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ABSTRACT

Experimental studies of the magnetic propertigs of mixed
Fe-Zn ferrites of the form ZnXFe3;¥04 are presented. Magnetization
measurementg were performéd aé a function of temperature, field,
~and compositidn, The value of the moments on different sités.of
the compound wés_détermined. . Mdssbauer measurements were taken
for various temperatures and fields in order to obtaiﬁ the
température and field depehdance 6f the canting ang]eiéndvhyperfine
fields. Relaxation effécts were observed for x = 0.8 well »
below the ordering tehpératuré. These effects were found to be

suppressed in a magnetic'field.

A modifies-version of the localized canting model which
considers second and fhird nearest neighbour interactions for some
cases was developed. This model was used'with the MSSsbéuer
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 an MS;x 04 where M is

a magnetic ion have been the subject'of numerous investigations
in the past, especially w1th regard to the1r magnet1c propertles 1,2,
The metallic ions occupy the tetrahedral A or octahedral B sites
" in the spinel cnysta] structure. " The Zn ions preferentxal]y
occupy the A sites because of the1r tendency to form covalent
bonds involving sp? orb1tals. The magnetic moments at x =0 on
the A sites are aligned anti-para]]el;wh11e those on the more
numerous B sites are parallel to the magnetization»direction,
Therefore, the substitution of diamagnetic Zn ions for thetM
jons on the A sublattice is expected to result in an increase in.
the magnetic moment of the sample at 0K propoftional'fo the
amount of substitution. _Such is indeed the case ih‘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.e., X 2 0.5, the moment beg1ns to
decrease and for x = 1.0, an antiferromagnetic structure is
observed.?® Several explanations have been offered for the
behaviour of the magnetization for X 2 0@5,“’5=°_but spin

canting has been determined to be primarily responsible. The

canting angles have been measured for several systems using
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the neutron diffraction’ or the Mdssbauer effect techniques.®»!2

By using the measured values of the canting angles it is
lpossib]e in principle to fit_qyéﬂfitatTQéTy'the magnetization
results. No such work has yet been”done. Magnetization

results and Mossbauer results have‘primari]y been determined'
for different samples, and at differing temperatufes and fie]ds.
A study to fithUantifatiVéjyﬁthe canting angles should aflow}

a decision‘d;:Whethér or nof the spin canting is so]é]y re-
sponsible for the magnetization behaviour. It‘should be noted
that a Mossbauer study can only give information about'canting
of the Fe magnetic moments. Therefore, the onTy mixed Zn
system for which a correlation between'magnetization and Mﬁssbauer

effect measurements is possible is the an Fe3_* 04‘system.

Another interesting phenomenon in mixed Zn ferrites is

the occurence of relaxation effects in the Mssbauer spectra.

This is usually explained as being caused by ionic spin flipping®:13;

however, .superparamagnetic clusters® and domain wall oscillations?*s!s
have also been proposed. Frequent]y, one finds that the Curie‘
temperatures, as measured by the Mossbauer effect, neutron dif;
fraction, and magnetization measurements, differ from each other.?®”??
This is prdbab1y correlated with the.relaxation phenomena in the

high Zn region, and the measurement time for each technique.



The present study consists of magnetization and

Mossbauer effect measurements for ferrites of the type

2+ o3+ 24 a3t
[zn% Fel_x] (Fe2* Fe;fx) 0,

The system was first studied by Stuijts et al?"* for x < 0.7.

As with other mixed Zn ferrites, the magnetization M was

shown to increase with increasing x until 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 beeh published by Srivastava

et al'*»15 on samples with x = 0.0, 0.2, 0.4, 0.6, and 0.8.

’Thefr work showed magnetizafion results froﬁ 77K and 300K,
and permeability spectra at 300K. The primary focus of their

study was the relaxation phenomena which were found to occur

we11'be10w the Curie temperature at the higher Zn concentrations_v
(x > 0.5). These samples were preparédbin a way similar to

those of Stuijts et al?*, and Were-generOUS1y made available

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

showed the samples to be free of impurity phases. The lattice
‘parameters were measured ysing a.Débye-Scherref pewder diffraétioﬁ'
camera, and are plotted as a function of Zn concentration in

fig. 1.1. The Tinear increase in lattice
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Fig. 1.1 Lattice parameter as a function of Zn concentration.



parameter with Zn concentration derives from the larger size
of the Zn?* ions as compared to the Fe®! jons. The high angle
lines were not broadened, indicating that the samples had a
uniform Zn distribution. This thesis will compare our
measured magnetization values with those calculated from. the
microscopic spin structure as determined from our Mossbauer

study.
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CHAPTER 2

THEORY.

2-1. FERRIMAGNETISM IN FERRITES. - - L
Ferrimagnets are ordered magnetic materials having two ' |

or more lattices antiférromagnetic%I]y"a1ighg§‘with:a'larger

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

[Fe3t] (Fe2* Fed*) 0;"15 an example, are a class of ferrimagnetic .

metal oxides possessing a-spiné] structure. In this structure,

metal ions occupy two different types ofvsites: A sites, in-v

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

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

the B sites, of wﬁichbthere are twice as many occupied, are

octahedrally coordinated as shown in figs. 2.1a and 2.1b. : %

The exchange fnteractions in thé two lattices can be : |
represented with 3 exchange'parametErs: JAB’ the intersubiattice
-exchange paramefer; and JBB and JAA,_the ihfrésub]attice_ex-'
~ change parameters. The molecular field for a spin on the ith

lattice can then be written as

2
Rp= aup (5955 + 5595

—t

where E% and 33 represent the sum of the 6 neighbouring moments

on either lattice, i.e.:

S =3
5 =0y ;S =g
A g B gu



<

2.1a Central B-site iron ion in a spinel structure surrounded

by the six nearest oxygen ions and tne six nearest A-site

metal ions.

b
\
L]
1)
1

e B sife ion
@ Oxgaf.n ion
® A sde ion

2.1b

by the six nearest oxygen'ions and the six nearest B-site iron

ions.

©

o Bsite ion
@ Orgﬁtn fon
© At ion

Central B-site iron ion in a spinel structure surrounded




10

Here M, and Hg are the magnetic moments of spins on the A and
B 1att1ces respect1ve1y From the chemical formula of the
example above, and using the free ion magnet1c moments of SuB
for Fe®* ions and Gy, for Fe?* jons, we get b, = 5ug and

Hg = 4.5u- As |JAB| > |JBB| > |Jpals and the exchange para-
meter JAB is negative because of the ant1ferromagnet1c nature
of the superexchange interaction in ferrites, the two sub-
lattices are arranged in an antiparallel fashion as shown in

figure 2.2.

In [Zn2+ Fe3+ ] (Fe2+ Fe3+ )0 , diamagnetic Zn2+ jons

are randomly substituted onto the A sub]attice, resulting in a
change in'§A. and'§é, and in a breaking of exchange interactions.
Geller et all propbsed that random'canting otcurred on the
unsubstituted lattice under these conditions, on the basis of
their expertmenta] déta. This proposal was mathematically

developed by Rosencwaig®, and is outlined here.

Random subst1tut1on of diamagnetic ions is assumed on
the A site, and some average canting ang]e ¢, With respect to
the magnetization direction, is assumed for the B site. This
allows us to write the local molecular field for a given B site
ion called Bi; as : |

Hi = 9n (SA dag + S dpB/ -




-11
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Fig. 2.2 Ferrimagnetic spin structure of Fe30s.

AHQPP';GA

i
' H
1 Hi_--- - '8
b7 o

1l

[ ,9 7/

' P s

Hn::\/

b

vV
|
|
l .
l ¥ .

: . Cluan'h. Zo.'t'l'on
Fig. 2.3a Angular relationship between axis

magnetic and hyperfine fields.

Fig. 2.3b  Angular relationship of spins
| in fields of fig. 2.3a.
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Since there is diamagnetic substitution on the A lattice, we

may write
Y - (6-m)p
|SA| = el ¢}
gug

where m is the number of neighbouring A sites occupied by

diamagnetic jons. . Similarily, we have

where

uB(x) = (1-X) ué* + (1+x) u;f ,

and u8+ and u8+ represent the moments of the B site Fe?t and
Fe3t jons respectxve]y In fig. 2.3a, lf- as well as the com-

ponent terms ﬁ' and W’ are shown.} The resultant spin structure,

with the moment S taking a cant1ng ang]e of © w1th respect to
vthe magnetization direction, is shown in fig. 2.3b. By using

fig. 2.3a, and the formula for the local molecular field,

we may write

Sp - SBG cos ¢

[Sp? +(sp8)? + 25p Sp cos Nk

cos 8 =

where

It is clear that 6 can take on any value between 0° and 180°

depending on the value of the term Sp- Sgd cos ¢. If
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SA > SBG cos ¢, 1.e.; if the net intersublattice interaction on

a spin is greater than the net intrasublattice interaction, then

8 will be smaller than the average canting angle ¢. If SA < SBG cos &,
then 6 will be larger than the average canting angle ¢, and if

S, = 0, then the Bi.spin will be aligned antiparallel to the B

A
sublattice and the magnetization direction.

In order to calculate any bulk properties of the
T mixed Zn ferrite, we must calculate the probability of a spin
having m of its six A sites occupied by 7n2t jons. This is deter-

mined by the binomial distribution:

6 .
P(x,m) = (m) x5- (1-x)"

which allows us to write the 0K magnetic moment as
u(x,T=0) = 2z P(x,m) cos [6(X.m)]uB(X)-(1-X)u .
m=0 ) i

- The first term indicates the decrease in moment due-to random
canting on the B subiattice, and the second represents the
increase in moment due to diamagnetic substitution on the anti-

paraliel A sublattice.

This model has been successfully app1ied to the sub-

stituted Yttrium Iron Garnets, ahd gives a qualitative agreement
with the experimental data for Zn substituted ferrites. Neutron
diffraction?® and MSssbauer effect® data show canting angles in

these systems for Zn substitution in excess of x = 0.5.
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| Hdwevér, no quantitative correlation has been published as yet.
Reasons for this inc]ude.the facts that magnetization, neutron
diffraction andeﬁssbauer.results have largely come from different
samples. Also, canting angles, as determined by the MGssbauer
effect, have been measured in relatively large fields and not

compared with magnetization results in: the same field.

2.2 MODEL REVISIONS

The major flaw of ihe 1océlized canting model is that
only first nearest neighbour interactions‘are considered. In
most cases, this is a justifiéb]e approximation, but fbr cases
in which there are spins having canting angles 6>90°%, a revision
is required, considering second and even third nearest neighbour

interactions.

Spins which have canting angles 6 >90° will be referred
to as "reversed" spins. If all or nearly all of the B site
’nefghbours of one of these reversed spins are themselves reversed,
thén that spin &111 have been reversed twice. Similarily, if
all fhe neighbours to“a reVersed spin are themée]ves'doub]y
reversed, that spin will have been triply reversed. Since
[ np |fs known to be muchllarger'than | Jgg | we will assume that
only those spins with all six nearest neighbour A sites occupied
by Zn ions can 5e reversed. The probabi]fties‘for such multiple
reversals occurring are higher than might at first be expected.

This is because the B site nearest neighbours of a spin having six
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In A sfte nearest néighbours each have three Zn A site nearest
neighbours which are shared with the central spin.. The remainﬁng

A site neighbours are shared among each other. The calculations

for multiple revéksa1 (sihgle and double reversal for x = 0.6

and single and triple reversal for x:= 0.8) are‘given_fn Appendix_

‘A, where the notation used in the foT]dﬁing discussion is defined. o
The proﬁabi]ities for mu]tiple revérsa]éiare extremely.sma11:for: |
all other cases. 'The_results of tﬁese cafcu]ations a?e as éhown

_Jin table 2.1. | | | ” . o : | B
N CTABLE 2.1 I T TE

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

Sample Unreversed Single Double . Triple

(By-Bg) Reversal Reversal  Reversal
‘x=0.6  0.9533 © 0.04274  0.00392 T
X = |

0.8  0.7378  0.15219 0.08121  0.02874

This.allows determination of the total number of spins reversed f
6r unreversed thh respect to the magnetiiation direction, as
shown in table 2. 2. |
| TABLE 2, 2
Probabilities fdr reversed and unreversed spins in samples '
with x = 0.6 and x = 0.8. | - - A  E

Sample ‘Unfever'sed‘('Bos) Reversed (86') Unreversed (Bé)

iR
1

0.6 0.9533¢  0.00392 © 0.04274

w
it

0.8  0.7378 . 0.08121 0.18093
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The bulk magnetic moment at T = 0 K may now be written as
’ 5 . -
u(x,T=0)= L 0{P(m,x)cos[e(m,x)]+P(6,x)cos[.e(6,x)]
m= : :

+ P(6.x)cos[9(5’X)j}zus“(l‘X)“a

One would expect o(6,x) to be quite close to zero, since

the only interaction that a BG site has is with Bg.sites, each
having the same canting angle with respect to the quantiiationv
axis. An average of the six Bg spins, will therefore be of the
form:

_ 8

~ 6 ~ . ~
56' =Scos 6L cos Y, Xx+Scos @I sing x+tSsinéy-
L i —_—
J i=1 ¥ 6 i=1

Since‘the spins will be randomly distributed over the azimuthal

angle y_, the first two terms will be close to zero.
i

This analysis will be used in Chapter 5 of this thesis

to compare the Mﬁssbauer,and magnetization results.

2.3  MOSSBAUER EFFECT

General Theory -

The energy difference for. a given nuclear transition is
a well defined quantity, but in general, the energy distribution
of gamma fays emitted or absorbed in such a transition is quite

broad due to - the recoi] of the nucleus fnvolved. In solids however,
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where the nucleus in gquestion 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 fractioh, of such
transitions. In such a case, due to the enormous mass of the'
crystal compared to that of a single atom, the energy lost in

the recoil is very small, and the energy ofbthe emitted y-ray is

well-defined. This is referred to as the Mﬁssbauer‘effe;i, and  A,?_;Vw~n“

is of interest in solid state physics because the emitted y-ray
energy is well enough defined (%E-m 10712 for Fe57) to allow
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

Fe®7, the nucleus of interest in this thesis, the Missbauer
transition is the transition between the first excited state."‘-
withISpin-3/2 and the ground state with spin 1/2, haVing an
‘energy of 14.36 keV. | S

The first hyperfine interaction is the electric -
monopole interaction between the s-electron chafge cloud and |
the;nuc1eus. This is referred to as the isomer shift becauﬁe it
shifts the energy of the 3/2-1/2 transition when the nuc]eus
is placed in the différent,e]ectronic.envirohments found in_;
different chemical bondings of Fe atoms. The energy shift due

to this interaction may be written as

2 -

gd)

= 2T 9.2 2 (p? _
8 = 2T 7e2 |¥(0)|? (R, - R
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where Rex and Rgd are the radii of the excited and ground states

of the nucleus respectively; 7 is the nuclear charge; and

-e|¥(0)|? is the electronic charge density.

The second hyperfine interaction is the}e]éctric'quadrupole

interaction which represents the interaction of the nuclear

qqadrupo]e moment W1th the electric field grad1ent due to the

other charges in the crystal. The Ham11ton1an for this 1nter-

action may be written as

o=V, Qe [3172-1(I+1) + ul (12 + 1%)]

41(21-1)
where
n=V__-V 3
XX yy
sz

and the Vﬁ are the principle axes of the electric field

gradient tensor chosen such that

| sz‘l > | Vxx' > | Vyy l;

Q is the quadrupole moment of the nué]eus, and I the nuc]ear spin.

This gives eigenvalues

AEqQ = Vzé Qe [3M7 - I (I+1)] (1+%_2);§
41(21-1)

where

M ::I’ I-) DRI "I.
I 1..
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The ground state of FeS” is spherically symmetrical and thus

has no guadrupole moment, but the first excited state has some
of its (2I+1) degeneracy lifted and is split into two states:

M{=23/2 and M=£1/2.

The final hyperfine interaction is the magnetic dipole.
interaction which'giVes the interaction between the nuclear
magnetic dipole moment u and the magnetic field at the nucleus.

The Hamiltonian for this ihteraction may be written as
—ed
H = -gUnT'Hh‘f

where th_is the hyperfine field at the nucleus, v is the

nuclear Bohr magneton (eh/2Mc) and g is the nuclear g factor.

This gives eigenvalues.

= -qu H
AEhf gun hf.MI

In general, H__ may be written as

hf

: = 4 - |
Hooo=Ho # H +Hy+ Soo M-DM+ Ry

where HS = l%ﬂlgg<2($+ - S+)>, the fermi contact interaction

between the nucleus and the unbalanced s electron spin density

caused by exchange interactions with the partially filled 3d shell;

<L> . ’
HL = ’ZBBQ;ZZ , the orbita] magnetic component. (For

Fe®* L=0, and thus makes no contribution.)
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Hp = 'Zu 3r(S’"3 , the dipolar interaction with the

-§7r

electronic spin of the atom;

| %ﬁﬁ' and -DM are the Lorentz fields and demagnetizing

fields respectively; and, H is the externally applied field.

ext
A11 three of the hyperfine-interactions can occur simultan-

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

case, standard absorptibn spectroscopy gives a six line spectrum -

as shown in_figure 2.5.

The re1ative intensities of the line padrs 1-6: 2-5: 3-4
are given by (1+cosze) 3 sin%0 : 2-(1+cosze) where 8 is
the angle between the direction of the magnetic field, and the
1nc1dent direction of the absorbed gamma ray. For an iron foil
absorber, all the domains are aligned in the plane of the foil,
wh11e the gamma rays are perpend1cu1ar to that p]ane. "The
jntensity ratio is therefore 3:4:1. A powdered sample w1th a.
random orientation of spins would have intensities 3:2:1 |
as calculated by aVefaging over the angle 6. For an aligned
material, with the magnetization direction parallel to:the
incident gamma rays, the canting ang1e_can'be calculated from

the line intensities usfng the following equation:

/A

3 _
6 = arcsin (Z'AZ,S 1,6 ) ]%
3 v
(14 (A, 6/P16)
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2.4 RELAXATION EFFECTS

A1l of the above results assume that the hyperfine field
js a constant in time. This is not always the case, and in
general, there is a relaxation time T, of the atomic spin to
states other than the ground state, causing fluctuations in
the hyperfine field. The effect 6f such f]uétUations on
M@ssbauer spectra has been analysed by several authors®:7? by
assuming that individual spihs relax by a stationary Markoff‘

process.

The analysis has shown that if the re]axaiion time is
long, compared with the Larmor precession time of the nuﬁleus,A»
a well-defined six line spectrum is observed for an ordered
material. However, 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
wayes}(which have a precession time much shorter than the Larmor
precession time), 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 relaxing between'
varfous statesrsuch that the average z-component of the sbih

is zero, a central paramagnetic peak will be observed.

In the intermediate reéion, where the relaxation time is
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comparable to the Larmor precession frequency, we observe a
"relaxed" spectrum in which the six-line spectrum begins to
broadén. Simultaneously, the inner lines gain area at the
expense of the outer_]ines. This type of spectrum is fowumin
- the transition region between the ordered and the disordered

state of some ferromagnets®.

There are several mechanisms by which relaxation cam

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

of relaxation for individual random spins,'and are the acceated

cause of the relaxation found in‘some ferromagneticéT]v-ondered v

materials in the immediate vicinity of the Curie temperature®.
However, in the Zn substituted ferrites, relaxation is found
well below the temperature where the material is completely
disordered. There would no longer ébpear to be a Curie

temperature as such because the magnetic order breaks up owver

a wide temperéture range. Two new processes have been propssed

to explain this. Ishikawa® proposed 'superparamagnetic cluster
ré]axatibn, the relaxation of small, single-domain clusters of
spins acting as one large Spin; ahd Srfvéstavaglproposed
relaxation due to domain wall oscillations. Neither model

“has been conclusively validated or invalidated.
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CHAPTER 3

MAGNETIZATION MEASUREMENTS

3.1  EQUIPMENT

The magnetization measuréments were performed using a
" vibrating sample magnetomefer, uéual]y within the field of a
regulated, water-cooled eTectromagnet. For fields in excess
of 18k0é,‘a superfconducting solenoid Qas'used for which a
éet'of senéing cails was devé]oped. The system was calibrated
using a sphere of spectroscopically pure nickel aﬁd_the values

of Crangle and Goodman®.

The coil system was conﬁtructed on the baéic design
suggested by Mallinson? and is shown in figure 3.1. The
individual coils were méde up of 880 turns of #36 wire on a
plexiglass former, the dimensions of which are shown in

figure 3.2.
Fig;-3.2 Plexiglass Coil Former
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The coils were wired in series in order to obtain the

maximqm output vo]tagé, and mounted onto a plexiglass tube,
perpendicular to the axis 6f the magnetic field. .The lead wires
were recessed in vertical grooves a]bng the sides of the
tube. Thére were o-rings near the top and the bottom of

the tube to allow a ffiction fjt' to the magnet bore.
-'The'sample was vibrated closely about an equilibrium position
at the centre of the four coils and the voltage generatéd

in the coils was monitored to obtain the relative mégneti-
zation of the sample. The temperature of the sample, for
measurements from 4.2K to 300K, was controlled using |

a flow-through 1iquid helium cryostét with a témperature
stability of x0.5K. Above room temperature, a Qaéuum

furnace with a temperature stability of #2K was used.‘

3.2 MEASUREMENTS

The magnetic moment‘Was-primarily measured in fields
between 0kOe and 18k0Oe, with a few extra measuremént; in
fields up to 50k0e.. Spontaneous magnétization values were cal-

culated using a least squares fit of the flat, saturated
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region (greater thén 10k0e) of the magnetization vérsus
magnetic field plots, to extrapolate to zero field. Cufie
temperatures were measured by usfng a least squares fit, to
extrabo]ate 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‘samples3
are shown‘as‘a function 6f field at 4.2K invfigure 3;3. |
This figure indicates a quaTitative difference in the behaviour
of the various samples. For the samples with x = d.O'and 0.2,
saturation occurs in a field of approximately 8kOe. Above
10k0e, the susceptibility for these sampies is 1es§ than

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

clearly not saturated even at 50k0e, having susceptibi]ities

at that field of 0.57 emu/gm-kOe and 0.33 emu/gm-kOe respectively.

The x = 0.4 sample represents an intermediate case.‘Thé'suscept—

~ibility in the éahp]es with higher Zn concentrations is

‘attributable to localized canting angles which arevfie]d :

dependent, as will be seen from the Mossbauer results in

Chapter 4.
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‘ The magnetization at 4.2K is plotted as a function
of x for fields of 0, 10, 35 and 50k0e 4n figure 3.4.. The
moments calculated by assuming no canting and free ion
magnetic moments for the‘Fe2+ and Fe®*t ions are é]so b]otted,
as are the values of’StuijtS et al, for 10kOe 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 samples is reflected in the increase in the

spread of the moments at various fields with increasing In
cbncentration. Thé-réSu]ts of Stuijts et al are in qualitative
agreement with ours, differencés probably being due to
inhomogeneifies in their samp]es.[ In the regibn below

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

‘much more rapidly 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 in the so]id'changing

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

cuéséd in Chapter 5 of this thesis.

A plot of the.extrap01ated zero field magnetfzation

as a function of temperature for all the samples is shown 1

in figure 3.5. Once again, qualitative differences can‘be
found between the samples. Thé samples with low Zn concentrations

appear to be largely ordered up to a significant fraction of
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their Curie temperature. The higher the Zn concentration
however, the more rapidly the moment decreases, and the less
the curve resembles a Brillouin curve; For the x = 0.8 sample,
the moment decreases almost linearly from ~ 80K'to ~ 300K,
whiie'the x=0.6 samh1e béhavés simi]af]y between 70K and NSSOK;
This is linked’to'the relaxation effects occurring in these.com-
‘pounds at these températukes (see Chapter 5). The Curie points
measured are given in table 3.1, whére'they are Cdmparéd with
those of Stuijts? and~Sriva§tava5} -

| TABLE 3.1
Curfe temperatures derived from magnetization measurements.’

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

0.0 | 838 . 875 g
0.2 | 763 788 784
0.4 695 i 732 - 709
0.6 . 532" 624 | 597

0.8 - 335 330

| The agreement of our data with that of Srivastava is
quite good, any differences probably being due to the difference

in the magnetic fields in which the measurements were made.

Anothefveffect of interest is shown in figures 3.6 and
3.7. These figures give the plots of magnetization versus temperature

at fields 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 4.2K,is present
at 33K for all fields. For the x = 0.8.samp1e, a similar peak
'is found at'éoK for fields 18k0e or 1arger. The percentage |
increase in thé moment af the maximum is a function of the
applied field, being largest (4%) for the largest field

~ applied (50k0e). With the help of data from Mssbauer éxperi-
ments, theselpeéks'Will be explained in Chapter 5 as being

due to a combination'of factors: a morerrabid decrease for
some moments than for others; and, a change‘in canting angles

with temperature.

In figure 3.8 we have plotted the x = 0.8 moment in fields
of 10kOe, 18kOe, 35k0e and 50kOe and at temperatures of 4.2K |
and 40K. At 40K, one can see thaf the average high field
susceptibi]ity above 10kOe has risen 15% above the value at 4.2K.
(See table 3.2.) | |

| TABLE 3.2

The average high field susceptibility above 10kOe for x = 0.8 at
4.2K and 40K. -

High field susceptibility 4.2K = 0.69 emu/gm-kOe

High field susceptibility 40K 0.79 emu/gm-kOe"

These values will be compared with the MOssbauer results in

Chapter 5.
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CHAPTER 4

MOSSBAUER EFFECT MEASUREMENTS

4.1 EXPERIMENTAL TECHNIQUES

A standard transmission Mﬁssbauer spectrometer was employed
in a constant acceleration mode, g1v1ng a linear energy scale
for the spectra. The system was ca11brated by using either an" ‘ron
foil or a-Fe203 absorber taking the- separatxon of the outer

lines of iron, as 10.6570 mm/sec or 330k0el.. A]] isomer shifts

are given with respect to iron. These ca11brat1ons also a]lowed

us to measure the linewidth (0.28 mm/sec for iron
linearity. The linearity was such that for an iron foil spectrum,

the splittings A _, A , A _and A__ were 48.78, 48.91, 48.86
12 23 45 56 _ :

‘and 48.90 channels respectively.

The temperature of the absorber was controlled below room

temperature with a stability better than +0.1K using a Tiquid

helium Dewar, custom-built by Oxford Instrument Company. A high

temperature vacuum furnace with a temperature stability better

than +0.5K was used for measurements above room temperature.

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

using a super-conducting solenoid. Another liqdid helium Dewar,
custom-bui}t by Thor Cryogenics Ltd., was available to control
samples temperatures from 4.2K to room temperature, with a stability
better than $0.1K, while the sample was in the field of the

super-conducting solenoid.
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Spectra were fit using a program “Monkey" which performs

a least squares fit of the equation:

. R . Qs

' m 1 n 3
I(v)-= [I(o)‘z k.(v-v-) 1 [172 (“-V3)2+ 1]

- to the experimental data by using the technique of variable

matrix minimization. The first term represents the background,

and the éecdnd'term subtracts up to 24 Lorentzian peaks ffom '

the background. As many as 72 Tinear combinations of the

| Lorentzian parameters may be simultaneously constrained.

The constraints used in fitting the parameters'ére outlined
here. A1l component spectra were symmetrically constrained, i.e.,

the linewidth and depth of the first peak equal the 1inewidth and

debth'of>the sixth peak. The splitting fatios for the 2-5 lines
as compared to the 1-6 lines were constrained to the theoretical
»;j values. A1l spectra‘used quadratic background functions. In

addition to these general constraints, special constraints were’

uéed for specific spectra. These Wi]] be discussed later.

Canting angles were calculated 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

T (Azis/Al.s) ]35
)

6 = arcsin [ "
1+ Y '(A295/A

1,6

| This'givés the angle between the total hyperfiﬁe field

at thevnucleus, and the incident.direcffon of the absorbed gamma
ray (here parallel to the applied magnetic field). ;This method |
isireaSOnably accurate (110o or 1es$) because the-liné intensitiés '
‘ arevusua11yVWe11 defined. .for small angles.(a<20°) fhé.relative
error becomes large, butlthis has small effect on the calculated
‘moments for the samples since these depend on cos & as was shown
in Chapter 2. The cosine of an angle changes s]oWIy in the

‘region 6<30°.

The hyperfine'fields method for calculating the canting
angles uses the cosine rule to solve for the canting angle

(figure 4.1) giving us

- Ho 2 H 2 H 2
® = arcos [ hpf * "app T hpf total ],

This method has many associated problems. The required
information for the ca]cﬁTation of an angle is: the value of
the applied fieid, the internal hyperfihe field, and thg total.
measured hyperfine field. The intérnal hyperfine field must be
measured in another spectrum, in which the applied field is
zero. In generai, the hyperfinevfie1ds for a spectrum where the

applied field is small are unresolved and have errors which are
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a significant percentage (up to 100% for low fields) of the
applied field. Since the hyperfine field terms in the numerator

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

Happ’ this error can easily result jn a very large canting ahg]e,

error. There is also evidence, discussed in Chapter 5, that thel
1nterna1 hyperfine field changes in both orientation and magnitude
when an externa1 f1e1d is app11ed, in which case this method is

jnapplicable.

In general, the errors throughout thisvsection are
those given by the fittxng'program. However, for those caees
where several subspectra are not resolved, and were fitted
with a six 1ine.5pectrum, a larger error of 5kOe was assigned dqe

to the uncerta1nty of the placement of the unresolved subspectra

within the f1tted peaks. In those fits where all of the subspectra

were fit with one six 11ne spectrum, this placement error was
raised to 10kOe. These f1gures represent appromeately one

quarter and one half the linewidth of the fltted Tines respectlvely

4.2 RESULTS AT 4.2K

We will now present the eXperimental data obtained from
the Mossbauer study. In order to determine the canting angles
on various sites, measurements were conducted in various fields

at 4.2K. These results will be used in Chapter 5 to explain the
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behaviour of the bulk magnetization as a function of applied field

(see fig. 3.3) and Zn concentration (see Fig. 3.4).

Below x = 0.5 the zero field spectra at 4.2K (figs. 4.2-4.4)
may be resolvéd into two six-Tine components, one for, the Fe2t inns
and one for the Fe’*,ions. The intensity ratios for these
spectra were constrained to their theoretical values. The linewidth

of the Fe®* component (~ 0.6 mm/sec.) indicates a re]atiVelyisma}]

distribution in hyperfine fie]dsa The Fe?* component, however, has
a linewidth of m].O‘mm/sec, indicating a faif]y'broad hyperfine
field distribution. The Fe3t spectrum is relatively unaffected
by an increase in the Zinc concentration, but the Fe?? spettrnm |
Shows a declining hyperfine field with increasing Zn concentration.

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

Fe?t/Fe3t distinction ceases to exist for x = 0.6, 0.8.

§ - | No.field measurements were made of the samples x =»0.0; 0.2

‘ as the susceptibilities above 10kOe (described in Chapter 3 ) placed -
an uppér‘limit of n100 canting on these samp]eé; Canfing angles '

'filﬁ ' ~ of such small size.afe extremely difficult to measure. Fof the

x = 0.4 sample, the Canting expeéted, assuming that all the high field

susceptibility is due to tne disappearance of canting, is 17°. |

Spectra of this sample weré taken in fields of 10kOe (fig. 4.5) and

50k0e (fig. 4.6). Canting angles were assumed only for the B sites,
and were calculated both‘by the intensities (91) and by the hyperfine

fields (eH) method. The large errors in the hyperfine fields
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in the OkOe and 10kOe spectra are due to the A Si'te‘Fe3+ ion
"spectrum and the B site Fe?t jon spectrum not bein§ resolved.

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

2-5 lines for the Fe3t because of their greater linewidth and smaller
area, the error in the area being approximately 70%. Therefore,
n0‘canting angles for Fe?* ions;were.determingd using the intensities
method. In Chapfer 5 the B2t site will be assumed to have a

cantfng equal to the B3* site. The'data for_ail the‘measdrements

with x<0.5 are given in tables 4.1, 4.2.

The 4.2K spectra for x = 0.6 (figs. 4.7-4.10) were showﬁ
on analysis to contain subspectra for the A-sites énd for the " |
various B sites, given in table 4.3. The B5 spectrum was too small
to be reso]ved; S0 on}y spectra up to Bg were fitted. Thg
theoretical ratios for the various component'spectré were con-

strained in order to facilitate their resolution. B site

subspectfa were constrained to have equal line widths and centroids,

reflecting their common origin. Quadrupole splitting was con-
strained to be zero for all subspectra in fie]d.measﬁremehts‘as

the sample was powderéd and random1y oriented, causing the electric
}fie]d gradient tensor to be at fandom orientat{on,to the magnetic
axis throughout the sample. Theoreticél]y, this.resu1ts in the
quadrupo]evsplitting being ayeraged to zero with some slight |
line broadening. At zero fie]d, only two subspectra were resolved, |

e
.

for B
one for 6

04° BS’ and A, and one for B
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| TABLE 4.1 |
Mossbauer data for x = 0.0 and 0.2 at 4.2K

Fe 3+ Fez—i-
Fig. Samp]ev t th I.S. Q.S. th I1.S. Q.S.
4.2 - 0.0 515(1) 0;77(1) - 502(1) 1;18(2) 51.43(2) o

4.3 0.2 “511(1) 0.45(1) -  464(1) 0.89(4) - -0.50(4)




TABLE 4.2

Mossbauer data for x = 0.4 at 4.2K.

;. B Fest | - B Fe?t - |

4.4 0o 511(5) 0.45(1) - - 450(1) 0.93(7) -0.77(7) - - BIE)  0.45(1)
4.5 10 521(5) 0.47(2) 21(2)(40) 455(2) 0.90(2) -0.6(2) - (10) 521(5)  0.47(2)
4.6 50  471(1) 0.50(2) (10) 36(20) 422(5) 0.70(8) - - 55(25) 462(1)  0.39(1)

| Note: Numbers in parentheses give the errors in the Jast digit (or two digits)

of the tabulated value. No measurements were made of the boxes with

s]ashesvtbrough them, .

09
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TABLE 4.3
Definition of B site subspectra
B sites with O to 4 Zn A site nearest neighbours
B sites with 5 Zn A site nearest neighbours

B sites with 6 Zn A site nearest neighbours which have

caﬁting angles > 90°

B sites with 6 Zn A site nearest neighbours which

have canting angles < 90°

.
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The components of the first line mentioned, being unresolved, ‘
have large errors for the hyperfine fields. Similarly, at 10k0e}and
50k0e, two spectra were.used, one for 304’ BS, and BG, and the other
for Bg and A. A1l these subspectra, being parts of unresolved
doublets, have large hyperfine field errors and large errors in
6. For the.Bg spectrum in the.50k0e'fie1d; it was not possible
to calculate any canting angle using the hyperfine field method.

No canting angles could be calculated for:the Bé spectrum.at any
field using the intensities method, due to resolution prob1ems,
Conseqdent]y, a value of'140° was assigned_(indicated by the

starred values in table 4.4), on the basis of measurehents both

at and above room temperature, for the sample x = 0.8 (tables 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 summary of the data gained from spectfa
of the x = 0.8 sample at 4.2K (figs. 4.11-4.15). Theée spectra
were fitted with up to 4Bsite and 1 A site subspéctra. As was
the case fdr‘the sample x = 0.6, B,site lTinewidths and centroids
were‘a11\con$trained to be equal and quadrupole sp1ittin§s were
cohstrained to 2ero. The theoretical line intehéities were con-

strained except for the BZ intensities in the 30kOe and 50kQe

6
spectra. For these spectra, one six line spectkum was used for
BG and A, and three others for 804’-85’ and BG' The intensity

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

“intensity was_éubtracted, values of 0,17+0.3 of the total B




TABLE 4.4

Mossbauer data for x= 0.6 at 4.2K

Bog B | B | A

Fig. Fleld M LS. e LS. g O M LS e gy e LS.

4.7 0 ~ 510(5) 0.45(3) 510(5) 0.45(3) - - 523(1) 0.45(3) - - 510(5)  0.45(3)

4.8 10 503(5) 0.47(2) 503(5) 0.47(2) 59(2) 47(80) 519(5) 0.43(3) 140% 66(70) 519(8) g 43(3)

4.9 25 a92(1) 0.48(3) 492(1) 0.48(3) 40'®) 48(%0) 537(3) 0.34(9) 140x  123(20) 537(3) 0.34(9)
4.10 50 462(2) 0.45(6) 464(2) 0.45(6) (20) 17(%0) 576(2) 0.45(6) 140% - 550(2)  0,34(7)

tk
TABLE 4.5
Mossbauer data for x = 0.8 at 4.2K
804 Bg B _ B A

Fig. Fleld K. 1.5,  H: LS.

411 0 509(5) 1 0.45(2) 509(5) 0.45(2)

4.12 8.6 511(10) 0.34(2) 511(10) 0.34(2)
4.13 15.4.505(10) 0.50(4) 505(10) 0.50(4)
4.4 30 476(4)  0.47(12) 494(3) 0.43(9)

4,15 50 460(1) 0.36(1) 478(1) 0.44(7)

61 eH | th I.S. .BI BH ‘ ‘th | I.S. th | -~ 1.S.

 522(1) 0.45(2) 509(5) 0.45(2)

522(1) 0.45(2) - -

65(12) - 511(10) 0.34(2) 140* - 511(10) 0.34(2) 511(10) 0.34(2)
60(2) - - 505(10) 0.50(4) 140* - | 505(10) 0.50(4) 505(10) 0.50(4)
54(5) 65(20) 540(4) 0.47(1)140(5)140(15)496(6) 0.47(20)540(4) 0.47(13)

16(1) 55(10) 5g6(5) 0.37(1)142(1)167(15)477(1) 0.44(1) 566(5) 0.37(1)
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“intensity at 30kOe and - (,17+.01 of the total B intensity at

50k0e Qere found for the Bé intensity. These values compare well
with the theoretical intensity of 0.181, calculated in Appendix A.
Cantihg ang]es were'calculated for both the 85 and Bé spectre

using both the intenéity,and hyperfine'field methods; Agree-

ment between the two methods was generally good, the intensity
method, however, being}the mdre re]iab]e.' In the low fie]d spectra,
the subspectra were not ellvreso1Ved. For the zero field case,

two six-line ;pectra were used: oﬁe for Eg‘and 86; anq,one for all
* other eites. This splitting was chosen because the high field

data showed that the B6 and;Bg hyperfine field was largerethan

that of any of the other spectra, which were all close together.
For the 8.6k0e and the 15.4k0e spectrum, only one six-line spectrum
was used, as the lines were all poorly resolved. Because of this,
no attempt was made to ca]cuiate any canting ang]es uSing the
hyperfine fields method. The 2f5'11nes of the Bé sbectrum were not
resolved for low fields, and thus no Bg canting angles were
ca]cu]ated ‘using intensities. However, since eé seemed to be
_unaffected by temperature and field (tab]es 4, 5 5. 8), we ass1gned
(1nd1cated with starred values) a cantlng angle value of 140°. The
intensity of the unresolved 2-5 line of the B canted at 140° was

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

B5 canting angle.

4.3 RESULTS ABOVE 4.2K

Measurements have been performed at various temperatures
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TABLE 4.6

MSssbauer data for x = 0.2 and x = 0.4 above 4.2K.

Fe3* Fe2t

Fig. Sample Temp. Field th I.s.  Q.S. th I.S. Q.S.

4.3 0.2 4.2 0 511(1) 0.45(1) -  464(1) 0.89(4) -0.50(4)
4.16 0.2 85 506(1) 0.70(1) - 466(1) 1.10(1) -0.44(2)
4.4 0.4, 4.2 511(5) 0.45(1) -  450(1) 0.93(7) -0.77(7)

4.17 0.4 85 502(1) 0.68(1) - 454(1) 1.09(1) -0.58(2)

o ole




TABLE 4.7

Mdssbauer data for x = 0.6 above 4.2K

0.49(2) 429(1)

| Bog B 5% ‘

Fig. Temp. Field th IS. th IS. 61 GH th IS. GI GH th IS.

0.7 42 0 510(5) 0.45(3) 510(5) 0.45(3) - - 523(1) 0.45(3) - -  510(5)  0.45(3)

4.8 4.2 10 503(5): 0.47(2) 503(5) 0.47(2) 59(2) 47(80)519(5) 043(3) 140f 56‘(70)519(3) 0.43(3)
- 4.10 4.2 50 462(2) 0.45(6) 464(2) ‘0.45(6) (20) 17(20)576(2) -0.45(6) 140* - 559(2) 0.34(7)
3 4.18 20 0 497(1>) 0.49(1) 457(1) 0.49(3) - - 406(2) 0.49(6) - - 519(1) 0.49(2)

4.9 32 10 501(1) 0.52(1) 48(3) 0.52(4) 37(5) -  301(10) 0.52(2) 140* - 523(1)  0.43(2)

4.20 32 50  460(1) 0.50(1) 410(3) 0.50(3) - -  336(10) 0.50(2) 140¢ -  559(9)  0.39(2)

421 8 0 482(1) 0.85(1) - - 3B 0.49(2) - - A1) 0.3(1

09




TABLE 4.8

MSssbauer data for x = 0.8 above 4.2K.

4.28 40

443(1) 0.46(2) 411(1) 0.46(2) 19(2) ..

368(1) 0.46(2) 137(2) - -

BO4Y : ’85 - Bg S BG A
Fig. Temp. Field Hpe .S, th : 1.S. GI eH He  L.S. GI ; BH th I.S. .th 1-55
411 4.2 0 509(5) 0.45(2) 509(5) 0.45(2) -- --  522(1) 0.45(2) --  --  522(1) 0.45(2) 509(5) 0.45(2)
4.14 4230  476(4) 0.47(12)494(3) 0.49(9) 54(5) §5(20) 540(4) 0.47(1) 140(5) 140(15) 496(1) 0.47(20) 540(4) 0.47(13)
4.15 4.2 50  460(1) 0.36(1) 478(1) 0.44(7) 46(1) 55(10) 566(5) 0.37(1) 142'1) 167(15) 477(1) 0.44(1) 566(5) 0.37(1)
4,22 11.6 0  500(5) 0.46(1) 500(5).0.46(1) - - 473(5) 0;47(5)’ -« -= 473(5) 0.47(6) 500(5) 0.46(1)
423 20 0 478(5) 0.44(1) 463(1) 0.44(1) - 433(5) 0.85(1) --  --  433(5) 0.45(1) 478(5) 0.44(1)
4.2420 30  476(1) 0. 50(2) 467(1) 0.50(2) 48(8) 90(5)' 429(2) 0.50(7) 138(20) 80(20) 378(2) 0.50(7) 532(1) 0.39(2)
4.2520 50  459(2) 0.49(4) 442(2) 0.49(4) 3003) 55(5) 4s0(2) 0.49(4) 140(%) 119(19) 380(2) 0.49(4) 558(1) 0.41(2)
4.26 40 0 381(2) 0.48(3) 337(3) 0.48(3) --  --  209(4) 0.48(5) --  --  249(4) 0.48(5) 413(2) 0.48(3)
4.27 40 30 449(3) 0.50(4) 420(3) 0.50(4) 45(2) . 350(6) 0.50(7) 138(4) - 294(6) 0.50(7) 504(3) 0.39(4)
50 281(1) 0.46(2) 548(1) 0.35(2)
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and fields above 4.2K for the purpose of investigating the behaviour
of the magnetizatibn versus temperature curve. This behaviour
will 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 collapse 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 two six-line subspectra constrained to the theoretical
Fe2t/Fe3* ratios. The linewidths were approximately equal to
those at 4.2K. The hyperfine fields of tne Fe3+ spectra were
somewhat reduced from the 4.2K values while the Feé+bva1ues remained
unchanged within the measurément error. The line intensities also

remain unchanged from the 4.2K values, approximate1y 2.3: 1.8: 1

for the whole spectrum. _In Chépter;s, the change in the spontaneous

>magnetizatioﬁ with temperature»will.be dealf with in terms of

hyperfine field changes.

The x = 0.6 and x = 0.8 samples were more extensiveiy studied

"as a function of temperature for an investigation of relaxation

effects. In addition,'the samples were studied in applied fields
to investigate the maximum in the bulk magnetization curves (see

fig. 3.5). Spectra were taken for x = 0.6 at several temperatures
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and fields (figs. 4.18-4.21) and the data from these fits are

given in table 4.7. A1l spectra Were ana]ysed.to contain four
subspectra, one for each of the 804’-85’ qg , and A sites. Con-
straints were identical to those at 4.2K. The intensities of the
2-5 lines for Bé were too small to reso]ve, so only B5 cant1ng
angles cou]d be determined from the intensities method. Hyper-
fine field calculated canting angles could not be obtained because
no zero f1e1d 32K spectrum was taken. Once again, a value of 1400
6 canting |
angle. The linewidth of the component spectra remained approxi-

was assmgned'(1nd1cated with starred values) to the B

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

but the hyperfine field decreased with increasing temperature.

The x = 0.8 sample was anaTysed at several temperatures and |

' f1e1ds (figs. 4.22-4.28), the results of which are given in table

4.8. The theoretical line 1ntenswt1es were all constrained, as
were the quadrupo]e splittings. A1l B site linewidths and centroids
were constra1ned_equal. Once again, the errors were large for
those hyperfine fields where‘several subspectra were conta1ned 1ﬁ
one line. Canting angles were heaSured using both the hyperffnev

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 applied fields was much too large to be explained in

terms of canting angles. The hyperfine field calculated canting

“angles at 20K were themselves in relatively poor agreement with the
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intensities calculations. This was probably due to relaxation
effects, which increased with temperature but were suppresséd
with a magnetic field. As the tempefature increased, lineﬁidth
increased (from 0.6 mm/sec. at 11.6K to 1{9 mm/sec. at 40K), and
the intensity of the inner lines began to iﬁcrease at the expénse
of the outer (2.9: 2.3:1 at 11.6K changing to 1.3: 1.3: 1 at 40K).
The magnetic field measurements at 40K showed that the Iinewidth-
deéfeased from 19 mm/sec. in zero field to 0.92 mm/sec. in SOkOev
while the.area.fatio changed from 1.3: 1.3: 1.0 at zero field to

2.4: 0.27: 1.0 at 50k0e. These were indications that relaxation -

phenomena were parficipating in the spin structure at this temperature

and that they'were~dependant on the applied magnetic field. The
magnetic field had the effect of increasing the ordering of the
partially ordered structure, making the sample act as if it were
at a lower temperatdre. The molecular field for fhis sample -
decreased very quickly with incfeasing‘temberature, and thus the
ordering effect wés quite large. As the material become ofdered,
spin—Waves‘characteristic of an ordered solid gave motionally

narrowed Tines with an increased hyperfine field.
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CHAPTER 5
DISCUSSION
The Mossbauer results have been compared with the magnetiza-
tion data as a function of field, Zn concentration, and temperatﬁre.

The cause of the largé high field susceptfbi]ities for high Zn

concentrations was established and the magnetization as a function

" of concentration was reconciled with the spin structure. The

maxima in the magnetization versus temperature curves of x = 0.6, 0.8

were also explained.

5.1 MAGNETIZATION AS A FUNCTION OF COMPOSITION:

The saturation magnetization Ms(x) at 4.2K (fig. 3.4) was
also plotted in the reduced form Ms(x)/MS(x=0) for each of the

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

with theoretica] values, we first assumed the free ion magnetic
moments of y= 4ug for Fe?* ions and u=‘5uB for Fe3* ions independant

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

- moments for x<0.4 which were also plotted in fig. 5.1. The con-

~ siderable deviation of the theoretica] from the experimental

values has been ekb]éfned in the past! by assuming a canted spih"
structure having canting angles of ~11° at_* = 0.2, 25° at x = 0.4,
40° at x = 0.6, and 60° at x = 0.8.. Our magnetization measure-
ments for the sémp1e$ x = 0.0 and 0.2 (fig. 3.3) however, showed a
very small susceptibility at high fields, allowing us to place |

an upper 1imit of 5° on the canting. This indicates that the
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canting was not the Cause of the discrepancy in magnetic moments
in this region. The x = 0.4Vsamp1e showed a small high field
susceptibility which, if assumed t6 be entirely due to decreases

in canting angle, gave a value for the canting of 17459, in

reasonable agreement with the Mossbauer effect measured value of

21+20 at 10kOe.

The discrepancy in moments would be expTained if the values
of the magnetic moments of Fe?* and Fe®¥ ions in the lattice were
found to be different from the free ion values assumed 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 Fe?* ions.

2, Covalency effects could have caused a change in the mégnetic
moments due to the transfer of electrons into empty 3d
“orbitals, thus decreasing the magnetic moments for'both‘
Fe?* and Fe®*. Calculations were made for Fe3*+ ions -
on both A‘and B sites, giVing valués of 4.3iu3 and
4.62up respectively?. No va'lﬁesfofFe2+ ions were |

available.

| We fitted the saturation magnetization of H = 15, 20, 25, 30,
40, 45, and 50k0e for x = 0.0 and 0.2 using the moments of Fe®¥ ions
on B sites, and the difference between Fe3t ion moments on A sites

and Fe2* jon moments on B siteé as variables (see Table 5.1).
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TABLE 5.1

Fitted values of moments.

H (koe) B At - 2t B2t (assuming u(A)=4.31yp)
15 457 0.43 3.88

20 4.56  0.39 3.92

25 453 033 3.98

30 4.53 0.3 3,99

35 4.56 | _0.35' 3.96

40  4.52 0:29 4.02

45  4.52 0.29 4,02

50 4.61 039 3.92

average 4.55+.06 0.35+0.10 3.96+0.10

The moment of the.Fe3+ ions on B sites agreed_with'the value from
the covalency calculation, and thus we assumed the value calculated
for the A site Fe3* ions in brdgr'to fix that moment and that of

the B site Fe2* dions. We obtained
3 _ 3 . et .
u(Fe’t, B}-— 7T = 4.55 £0.06 Mg, u(Fe*, A) =, = 4.31 pp,

and u(ng*; B) = u 2% = 3.96 + 0.10 Mg, The expected magneti-

B

A zation as a function of Zn substitution using these values is
: shoWn in fig. 5.1. Mossbauer results for the samples x = 0.0

and 0.2 are given in table 5.2.
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TABLE 5.2 -
Internal hyperfine fields for x = 0.0 and 0.2 at 4.2K.

Fe3* __Fe?’

Figure Sample Hint | Hint

4.2 0.0 515(1)  502(1)

4.3 0.2 512(1) 463(1)
Table 5.3

Internal hyperfine fields for x = 0.4 at 4.2K.

B Fe?t B Fe2* A Felt
Figure Field  Mint 8 Hint o Hint
4.4 o  511(5) -  450(1) - 511(5)
4.5 10 530(5) 21(2) 464(2) 21(2)  511(5)

4.6 50 521(2) 0(10) 472(5) o(10)  511(1)
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For larger values of x (x%p.4), the experimental points

deviated more and more from this theoretical fit. Further, the
spread in p(x)/u(x=0) for various app]ied'fields increased with
increasing Zn substitution. This was explained in terms of the

Tocalized canting of the spin structure found in this region.

The sample x = 0.4 was analysed at 0, 10 and 50kQe (Tablé 5.3).
It was assumed that canting was uniform over the B site, although4
no B-sife Fe2t canting was‘allowed fbr in the fitvdUe_to‘the poor'
reso1uti6n of that subépectrum. Using the calculated values for

the iomic moments and the formula
(1.4u,™ + 0.61,*%) cos By - 0.6y = u(x=0.4, T=4.2),

we calculated the moments for the bulk maghetization, and compared

them with the experimental fesUlts as shown in table 5.4.

TABLE 5.4
Magnetic moment of x = 0.4 at 4.2K asbméésured by magnetization and

calculated from Mdssbauer results.

Field 0 0 50

Magnetiz. 5.72 (6) 5.82 (6) 6.07 (6)
Mossbaver ~ ---- 5.6 (3) 6.2 (2)

Thése results clearly agree within the calculated errors.




' , : 79 ‘
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 all canting occurs on the 85 and qg sites, values were

" calculated for the moments using the formula:

s ’ | . |
u(x;T=f".2)=' m,fo{P(m,x) cosl8(y,x) * P(6,x)°5 06, x)

+ Pge,x) 0B (5= 01} 2u500) - (1) uy(x)

derived in Chapter 2. The magnetization and'Mﬁssbauer-caTculated

results are shown in-Table 5.6

TABLE 5.6
Magnetic moment of X =_0.6 at 4.2K as measured by magnetization

and calculated from Mdssbauer results.

Field (kOe) 0 10 25 -

Magnetization 4.9 (5) 5.16 (5) 5.40 (5) 5.78 (6)
Mossbauer ---- 5.5 (3) 6.0 (3) 6.4 (3)

The Mﬁssbauer va]ues‘are an average 6f 10% higher thaﬁ the .
measured magnetization'values. No reésons for this discrepancy
have been estab]ished. It can neither be exp]ainéd in terms
of absorber thickness effects nor in terms of an iﬁaccuracy in'

the nominal Zn concentration.

For x = 0.8, moments were ca]cuiated (Table 5.8) using the
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TABLE 5.5
Internal hyperfine fields and canting angles for x = 0.6 at 4.2K
Boa Bg Bg A
"Figure Field  Hint  Hint o Hint o Hint
4.7 0 510(5) - 510(5) -  523(1) - 510(5)
4.8 10 . 513(5) 508(5) -~ 59(2) 511(5) 140* 509(5)
4.9 25 517(1) -~ 511(2) 40(5) 518(3) 140  512(3)
4.10 50 512(2) 514(3) 0  538(4) 140* 509(2)
TABLE 5.7

Lintérnal hyperfine fields and canting angles for x = 0.8 at 4.2K

Figure Field  Hint  Hint 8 Hint o, Hint “Hint
- 4.11 0 509(5)  509(5) -  52(1) -  522(1) 509(5)
412 8.6 520(10) 515(5) 65(12) 504(10) - 140« 520(10) 502(10)
4.13  15.4 517(5)  512(5) 60(2) 493(10) 140+  s517(5) 501(5)
4.14 30 506(4) 512(5) 54(5) 517(4)  140(5) s525(6) 510(4)
4.15 50 510(1) 46(1) 527(5)  142(1) -527(1) 516(5)

513(1)
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data in table 5.7, the assumption that canting only occurs on the

85 and Bg sites, and the formula given above.

TABLE 5.8
Magnetic moment of x = 0.8 at 4.2K as measured by'magnetization

and calculated from Mﬁésbauer results.

Field (k0e) 0 8.6  15.4 2.5 50

Magnetization 2.84 (3) 3.22 (3) 3.54 (4) 3.77 (4) 4.47 (5)

Missbauer cee= 3.2 (3) 3.5 (2) 3.8 (2) 4.2 (2)

The model clearly gives good agreement between the Mossbauer and

magnetization measurements.

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

~ was explained in terms of two different effects: a change in‘
magngtic moments from the free ion values due to covalency |
effects; and ]oéa]ized canting. .Below x = 0.4, no canting take§
place and the results were'explained uﬁing the Néel theory of ferri-
‘magnets- and fitting values for the momentsv6f the vérious jons on -
different sites. These fitted values were then used over‘the‘entire
sample range. At x = 0.4,'an évérage cantfng angle on the B sjte was
a]ﬁo used to explain the data. Above x = 0.4,nthe IbcaTized

canting model, modified to allow the multiple reversals that can
be caused by:second andvthird B-site‘nearest neighbour interactions,

allows a satisfactory explanation of the results. The spin structure
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for this region is shown in fig. 5.2.

5.2 The 0kOe Canting Angles and High Field Susceptibility at 4.2K:

We calculated the cant1ng angles in zero field required to

f1t the observed (fig. 3. 4) concentrat1on dependence of the

spontaneous magnetization. - An average canting ang]e for the entire B

site was calculated for all the samples, and for the x = 0.6, 0.8
samples a Bsbcanting angle was caicu]ated assuming a canting

angle for Bg of 140° (Table 5.9).

TABLE 5.9

Canting angles calculated to fit H = OkOe, T = 4.2K magnetization data.

x 0.0 0.2 0.4 0.6 0.8
8o, <15 <15 18(15)  41(7)  66(3)
o - - - 70(3) 71(6)
eé - - - 140% 140*

5 angles between x = 0.6

and 0.8 supports the assumption that the Bg canting‘ang1e was.the

The excellent agreement in calculated 6
same for x = 0.6 and 0.8.

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

1b111ty with increasing Zn concentrat1on was also revea]ed by th1s

‘data. At high fields, the canting angles were decreased, and

the magnetization increased. A comparison of the canting angles

estimated by assuming that all high field 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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TABLE 5.10 _
Average canting angles estimated from.4.2K high field susceptibility
and from H = OkOe, T = 4.2K magnetization fit. U

X 0.0 0.2 0.4 0.6 0.8
Oave. <15 - <15 18(15) 41(7)  66(3)
Osuscept. <10 <10 17(5)  32(5)  75(8) .

These velues,are in_good agreement, indicating that the high

: field.susceptibi1ity at 4.2K was due to the decrease in canting

angles with applied field.

5.3. The Magnetization as a Function of Temperature:

The Mossbauer results were.combared with the magnetization resu1ts
at various temperatures, and the cantihg angles and hyperfine field |
decreases were used to calculate the bu]k magnetization. Studies
on iron absorber*s:“""5 have shown that the temperature depenoence of
the hyperfine field closely parallels that of the magnetization.
Re]axat1on processes, characterlzed by a broaden1ng of the outs1de
lines and an increase in the area of the inner 11nes at the expense

of the outer, were found for some compounds.

At 85K, the magnetization va]ues for x = 0.2 and 0.4 were

4. 95 and 5 55 uB/formu1a unit, represent1ng a decllne to 0.98:0.02

and 0.9740.02 of the 4.2K va]ues respect1ve1y MSssbauer spectra

for these samp]es were analysed at this temperature (see Table 5.11).
These resu]ts.showed a decline to 0.995+0.008 of.the 4.2K value for
the x = 0.2 sample, and a decline to 0.993:0.008 of the 4.2K value

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

Internal hyperfine fields for x = 0.2 and 0.4 at 85K

1.28 40 50 493(1) _458(2) 19(2) 331(2)  137(2)331(6)

Fes-!- Fe2+
Figure Sample Hint Hint
4.16 0.2  .s06{1)  ae6(1)
4.17 0.4 s502(1)  as4(1)
. TABLE 5.12 o
Internal hyperfme fields for x = 0. 6 above 4.2K. o
~ Spectrum 304 B B . A
Figure Temp. Field Hin‘!: H'int 5 65 u1'nt6 95 _Hint
4.8 20 o 497(1) as7(1) - a06(2) - 5p9(1)
2,19 32 10 s511(1) 4s56(3) 37(5) 383 140+ 513(1)
4.20 32 50 510(1) 456(6) 23(10)298 140% 509(9)
421 8 0 482(1) a29(1) - 3a1(1) - 502(1)
.L/\E'_-E_ﬁ__lﬁ_ : |
Interna'l hyperﬁne fields for x = 0.8 above 4.2K
_ ‘ | - Bpa . B5: ‘ Bé . BG E A
Figure Temp. ‘Fie]d’-Hint : Hi.nt_ 6_5 _H'int e‘g H’int _H.int »
4.22 11.6 0 50005 s00(8) - a73(5) - 473(5) s00(5)
4.23 20.7 o 478(5) 469(1) - 435(5) - 433(5) 478(5)
424 20 30 506(1) 487(4) 48(8) 407(8) 138(20)a08(2) s502(1)
4.25 20 50 509(2) ag5(3) 30(3) 42103) 140" a30(2)  s08(1)
426 40 o 38102) 337(3) . 249(48) - 249(4) 413(2)
8.27 40 30 479(3) 441(4) 45(2) 326(8) 138(%)324(6) a7a(3)

498(1).
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- For the x = 0.6 sample, Mossbauer data were gathered at 32K for

10k0e and 50k0e (see Table 5.12). The magnetization values.at
this temperature and these fields were compared with the values

calculated from the Mossbauer measurements in Table 5.13.

TABLE 5.13
Magnetic moment of x = 0.6‘above 4.2K as measured by magnetization

and calculated from Mdssbauer results.

Field 10k0e ___50k0e
Magnetization 5.23(5) ,  5.80(5)
Mossbauer - 6.0 (8) 6.2.(4)

The calculations werevdone.by>using the canting angles and hyperfine

“field decreases for each of the subspectra_to calculate the moments

‘on various sublattices, and then summing these values. Once again,

the calculated values for x = 0.6 were appraximate1y 10% highef

than the measured values.

For x = 0.8, Mossbauer data were gathered at severa1’temperatures

}-and fields (see Table 5.14) and the calculated magnetization_vé]ues

compared with the measufed.va]ués (see Table 5.15).

TABLE 5.15
Magnetic moment of x=0.8 above 4.2K as measured by magnetizatioh~

and calculated from Mﬁssbauér results.

Temp . ‘ 20K 40K
Field 30k0e  50kOe _ 30k0e 50k0e _
Magnetization 4.11(4) 4.61(5) 4.15(4) 4.66(5)

'4 M&ssbauer 4.1 (3) 4.7 (3) 4.0 (3) 4.9 (3)

AR
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The Mdssbauer values were

ca]cuiated by using the cantihé anglé
ahd hyperfine field decreése for each of the ihdividuaI subspectra to
calculate the moment for that subspectra, and then summing all the
subspectra. The model here gives excellent agreément with thé

experimental results.

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

}can“nOWMberseen'aswbeing due -to ‘the decreaseﬂin the 85 canting angle.

..For”fhe x = 0.6 sampIe,:this is the situation,for‘all fields. ‘
’For the x = 0.8 samp]é, the decrease in moment due to the disordering
: ﬁaused by the‘increaSing'témperaturé more than offsets any incfeése
in the moment due to the decreasing B5 canting ang1elin fie]ds of
‘léss than 10kOe. Where the épplied field was ]argef than this, the
 field began to suppress the relaxation (see‘Chapter 4) resuiting

"in a relatively sharp increase in the ordering. This allows ‘the

moment increase due to the decreasing Bg canting angle to be observed.

The incféase in the amount of ordering can also be observed by
comparing the average hfgh fie]d'5usceptib11ity aboVeIIOkOe for 4.2K
and 40K (table 3.2) with the.Mﬁssbauer results (table 5.14). The
high fie]d'éusceptibility wasvdhe to two possibievphenomena:‘ the

~decrease invthe‘.B5 canting ang]eiwith‘applied fie]d;.and the increase
in the <SZ> value due fo{fie]d'induced-jﬁcreases_in the ordering.
At 4.2K, all of the High field susceptibility above 10k0Oe was due to
the decrease in 85 caﬁting angle as the sample is é]most cbmp]eteiy

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

had occurred, and the high field susceptibi]ity.waé due to'bofh a
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decrease in the canting angle and an increase in the ordering of the

sample with applied field.
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CONCLUSIONS

The localized canting model of Rosencwaig! was modified
to allow for second and third nearest-héighbour interactions
under certain conditions. " This model was used to compare magnetiz-

ation and Mdssbauer results.

It was found that the magnetic moment of the sémpje could
be best fitted”using moments other than free ion moments for Fe2t and
and Fe3* jons. Canting angles were fouhd only for samples with
. X 310.4, and accounted for the pegk infthe magnetizatibn versus Zn'_

concentration curve.

The high field susceptibility was found to increase with
increasing Zn concentration for x 2 0.4, and this was found.to be

due to the fie]d,depehdence of the canting ang]és.

The peak in the_magnetiiation vs»température curves for x .= 0.6,0.8
was fouhd to‘be due to a decrease in canting éngle’with temperature.
For x = 0.8, this peak could not be seen with an applied field of
less than 10kOe due to‘the'predominaﬁce of the relaxation effects
~in this regioﬁ, These fe]axation effects were found to beléuppfessed

by increasing the applied field.

" This study cdu]d be further bUrsued by:
1) trying to find the sizes of the exchange parameters by finding fhe
field required to completely suppress the canting; and
2) quéntitative]y chafacterizing the'relaxation‘processes and conclusiveTy.

establishing their source.
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APPENDIX A

Multiple Reversal Probabilities

In this appendix, the probabilities for mu]t1p1e reversa]s of
B s1te spins have been ca]cu]ated A mode] of the sp1ne1 structure
has been constructed and was frequently referred to during the
"analysis.’ The reader may find such a modél useful to follow the

argument.

In magnetite, each B‘site,ion is surrounded by 6 NN (nearest.
1néighbonr) oxygen ions at 2.066 R; six N N N (next nearest neighbdur)
B site ions at 2.969'3 (hereafteh reférred to as B* sites), and
Six NN N‘N (next-next hearest neighbdur) A site ions at 3.481 R
(hereafteh referred to as A* sites). we'assume'(since JABh>> JBB)
that only B 51tes with 6 Zn N N N N can have cant1ng ang]es:>90°
Each of the B* sites also has 6 N N NNA s1te 1ons (referred to as.
e sites). Three of these A** sites coincide with three of the

A* sites.

If we choose a B site ion (hereafter‘referred to as Bs) which
" has Zn ions in a]l’sixvof the A* sites (héreafter referred to as

In* ions),'then all the B* siteshwil] have ‘three In* jons as NN N N
in‘A** sites. If any one of the B* sites has more Zn N N N N, they

will be designated as Zn** ions,
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The Six B* sites can be divided into two 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. This makes it
possible to calculate the probability of each combination of numbers
of Zn NN NN for e group of 3 B* sites, and then combine these |
probabilities to determine the probabilities for variousvcombinatidns

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

. resuits are shown in tables A.1 and A.Z.

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

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

 referred to as being reversed, and the probability of this dccurring

is given in table A.3. The probability for more than half of the
B* 51tes in such a case being themselves reversed (either 51x out
of six reversed or four out of six reversed with the ‘other two

hav1ng five Zn N N N N) can be seen in table A.2. In this case, the

B site is reversed w1th respect to the maJority of the B* sites, and _

~doubly reversed:with respect to the B lattice. For the x = 0. 6 sample,'

we can therefore determine the multiple reversal probabilities as
shown in table A.4. | '
| TABLE A. .

= 0.6 multiple reversal probabilities

Unreversed - B sites with 0 - 5Zn NN NN - 0.95334

Singly reversed - B sites with 6 Zn NNNN - 0.04274

Doubly reversed - B sites with'6 Zn N N N N - - 0.00392
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NN N N and 1 B* site to have 5 Zn N N N N
N N N N and 1 B* site to have 4 Zn N N N N
NNNN - |
NN N N and 1 B* site to have 6 Zn N N N N
NN NN |

x = 0.6

~ 0.0256

0.1152

0.0384

0.1728
0.1728

.0.0864

0.2592
0.1296

x = 0.8

0.0016
0.0192

0.0064

0.0768
0.0768
0.1024
0.3072
0.4096
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TABLE A.2

Probability for Zn A site substitution for two groups ;togefher

#B'Sites with  #B Siteswith ~ Prob = Prob

6ZNNNNN 52n NN NN  x=0.6 x=0.8
6 0 0.01680 0.16777
4 2 0.06718 0.25166
3 3 0.02236 0.08389
2 4 0.06718 0.09437




95

TABLE A.3

The probability for a B site spin to have m Zn A site neighbours for

a concentration of x.

m v ' :
x\ 0 12 3 4 5 6

0.0 10 .. - - - -

0.2 .26214 .39322 .24576 .08192 .01536 .00154  .00006
0.4 .04666 .18662 .32104 .27648 .13824 .03686  .00410
0.6 .00410 - .03686 .13824 .27648 .32104 .18662  .04666
0.8 .00006 .00154 .01535 .08192 .24576 ~ .39322  .26214

Lo - T
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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 A.5.

TABLE A.5

x = 0.8 multiple reversal probabilities

Unreversed - B sites with 0 -5Zn NNNN

- 0.73786
Singly reversed - B siteswith6Zn NNNN - 0.15219
Doubly reversed - B sites with 6 Zn NNNN - 0.10995

Each of the 6 B* sftes has 6 B site N N N. One of these is the B,
site, and two more are otﬁer 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 gfoup. Each group of 3 B*; sités
shafes A site NNN N consisting of 3 In* sités, 3 Zn** sites and

4 A%** sites. - The probabi]ity of any-B** gfoup_being reversed is

thué'ana]gous fp the probabi]ity Qf any B* group being reversed.

For those double reversals where all 6 B* sites have 6 Zn
N N NN, the probability of doubiy reversing 4 or more such B*
sites, and thus triply reversing 86 is 0.20713. For those double
reversals where 4 B* sites have 6 Zn N N N N‘and 2 B* sites have
5 Zn N N N N, the probability of dbub]y reversing}twb'of the 4 Bg_

 while leaving the Bg sites unreversed, or doub1y‘reversing 3 of the

4 Bg sites and either one or none of the Bg sites, or doubly reversing
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all 4 Bg sites is 0.29757. Any such combination wi]] result in a
majority of doubly reversed and unreverséd B* sités,.and thus
a triply reversed BG site. The multiple reversal probabilities

for both samples x = 0.6 and x = 0.8 are shown in table A.6.

"TABLE A.6

Multiple reversal probabilities for x = 0.6, 0.8
’ ' x=0.6  x=0.8

“Unreversed (B sites with 0-5 Zn N N N N) 0.9533%  0.73786
Single reversed }(B sites with 6 Zn N N N N) = 0.04274 0.15219
Doubly}reversed (B sites with 6 Zn_N N N N) 0;00392' 0.08121

Trfp]y reversed (B sites with 6 Zn NN N N)  ---- 0.02874

We can use these nﬁmbers and calculate prbbabilities fof 8
different kinds of sites, in a way.analgous to table A.3, by adding
a’distincfion that separates the sites with 6 Zn N N N'N into a
reversed (singly and trip]y)vsite Céiled B’}and an unreversed ‘

6

(doubly reversed) site called BG' This is shown in table A.7.




TABLE A.7

Pr‘obabﬂ'ities for various differenti'ated B sites

X 0 1 2 3 4 5 6 _6°
0.0 1.0 --- --- --- .- e --- ---
0.2 0.2624  0.39322  0.24576  0.08192  0.0153  0.00154 --- 0.000006
0.4  0.04666  0.18662  0.32104 ~ 0.27648  0.13824  0.03686 --=  0.00410
0.6  0.00410  0.03686  0.13824  0.27648  0.32104  0.18662  0.00392  0.04274
0.8  0.00006 0.00154  0.0153  0.08192  0.24576  0.39322  0.08121  0.18093

86
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APPENDIX B.
The calculation of the moments of the sample with x = 0.8

éan also be made using the free ion magnetic moments for the Fe2t
and Fe3* jons. This is doné_to show.that the general characteristics
of the magnetization curVes, such a§ the peak'of the magnetization
versus temperature,curVe, are not a-function of the moments fitted
'in Chapter 5 but that these moments givé better quantitative results.
The va1des'ca1¢u1a£ed are shown in Table B.1 which gives the
magnetization values, the free ion calculated values, and the fitted '
.¢alcu1atéd va]ueé for the moment at'ihe‘variOus temperature§ and |

fields where MYssbauer spectra were analysed.

The magnetization calculated using the free ion values of thg
magnetic moments shows a clear rise wfth.increasing magnetic fie[d
at all temperatures, and an incfease with inéreasing temperature
~at both:30koé and 50kQ0e, but the values themseives are not all in
good agreement with the measured values. The magnetization calcu1ated '
using the fitted values gives good agreement over the entirevtemp--‘ |

erature and field ranges.




) TABLE B.1
Measured magnetization values, free ion calculated values and fitted ion calculated.
‘values and fitted jon calculated values for the moment of X = 0.8

at various temperatures and fie]ds

TEMPERATURE (K) 4.2 I R 40,

FIELD (k0e) 0 8.6 15.4 ~ 25 50 30 50 30 50

Magnetization - 2.84(3) 3.22(3) 3.54(4) 3.77(4) 4.47(5) 4.11(4) 4.61(5) 4.15(2)  4.66(5)
Free fon calc.  --- 3.4 (7) 3.7 (1) 4.1(3) 4.5(5) 4.4 (1) 5.1(1) 4.3 (1) 5.2 (1)
Fitted calc. —- 3.2 (3) 3.5 (2) 3.8(2) 4.2(2) 4.1(3) 4.7 (3) 4.0(3) 4.9 (3)

00t
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" APPENDIX C

Several models were used in attempts to'anaTyse the data from
Mdssbauer and‘magnetization measurements. The models used were:
the localized canting model with no reversed spins; the localized
canting model with reverséd spins; and the modiffég localized canting

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

with the Mssbauer data at 4.2K, 50kOe and 40K, 50kQe, and the
magnetization value of 4.47+.04 ue/formu]a unit.at'4.2K; 50k0e.

The 4.2K, 50k0e spectrum (fig. C.1) was fitted with Tines
corresponding to the A site in line a and the B 'site in line b.
Line ¢ was assumed to bé 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 calcu]ated magnetization using
this model was 7.2+2 uB/forhu]a unit, a value 60% higher than the
measured vaiue. Thé possibi]ity that this indicated the ‘presence
of Zn atoms on the B sites could be eliminated because at 40K, 50kOe,
the spectrum had the shape shown in fig. .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'reversed aﬁdf
contributing to the absorption of peak a. The two Mdssbauer spectra
sﬁowed that peak a brﬁadened 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 Zn nearest neighbours, according to the localized cantfng
model. We assumed that all 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 wfth the measured value of 0.35:1 (this va]ﬁe-was different
from the measured value above because of the intensity'from peak c).

The magnetization calculéted using this model wasA2.7t.2pB/formu1a unit,

a value 40%too Tow.

. When we allowed for mu]tip]e.reversals as ca]culated in apbend{x-
A, we got a theoretical area'ratio 0.36:1, iﬁ good agreement with the
- experimental value of 0;35:1. The BG spins could be expected to have
a larger temperature dependance ofvthe hyperfine field than the A site
spins, and thus would: contribute to peak b at 40K. The value cal-
culated for the magnetization usihg this modei,is’4.2ib.2p8/formﬁla
unit, a difference of 6% from.the~measured value. This model c]eafIy
gives by far fhe best agreément between the Mdssbauer and magnefization

data.
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Fig. C.1 Mossbauer spectrum of X = 0.8 at 4.2K, 50kOe.
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Fig. C.2 Mossbauer spectrum of x = 0.8 at 40K, 50kQe.
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