefinedquantity,butingenera],theenergydistrlbution
ed in such a transition is quite

broad due to the recoi'l of the nuc'leus lnvolved' In solids however'
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where the nucleus in question is strongly bound to the lattice'

the recoil can be absorbed by the crystal as a whole for a

significant fraction called the recoil-free fnaction' of such

transitions. In such a case, due to the enormous mass of the

crystal compared to that, of a singìe atom, the energy lost in

the recoil is very smalì, and the energy of the emittedl-ray Ís

well-defined. This is referred to as the Mössbauer effect, and

is of interest in solid state physics because the emitted Y-ray

energy is well enough defined tF* 10-12 for Fe57) to allow
L.

observation of the shifting of the nuclear levels due to the

so-called "hyperfine interactions" arising from the distribution

of the electron cloud surrounding the nucleus. In the case of

Feu', the nucleus of interest in this thesis, the Mössbauer

transition is the transition between the first excited state

with spin 3/2 and the ground state with spin l/2' havÍng an

energy of 14.36 keV

The finst hyperfine interaction is the electric

monopole interaction between the s-electron charge cloud and

the nucleus. This is referred to as the isomer shift, because it

shifts the energy of the 3/2-112 transition when the nucleus

is pìaced in the different electronic environments found in

different chemica'l bondings of Fe atoms, The energy shift due

to this interaction may be written as

oE = {ze" ¡v(o)|'z tni, - nio)
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whereR.*andRgdu*theradiioftheexcitedandgroundstates

ofthenucleusrespectively;Zisthenuclearcharge;and

-elv(o)1" it the electronic charge density'

Thesecondhyperfineinteractionistheelectricquadrupole

interactionwhichrepresentstheinteractionofthenuclear

quadrupo.|emornentwiththeelectricfieldgradientduetothe

otherchargesinthecrystal.TheHamiltonianforthisinter-

action maY be written as

H., = vzz Qe [3 
'=' 

- I(I+1) * ] 
(I2 + I2)l

v ql(zr-rl

where

n = V - V"' ;xx VY

\,,

and the V* are the principle axes of the electric field

gradient tensor chosen such that

l|rrl rlvr*l 'lv* l;

Qisthequadrupolemorrentofthenuc]eus,andlthenuclearspin.

This gives eigenvalues

aEQ = V' Qe tlui - I (I+l)f (1-or')

4r (2r-1)

where M = I, I-1, ..', -I'
I
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The ground state of FesT is spherically syrnptrical and thus

has no quadrupole mornent, but tj¡e first excited state has some

of its (2I+1) degeneracy lifted and is split into two states:

î4¡=t3/2 and l4t=ÈU2.

The final hyperfine interaction is the magnetic dipole

interaction which gives the interaction between the nuclear

magnetic dipoìe monent U and the magnetic field at the nucleus'

The Hamiltonian for this interaction may be written as

t - -9un 1.È¡,t

where Hf,t is the hyperfine fieìd at the nucleus, In is the

nuc'lear Bohr magneton (eh/ZMc) and g is the nuclear g factor'

This gÍves eigenvalues

ÀEhf = -grnHhf MI

In general, Hn, maY be written as

Htt = HS * HL * HO * ån M-DM * Hext

where t, = *l¡À<E(s+ - S+)>, the fermi

between the nucleus and the unbalanced s

caused by exchange interactions with the

contact interaction

electron spin densitY

partiatly fitted 3d sheìl;

H,. = -2råg.Ë , the orbital magnetic component- (For

Fe3+ L=0, and thus makes no contribution')

i:-!
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HD = -2uB ++ , the dipolar interaction with the

"--f/"
electronic spin of the atom;

þñ and -Dfi are the Lorentz fields and demagnetizing

fîelds respectiveìy; und, Hext is the externalty applied fietd.

Att th¡ee of the hyperfine interactions can occur sÍmultan-

eously giving the energy levels shown in figure 2.4. In this

case, standard absorption spectroscopy gives a six line spectrum

as shown in figure 2.5.

The relative intensities of the line pairs 1-6: 2-5: 3-4
o

are given by ft (r+costo): 3 sìnze t f t1+cos20) where 0 is

the ang]e between the direction of the magnetlc field, and the

incident direction of the absorbed gamma ray. For an irqn foil

absorber, all the domains are aligned in the plane of the foi]'

while the gamma rays are perpendicular to t¡at plane. The

intensity ratio is therefore 3:4¡1. A powdered sample with a

random orientation of spins would have intensities 3:2:l

as calcuìated by averaging over the angle g. For an aligned

material, with the magnetization direction parallel to the

incident gamma rays, the canting angle can be calculated from

the lÍne intensities using the folìowing equation:

B = arcsin ¡{å 
Az.s/At.e ) l}.

Lirtå (AeslAf,6)l
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2,4 RELAXATION EFFECTS

Atl of the above results assune that the hyperfine field

is a constant in tinn. This is not alwa¡ls the case' and in

general, there is a relaxation tinp t" of the atomÍc spin to

states other than the ground state' causing fluctuations in

the hyperfine field. The effect of such fluctuations on

Mössbauer spectra has been analysed by several authorst'z bJ

assuming that individual spins relax by a stationary Markoff

process

The analysis has shown that if the relaxation tirne is

long, compared with the Larmor precession tirne of the nucleus'

a welt-defined sÍx line spectrum is observed for an ordered

material. Howevero if the relaxation time is short, compared

with the Larmor precession time of the nucleus, we observe a

time-averaged spectrum. Thus, for an ordered material with spin

waves (which have a precession time much shorter than the Larmor

precession tine), we observe a single six 'line spectrum with a

hyperfine field proportional to the average z-component of the

spin. For materials in which the spins are ¡elaxing betr'¡een

various states such that the average z{omponent of the spín

is zero, a centraì paramagnetic peak will be observed.

In the intermediate region, where the relaxation tine is
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comparable to the Larmor precession frequency, we observe a

"relaxed" spectrum in which the six-line spectrum begins ûe

broaden. Simultaneously, the inner lines gain area at the

expense of the outer lines. This type of spectr.um is found in

the transition region between the ordered and the disordered

state of some ferromagnetss.

There.are several rechanisms by which relaxation ca¡¡

proceed. Spin-spin and spin-lattice processes are the sotræs

of relaxation for individual random spins, and are the accepted

cause of the relaxation found in some ferromagnetically.ordered

materials in the imn¡ediate vicinity of the Curie teìitperatures.

However, in the Zn substituted ferrites, relaxation is found

we'lï below the temperature where the material is compìetely

disordered. There would no longer appear to be a Curie

temperature as such because the magnetic order breaks up over

a wide temperature range. Two new processes have been ptoposed

to explain this-. Ishikawas proposed superparamagnetic cluster

relaxation, the relaxation of small, single-domain clusters of

spins acting as one large spin, and Srivastavae proposed

relaxation due to domain walì oscilìations. Neitlrer model

has been conclusively validated or invalidated.

i¿t::l
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CHAPTER 3

MAGNETIZATION MEASUREMENTS

3.1 EQUIPMENT

The magnetization neasurerìents were perforned using a

vibrating sample magnetonnter, usuatty withîn the field of a

'-cooled electromagnet- For fieìds in excess

of 18k0e, a super-conducting solenoid was used for whlch a

set of sensing colls was developed. The system was caTibrated

usingasphereofspectroscopicallypurenicketandtheva]ues

of Crangìe and Goodmanr-

The coil system was constructed on the basic design

suggested by Matlinson2 and is shown in figure 3'l' The

individual coils were made up of 880 turns of #36 vlire on a

plexigìass former, the dimensions of which are shown in

figure 3.2.

Fig. 3.2 Plexiglass Coil Former
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\,.. Lj Fig. 3-1 l4agnetoneter coil system for use r'lith superconducting sol enoid'



27

The coils were wired in series in order to obtain the

maximum output voltage, and mounted onto a plexiglass tube,

perpendicular to the axis of the magnetic fìetd. The lead wires

brere recessed in vertical grooves along the sides of the

tube. There were o-rings near the top and the bottom of

the tube'to allow a friction frit to the magnet bore.

The sampìe was vibrated closely about an equilibrium position

at the centre of the four coils and the voltage generated

in the coils was monitored to obtain the relative magneti-

zation of the sample. The temperature of the sample, for

rneasurements from 4.2K to 300K, was controtted using

a flow-through liquid hetium cryostat with a temperature

stability of t0.5K. Above room temperature, a vacuum

furnace with a temperature stability of t2( was used.

3.2 MEASUREMENTS

The magnetic moment was'primarily measured in fields

between 0k0e and 1$k0e, with a few extra measurements in

fields up io 50k0e. Spontaneous magnetization valuei were cal-

culated using a least squares fit of the flat, saturated
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region (greater than 10k0e, of the magnetization versus

magnetlc field plots, to extrapolate to zero fieìd. Curie

temperatures were measured by using a least squares fit, to

extrapolate the last few points before the "tail" on the

spontaneous magnetization curve to the temperature axis.

3.3 RESULTS

The values'of the magnetization for the various samples

are shown as a function of field at 4.2K in figure 3.3.

This figure indicates a qualitative difference in the'behaviour.

of the various samples. For the samples with x = 0.0 and A.2,

saturation occurs in a field of appr"oximately Bk0e. Above

10k0e, the susceptibility for these samples is less than

0.05 emu/gm-kOe. The samples x = 0.8 and 0.6 however' are

clearly not saturated even at 50k0e, having susceptibilities

at that field of 0.57 emu/gm-kOe and 0.3á emu/gm-kOe respectively.

The x = 0.4 sampìe represents an intermediate case. Thè suscept-

ibÍlity in the samples with higher Zn concentrations is

attributable to localized canting angles which are field

dependent, as witl be seen from the Mössbauer results in

Chapter 4.
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The magnetization at 4.2K is plotted as a function

of x for fietds of 0, 10, 35 and 50k0e;in flgure 3.4. The

morents calculated by assuming no canting and free ion

magnetic moments for the Fez+ and Fe3+ ions are also plotted,

as are the values of stuiits et al, for 10k0e at 5K. The

measured values rise to a maximum in the vicinity of x = 0.5,

and then begin to decrease. The difference in susceptibility

for the various sampìes is reflected in the increase in the

sprea.d of the moments at various fletds with lncreasing Zn

concentration. The results of Stuiits et aT are in qualitative

agreement with ours, differences probably being due to

inhomogeneities in their samples. . In the region below

x = 0.5 the free ion calculations give a moment that rises

much more rapldly than observed in the data, although the

x = 0.0 value is in agreement with the data. This discrepancy

can be ascribed to covalency effects ín the solid changing

the magnetic moments from the free ion values and will be dis-

cussed in Chapter 5 of this thesis.

.Aplotoftheextrap.olatedzerofieldmagnetization

as a function of temperature for all the samples is shown

in figure 3.5. Qnce again, qualitative differences can be

found between the samples. The sampìes with low Zn concentrations

appear to be ìargely ordered up to a significant fractìon of
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their Curie temperature. The higher the Zn concentration

however, the more rapldty the monBnt decreases, and the less

the curve resembles a Bril:louin curve. For the x = 0.8 sample'

the monpnt decreases almost linearly from ¡,80K to ¡, 300K,

while the x = 0.6 sample behaves similarly betvreen ¡,70K and 
^650K.

This is tinked to the relaxation effects occurring in these com-

pounds at these temperatures (see Chapter 5)" The Curie points

measured are given in table 3.1, wherc'they ar'e compared with

those of Stuijts3 and Srivastavab.

TABLE 3.1

Curie temperatures derived from magnetization rpasurements.

Stuijts (10k0e) Srivastava (7k0e) Present (0k0e)

0.0

0,2

0.4

0.6

0.8

838

763

695

532

875

. 788

732

624

335

784

709

597

330

The agreement of our data wfth that of Srivastava is

quite good, any differences probabìy being due to the difference

in the magnetic fieìds in which the measurerents were made:

Another effect of interest is shown in figures 3-6 and

3.7. These figures give the plots of magnetization versus temperature

at fieìds of 0, 10, 18, 35 and 50k0e for the samples x = 0-6
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and x = 0.8 respectively. For the x = 0.6 sample, a peak,

with a maximum ¡, 1% higher than the value at 4.2l..,is present

at 33K for alì fietds. For the x = 0.8 sample, a simi'lar peak

is found at 40K for fields 18k0e or larger. The percentage

increase in the moment at the maximum is a function of the

applied field, being largest (^4%l for the largest field

applied (50k0e). llith the hetp of data from Mössbauer experi-

ments, tj¡ese peaks witl be explained in Chapter 5 as being

due to a combination of factors: a more rapid decrease for

some.moments than for others; and, a change in canting angìes

with temperature.

In figure 3.8 we have plotted the x = 0.8 moment in fields

of 10k0e, 18k0e, 35k0e and 50k0e and at temperatures of 4.2K

and 40K. At 40K, one can see that the average high fietd

susceptibility above 10k0e has risen 15% above the va'lue at 4.2K.

(See tabte 3.2.)

TABLE 3.2

The average high field susceptibiìity above 10k0e for x = 0.8 at

4.2K and 40K.

Hi gh

Hi gh

field susceptibitity

field susceptibility

0.69 emulgm-k0e

0.79 emu/gm-kOe

4,2K

40K

These val ues wi'll

Chapter 5.

be compared with the Mössbauer results in
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CHAPTER 4

ttôssgRugR rrrrct MrRsuRgl'lgnts

,'',1

4.1 EXPERIMENTAL TECHNIQUES

A standard transmission PRissbauer spectrometer was employed

in a constant acceleration mode, giving a linear energy sca'le
' I ''t'

for the spectra. The system Has calibrated by using either 3n':iion

of the outerfoil or e:.Fer0, absorber,taking the separatÍon

linesofiron,as10.65T0mmlsecor330k0el.Altisomershlfts

are given with respect to iron. These calibrations also alìowed

us to ¡neasure the lÍnewidth (0.28 mm/sec for iron

Iinearity. The tinearity was such that'for an iron foil spectrum'

the sptittings Ârr, Àrr'Â*u and Ar. were 48'78' 48'91' 48'86

and 48.90 channels resPectivelY

The temperature of the absorber was controlled below room

temperature with a stabitity better than t0.lK using a liquid

helium Dewar, custom-built by oxford Instrument company- A high

temperature vacuum furnace with a temperature stability better

than t0.5K was used for measurements above room temperature'

The absorber could also be placed in fields of up to 50k0e by

using a super-conducting solenoid. Another liquid helium Dewar'

custom-buitt by Thor Cryogenics Ltd., was avaiìable to control

samples temperatures from 4.2K to room temperature, with a stability

better than t0.1K, while the sample was in the field of the

super-conducti ng solenoi d.
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Spectra were fit
least squares fit of

m

I (v) = [I(o) E k
Í=o i

40

using a program "Monkey" which performs

the equation:

inaj
(v-v ) I [t:x_ (u:d z+ tJo i=t6Ë11.

to the experimental data by using the technique of variable

matrix minimization. The first term represents the background,

and the second term subtracts up to 24 Lorentzian peaks from

the background. As many as 72 linear combinations of the

Lorentzian parameters may be simultaneousìy constrained-

The constraints used in fitting the parareters are outlined

here. AIt component spectra were syrrnetrically constrained, i-e-,
the linewidth and depth of the first peak equal the linewidth and

depth of the sixth peak. The spìitting ratios for the 2-5 lines

as cempared to the 1-6 lines were constrained to the theoretical

values. All spectra used quadratic background functions. In

addition to these general constraints, special constraints vrere'

used for specific spectra. These will be discussed latet".

Canting angles were calcuìated for the various component

spectra in order that the values could be used for the calculation

of the bulk magnetization. Two methods were used to calculate

these angles: the intensities method; and, the hyperfine fields

method. The intensities method uses the ratios of the areas of
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the 2-5 and 1-6 lines of the various spectra and the formula

r * {#.r, s/A, ,. ) th
O=arcsin l* ILt*i(Ar,./A,,r)J

I

i'

This gives the angle between the total hyperfine field

at the nucleus, and the incident direction of the absorbed garnma

ray (here paraltel to the apptied magnetic fietd). 'This method

is reasonably accurate (t10o or less) because the tine intensitÍes

are usua:lly well defined. For small angles ¡ecZOo¡ the retative

error becomes large, but this has small effect on the calculated

moments for the samples since these depend on cos 0 as was shown

in Chapter 2. The cosine of an angle changes slowly in the

region o<30o.

The hyperfine fields method for calculating the canting

angles uses the cosine ruìe to solve for the canting angle

(figure 4.1) giving us

H z.H z H. z'hpf ' app - Ilpf totat l
2 Hhpf Hupp

This method has many associated problems. The required

information for the calcuiation of an angle is: the value of

the applìed field, the internal hyperfine field, and the totaì

measured hyperfine field. The internal hyperfine ffeìd must be

measured in another spectrurn, in which the appìied fietd is

zero. In general, the hyperfine fields for a spectrum where the

apptied field is small are unresolved and have errors which are

I

o = arcos 
t
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a significant percentage (up to 100% for low fields) of the

appliedfield.Sincethehyperfinefieldtermsinthentrnerator

dominate, and since the hyperfine fields can at most differ by

H.thiserrorcaneasilyresultinaverylargecantingangle
.:i:;. There is also evidence, discussed in chapter 5, rhar rhe

internalhyperfinefietdchangesinbothorientationandmagnitude

whenanexternalfietdisapptied,inwhichcasethlsrrpthodis

inappl icable

Ingeneral,theerrorsthroughoutthissectionar.e

thosegivenbythefittingprogram.However,forthosecases

where several subsPectra are not resolved' and were fittcd

withasixlÍnespectrum'alargererrorof5k0ewasassigneddue

totheuncertaintyoftheplacementoftheunresolvedsubspectra

within the fitted peaks. In those fits where atl of the subspectra

werefitwithonesixlinespectrum,thisplacementerrorwas

raisedtol0k0e.Thesefiguresrepresentapproximatelyone

quarter and one half the linewidth of the fitted tines respectively'

4.2 RESULTS AT 4.2K

!|ewillnowpresenttheexperimentaldatåobtainedfrom

the Mössbauer study. In order to detennine the cantìng angles

onvarioussites,measurerrentswereconductedinvarious.fields

at4.2K.Theseresultswi.lìbeusedinChapter5toexplainthe
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behaviour of the bulk magnetization

(see fig. 3.3) and Zn concentration

as a function of applied field

(see Fig. 3.4).

Below x = p.5 the zero field spectra at 4.2K (figs. 4.2-4.4)

may be resolved into two six-line componentsr one for.the F'e2+ ions

and one for the Fet+ ions. The intensity ratios for these

spectra were constrained to their theoretical values. The linewidth

of the Fe3+ component ('r,0.6 mm/sec.) indicates a relatively sma1l

distribution in hyperfine fields. The Fez+ component, however' has

a 'linewidth of nl.0 mm/sec, indicating a fairly broad hyperfine

field distribution. The Fe3+ spectrum is relativety unaffected

by an increase in the Zinc concentration, but the Fez+ spectrum

shows a declining hyperfine field with increasing Zn concentration.

This may be connected with other data, shown later, ln which the

,"2+lFe3+ distinctlon ceases to exist for x = 0.6, 0.8.

No fieìd reasurernents were made of the samples x = 0.0,0.2

as the susceptibilities above 10k0e (descrlbed in Chapter 3 ) p'laced

an upper limit of o10o canting on these samples. Canting angles

of such small size are extrenely difficult to rpasure. For the

x = 0.4 sample, the canting expected, assuming t}rat all the high fietd

susceptibitity is due to the disappearance of cantiî9, is l7o.

Spectra of this sampìe were taken in fields of t0k0e (fig. 4.5) and

50k0e (fig. 4.6). Canting angles were assumed only for the B sites,

and were calcuìated both by the intensities (er) anA by the hyperfine

fields (er) metnoa. The large errors in the hyperfine fields
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in the 0k0e and 10k0e spectra are due to the A site Fe3+ ion

spectrum and the B site Fe3+ ion spectrum not being resolved.

The 2-5 lines for the Fe2+ ions are harder to resolve than the

Z-S tines for the Fe3+ because of their greater linewidth and smaller

area, the error in the area being approximately 70%. Therefore'

ls for Fe2+ ions were determined using the lntensitiesno canting anglt

method. In Chapter 5 the 82+ site will be assurned to have a

canting equal to the 83+ site. The data for al1 the measurements

wìth x<0.5 are given in tables 4.L, 4.2,

The 4-2K spectrra for x = 0.6 (figs.4.7-4.10) were shown

on analysis to contain subspectra for the A-sites and for the

various B sites, given in tab'le 4.3. The BU spectrtrm was too small

to be resolved, so only spectra up to n[ were fìtted. The

theoretical ratios for the various component spectra were con-

strained in order to faci'litate their resolution. B site

subspectra were constrained to have equal ìine widths and centroids'

refìecting their common origin. Quadrupole splitting was con-

strained to be zero for all subspectra in field measurenents as

the sample was powdered and randomly oriented, causing the electric

fie:ld gradient tensor to be at random orientation to the magnetic

axis throughout the sample. Theoreticatly, this resuìts in the

quadrupoìe splitting being averaged to zero with some slight

line broadeníng. At zero field, only two subspectra were resolved,

one for 804, BS, and A, and one for Bi .
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TABLE 4.1

Mössbauer data for x = 0.0 and 0.2 at 4.2K

Fe3* Fe2+

Fig. Sampìe Hf,t I.S. q.S. Hnf I.S. Q.S.

4.2 0.0 s15(1) 0.77(1) - 502(1) '1.18(¿l -1.43(2)

4.3 0:2 511(1) O.4s(1) - 464(1) 0.89{'+l .0.50(4)

,., .i - ìli

.: ..::r.l

,1,.':'i:i
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4.5

4.6

0

10

50

511(5)

521(s)

471( 1)

TABLE 4.2

Mössbauer data for x = 0.4 at 4.2K.

0.45(1)

0,47(2)

o.50 (2 )

Note: Numbers in parentheses glve

of the tabulated value.

21(2) (40)

(10) 36(20)

450 ( 1)

455 (2 )

422(5)

slashes through them,

0.93(7)

o.90(2)

o.70(8)

-g,770)

-6.6(2)

the errors in the last diglt (or two digits)

No measurements were made of the boxes with

( 10)

s5(25)

51 1(s )

5 21(5 )

462( 1)

0.45(1)

0.47(2)

0.39 ( 1)

(t¡o

I,
:

it

I
ll:

t.
ll
t,
li
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TABLE 4.3

DefinitÍon of B site subsPectra

Bo+ + B sites with 0 to 4 Zn A site nearest neighbours

B- ') B sites with 5 Zn A site nearest neighbours
5

B: -Þ B sites with 6 Zn A site nearest neighbours which have
b

canting angles > 900

B- .+ B sites with 6 Zn A site nearest neighbours which
o

have canting angles < 900
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The components of the first line mentioned, being unresolved,,

have large ernors for the hyperfine fields. Similarly, at 10k0e and

50k0e¡ two spectra were used, one fo" BO4, BU, and BU, and the other

for B! and A. Atl these subspectra, being parts of unresolved
o

doublets, have large hyperfine field errors and large errors in

o . For the Bl spectrum in the 50k0e fietd, it was not possible
6

to calculate any canting angle using the hyperfine field method.

No canting angles could be calculated for the Bf, sRectrtrm at any

fietd using the intensities method, due to resolution prob'lems.

Consequently, a value of 1400 was assigned (lndicated by the

starred va'lues ln table 4.4), on the basis of measurements both

at and above room temperatute, for the sample x = 0.8 (tabtes 4.5,

4.8). The data for the sample x = 0.6 are given in table 4.4.

In table 4.5 we see a sumnary of the data gained from spectra

of the x = 0.8 sample at 4.2K (figs.4.11-4.15). These spectra

were fitted with up to 48site and 1 A site subspectra. As was

the case.for the sample x = 0.6, B site linewidths and centroids

were all constrained to be equal and quadrupole sptittings were

constrained to zero. The theoretical line intensities were con-

strained except for the Bf intensities in the 30k0e and 50k0e

spectra. For these spectra' one six line spectrum was used for

Bjand A, and three others for BOO, BS, and BU. The intensity
b vrt vt

of the first line was not constrained, and when the theoretical A

intensity was subtracted, values of 0.17t0.3 of the total B
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intensity at 30k0e and g.!7t 01 of the total B intensity at

50k0e were found for the Bf intensity. These values compare well

with the theoret{cal intensity of 0.18tr' calculated in Appendix A.

Canting angles wer"e calculated for both the BU and 86 spectra

using both the intensity and hyperfine field methods. Agree-

ment between the two r¡ethods was generally good, the intensity

method, however, being the more reliable. In the low fietd spectra,

the subspectra were not all resolved. For the zero field case,

tr^ro six-'line spectra were used: one for S and BU; ang,one for all

other sites. This spìitting was chosen because the high field

data showed that the B, and Bi hyperfine field was larger than

that of any of the other spectra, which were all close together.

For the 8.6k0e and the 15.4k0e spectrum, only one six-Iine spectrum

was used, as the lines were all poorly resolved. Because of this,

no attempt was made to calculate any canting angles using the

hyperfine fields method. The 2-5 lines of the B[ spectrum were not

resolved for low fields, and thus no B[ canting angles were

caìculated using intensities. However, since Of, seemed to be

unaffected by temperature and fie'ld (tables 4.5-5.8), rve assigned

(indicated with starred values) a canting angle value of 1400. The

intensity of the unresolved 2-5 tine of the B[ canted at 1400 was

subtracted from the over all 2-5 intensity before calculating the

BU canting angle.

RESULTS ABOVE 4.2K4.3

Measurements have been performed at various temperatures



-:a::1Èir_¡:r:.¡:-:v-+:+:-:,:.t4]1!t::,f:<-r: 
;*

I

Mössbauer data

59

TABLE 4,6

forx=0.2and x = 0.4 above

Fe 
3+

4.?K,

Fez*

4.3 0.2

4.16 0.2

511( 1)

506 ( 1)

0.4s(1)

0.70(1)

464(1)

466( 1)

o.8e(4)

1. 10( 1)

-0.50(4)

-0.44(2)

4.2' 0

850
4.4 0.4

4.L7 0.4

s11(5)

502( 1)

0.45( 1)

0.68( 1)

450( 1)

4s4( 1 )

0.e3(7)

1.09( 1)

-o.77(7)

-0.s8(2)

4.2 0

850
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and fields above 4.2K for the purpose of investigating the behaviour

of the magnetization versus temperatune curve. This behaviour

witt be discussed in Chapter 5 as being a function of several

different effects: the change in canting angles with temperatures

and fields; the decrease in hyperfine fields due to spin waves;

and the coììapse in hyperfine fields, change in the intensities

of the various lines, and line broadening due to relaxation

effects in some of the samples

For samples with x :0.2, 0.4, zero field spectra were

gathered at 85K (figs 4.16, 4.17). These spectra were fitted

with trvo six-line subspectra constrained to the theoretical

Fe2+¡psr+ ratios. The ìinewidths were approximately equal to

those at 4.2K. The hyperfine fields of the Fe3+ spectra wene

somewhat reduced from the 4.2K values while the Fe2+ values remained

unchanged within the measurement error. The tine intensities also

remain unchanged from the 4.2K va'lues' approximately 2-3: 1.8: I

for the whole spectrum. In Chapter 5, the change in the spontaneous

rnagnetization with temperature will be dealt with in terms of

hyperfine field changes.

The x = 0.6 and x = 0rB samples wene more extensively studíed

as a function of temperature for an investigation o.' relaxation

effects. In addition, the samples were studied in appììed fields

to investÍgate the maximum in the bulk magnetization curves (see

fig. 3.5). Spectra were taken for x = 0.6 at several temperatures

a:rì
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and fields (figs. 4.18-4.21) and the

given in tabte 4.7. Alt spectra were

data from these flts are

analysed to contain four

BS, tá , and A sìtes. Con-subspectra, one for each of the Bg4,

straints were identical to those at 4.2K. The intensities of the

2-5 lines for Bj were too smaìl to resolve, so onlY B, canting
6

angles cou'ld be determined from the intensities method. Hyper-

fine field calculated canting angles could not be obtained because

no zero fietd 32K spectrum was taken. Qnce again, a value of 1400

was assigned (indicated with starred values) to the 86 canting

angle, The ìinewidth of the component spectra remained approxi-

mately 0.8 mm/sec. over the whole temperature and field rârlgsr

but the hyperfine fietd decreased with increasing temperature.

The x = 0.8 sample was analysed at several temperatures and

fields (figs . 4.22-4:281, the results of which are given in table

4.8, The theoretical tine intensities were all constrained, as

were the quadrupoìe spìittings. AII B site linewidths and centroìds

were constrained equal. 0nce agaln, the erors were large for

those hyperfine fields where several subspectra were contained in

one line. Canting angles were measured using both the hyperfine

fields and the intensities method at 20K. At 40K, the hyperfine

fields method could not be used; the increase in the total hyperfine

field with appìied fields was much too large to be expìained in

terms of canting angles. The hyperfine field calculated canting

angles at 20K were themselves in relatively poor agreement v¡ith the
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intensities calculations. This was probably due to relaxation

effects, which increased with temperature but were suppressed

with a magnetic fie'ld. As the temperature increased, linewidth

increased (from 0.6 n¡n/sec. at 11.6K to 1.9 nnn/sec. at 40K), and

the intensity of the inner lines began to increase at the expense

of the outer (2.9: 2.3:l at 11.6K changing to 1.3: 1.3: 1 at 40K1.

The magnetic field measurernents at 40K showed that the linewidth

decreased from 19 nm/sec. in zero field to 0.92 mm/sec" in 50k0e

while the ar:ea ratio changed from 1.3: 1.3: 1.0 at zero field to
2.4: A.27: 1.0 at 50k0e. These were indications that relaxation

phenomena were participating in the spin structure at this temperature

and that they were dependant on the apptied magnetic field. The

magnetic field had the effect of increasing the ordering of the

partialìy ordered structure, making the sample act as if it were

at a lower temperature. The molecular field for this sample

decreased very quickly with increasing temperature, and thus the

ordering effect was quite large. As the material beconB ordered,

spin-waves characteristic of an ordered solid gave motionally

narrowed lines with an increased hyperfine field
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DISCUSSION

The Mössbauer results have been compared with the magnetiza-

tion data as a function of field, Zn concentration, and temperature.
,i

::'1 The cause of the large high fieìd susceptibitities fo¡. high Zn

I concentrations was established and the magnetization as a function
:

of concentration was neconciled with the spin structure. The
, ..Ì

..,1 maxima in tt¡e magnetization versus temperature curves of x = 0.61 0.8
I

:i were also, explained
..1 ---F -

.t

5.1 MAGNETIZATION AS A FUNCTION OF COMPOSITION:

The saturation magnetization ltr(x) at 4.2K (fig. 3.4) was

also plotted in the reduced form Mr(x)/M5(x=0) for each of the

fields (fig. 5.1). In order to compare these experimental values

with theoretical values, we first assumed the free ion magnetic

moments of ¡1= 4yg for Fez+ ions and ¡r= 5¡rg for Fe3+ ions independant

of the site occupied. These values were used to calculate the

moments for x50.4 which were also plotted in fig. 5.1. The con-
tu

siderable deviation of the theoretical from the experimental

values has been explained in the pastr by assuming a canted spin

structure having canting angìes of n11o at x = 0.2,25o at x = 0.4,

40o at x = 0.6, and 600 at x = 0.8. Our magnetization reasure-

ments for the samples x = 0.0 and 0.2 (fig. 3.3) however, showed a

very small susceptibility at high fields, allowing us to pìace

an upper ìimit of 50 on the canting. This indicates that the

73
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canting was not the cause of the discrepancy in magnetÍc mornents

in tj¡is region. The x = 0.4 sample showed a sma'll high field

susceptibility which, if assumed to be entirely due to decreases

in canting angìe, gave a value for the canting of 17t5o, in

reasonab'le agree¡rnnt with the Mössbauer effect measured value of

2lt2o at 10k0e

The discrepancy in mornents would be exp'lained if the values

of the magnetic moments of Fe2+ and Fe3i ions in the tattlce were

found to be different from the free ion values assurned above.

Such differences could be explained with two effects:

1. The quenching of the orbital moment might not have been

complete, increasing the moment of Fez+ ions.

2. Covalency effects could have caused a change in the magnetic

moments due to the transfer of electrons into empty 3d

orbita]s, thus decreasing the magnetic rncments for both

Fe2+ and Fe3+. Calcuìations were made for Fe3+ ions

on both A and B sites, giving values of 4.31ug and

4.62vg respective'1y2. No values for Fe2+ ions were

avai I ab]e.

We fitted the saturation magnetization of H = 15,

40,45, and 50k0e for x = 0.0 and 0.2 using the moments

on B sites, and the difference between Fe3+ ion mornents

and Fe2+ ion moments on B sites as variables (see Table

20, 25, 30,

--rÀ-ot he'' rons

on A sites

5.1).
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TABLE 5.1

Fitted values of moments.

H (kOe) 83+ ¡a+ - gz* 82+ (assuming u(A)=4.31pg)

15 4.s7 0.43 3.88

20 4.56 0.39 3.g2

25 4.53 0.33 3.98

30 4.53 0.32 3.99

35 4.56 0.35 3.96

40 +.52 0.29 4.02

45

50 4.61 0.39 3.s2

average 4.55t.06 0.3510.10 3.96t0.10

The moment of the Fe3+ ions on B sites agreed witfr the value from

the covalency calculation, and thus we assumed the value calculated

for the A site Fe3f ions in order to fix that monpnt and that of

the B site Fez+ 'ions, þle obtained

u(Fe3+, B) = Þ 
3* = 4.5s r0.06 uB, u(Fet*, A) =ua = 4.3L ur,

and u(Fet+, B) = ußt* = 3.96 t 0.10 ur. The expected magneti-

zation as a function of Zn substitution using these values is

shown in fig. 5.1. Mössbauer results for the sampìes x = Û.0

and 0.2 are given in table 5.2.
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TABLE 5.2

Internal hyperfìne fields for x = 0.0 and 0.2 at 4.2K.

Fe2+Fe 3+

H,i ntFi qure

4.2

4.3

'le

0.0

0.2

Hi nt

s15( 1)

s12( 1)

soz( 1)

463( 1)

l1

ì.1

i

r.1:i ,
1

.l

;

:

,,ì i

L.

Table 5"3

Internal hyperfine fields for x = 0.4 at 4.2K.

B F"a+ B Fe2+ A ,Fg3+

Fiel d
Hi nt Hi ntHi ntFi

4.4

4.5

4,6

0

10

50

5 11(5)

530(5)

szt(2)

21(2)

o( to)

4so( 1)

464(2)

472(s)

2L(2)

s(10)

s11(s)

s11(s)

s11( 1)

it
1

l
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For larger va'lues of x (x>0.4), the experimental points

deviated more and more from this theoretlcal fit. Further, the

spread in u(x)/u(x=0) for various applied fields increased with

increasing Zn substitution. This was explained ln terms of the

localized canting of the spin structure found in this region.

The sample x = 0.4 was analysed at 0, 10 and 50k0e (Table 5.3).

It was assumed that canting was uniform over the B site" altf¡ough

no B-site Fe2* canting was alloweci for in the fit due to the poor

resolution of that subspectrum. Using the calcutated values for

the ionic moments and the formuìa

(1.4uß'* + 0.6uU'*) cos g, - O.6trn= ¡¡(x=0.4 , T=4.21,

we calculated the monents for the bulk magnetization, and compared

them with the experinental results as shown in table 5.4.

TABLE 5.4

Magnetic moment of x = 0.4 at 4.2K as measured by magnetization and

calcuìated from Mössbauer results.

Field 0

Hasnetiz. 5.72 (6') 5.82 t6) 6.07 (6)

Mössbauer - 5.6 ( 3) 6 .2 (2)

These results clearìy agree within the caìculated errors.

10
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The sample x = 0.6 was analysed at fields of 0, 10, 25 and

50k0e, the results of which are shown in Table 5.5. Assuming

that alì canting occurs on the BU and Ai sites' values weÍe

calculated for the nnments using the formula:

5

u(x,î=4.2)= i.fttr,x) cosfe(m,x)l + P(6,x)cos[e,g,x)]
m=ô'

+ P16-,x) .oS[o 1O-,*)]] zue(*) - (t-x) uo(x)

derÍved in Chapter 2. The magnetlzatlon and l,lössbauer-caïculated

results are shown in'Tabte 5.6

TABLE 5.6

...t
i.ì

Magnetic moment of x

and calculated from

= 0.6 at 4.2K as measured by magnetization

Mössbauer results,

Field (kOe) 2510 50

Magneti zati on

Mössbauer

4.ee (5) s.16

5.5

(6)

(3)

(5)

(31

(s)

(3)

5.40

6.0

s-78

6.4

The Mössbauer values are an average of 101 higher than the

neasured magnetization vaìues. No reasons for this discfepancy

have been established. It can neither be explained in terms

of absorber thickness effects nor in terms of an inaccuracy in

the nominal Zn concentration

For x = 0.8, moments were calculated (Table 5.8) using the
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TABLE 5.5

Interna'l hyperfine fields and canting angles for x =

Bo+ 85 Bâ

0.6 at 4.2K

A

Figure Field Hint Hi nt 05 Hi nt e6 Hi nt

4 7

4.8

4.9

4.10

slo(s)

s13(5)

517( 1)

5t2(2)

510(s)

5oB(5)

s11(2)

514( 3)

5e(2)

40(5)

0

s23( 1)

511(5)

518( 3)

538(4)

140*

140*

140*

s10(s)

soe(s)

512( 3)

50e(2)

0

10

25

50

TABLE 5.7

..,Itnternal hyperfine fields and canting angles for x = 0.8 at 4.2K

Boc 85 Bâ ts6 A

Figure Field Hint Hint os Hint 06 Hint .Hint

4.11

4.t2

4. 13

4.L4

4. ls

0

8.6

15.4

30

50

5oe (s )

520( 10)

517 (5 )

506(4)

s10( 1)

soe (5 )

s15 (5 )

s12(5 )

512(5)

s13( 1)

os( tz)

6s(2)

54(5)

+o( l)

s22lt)

so+( to)

+gg( 10)

517(4)

527$)

140*

140*

140(5)

1a2( 1)

522(L'l

s20( 10)

517(s)

525(6)

527(r)

soe(5)

502( 10)

s01(5)

s10(4)

s16(5)
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data in table 5.7, the assumptlon that canting only occurs on the

B, and BÍ sites, and the formula given aboveþ6

TABLE 5.8

Magnetfc monent of x = 0.8 at 4.2K as measured by magnetization

and calcutated from Mössbauer results.

Fiel d (k0e ) 0 8.6 15.4 2.5 50

Masnetization 2.84 (3) 3.22 (31 3.s4 (4) 3.77 (4) 4.47 (s)

Mössbauer 3.2 (3) g.s (2) 3.8 (zl 4.2 (21

The model clearly gives good agreenent between the Mössbauer and

magneti zati on neasurerents.

The magnetization at 4.2K.as a function of Zn concentration

was explaìned in terms of two different effects: a change in

magnetic moments from the free ion va'lues due to covalency

effects; and localized canting. Below x = 0.4, no canting takes

place and the results were explained using the Néet theory of ferri-
magnets and fitting values for the moments of the various ions on

different sites. These fitted values were then used over the entire

sampìe range.'At x = 0.4, an average canting ang'le on the B site was

also used to explain the data. Above x = 0.4, the localized

canting mode'|, modified to allow the multipìe reversals that can

be caused by second and third B-site nearest neighbour interactions,

allows a satisfactory explanation of the results. The spin structure
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for this region is shown ln fi g. 5.2

5.2 The 0k0e Cqnting Angles ana High Field Susceptibilitv at 4.2K:

. tfe calcu'lated the canting angles in zero fietd rrequired to

fit the observed (fig. 3.4) concentration dependence of the

spontaneous magnetization. An average canting angle for the entlre B

site was calculated for all the samples, and for the x = 0-6, O'8

samples u 85 canting angle was calculated assuming a canting

angle for Bi of 1400 (ra¡le 5.9)

TABLE 5.9

Canting angles calculated to fi-t H = 0k0e, T = 4.2K magnetization data.

x 0.0 0.2 0.4 0.6 0.8

ouu.. <15 <15 18(15) 4L(7) 66(31

g_ _ 7o(3) 7l(6)
5

o' 140* 140*
6

The excelìent agreement in ca'lculated 0U an9'les betueen x = 0.b

and 0,8 supports the assumption that the Bf canting angìe was the
6

same for x = 0.6 and 0.8.

The cause of the increase in the 4.2K hígh field suscept-

ibility with increasing'Zn concentration was also reveaìed by this

data. At high fÍelds, the canting angles were decreased' and

the magnetization increased. A comparison of the canting angìes

estimated by assuming that all high fietd susceptibility was

due to changing canting angles, and the average canting angles of

table 5.9 is given in table 5.10.

¡:
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Ftg. 5.2 Spin structure of Zn*Fr-*O* for x = 0.6, 0.8.
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TABLE 5.10

Average canting angles estimated from 4.2K high field susceptibitity

and from H = 0k0e, T = 4.2K magnetizatÍon fit.
x 0"0 0.2 0.4 0.6 0.8

oav". <15 .tU r8(1s) 41(7) 66(31

osuscept. <10 <10 17(5) 32(5) 75(8)

These values are in good agreernent, indicating that the high

::,,.:.ìfield.susceptibilityat4.2Kwasduetothedecreaseincanting
:: angles with apptied fietd.

'

':.

5,3. Ttre lilagnetization as a F

' The Mössbauer results. were. compared with the magnetization results

ât various temperatures, and the canting angles and hyperfine fietd
I

decreases were used to calculate the bulk magnetization, Studies

-;-^- -l.- eLa,.,-.Fhrt.Þ!ra *amnanrtrrna ¡fanon iron absorbers3'rl'5 have shown that the temperature dependence of

the hyperfine fietd closeìy paraltets that of the magnetization.
:'i Relaxation processes, characterized by a broadening of the outside

lines and an increase in the area of the inner lines at the expense

':::':' of the outer, were found for sone compounds.

At B5K, the magnetization vaìues for x = 0.2 and 0.4 were

4.95 and 5.55 u^/formula unit, representing a decline to 0.98t0.02
ö

and 0.g7rA.OZ of the 4.2K values respectiveìy. Mössbauer spectra

for these samples were analysed at this temperature (see Tabïe 5.11).

These results showed a decline to 0.99510.008 of the 4.2K value for

the x = 0.? sample, and a decline to 0.993t0.008 of the 4.2K value

for the x = 0.4 sample, in agreement within the errors.
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TABLE 5.11

fnternal hyperfine flelds for x = O.2 and 0.4 at 85K

Fes+ Fe2+

Fisure Sample Hint Hint

4. t6 o.z soo(l) +oo( t)

4.y 0.4 5s2(1) a5a( l)

TABLE 5.12
Internal hyperfine fields for x = 0.6 above 4.2R.

Fiqure T"fl[:'t[#rd rigt H,n. tr e6 H,n.uá e; Htn. - 
l

o qnlll 457(r) - 4o6Q) - 5rs(1) l4.rg ?0 i\¿, - 5r

4.1e 32 t0 slt(l) +so(3) 37(s) 383 140* sr¡(l) l

4.zo 32 s0 sro( 1) qso(6) 23( 10)2es 140,. s0e(9) l

q.zL ss s +ee( 1) 4zsr.) - 381( 1) soz( 1) 
i

TABLE 5.14

Internal hyperfine fields for x = 0.8 above 4.2R

BOq 85 8'6 86 A

Figure Temp, Field Hint , Hint u5 Hint- e6 Hint Hint

4.22 u.6 0 s00(5) 56s(5) - 473(s) - 473(s) s00(s) :

4.23 20.7 0 478(5) a6e(1) 43s(s) - 433(5) 478(5)

4-24 zo 30 soo(t) 487(4) 4B(B) qoz(B) ,rs(20)asa(z) s02(1)
,^l ,^\ ¡t\

4.252o505g9(2)ag5(3)3g(3)42lßl140(4)430(2)508(1)

4.26 40 0 ger(z) 337( 3) - z+sj) - z4s(4,) 413(2)

4,zt 40 30 +zg(s) 441(4) a5(2) 3zB(B) 13s(4)324(6) 474(3)

4.zB 40 s0 4e3(t) qse(2) rg(z) ¡sr(2) 137(2)331(6) 4eB(1)
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For the x = 0.6 sample, Mössbauer data were gathered at 32K for

10k0e and 50k0e (see Tabte 5.f2). The magnetization values at

this temperature and these fields were compared with the values

calculated from the lkissbauer measurements in Table 5.13.

TABLE 5.13

-

Magnetic moment of x = 0.6 above 4.2K as measured by magnetization

and calculated from Mössbauer results.

Fleld 10k0e 50k0e

5.80(5)

6.2 (4)

40K

l4agneti,zation

Mössbauer

s.23(5)

6.0 (4)

The calculations were done by using the cantíng angles and hyperfine

fietd decreases for each of the subspectra to calculate the moments

on Various subìattices, and then sunrning these va'lues,- 0nce again,

the calculated values for x = 0.6 vrere approximate'ly 101 higher

than the measured values

For x = 0.8, MöSsbauer data were gathered at several temperatures

and fields (see Table 5.14) and the calculated magnetization values

compared with the measured values (see Tabte 5.15).

TABLE 5.15

Magnetic moment of

and calculated from

Temp

x = 0.8 above 4.2K as measured by magnetization

Mössbauer results.

20K

Field 30k0e 50k0e 30k0e 50k0e

Magneti zation

Mössbauer

4.11(4)

4.1 (3)

4.6l(s )

4.7 (3)

4.15(4)

4.0 (3)

4.66(s)

4.s (3)
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The Mössbauer values were calculated by uslng the canting angle

and hyperfine field decrease for each of the individual subspectra to

calculate the mornnt for that subspectra, and then sur¡ning atì the

subspectra. The model here gives excellent agreerent with the

experimental resul ts.

The peak in tåe magnetization for x = 0.6 and 0.8 (figs. 3.6-3.7)

can-now-b'e"seen as'being due -to the decrease in the BU canting angle.

For the x = 0.6 sample, this is the sitl¡ation for alt fields.

For the x = 0.8 sample, the decrease in monent due to the disordering

caused by the increasing temperature more than offsets an¡r increase

in the moment due to the decreasing BU canting angle in fields of

less than 10k0e. l,lhere the apptied fieid was larger than this, the

field began to suppress the relaxation (see Chapter 4) resultìng

in a relatively sharp Íncrease in the ordering. This allows the

moment increase due to the decreasing BU canting angìe to be observed.

The increase in the amount of ordering can also be observed by

comparing the average high field susceptibllity above l0k0e for 4.2K

and 40K (table 3.2) with the Mössbauer results (taUle 5.14). The

high field susceptibility was due to tvrro possible phenomena: the

decrease in the BU canting angle with applied field; and the increase

in the <Sr> value due to field induced increases in the ordering.

At 4.2K, all of the high field susceptibÍtity above 10k0e was due to

the decrease in BU canting angle as the sample is almost compìeteìy

ordered at that temperature. At 40K however, significant disorderíng

had occurred, and the high fietd susceptibitity was due to both a



decrease in the canting rngl"S?n¿.n increase in the ordering of the

sample with applied field.
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CONCLUSIONS

The localized canting model of Rosencwaigr was modified

to allow for second and third nearest neighbour interactions

under certain conditions. This model was used to compare magnetiz-

ation and Mössbauer results.

It was found that the magnetic monent of the sample couÏd

be bes-t fitted using morBnts other than free ion moments for Fez+ and

andFe3+ions.CantÍngangleswerefoundontyforsampIeswith

x ì 0.4, and accounted for the peak in the magnetization versus Zn

concentration curve.

The high field susceptibility was found to increase with

increasing Zn concent¡:ation for x ì 0.4, and this was found to be

due to the fietd dependence of the canting angles.

, The peak in the magnetization vs temperature curves for x = 0.6,0.8

wasfoundtobeduetoadecreaseincantinganglewithtemperature.

For x = 0.8, this peak could not be seen with an applied fietd of

less than 10k0e due to the predominance of the relaxation effects

in this region. These relaxation effects were found to be suppressed

by increasing the applied fietd

This study could be further pursued by:

1) trying to find the sizes of the exchange parameters by finding the

fieìd required to completeìy suppress the canting; and

2') quantitatively characterizing the relaxation processes and conclusively

establ ishing their source.
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APPENDIX A

l'îul ti pl e Reversa'l Probabi I i ti es

In this appendiX, the probabilities for multipte reversals of

B site spins have been calculated. A model of the spinel structure

has been constructed and was frequently referred to during the

analysis. The reader may find such a model useful to foltow the

argument.

In magnetite, each B site ion is surnounded by 6 N N (nearest
o.

neighbour) o4ygen ions at 2.066 A, six N N N (next nearest neighbour)

B site ions at 2.969 ff (n"r"atter referred to as B* sites), and

six N N N N (next-next nearest neighbour) A site ions at 3.481 ff

(hereafter referred to as A* sites). t^le assume (since JAg rt Jgg)

that only B sites with 6 Zn N N N N can have canting angles >90o.

Each of the B* sites also has 6 N N N N A sÍte Íons (referred to as

A** sites). Three of these A** sites coincide with three of the

A* sites.

If we choose a B site ion (hereafter referred to as Bu) which

has Zn ions in all six of the A* sites (hereafter referred to as

Zn* ions), then alì the B* sites will have three Zn* ions as N N N N

in A** sites. If any one of the B* sites has more Zn N N N N, they

wi ì'l be desi gnated as Zn** i ons .
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The six B* sites can be divided into trvo equal groups, each

sharing 4 independent A** sites which are not also A* sites. No

such A* sites are shared by members of both groups. Tnis makes it
possible to calculate the probability of each combination of ntmbers

of Zn N N N N for a group of 3 B* sites, and then combine these

probabilities to determine the probabilities for various combinations

of B* sites having various numbers of Zn nearest neighbours. The

results are shown in tables 4.1 and 4.2.

If a B site ion has six Zn N N N N, then the B-B* interaction

witt align it antiparallel to the B* sites. Such a spin may be

referred to as being reversed, and the probabiîity of this occurring

is given in table 4.3. The probability for more than half of the

B* sites in such a case being themseìves reversed (either six out

of six reversed or four out of six reversed with the other two

having five Zn N N N N) can be seen in table 4.2. In this case, the

B sÍte is reversed with respect to the majority of the B* sites, and

doubly treversed with respect to the B lattice. For the x = 0.6 sample,'

we can therefore determine the multiple reversal probabi'litìes as

shown in tabte 4.4.

TABLE 4.4

x = 0.6 mu'ltip'le reversal probabilities

Unreversed

Singty reversed

Doubly reversed

siteswith0-5Zn
sites with 6 Zn N N

sites with'6 Zn N N

-B
.B

-B

NNNN

NN

NN

0.9s334

a.04274

0.00392



The

The

The

The

The

The

The

The

probabí ì i ty

probabi 1 i ty

probabi I i ty

probabi I i ty

probabi ì i ty

probabí 1 i ty

probabi 1 i ty

probabi I i ty

for all

for 28*

for 38*

for 28*

for 28*

for 38*

for 28*

for 3B*

Probability for

38* sites to have 3

sites to have a in n

sites to have 4 Zn N

TABLE A.1

Zn A-site substitution

si tes to have 4 Zn

si tes to have 5 Zn

sites to have 5 Zn

7n NNNN

N N N and 1 B* site to have 3 Zn N N N N

NNN

sites to have 5 Zn N N N N and

sites to have 6 Zn N'N N N

NNNN

N

N

in onq group.

NNN

NNN

and

and

1B*

1B*

si te

si te

to

1B*sitetohave6ZnNNNN

have 5 Zn

have 4 Znto

x=0.6

0.0256

0 .1152

0.0384

0.L72ß

0,L728

0.0864

0,2592

0. 1296

NNNN

NNNN

x=0.8

0.0016

0.0192

0.0064

0.0768

0.0768

0.1024

0.3072

0.4096

(o
(¡)
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TABLE A.2

Probability for Zn A site substitution for two groups together

# B Sites with

6ZnNNNN

# B Sites with

5ZnNNNN

Prob

x=0.6

Prob

x = 0;8

6

4

3

2

0

2

3

4

0.01680

0.06718

0.02236

0.06718

o.16777

0.25166

0.08389

0.09437
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TABLE A.3

to have m Zn A site neighbours forThe probabilÍty

a concentration

foraBsitespÍn
of x.

-\

0.0 15

0.2 .262t4

0.4 .04666

0.6 .00410

0.8 .00006

1.0

.39322

.18662

.03686

.00154

.24576

.32104

.13824

.01536

.08192

.27648

.27648

.08192

.01536

.13824

.32104

.?4s76

.00154

.03686

-18662

.393?2

.00006

.00410

.04666

.26?L4

1.0
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In the case of x = 0.8, it is profitable to carry this cal-

culation one step further, to triple reversals. The intermediate

results are given in table 4.5.

: TABLE 4.5

x = 0.8 multiple reversal probabitities

Unreversed - Bsiteswith0-5ZnNNNN - 0.73786

Singly reversed - B sites with 6 Zn N N N N

Doubtyreversed - Bsiteswith6Zn NNNN 0,10995

Each of the 6 B* sites has 6 B site N N N. One of these is the BU

site, and two more are other B* sites. The remaining three sites

are referred to as B** sites. No B* site shares any B** sites with

another B* site, so the three B** sites associated with each B* site

can be treated as an independent group. Each group of 3 B** sites

shares A site N N N N consisting of 3 Zn* sites,3 Zn** sites and

4 A*** sites. The probabiìity of any B'h't group being reversed Ís

thus analgous to the probability of any B* group being reversed.

For those double reversals where alì 6 B* sites have 6 Zn

N N N N, the probability of doubly reversing 4 or more such B*

sites, and thus tripìy reversing BU is 0.20713. For those double

reversalswhere 4B* sites have 6 Zn N N NNand2B* sites have 
,,
a

5 Zn N N N N, the probabitity of doubly reversing two of the a Bt
:

while]eavingtheuisitesunreversed,ordoub1yreversing3ofthe
*
I sites, or doubly reversing :

;

*a B[ sites and either one or none of the Bf sites, or
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atl 4 Bä sites is 0.29757. Any such combination will resultin a

majority of doubly reversed and unreversed B* sitås, and tj¡us

a triply reversed BU sÍte. The multiple reversal probabllities

for both samples x = 0.6 and x = 0.8 are shown in tabte 4.6.

TABLE 4.6

Multiple reversat probabitities for x = 0.6, 0.8
x=0.6 x=0.8

Unreversed (B sites with 0-5 Zn N N N N) 0.95334 0.13TA6

Singie reversed (B sites with 6 Zn N N N N) 0.04274 O.tSZtg

Doubiy reversed (B sites with 6 Zn N N N N) 0.00392 0.08121

TrÍpty reversed (B sites with 6 Zn N N N N) 0.02874

þle can use these numbers and calculate probabilities for I
different kinds of sites, in a r^lay analgous to table 4,3, by adding

adistinctionthatseparatesthesiteswith6ZnNNNNintoa

reversed (singìy and triply) site calted { and an unreversed
b

(doubty reversed) site called BU. This is shown in table 4.7.

I . -?

t:
i¡:
i,:.
I



m

x01
0.0 1.0

0.2 0.2621.4

0.4 0.04666

0.6 0.00410

0.8 0.00006

TABLE A.7

Probabilities for various differentiated B sites

0.39322

0. 18662

0.03686

0.00154

0.24s76

0.32104

0.13824

0.01536

0. 08192

0.27648

0.27648

0.08192

0.01536

0.13824

0. 32104

0.24576

0.001.54

0. 03686

0. 18662

0.39322

'.:::
.:ù

0.00392

0.08121

o

0,000006

0.00410

0.04274

0.18093

(o
@

{
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APPENDIX B.

The calculatÍon of the moments of the sample with x = 0.8

,2*can also be made using the free ion magnetic moments for the Fe

and Fe3t ions. This is done to show that the general characteristics

of the magnetization curves, such as the peak of the magnetization

versus temperature curve, are not a function of the moments fittÆd

in Chapter 5 but that these moments give better quantitative results.

The values calculated are shown ìn Table 8.1 which gives the

magnetization values, the free ion calculated values, and the fitted

calculated values for the rnoment at the various temperatures and

fields where Mössbauer spectra were analysed.

The magnetization calculated using the free ion values of the

nragnetic moments shows a clear rise with increasing magnetic field

at atì temperatures, and an increase with increasing temperature

at both 30k0e and 50k0e, but the values themselves are not all in

good agreement with the measured values. The magnetization calculated

using the fitted values gives good agreement over the entire temp-

erature and fieìd ranges



TABLE 8.1

Measured magnetization values, free ion calculated values and fitted ion ca'lculated

TEMPERATURE (K)

FI ELD

Magneti zati on

Free ion calc.

Fitted calc.

values and fitted

2.84(3)

ion calculated values for the moment of x = 0.8

at various temperatures and fields

4.2 20

3.22

3.4

3.2

(3)

(7)

(3)

3.54

3,7

3.5

(4)

( 1)

(2)

3.77

t-rr'ii¿ii,

(4)

(3)

(z)

4.t

3.8

4.47 (5)

(5)

(2)

4.5

4.2

4.11

4.4

4.1

(4)

(1)

(3)

4.61

5. L

4.7

(5)

(1)

(3)

40

4. L5

4.3

4.0

(4)

( 1)

(3)

4.66(5)

5.2 (1)

4.e (3)

lJoo
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APPENDIX C

Several models wene used in attempts to analyse the data from

Mössbauer and magnetization measurements. The models used wene:

the localized canting mode'l with no reversed spins; the localÍzed

canting model with reversed spins; and the modified localized canting
'.

model with multiply-reversed spins. These models were all compared

with the Mössbauer data at 4.2K,50k0e and 40K,50k0en and the

magnetization value of 4.47x.04 ¡rr/formula unit at 4.2K,50k0e.

The 4.2K, 50k0e spectrum (fig. C.1) was fitted with lines

corresponding to the A site in line a and the B site in tìne b.

Line c was assumed to be due to canting on the B site alone. This

yielded an A:B ratio of 0.30:1, a value much higher than the expected

ratio of 0.10:1. In addition, the calculated magnetization using

this model was 7.2x? ur/formula unit, a value 60% higher than the

measured vaìue. The possibility that this indicated the presence

of 7n atoms on the B sites could be eliminated because at 40K, 50k0e,

the spectrum had the shape shown ln fig. C.2, and an area ratio of

0.08:1. At 40K, only A-site ions contributed to the absorption of
peak a, but at 4.2K, some B-site spins must have been reve¡"sed and

contributing to the absorption of peak a. The two Mössbauer. spectra

showed that peak a broadened with increasing temperature as one would

have expected, but that peak b decreased in linewidth. This also

indicated the presence of an additional component at 4.2K.
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Reversal behaviour could be expected of B sites with large

numbers of 7n nearest neighbours, according to the localized canting

model. l,le assumed that aïl B site spins with six Zn nearest

neighbours were reversed and contributing to the area ot peak a and

peak c. This gave a theoretical area ratio of 0.49:1, a value in

disagreement with the measured value of 0.35:1 (this value was different

from the measured value above because of the intensity from peak c)-

The magnetization calculated usìng this model was 2.7t,Zvr¡formula unÍt,

a value 40%too low.

l,lhen we allowed for multiple reversals as ca'lculated in appendix

A, we got a theoretical area ratio 0.36:1, in good agreementwith the

experimental vãlue of 0.35:1. The BU spins could be expected to have

a larger temperature dependance of the hyperfine fietd than the A site

spins, and thus would'contribute to peak b at 40K. The value cal-

culated for the magnetization using this model is 4.?x0.Zvr¡formula

unit, a difference of 6% from the reasured value. This model clearly

gives by far the best agreement between the Mössbauer and magnetízation

data.
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