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ABSTRACT

The magnetic properties of cobalt doped gamma ferric
oxide micropowders were measured including the rnagnetic

moments and coercive forces and Mössbauer spectra were

taken at room temperature and 4.zo x" rt was found tnaî
the coercive force greaLly increased with increased cobalt
content and exhibited a strong temperature dependence.

This was accounted for by using the one ion model of
slonczewski for the anisotropy of coZr ions in ferrites.
Other magnetizaLion measurements were less significant
and the magnetic moments were found to change little with
cobalt doping.

An increase in lattice parameter was observed for the

cobal-t doped samples. The conversion to flFe2o3 uras studied
and the coercive forces of partially converted samples was

found to be high and complete conversion was never obtained

The magnetic moments of the heated sampres were found pro-
portional to the cobal_t content.

There was no change observed in the area ratios of
the recoil free absorption peaks in the Mossbauer spectra

and no change in hyperfine fiel-d :" isomer shifts were ob-

served. ft was found t]nat at low temperatures the samples



were not saturated even aL 50 kOe.

Most results indicated thaL the cobart ion was in the

rattice and not present in cl-uster.s. The experiments al_so

suggested tlnat the cobalt ion was in the B sites, both

iron and vacancy sites in approximately equal proportions,

and that the micropowder consisted of single domain par-
ticl-es whose magnetization vector.s reversed coherently.
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CHAPTER T

THE PROBI,EM, DEFINITIONS, REVIEI^/ AND PROCEDURE

A. THE PROBI,EM

This thesis gives the resulbs of an investigation
of the properties of cobaft doped y FerO3 micropowders.

Pure acicufar 6 Fet03 particles with high anisotropy are

used for the coatings of magnetic recording tapes. Be-

cause a small amount of cobal_t in x Fe2o3 greatly increases

the coercive force, it was thoughb that these cobal-t doped

particles could also be used for magnetic tapes. However

more high frequency losses of recording signal occur than

for pure samples from f riction between the tape and the

head" conversion to o.Fe203 which occurs irreversibly in
pure ¡ Fe2O3 above about 4OOo C, occurs with a greatly in-
creased activation temperature in cobal-t doped samples.

Thus these particles may be useful- for coati-ng tapes N]hat

are stored at high temperatures, and used ai l-ower tempera-

tures where bhe coercive force is greater. Therefore it is
of interest to know the exact temperature dependence of
the coercive force, the rel-ationship between the magnetic

properties and the cobalt doping, the effect of the



cobal-t

sition

].on

UI

on the crystallographi.c structure and the po-

the ion in the lattice.

DEFINITIONS

Anisotropy

Anisotropy energy is defined as the work required

to make the magnetization lie along a certain directj-on

compared to the easy direction. Thus the easy direction
is l}rat along which the magnetizatton vector l-ies for the

energy to be a minimum. The anisotropy can be due to

shape, where the easy direction is along the polar axis

of an elongabed particle. Particles subjected to tension

or compression have strain anlsctropy, and the easy di-
rection is along the strain axis or perpendicular to it.
1¡lhen the magnetization tends to l_ie along certain crystal-
lographic axes , the material has crystalline anisotropy.

The crystalline anisotropy constants K can be expressed

in terms of the free energy, Fk, for cubic symmetry.

FK = Kt- (dr2 o22 +drz a32+a32 or2) * K2(ot2 o22 o3t)

where dl-, 02, 03 are the directicn cosines of the arrgles

between the maguetiza"uíon direction and the easy directions.f

tr



Sj-ngl-e Domain particl-es

Magnetic material-s in general contain many domains.
Each domain is spontaneously magnetized and the direction
of magnetízation may vary from one domai_n to another. The

domain configuration is a function of the applied fiel-d.
when the particle is very small- it may consist of a single
domain; Nlnat is the exchange forces may dominate the de-
magnettzation energy so that ihe particle is uniformfy mag_

netized when no field is applied. There is a theoretical
critical- size below which the particle wil] be single do_

main, but experimentallylno sudden discontinuity is obser-
ved and the coercive force continues to increase below the
critical size.

Coherent and Incoherent Rotations

coherent rotations are those in which the magnitude
of the magnetizatj-on remains constant (uniform) during re-
versib]e and irreversible changes in a fiel_d. The field
at which the magnetization becomes non-uniform is cal_l-ed

the nucleation field. Reversible magneti zation changes

occur coherently, whereas irreversibl-e changes may be in_
coherent" A lower coercive force is expected for incoherent



reversals. several- modes of incoherent reversal_s have

been proposed.2 For particl-es in the form of infinite
cyli-nders buckling and curling take prace j in an el_on-

gated particle consisting of several_ spheres attached to-
gether, the magnetization reverses by rotations of the
uniform magnetization vectors of each sphere in opposite
directions, this is known as fanning. fnformation on the
method of rotation of single domain particles can be ob-
tained from measurements on aligned partic1es.2r3 A maxi-
mum in the coerci-ve force at about 5oo occurs for inco_
herent rotations, when the coercive force is measured as

a function of the angle from the alignment direction. How_

ever, it has al-so been proposed that coherent reversal-s in
partially aligned particles give rise to maxima at various
angles depending on the degree of alignment.4

For coherent rotations of spherical particres with
cubic crystalline ani-sotropv, oriented at random, the co-
ercive force Hc i"5,

0.64 rr
-Tr-

Hc=

where M is the

force is often

magnetic moment.

much l-ower than

However the coerci-ve

this experimentally.



Spinel Structure

The spinel ferrite structure may be represented by

M2+Fer3*04. The oxygen ions form a face centred cubic l-at-
tice. The cations occupy interstitial- positions such that
they are either surrounded by four oxygen ions al the cor-
ners of a tetrahedron, A sites, or they are surrounded by

six oxygen ions aL the vertices of an octahedron, B sites.
The smallest cubic unit cell consists of 32 oxygen ions.
A normal spinel may be represented M2*(Fe23+¡04 where lhe

brackets encl-ose the ions on the B sites, and the ions to
the l-eft are on the A sites " An inverse spiner- has the

distribution pu3+(y2+ ¡'u3")o+. partially inverse struct-
ures are al-so possible. For spinels the angles and the

distances between the ions are favourabl-e for superexchange

between the sublatti-ce; the weakest interaction is that
between the A site i-ons. From this factor and the resufts
of neutron diffraction experj-ments, it is assumed that the

sub]attice magnetizations are antiparal-l-el, although there

are exceptions when the magnetization vectors are canted

with respect to each other"



Mole ii Weíghlt al

V'/hen there is m

tance Q,

mol-e per cent of cobalt in subs -

x lOO

cobal-t in substance S,

m=
weighb of a

moleZÏlar vreifht of e

Vvhen there is w weight per cent of

w=

C. REVIEW OF GAMMA FERRIC OXIDB

Structure

Gamma ferric oxide hasithe spinel structure with
ordered vacancies in the B sites. ' The l-attice parameter

1s 8.33 a if'a cubic uni-t cel,l- i-s used for indexing, extra
x-ray ]ines that are due to ordering of the vacancies, may

be accounted for by using a larger, tetragonal unit ceÌ1.
The structure is usualty represented by ns3 * G"S/3*\7¡ou
v,rhere o denotes vacancies, but there j-s evidence that
there may be water j-n the l-attice .7,8,9 The X-ray

diagram of' y Fe2o3 (including the superstructure

weight of cobal-t
weight of S

x 1OO

These definitions are stated to clarify suph formulae as

Co¡Fe2-x03 where m - 2x, and fe(Ve5¡3_UCoUO) , where ct de-

notes a vacancy, and then r - B --,r - 3 V.

weiqht of cobalt



lines) is very similar to that of LiFe5Og. By comparlng

these two structures7 it is found trrat the composltion

ideaL for ordering is Fe3 + 1ne372+ urTr)o4. A mixture be-

tween the phase with hydrogen (tfiat may be due to the pre-

sence of waber during prepar.ation), and that wiNhout has

al-so been proposed.9 Gamma ferric oxicie particles are usually
acicul-ar with the polar axls along the (ffO) Oirectlon.

Magnetic Moment

The magnetic moment of \Fe2O3 has been measured as

Tr - T4 "^u/g^9'rr'12'r3 ab room temperature, and 3.5 ilB/
formul-a unit (Bz.S enu/gm) aE 4.2o 69't4. The latter cor-
responds closely to the theoretical spontaneous moment with
spins on the A and B sites antiparal-l-el 3.33a\/rormula unit)"
The saturation moment at loon temperature is 0.9 of that at
Oo x.15 As most authors quote the saturation moment and

not the spontaneous moment, and the val-ues are consistently
low (tne expecbed moment at room temperature is about 79

enu/gn), there is still a discrepancy between the theory

and most experimental- resul-ts.' The presence of non-magne-

tic t Fe2O3 has been p"opo"udf6, and al-so the structure

Fe3 + (re^ ,l * n- ,^)or, Eives a l-ower momel. J/.¿ H'TZ)O+ gives a Jower moment. The moment measure-

ments have been used to verify the existence of the phase

with hydrogen in the lattice.9



Coercive Forces

Most experiments have been done on aci-cul_ar par_

ticres where shape anisotropy predominates. The polar
axis length is usually about 4oo A to r y and axial_ ratios
vary from t/7 to 5/7, The coerci-ve forces vary between

100 oe and 35o oe aL room temperature, :ri-sing to 2oo oe

to 4oo oe at TTo K.lj-,I?,TT,l3,r9 The coerc've force due

to crystalline anisotropy only, has been cal-culateoff as

about Bo oe at room temperature and about r9o oe at looo K.

As the predominant anisotropy is usual-l-y due to shape, the
coercive force is very depencent on shape and particle den_

sity.17' 18

criticaf single Domain size and Methods of Rotation

The critical- single domain size for coherent ï.ever-
sal-s inyFe2o3 has been calculated to be about o.r,pfor the
diameter of a spherical particle, and 3.4* for the major
axis length of an acicul-ar particre with axial- ratio I

10
rncoherent reversal- modes have been proposed for

acicul-ar y Fe2o3 because the cbercive force is very depend-

ent on particle size.ll-,21 The chain of spheres, fanning,
model yields reasonable agreement with experiments. Also



measurements on aligned particles tend to indicate inco-
herent reversal-s.3

Conversion

Gamma ferric oxide converts irreversibly to ú{ Fe2O3

on heating above about 4OOOC. The degree of conversion

depends on the heating temperature and time. The conver-

sion process has been studied in detair22 and, a mechanism,

involving cooperative slipping of the oxygen planes and

subsequent movement of the catj-ons, has been proposed.23

The temperature of conversion has been found dependent on
nl¡

Lhe puri|yz4 and. the shape25 of the specimens. Evidence

that bobh ¡ and * phases exist in the same particle of par-
tially transformed materials, has been found in the form of
exchange anisotropy between the two phases.26,27

Cobal-t Doped Gamma Ferr:i-c Oxide

The coercive forces of cobal_t doped ¡ Fe2O3 have been

found to be high, up to 7.L kOe at TTo K, and strongly tem-

perature dependant.22 In two investigationsl-6,22, the co-

ercive forces were found approximately proportional to dop-

ing, but no detail-ed work on this was done. rn one i-nves-

tigationfl it was found that for samples with between J and

6 mole /" eobalt, the anisotropy was independent of doping
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and a non uniform reversal mode was proposed. The aniso-
tropy of many ferritesz3,29,30,31 is greatly increased by

the addition of a small amount of cobal-t and a one ion model_

has been proposed to account for thi".32,33,34,35 TL was

suggesteof6 Lhat this model might also apply to tr Fe2o3 but
the matter was not investigated further.

The effect of cobart on conversion to a Fe2o3 has

been examined22 and a greatly increased activation temper-

ature was found

D. INVEST]GATT ON PROCEDURE

To investigate the dependence of the properties on

cobalt content a large range of dopings were used from o

to l-0 mole ft cobart, (to samples). The amount of cobatt
in the samples was measured by x-ray ffuorescence, and the
structure was examined and the lattice parameters were

measured by x ray diffraction. The magnetic properties,
coercive force, moment and others were measured on a vi-
brating sample magnetometer. The particles were heated

for various times and al different temperatures to inves-
tigate the conversion to "(Fe2o3. To determine the dis-
tribution of ions in the lattice, the Mössbauer effect
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was used and spectra were taken

4,zo K both with and without an

The results of these experiments

rious concl-usions reached.

at room temperature and at
applied field of llkOe.

were correlated and va-



CHAPTER ]I

ELECTRON MICROSCOPE AND X.RAY ANALYSIS

Sampl-e Description

Five of the samples were in powder form and were
ground to separate the particles before use in experiments.
The remainder were in paraffin wax which was removed with
successlve washing with toluene and acetone for experi_
ments that required a powder. There may have been dif-
ferences between the particles due to ageing and oxidation
effects, that is differences in diffusion of vacancies, dif_
fusion of cobal-t ions and absorption or rel_ease of water,
due to varying ages of the powders and whether or not they
were stored in paraffin. The samples were numbered and

their description given in Table I.

some of the particles were ground and separated on-
to a glass sl-ide ; a carbon fil-m was evaporated over them

and this film, containing the particÌes, was examined with
an e]ectron microscope. The diameters of the particl_es
were measured in two perpendicu]ar directions, the l0ngest
and the shortest diameters were measured if any elongation



Sample
Number

3

4

5

6

7

a

Bottle
Marking

TABIE I

SAMPLE DESCRIPTTON

Pure u Fe2O3

coo.o2Fe1.9Bo3

r"2%

col

3.oB%

3.5%

I.5% Coo

3ft coo

4.ß%

7.37%

9

10

In paraffin, received circa 1960

In paraffin, (tz/Zg/6t)
In paraffin, (lt/A/6o)
M.T.O.28265 L-35-K-t Received Jan. l}TI
In paraffin, (tt/t4/6o)
Received 1965

Received f965

M. T. O.2BTTO ,z8z68 Lot z Received Jan. I/TI
M.T. O.28770,28268 Lot z Received Jan. ir}TI

Remarks

(Þ
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was present. Most particle s (85%) were spherical although

some were square and protrusions appeared which may have

been small particles or larger particles with knobs. Some

particles appeared ki dney shaped or hemispherical. The

axial- ratto of the non spherical- particles varied from

f/\.3 to l/2. Many particles had bl-urred edges due to
carbon formation and interference of the magnetic fleld
of the particles with the magnetic focussing field of the

microscope. The results are shown in Figure I to Fi-gure

6 and Table II.
In the following the particles are assumed spherical

and thus the anisotropy is assumed al-l crystalline. Shape

anisotropy would add about 200 oe to the coercive force for
all temperatures (from comparison with acj-cular pure samples),

and if 15% of the particl-es had shape anisotropy, the ad-

ditional term woul-d be only 30 oe which is negligible in
comparison to coercive forces of the order of kilo-oersteds.
Thus the particles are assumed spherical with diameters of

about Boon.

FJuorescence Analysis

X=ay fl-r¡orescence analysis was carried out to deter-

mine the mol-e per cent of cobalt in each sample. Standards



t5

FIGURE 1

Distribution of sLzes of sample T (4| mole fu cobalt).
The arrow denotes the mean diameter"
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FIGURE 2

Distribution of sizes of pure fFe2o3 particles. The ar-
row denotes the mean diameter
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FIGUFE 3

Distribution of sizes of sample B (4j mole ft cobalt).
The arrow denotes the mean di_ameter.
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FIGURE 4

El-ectron microscope pictu.re of pure lFe20? particles(x T99o), showing prädominantly sphericãr'pãrtiãie" u"o
their tendency to stick together.
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FIGURE 5

Electron microscope picture of pure Í Feco3 particles(x. ez8ooo), showiñg þreoominãrtiJ" Jprråií"er particleswith one elliptical particle.





20

FIGURB 6

Electron microscope picture of sample T (4-]- mole ft coba1t)(x. ze8ooo) showinþ a cl-osely packeä group õr preo'ominantly
spherical particles and one particle with a põssible pro-trusion
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TABLE II

ELECTRON MICROSCOPE RESULTS

Fraction
of particles

Mean Maxlmum Minimum with diametersample Mole Diameter Diameter Diameter greater thanNumber %Co A A A IOOOA

1 0 955 1500 400 0.34

7 4.f 8o6 t6oo 2oo o . oB

B 4.5 T4o 2ooo 4oo o. t6
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were made by nrixing known proportions of cobalt oxide and

¡Fe2o3 and moufdlng them in a ptastic disc. silver radi-
ation was used and a l-ithium flouride crystar. The bottle
marking was foi-lnd to correspond to the weight per cent of
coba]t in most cases (tante rrr). Errors are of the order
of or less than ro%" Five ratios of the iron K¿ and KÞ

x rays to the cobalt Ko< ând KÞ x rays were used and the
error recorded is the spread of the readings.

Fhlorescence analysi-s al-so yields informa¡ion about
possible impurities. All the samples were found to con-
tain copper, flicke], manganese and some zinc. There was

about twice as rnuch nickel- and copper in samples !, Ç and

10 than the others. small- amounts of zinc were found in
samples ! and 10, twice this in sample 6 and four times
this in sample 2" By comparing these intensities with
other lines , iL was found that most samples contained less
tnan Ift impurities.
X-Ray Diff'raction Resul_ts

x-ray powder diffraction pictu'es were taken with
a cylindrical camera using iron radiation with a rnanganese

fil-ter" The l-attice parameters were measured from about

five high angl.e l-ines and for aboub two of these the dl, d2
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TABI,E TII

MOLE PBR CENT OF COBALT IN SAMPTES

Sample
Number

9

10

Bottl-e
Maril-i-ng /o

I
1C

¿

3.08

3.5

I.5
3

4.r3

7.37

Mole %
Measured

o.95 ! "05

2.I + o"2

3.25' f O .4

4.s r 0.3

4.4 J 0"5

4.s ! 0.5

4.2 t 0.5

5.8 r 0.6

9.g t o.B

Mole % Co
Corresponding
to Bottl-e
Markings of
I,rleight %

1.6

2.7

4.t6
)t zd

t.o
oÃ

¿

3

4

5

6

7

a(J
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doublet was resol-ved. A cublc unit ceI1 was used for in-
dexing and Lhe resul-ts extrapolated uslng the Nelson Riley

extrapolation procedure. The resul_ts are shown in Tabl_e

IV and Figure 7, a l-inear rel-ationship between cobalt, dop-

ing and lattice parameter can be made if sample 2 (tf; Co)

is excluded (which can be justified as it contains more im-

purities).

Hll samples except samples !, ! and 10 showed the

characteristic I Fe2o3 diffraction pattern. samples ! and

10 showed only the l-ines of the spinel structure and no

lines corresponding to vacancy ordering. Sample 5 dis-
played the spiner fines and two of the most intense T Fe2tr3

superstructure lines, although bhese were of Jow inten-
sity((106, zo3), (2r3, tt6)). The (r03, tto) and (roe)

Jines were not present in samples !, 9 and lO. Al_so for
fhese samples the high angle Lines were not resor-ved re-
sulting in an increased error in the lattice parameter.

Inberstitial ions, causing strain, or the presence of
another phase and an imperfectly formed material_, are

possibl-e causes for the lack of resolution.
The ionic radius of the Cozr ion is O.TZ A and that

of an Fe3+ ion is O.64 A, also it is assumed that the size
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TABI,E IV

LATT]CE PARAMETERS

Sample
Number Mole % Co Lattice Parameter (A)

I
2

3

4

5

6

T

9

10

U

I

2.r

3.25

4"5

4"4

4"n

5.8
oo

B.S¿+g t
8.35r t
8.349 +

8.353 r

8.354 a

8.353 *

8.354 :

8.357 !
8.366 !

o. oo2

0 .002

o .002

0.o01

0.005

o.ool

o.ool

0 .005

o. oo5
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FIGURE T

The latiic parameter, a, as a function of cobal_t doping.
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of a vacancy is about the same as iJnat of an Fe3+ ion.

Thus if a cobal-t ion replaced an iron ion on an A or B

site, or a vacancyr an increase in lattice parameter would

rezul-t. A cobalt ion on only iron A or B sites would need

an Fe3+ to change to an Fe4+ for charge balance; this
would resul-t in a probabÌe decrease in lattice parameter"

If a Co2+ ion fill-ed only vacancies, some Fe3+ may become

Fe2+ to balance the charge, and as the ionic radius of an

Fe2r ion is O.T4 an increased lattice parameter would be

expected.

Thus it seems that the cobal-t ion does not go into
the iron A sites only or the iron B sites only.



CHAPTER III

MAGNETI ZATI ON MEASUREMENTS

EXPER]MENTAL METHOD

Each powder sample was mixed with paraffin wax,

50% bV weight, Têsulting in a IJ/" paeking density. The

mixture was stirred over a water bath at 6OoC to BOoC

(to avoid conversion) and placed in an al-uminum sample

holder. The paraffin wax prevented movement of the par-

ticles. The samples used to measure the magnetic moment

I^iere made differently as an exact knowledge of the mass

was necessary. The sample was weighed into the sample hol-
der, wax was placed over it and the holder suspended in a

water bath with copper wires. The melted paraffin soaked

into the sample and avoided particle motion though may not

have eliminated it, however this was not important as

these samples were used only for moment measurements.

The measurements were made on a vibrating sample

magnetometer using a dewar with liquid nitrogen and liquid
hel-ium for the 1ow temperature measurements and a furnace

for the high temperature measurements. A nickel- sample was

used for cal-ibration.
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D MOI\{ENTS

The resul-ts are shown in Figure B and Table V.

Most cobalt doped samples had about the same moment as pure

ÍFe203, but samples 2,9 and lo showed a decrease in mo-

ment of about r5%. The difference between the saturation
moment (trre applied fiel-d H extrapol-ated to infinity) and

the spontaneous moment (H extrapolated to zero), increased
for decreasing temperatures due to i-ncreased slope and

possible lack of saturation. Tab]e vr and vrr show the
expected changes in moment for the cobal-t ions wholIy in
one type of site. The moment of a cobal-t ion is assumed

to be 3tg nut it may be as much as 3.5n5.32
Two observations can be made; firstly the cobalt

may go into different positions for different samples, ac-
counting for the scatter in the results, and secondly there
may be a ÍloÍlørnâghebic phase present or water in the rattice
to account for the consistently l-ow values of magnetic mo-

ment. very 1ow moments have previously been measured for
cobal-t doped ïFe2O3 partict-es16, (48 emu/gm) and the re-
sul-t attributed to a non'magnetic phase; these moments

have al-so been measured as within )o/" of the pure momentlf

but it was not stated whether this was an increase or de-
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FIGURE B

The magne_tic moments of al-l samples at room temperature
and TTo K, for the applied field H extrapolated'to zero
and infinity.
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Sample
Number

I

¿-

3

4

Mol-e %
cobal-t

o

.95

2l

3 "25

4.:
)r LL

4.5

5.8
oo

TABIE V

MAGNETIC MOIUENTS

H-+ O

emu/gm
+T
-J-

5

6

B

9

l_o

Moment at Room Temperature

69 .o

64.2

To.4
Áo ,q

6g .s

70.4

68. B

6r. B

6o "5

H- O

ue/Fe @.s /zllp)o+-i:o4

2.64

z "46

2.70

2.67

2.66

2.TO

2.63

2.36

2.3r

H+*
emu/gm+f

Moment

H+O
emu/gm

+'l

73.o

6t .g

73.9

73.5

74.2

75.o

74.4

6r .4

6r.g

at T7o K

H-ó
emu /Em

/v+1
-f,

74.7

68.:

6r.B

66.r

65.2

6RD

6T.o

58. B

79.6

Br.9

Bz .4

Bo.e

TB.4

79.4

7T .6

6g.S

(¡t



TABI,E VI

CHANGES IN MAGNETIC MOMENT PRODUCED BY THE COBALT ION IN
ONLY ONE TYPE oF SITE IN Fe (F.5/3Ðt 3)o+

(Theoretical pure moment BT "5 emu/gm at Oo K)

Cobalt Ion
Replaces

Vacancie s
only

ïron B
Sites only

Iron a
Sites only

Vacancies
only

Iron B
Sites only

Iron A
Sites only

Changes Needed
For
Charge Balance

twice as many
FeJ+ chanse to
Fe2+

for each cobal-t ion
onç Fe3+ changes to
Fe  *

for each cobalt ion
onç Fe3t changes to
Fe4 *

Non stoichÍometry of
oxygen

Non stoichiometry of
oxygen

Non stoichiometry of
oxygen

Moment Change per
Formul-a Unit. Oo K
(m is mole %'Co)

2 2/? m

Moment Che.nge

emu/gm Oo K

-2 z/3 n

22/3^

70m

Bm

-5 t/3 n

51/3n

Moment Change
emll/gmr room
temperature

-70 m -63 m

7Om 63^

oJm

210 m

-140 m

140 m

1pO m

-t26 n

l-26 m

C¡,
¡\t



TABLE VII

CHANGES IN MAGNETIC MOI\MNT PRODUCED BY THE COBALT ION IN
oNLy oNE rypE oF srrE rN Fe (r"g/a Ht/ùo+

(Theoretical pure moment 68.Z emu/gm aL oo tc)

Cobalt Iron
Replaces

Hydrogen in
B Sites only

Iron B
Sites only

Iron A
Sites only

Hydrogen B
Sites only

Iron B
Sites only

Iron A
Sites only

Changes Needed
for
Charge Balance

for each cobalt
one ¡'e3* changes
to Fe2"

for each
ion one
changes

for each
ion one
changes

Moment Change pçr
Formul-a Unit, O' K
/ . - ¿ a^\\m aS mole 70 Uo )

cobal-t
Fe3 *
to Fe4+

cobal-t
Fe3 +
to Fe4+

Non stoichiometry
of oxygen

Non stoichiometry
of oxygen

Non stoichiometry
of oxygen

5m

-2.5 m

Moment Change
emu/gm Oo K

2.5 m

r3T n

7.5 n

-5m

5m

Moment Change
emu/gm, room
temperature

-68.j n -6r.5 m

68 .5 m 6t.5 m

121 m

ZOJ m

-r37 m

r37 n

¡ ô-r()) m

-123 m

I2J m

(^)
<^)
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crease or both.

C. COERCIVE FORCES

There vras â J_arge increase in coercive force with
decreasing temperature from about 6oo oe at room tempera-

ture to 97oo oe at 4"zo l<. The rate of increase was great-
est bebr,veen room temperature and TTo l<. The data is shown

in Figure 9 to Figure f3, and all- the data together in Fig-
ure 14. above room temperature there was littre change in
coercive force (nigure 15) except a steady decrease to
l-00 .oe at l5ooc and a subsequent srower decrease to about

ar

50 oe at 300"C" Heating was done j_n air and helium gas

as different resul-ts have previously been obtained from

magnetic momenLs measured in air and helium9, however no

difference was observed here. The coercive force was

measured aL room temperature after heating and a stight
increase in coercive force found; this may have been due

to conversion.

Rel-ationship Between cobalt cont,ent and coercive Force

Figure 16 shows a reasonable l_inear rel_ationship

between the coercive force and mole per cent of cobalt up

to about 5"1. The anisotropy constant Kl is proportional
to the moment mul-tiplied by bhe coercive force for single
domain sphericaJ- particl-es. This was p]otted in Figure rT;
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FIGURE 9

The coercive force of pure ¡Fe2O? as a function of tem-perature. The full- line joins*tñe experimental- points.
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FIGURE 10

The coercive force of sample e, (r- mor-e ft cobart) as afunction of temperature. The iuir l_ine ¡'oins t|nâ experi_menta1 points.
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FIGURE 11

The coercive force of sample 3 Q.t mole ft cobalt) u" afunction of temperature " The fulr- curve joins experimen-ta1 points.
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FIGURE 12

The coercive {ol"gs of samples !, 9 a.nd, fO, (4.¡ mole %,5.8 mole % unl_9-9 more fr conatii ás-iunctíons õf tempera-ture. The ful] l-ine joins the experimental- points.
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FIGUR¡ 13

The coercive force as a function of temperature for samples
1, 6 ul9 B (s.z mole %, 4.4 mòrà %-una 

-+-.t-;ðt; 
%"¿"b;-Iãi:"The full curves join experimental_ points.
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FIGURE 14

The coercive force of arr- samples as a function of tem-perature.
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FÏGURE 15

The coercive force as a functi-on of temperature for samples] (nu"e ) and B !4.5_*ot" 1" "99"1t¡-, ;;;i" room temperarure .After the coercive force 'at 
5630 x'wã"-measureO, Áãrpfe Bwas cooled and the coercive force was remeasured at roomtemperature.
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FIGURE 16

The variation of coercive force with mol-e /" cobalt at
three temperatures. The straight l_ines are possible
l-inear fits to experimental_ data.
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FTGUFE 17

The rel-ationship between coercive force multiplied by the
moment and the percentage of cobalt. The strãigrrt l_inesare fits to experimental_ data.
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it is noticeabl-e that, a better straight l_ine can be ob_

tained if the anisotropy constant of pure fFe2o3 is as-
sumed negative, and the effect of doping with cobalt is
to add a positive contribution. such an effect is obser-

ved in cobal-t doped magnetite29 which initially has a ne-

gative Kl-, and positive contri-butions to Kl are observed

in cobai-t doped nickel- ferrite30 ar',d manganese ferrite.3l
However it seems thaL the anisotropy constant of the pure

fFe2o3 was less than expected, this may be due to the par-
ticles not being single domain (section E). Nevertheless
it seems a l-inear refationship exists between anisotropy
constant and cobaft content, for between ),/" and J/" cobarL.

single Domain Parti-cles, uniform and Non-uniform Rotations

The size of these particles is about Boo A to 9oo A,

whereas the theoretical critical- single domaj-n size for
coherent rotations is about looo A, thus it is probable

th'aL most particles are single domain if the rotations
are uniform. Non-uniform rotations have been proposed for
cobal-t doped ú Fe2o3 partictesll, where the coercive force
of Boo a 3 - 6% cobal-t doped particles at room temperature

was found to be 300 oe and a strong dependence on size was

noted. For the samples used here there was no noticeabl_e
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size dependence and the coerci.ve force of similar particles
to those in the reference was 66o oe. However the ratio
of the remanence to the saturation moment was greater than

Boft at low temperatures, possibly indicating an incoherent
reversal mode " This matter was investigated further (sec-

tion E), and for the following, single domain particles
reversing coherently are assumed.

Parti,cle Interactions

Particl-e interactions are less important for spheri-
ca1 partj-cles whose anisotropy is predominantly crystal-
l-ine, than for particles whose anisotropy is predominantly

due to shape. The packing fraction was 15% so even if par-
tlcre in|eractions were important they woul-d be very small- ,r7,rB
however there may have been some interactions present due to
a non-uniform distribution of powde:. in the paraffin. These

are neglected.

D. MODELS TO ACCOUNT FOR

THE HIGH COERCIVE FORCE

Domain Boundary Mode]

A model- has been proposed36 to describe the behavlour

of smco5 powders with coercive forces of about lo koe al
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room tempe rature.37 Domain boundaries may be present and

move easiJ-y but.a sufficiently large field wirr drive them

out so that lhey must be renucl-eated.

However, this probably does not appty to cobal-t doped

[Fe2o3 particres as the remanence and coercive force, when

measured as a functlon of the previ-ously applied field, do

'not increase aL very hlgh fields but become constant at
comparatively ]ow fields, of about twice the coercive force.
(nigures 23, 24 and 25, Section F")

Pinning Model-

vJal1 pinning model-s have also been proposed ror smco538

and non-uniform magnetizaLion pinning has been suggested ln
cobalt doped 6ne2oa.22 If the cobal-t is not random but

in clusters or a complex oxide, the non-unj-form magneti-

zation may be pinned resuJ-t,ing in a large coercive force.
However such a good rerationship between cobalt doping and

coercive force would not be expected in this case, and the

increase in lattice parameter with cobalt content shows thab

at least parb of the cobal-t goes into the lattice. Flve per-
cent of a second phase is necessary for it to be visible, so

although no extra lines i^rere observed in the x-ray diffrac-
bion patterns, the presence of another phase cannot be ex-
cl-uded.
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One lon Model

slonczews¡i33,34'35 obtained good agreement with ex-
perimental resul-ts of the anisotropy constant of cobalt
doped Fe3O429 using a one ion model. The theory was ex-

tended to cobalt ferrite32 and cobalt doped manganese fer-
vi¡s3r'35, and later to eobal-t doped nicke] ferrite3o with
appropriate modifications. The model- assumes the orbital
angular momentum is not quenched but is constrained to l-ie
parallel Lo the trigonar axis of symmetry, by the crystal
field. The spin orbit energy L.s couples the spj_n to this
axj-s al-so, accounting for the high anj_sotropy energy.

The anisotropy constant in cobalt doped magnetite29

was l-inear in cobal-t doping up Lo 5 mole ft eobart and ex-
hibited a strong temperature depende.nce. Both of these

features are observable in cobal_t doped v Fe2O3.

S]onczews¡i33,34,35 derived the free energy Fs

Fc = -|trru I t-n cosh (3 ¿{cgs ei)
zk-T

and by using the phenomenological_ expression,

Fs - Kt (0.12 o22 * or'*, *n32 *?) + Kz(iz <22o32)

bhe expression for the anisotropy due to the cobalt ions,
A Kt = kTN 4 tn cosh ("6øÅ) - z tn cosh (S ¿À)M- Jb:rr
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was obtained, where k is Bol-tzmannrs constant, T the abso-

l-ute temperature, N the number of cobaft ions per c.c.,
€i is the angle between t he magneti zat,ion vector and the
trigonal axis , d is the ratio of the true angular momentum

along (rrr) to that of the triply degenerate p state and Â

is bhe spin orbit coupling constant. However the firsb
equation for Fs cannot be wri-tten accurately in the form

of the second equation for Fs except at high temperatures.
There are two variabfe parameters laÀl ¿¡6 hTe, the exchange

energy 
"

Trigonal symmetry is necessary for application of
the theory, this was accounted for in magnetite by the
rapid exchange between Fe2+ and Fe3* ion". In nickel fer-
rite and cobal-t ferrite half of the ions on the B sites

2tare not FeJ' so an extra term must be included for the non -

symmetric crystal field due to these ions " Manganese fer-
rite is partially inverse, so about ro/" of the B site ions
are MnZn, but reasonabl-e agreement is obtained (over a

smal-l temperature range however, IZO - ZgOo K) assuming

a completely trigonal crystal fiel-d. rn cobal_t doped

yFe2o3 rf/o of t]ne B site ions are vacancies or pJft are
hydrogen either of which would contribute to a non-symmetric
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field aL the cobalt ion. Thus it woul-d be expected Lhat

a small extra term shoul-d be incl-uded to account for this.
Tacirixi-32 inLroduced two differenl types of site

for cobal-t ions in cobalt ferrite each with an off diagonal

matrix elemenL a of the l-or¡.rer symmetry crystalline field.
i+gain the conversion to the phenomenological K is not val_id

at low temperatures unless a is smal-l-. There are five
l"(Àlvariable parameters in thls case.

Miyamoto et at3O included only one type of site and

only one a value and obtained good agreement with experl-
ment for cobal-t doped nickel ferrite using two unknown pa-

rameters and assumi-ng zBHe was infinibe. The equation for
the contri-bution to the anisotropy constant due to cobalt
i-ons was then

AKf = 2NkT (Z ln cosh ) - tn cosh (3tu¡l
a

- l-n cosh (:S'
¿kT

tFn;æ)
r)

where

c l-ucled

be made.

herently

1n

To

j-s 2a The detail_s of the parameters is in-
3Gîr

Table VIII.

apply this theory to X Fe2O3 two assumptions must

Firstly single dornain particles reversin¿ co-

äre necessary so that

Hc = 0.64K-_-]q-

hor,vever. it was assumed here thab Hc was only proportj-onal- toK
14



Parameters

Temperature (u.l )_Material Ranþe Use d ( .åtr ¡

Fe oO r,J+

CoFe20l

CoFe20{

l4nFeZ04

lttlnFe20/¡

NiFe2Oi¡

toootç-35oor

oott-35oot<

ooK-3500K

LTOor<-29oor<

ooK-45ooK

Boott-3oootc

TABLE VIII
ONE ION MODEL

for 2

(uz)
(cm-l¡

0

140

ú5

Types of
,+

Nal-
NÐ

+

NarJ ]-S
ñ42

o

s(ar)

These results were calcul-ated from magnetostriction experiments,

Site
Spin Orbit
Parameter
( cm-1)r<rt

the ratio of the number of ions in site 1 to those in site z.

o.67

0.89

102

U

Exchange
Parameter
IhHu (cm-l)

r32

ô

1?2

r32

(o" 32or)

270

320

Br

r25

r32

2To

97

Reference

33,34

?D

35

391

3o

c'o
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where Hc is the coercive force and M the magnetic moment.

Secondly the majority of the cobal-t ions must go into the

B sites and preferably though not necessarily into the va-

cancies or hydrogen sites to increase trigonal symmetry"

As the icns are similar to those in magnetite the parameters

for magnetite were used for preliminary guesses. The mag-

netic moment at room temperature was taken as TO emu/gm

and the temperature variation of the moment was that in
Reference 15. A multiplying factor B was used so that the

coercive force was assumed only proportional to the aniso-
tropy constant. The data obtained from a r-east square fit
to the theory is shown in Table rx ancl Figure 18. rf the

anisotropy of pu-re 6 Fe203 was subtracted or added (oue to
K being negative), there was very rittle difference in the

fin-l- results as it amounts to l-ess than r% of the aniso-
tropy. A multiplying factor of 3.24, that is

Hc = 0.64 K = o.2 K3.24-14 M

was required to fit the data. rn this case the same para-

meters as for magnetite can be used to TTo K (nigure 18)

however the theory does not hold below TTo K. By using an

extra term to include the non symmetric crystal field, good
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TABLE IX

APPLICATION OF ONB TON MODEL TO GAMMA FERRIC OXIDE

Parameters
Fixed Calculated Initial Final Temperature
Parameters By lteration Values Va1ues Range oK

FÀl = I3Z "*-f B*
,IL-H^ - @
tlç

ßBH. - þ
ll,=?Ã J.)

lfllJ." = 
@

tx^l : 132 cm-l

l"¿¡l '= I32 "*-1 bH"
P,=?ÃJ.)

LrnH" = oo ld 
^l

fxÀl

3"5 3.24 7T - 4oo

r32 "m-1 97 "m-1 4.2 - 4oo

3.5 I .9 4.2 - 4oo

32o c*-f diverges TT - 4oo

r3z "^-f rzg TT - 4oo
B = 3.5

4¡r1a = orJ

B = J.Z4
fuil= r3z

thH" = Ø
B = J"24
T = 0.258

r=2a O.T O"z5B 4.2 _4OO
itd^l

l32 cm-f 134.56 4.2 - 4ool"<)l

r( Hc = 0.64 K
BM

very poor agreement
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FIGURE 18

The one ion model- for I mole %-co. The dotted line is theone ion model for taÀl = I32 cm-f , aRHe = Ø, B - 3.24 andT = Q. The sol-id l-ine is the one íoñ mooét forktr= 134 cffi-1,
!nH" = , B = 3.24 and r = 0.26. The anisotropy of pure
u-F"29¡ is assumed negative and that of the coba]t dopedsample positive.
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agreement cou1d be obtained when
-1

cm

was set equal to 5f .5

Thus the coercive force temperature curve may be

wel-l- approximated by

Hc-r.6zxro6mr f,M- L
1n cosh (r8z)-T- - l-n cosh (z4B)-T-

- l-n cosh (f!li-T- I
where m is the mol-e ft cobalt,
However no quantitative agreement can realIy be justified
in that the coercive force was measured and not the aniso-
tropy constant, and the factor of J.24 was arbitrary, cal-
culated from using the same lø,rt and/cgHs as magnetite. Never-

thel-ess the qualitative temperature dependence hol-ds, and

the factor for the unsymmetric fiel-d is much small-er than

that used for a completely inverse structure. The curie
temperature and the ions j-n the material are very simil-ar

to those in magnetite so the qualitative apprication at
l-east can be justified.

Conclusions on Coercive Force Model-s

As the coercive force was found proportional to co-

bal-t doping, at l-east qualitatively, (and quanti_tatively

if the coercive force was considered proportional to the

anistropy constant) ttre one ion theory of slonczewski and
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Tachiki holds, with l-ogical-ly consisbent values of the

parameters, the particl-es are probably single domainrre-

versi-ng coherently, and the anisotropy is probably all
crystalline and due to the single cobalt ion. ¡+l-so as the

temperature dependence of samples ! and l-O was like that
of the other samples it v¡ould appear that their anj-sotropy

is due to the same single ion " To account for the lack

of linearity, some cobal-t ions may not be in the l_attlce

or if so not in the B sites. Cl-usters of interstitial ions

of inhomogeneities woul_d al_so account for the bl_urred X-ray

pictures. Thus non-uniform magnetizabion and pinni_ng by

clusters of cobalt cannot be eliminated, as the distribu-
tions of i-ons may not be tlnat ideally required for the one

ion model and the ratio of the remanence to the saturation
moment is slightly more than O.BT at very low temperatures.

MEASUREIqENTS ONT

PARTIALLY ALIGNED PARTIOLES

Experimental-

The samples were mixed with paraffin and placed in
sample holciers in the furnace arrangement for the vibrating
sampÌe magnetorneter. They were heated to l5OoC for one hour

F
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and cool-ed in a field of t4XOe for one hour, until room

temperature was reached. The heating and cooling rates
were constant for al-l- samples. The magnetizaLion curves

in the allgnment di-rection and perpendi-cular to it were

measured, and the remanence and coercive force were meas-

ured as a function of the angle from the alignment direc-
tion. Narrow trenches were seen in the surface of the

sample after arignment and it appeared LhaL some paraffin
had evaporated.

Re sul-t s

The differences in remanence and coercive force

before and after alignment, and parallel- and perpendicu-

lar to the alignment direction are given in Tabl-e x and

Figures :.-9, 20 and 2r. The magnetizatíon curves for sample

4 are shown in Figure 1! and the remanence as a function
of angle for sample B is shown in Figure Z!, the other
samples gave very similar resul_ts.

There was no significant increase in coercive force
after alignment and that which did occur may have been due

to conversion, although there is a possibirity of i-nduced

uniaxial- anisotropy as occurs in many materiats containing
cobalt,this matter was not investigated further. The
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FIGURE 19

The magnetization curves of aligned sample 4 parallel andperpendicular to the alignment direction.
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FIGURE 20

Relationship between coercive force and angle from the
alignment direction, for samples f, Z, 3, 4, 6, B.
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FIGURE 2I

The ratio of the remanence to saturation as a functionof the angle from the alignment direction, for sample B.
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remanence to saburation ratio increased indicating thaL

alignment had taken place, however the values indicate
that the alignment was only partial as a ratio of unity
would be expected for comprete alignment. There was very
little difference in the magneti zation curves paral-lel_

and perpendicu]ar to the alignment direction, although

the cobal-t doped samples displayed slightly greater dif-
ferences than did the pure sample.

Conc lusions

Experiments simil-ar to those described above were

carried out by Shur et al42 and Ivanov et al43 where the

transition from mul-tidomain to single domain particles in
cobalt ferrite powders was examj-ned. The increasing dif-
ficulty of the magnetizaLíon reversal- process t]naí occurs

when the size decreases is due to the increasing difficulty
of displacement of the domain boundaries and the growth

of magnetization reversal- nucl-ei. As the angle from the

alignment direction increases the displacement of the tBoo

boundaries becomes more and more difficurt since the mag-

netic field component along the easy axis, causing displace-
ment, becomes weaker. rf the coercive force perpendicular
to the alignment direction is l-ess than that parallel to
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it, the only explanation can be that the re\¡ersal is caused

by rotation of the magnetization vector. For a uniaxial
particle the coercive force woul-d be zero perpendicular
to the alignment axisl, for cubic particles (such asrFe2o3)

a decrease woul-d be expected but not zero as the magneti-
zation of the majority of the particles lies in the plane

perpendicular to the alignment axis.
The boundary or domain wall- energy density is the

sum of thab due to the crystalline anisotropy and exchange

forces, and that due to the magnetostatie energy of the
wal-ls. Thus if the anisotropy constant increased and other
factors remained the same the critical single domai-n size
woul-d increase. The data in Figure zo shows a decrease in
coer"cive force perpendicu]-ar to the alignment axis for al_I

samples except sample I (pure) and 2 (tfi co). The decrease

increased in magnitude for particl_es with a larger cobal-t

content " This is consistent with the pure IFe2o3 particles
being mostly not single domain, and the r/o cobart sample

being mostly very nearly single domain and the others being

completely single domain.

Another noticeable feature of Figure zo is the maxi-

mum in coercive force that occurs between oo and 9oo. Much



63

work has been done2'3 on i-ncoherent reversar-s in elongated

single domain particles for which a maximum occurs at, 5Oo,

and is accounted for by buckling, fanning or curling. Com-

pleteJ-y aligned single domain particres reversing coherently
shoul-d show a decrease and no maximum in the coercive force
when measured as a function of the angle. However it has

been found4 thaL partially aligned particles reversing co-

herently show maxima. rt appears from Figure zo t]hat the

maxima occur at different angles for different particles,
most noticeabl-e is the decrease in maximum angle from pure

to 2 mole /o cobalL. I¡/ohlf aytin4 considered uniaxial parti-
a1ly aligned particles making angles I j_n a cone along

the ah-gnment direction, where

cos ê = remanence
saturation moment

for uniaxial- particl-es. The coercive f orce would then have

a maximum value aL angle I from the alignment axis. For

particles with cubic anisotropy a maximum at o woul-d also
probably be expected. For these cobalt doped r Fe2o3 par-
ticl-es the remanence to saturation ratio increases with
cobalt content indicating a possible increase in degree

of alignment. The corresponding decrease in the angle of
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the maximum coercive force is observed. However a quali-
tative agreement does not hol_d.

Thus the resul-ts of experiments on partially aligned
particles seem to lndicate that most of the particles are
single domain, and that reversals are coherent. The ex-
ceptions are the pure lFe2o3 ând the l_ mole /o cobart doped

samples whj-ch are almost single domain.

F. OTHER MAGNETTZATION MEASUREMENTS

Coercj-ve Force as a Functj-on of the Applied Field
Due to the large slope in the saturation magneti-

zation ôr-r",ru., it was suspected that the samples may not
have been saturated. To examine this point and for compa-

rison with smco536 the coercive force and remanence were

measured as a functi-on of the apptied field aL room tem_

perature and 770 K. The resul-ts are shown in Figures 22,

2J and 24 and rable xr " some hysteresis loops are shown

in Figures 25 and 26, and the saturating field found from
them is recorded in Table XII.

rt was found that the coercive force came to a con-
stant val-ue at comparatir¿efy low fielcls; it became constant
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FIGURE 22

The variation of remanence and coercive force with applied
fiel-d for sample 6 (4.5 mol-e /" cobalt) at TTo K
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FTGURE 23

The variation of remanence and coercive force with applied
fierd for sampJ-e 6 (4 "s mol-e ft cobart ) at room tempei-ãture.
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FIGURE 24

The variation of remanence and coercive force^with appliedfiel-d for sample tO (g.g mote /o cobalt) at TTo t<
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COERCTVE FORCE

TABI,E XI

AND REMANENCB AS A
APPLIED FIELD

FUNCTION OF

Sample
Number

MoIe ft
Cobalt Temperature

Fiel-d After
Which the
Coerci-ve Force
Became Constant
(itoe )

Field After
i,rlhich the
Remanence
Became Constant
(i<oe )

o

o

I

I

6

6

room temp.

770 K

room temp.

T7O K

TTO K

0.9

2.O

2.O

14 .0

15 .0

o.B

/ tl

3.0

14. o

not constant
at t6 t<oe

10

4.4
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FTGURE 25

Hysteresis loops .at room.temperature for samples I (pure)
and B (4.5 mot-è /" cobalt) 
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FIGUFE 26

Hysteresis lgopl at 77o t< tor samples B (4"5 mol_e % co.bal-t) and 9 (¡.9 mole fu cobalt).
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TABLB XII

SATURATION F]ELDS

Field at l¡/hich MagnetizationSample Mole % and Demagneti' zaLi'ón CurvesNumber cobal-t coincide (kOg) Temperature

10
B 4.s

B 4.s

lo o o
J.J

a

5

I6

tb

room temp.

room temp.

T7A K

770 K
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at about 2 Hc for samples l_O (tO mole fi cobal-t) and 6

(4 "S mole ft cobal-L) at 77o I< ana about 3Hc for sample

6 aL room temperature. However pure uFe2o3 required a

field of about 1o Hs to bring the coercive force to a

constant varue. The differences in the coercive forces
measured after cooling a sample in a field or saturating
it at the low temperature r^rere examined. There was no

difference except for sample ro at TTo K, so this sample

r^ias cool-ed in a field for al_l measurements down to 4.zo K.

Ratio of Remanence to Saturation Moments

Theoretically the ratio of remanence to saturation
moment is o.B for si-ngle domain particles reversing co-
herently. This ratio was measured for all samples between

4.zo K and 3ooo K, and for one sample (4.s mole ft eobarL)

to about 6oo0 t<. The results are shown in Figures pT, zB

and 29, The ratio for the pure sample displayed an al_most

li-near rel-ationship with temperature, with values from 0.12
to o "26. The remanence to saturation ratio for the r%

cobal-t doped sample increased from o.l_ at room temperature
to o.B at 4.zo l<, The ratio for the other samples increased
from about 0.4 at room temperature to above o.95 aL and be-

ôrow TT' K. The ratio found by using the saturation moment
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FIGURE 2T

Ratio of remanence to saturation of arl samples as a functionof temperature, below room temperature.
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FIGURE 28

Ratio of remanence to saturatj-on of sample B (4| mole /"cobal-t) above room temperature as a funðtion ôf-t"*pera-
ture.
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FTGURE 29

comparison of the rabio of ¡remanence to saturation momentfor_ sampre B as a function of temperature as the appliedfiel-d H is extraporated to zero and to infinity
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when the applied field is extrapolated bo infinity is
shov'¡n in Figure 2) and bhe increase is from 0.6 Lo a ma-

xj-mum of o.BB for 4] mol-e o7å eobart. The ratios in Figure
2f and Figure 28 were found by extrapolating the applied
field to zero.

wohl-f'art647 gives the ratio as o.B3r for random

particl.es with cubic symmetry if the anisotropy constant
is positive and 0.866 if the ani-sotropy constant is nega-

tive. rf the material was nob saturated the saturation
moment found by extrapolation to zero applied fiel.d would

be l-ess than the actual saturation moment resulting in an

increased remanence to saturation ratio. also if there
were cltrsters of cobalt and a non-uniform magnetization
reversal- mode the remanence to saturation ratio would be

Ìarge

Hov¡ever the resul-ts suggested Nhat mosL particles
are single domain reversing coher.ently ancì that the na-
terial is unsaturated at lovr temperatures.
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G. CONCLUSIONS ON
MAGNET1ZITION MEASUREMENTS

The moment measurements indicated t]nat the moment

was approximately constant with cobal-t doping. The data

could not be fitted by considering the change in moment

caused by cobalt ions in only one type of site. The pos-

sibility that varying amounts of hydrogen were in the

lattice woul-d account for the apparent randomness of the

moments. The coercive force data may be fitted with
slonczewski's one ion modef if a multiplying factor is
incl-uded, with logical values of the parameters. A good

linear relationship existed between the cobalt doping

and the anisotropy, which seems to indicate that the co-
balt goes in the same way for al-r- samples, or if the one

ion model hol-ds, the amount of cobal-t that goes into the
B sites is proportional- bo the total- amount of cobalt with
the same proportionali-ty constant for each sample. Meas-

urements on aligned particles showed t]nat most samples

were single domain and the reversal_s were coherent. The

ratio of the remanence to saturation moments possibly in-
dicate single domain particles reversing coherently with
a lack of saturation at low temperatures.



CHAPTER IV

CONVERSION

EXPERI}{ENTAL METHODS

A detail_ed study of conversion was not carried out

but some experiments were done to examine the effect of
heating on the properties of cobalt doped garma ferric
oxide. The samples were heated for various times, from

Jo minutes to 10 days and at different temperatures, from

3oooc to ]2oooc. some were cool-ed slowly in the furnace

and others were cooled quickly outside the furnace.

X-Ray Analysis

x-ray diffraction patterns of the heated products

were of two types; for l-ower temperatures and shorter
heating times they showed the I structure (including the
superstructure l-ines if they were present before heating)
and for higher temperatures they showed the o< structure
with extra l-ines. The extra ]ines were always present in-
dieating that total conversion to üFe2o3 cannot take place

when there is cobalt in the l-attice. The intensities of
the extra lines increased with cobalt doping. The lat-
tice parameter of the xFe2o3 lines were found to be the

A.
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same as pure dne2o3 within experimental_ error. The extra
lines were found to correspond to the most intense ]ines
of either Fe304, tFe2O3 or CoFe2O11. Using these materiats
to lndex, lines were found with (52Ð, (642), (SSS, T3I),
(Boo) and (rss, T5r) u" the (rrrtr) values . The tattice para-
meter of the extra ]ines was found to be B.4of o.oz (tarte
xrÐ which most nearly corresponds to Fe30{ whose lattice
parameter is 8.39. The lattice parameters of xFe2o3 and

coFe20/1 are 9.33. Also from the data it appears thaN the
lattice parameter is independent of the original doping and

the heat treatment, however the difference in l_attice para-
meter between the pure and lo mole /o eobarL doped samples

was only o.o2 which is the experimental_ error in this case.

The experimental- error is greater as no very high angles
were observed. To investigate the possibility of magne-

tite being present a Mössbauer spectrum at room tempera-
ture was taken. The spectrum consisted of broadenedo<Fe2o3

lines and no evidence of Fe2+or the characteristic pe2+ /3+

line was present. From this result, and from the tempera-

ture dependence of the coercive force which showed no

anomaly at low temperatures, it would appear that no mag-

netite was present. As it has been shown bhaL cobal-t in
yFe2o3 increases the lattice parameter, it is probable tnat
additional phase is highly doped yFe203.
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TABLB XIII

LATTICE PARAMETERS OF BXTRA LINBS OF HBATED

COBALT DOPED GAMMA FERRIC OXIDE

Sample MoIe % I¿ttice parameter
Number Cobal_t Heating Proeedure a tO "OZ

T 4.f 5T5oc to days B.4r

T 4.5 l2OOoC 30 mins. very stow B"4O
cooling

T 4.5 6BooC 30 mins. cooted in B.4o

9 5. B goooc :t;"r"" coor-ed in B.4o
air

10 9.9 gOOoC 20 hours cool-ed in B.4O
air
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Coercive Forces

The coercive force of sample T (4| mole fu cobalt)
hea.ted for J0 minu.tes at different temperatures was meas-

ured" Because the heating time was short, the temperature

may not have been constant and despite grinding, the par-

ticl-es tended to stick together; both factors lead to
scatter in resul-ts. All samples changed col-our on heating,
the l-ower the doping the more red they became (from an

initial-ly brown powder). The sample heated to f2OOoC was

bl-ack and sol-id, the other samples remained as powders.

The resul-ts are shown in Fi-gure 30.

The coercive forces increased significantly with
heat treatment from 660 oe Lo 2250 oe afLer heating for
1O days at 575oC and 2I5O oe after heating for 30 minutes

al 95OoC. This also indicates that the coercive force

becomes constant after a certain amount of heating.

The temperature dependence of the coercive force

of the sample heated for 10 days at j75oc was measured to
compare it to that of cobaft doped x Fe2o3 (rigure 31) .

This figure serves only to indicate the approximate tem-

perature dependence because of possibl-e l_ack of satura-
tion, especially at l-ow temperatures. The samples were
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FIGURE 30

coercive forcel of sample T at room temperature after heat_ing at the indicated temperature for 3o'minutes. y de-notes X ray diffraction þatterns like-rF"202, 6+y de_notes x rav diffraction þatterns rike *n"!ól with ult"u ]ines
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FIGURE 31

variation of coercive force with temperature for sample
7 heated at 575oC for 240 hours.
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cooled in â field for most measurements as indicated on the
graph. The coercive force reached l-j.Z5 kOe at 4,Zo W

and rr "25 koe at TTo K, The temperature dependance of
the coercive force is r-ess than that of cobal_t doped rFe2o3

but more than that of cobal_t ferrite.
The samples without superstructure lines gave a

much smal-l-er increase in coercive force on heating; the
resul_ts are given in Table XIV.

Magnetic Moments

The magnetic moments of several heat treated samples

were measured. only smal_l quantities of each were hçated
and the moments were smalr so the error was about 3/", the
resu]ts are shown in Table xv. Despite the varying heat
treatments the moment appears l-inear in cobalt doping (¡'ig_
ure 32) " This indicates that if the same material_ is pre-
sent for each sample (as would be expected from constant
lattice parameters), the amount LhaL is present, bej-ng

proportional to the moment, is proportional to the amount

of cobalt



Samp1e Mole %Number Cobalt

TABI,E XTV

COERC]VE FORCES OF HEATED SAMPLES WITH TNITTALLY
NO SUPERSTRUCTURE

5

5

9

10

)-L ?

il¡

r(.)).ö
OO

Coercive Force Initiallv
Room Temp 4.Zok
kOe kOe

o.56

o.56

o.69

o .92

Coercive Force Finallv
Room Temp. 4"zok
kOe kOe

B.rs
ooh

1. o4

1.15

o. Bo

o. Bo

9.96

10 .03

Heat
Treatment

75 hrs

12j hrs

20 hrs

15å hrs

goooc

9500c

9500c

gOOoc

co
(Jr
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TABIE XV

MOMENTS OF HEAT TREATBD SAMPLBS

Sample
Number

Mole %
Cobalt

Heat
Treatment

Moment
emu/gm

5

7

9

10

LL?

4.5

5.8
oo

5TjoC 240 hours

95ooc 12| hours

95ooc 20 hours

goooC 1!! hours

10.3

26 .5

$.6
'¿o.,
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FrcuFE 32

Relationship between magnetic moment of heated samples andcobal-t doping.



26

24

;22
cn

): zotr
ei

" r8
!-z
tt¡

ã to
ã

914t-
l¡Jz(,
ã

10

I

6

4

@

E]

EXPER IM EN TA L

REF.9

2

0
678

MOLE t" CO



88

CONCLUSIONS ON CONVERSION EXPERIMENTS

The material with the xFe2o3 appears to be the same

for each sample, probably highly doped yFe2O3 or, I Fe2O3

or cobal-t ferrite with an increased rattice parameter due

to distortion. The quanbity of this material appears to
be proportional Lo the cobal-t doping of the original sample.

The linearity of the moments demonstrate that the non-

li-nearity before heating was due to a factor t]naL dis .

appeared on heating, for example interstitial ions may

have moved into the l-attice or hydrogen may have been driven
out. The anisotropy of the heated samples point to the
presence of extra forces that add an approximately tem-
perature independent term to the original anisotropy.
rf one particle contained both o¿ and y phases, exchange

anisotropy between them coul-d provide such an additional
term, al-so if smal-l- non-spherical regions were unconverted

there would be contributions from shape anisotropy. rf
the original samples had a random distribution of dopings,
and those with sufficient cobal-t did not convert the final_
coerci-ve force woufd be that of the most heavily doped par-
tic]es. However the coercive force of a sample with 4,
mo]e /o eobart exceeded that of a sample with !. ! mole %

under approximately the same heat treatments, which is

TI
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not consistent with the i_atter model.

The lack of change in the sample lO (g.g mole %

cobalt) coercive force, and the facL that the coercive

force of sample 9 (¡.9 mole ft cobart) approached Lhat of
sample 10 on heating, infers that sample 10 approaches

the maximum doping for this type of doping. It is of
interest to note that the percentage of vacancies to iron
in Fe (Fes/'3 

^ VÐo+ is rZfu and, that if at-t the vacancies

were fil-l-ed, conversion would be very difficult by Kachirs

model-. However if there were c]usters of cobalt, there
would be no conversion in some regions and also no change

in coercive force, but the linearity of the moments does

not confirm this.
Senno et aa26r27 found. that partially converted

YFe2o3 particles exhibit,ed properties characteristic of
exchange interaction between the ferrimagneti-c and anti-
ferromagnetic phases. They also found that below a criti-
cal value of the mofe fraction of x Fe2o3, rFe2o3 particles
transformed directly into <Fe2o3, but for mole fractions
greater than this, individual particles exi-sted in two

phases. The critical- mole fraction varied with size such

that smaller particles tended to exist in two phases. The
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size of the present particles i_s Boo - 9oo A and for loooA

cubic particles the critical mol_e fraction was o.65. The

mole fractions of xFe2o, 1n this case are 0.86 Lo o.62
(calculated from bhe moments of converted sampres). A di-
rect comparison is perhaps not justifiable because of the
greatly increased frequency factorzz caused by cobalt dop-

lng, but if such a comparison was made it wou]d indicate
that most particles consisted of two phases.

c?
Kachi et al_-' proposed a detailed model_ for the

conversion from úFe2o3 to <Fe203 by considering rida's
model- f of the spinel, constructed by piling up two types
of two dimensional trigonal ]attices of cations between

closely packed oxygen layers. The oxygen layers are re-
stacked on heating by shifting gvery two layers with res-
pect to the trn¡c below, and the metallic ions rnove co-
operatively to form kagome lattices. Thése metall_ic two
dimens-ional- lattices then become the honeycomb l-attice
of "Fe203 by cooperative migration of the ferric ions,
due to the unsymmetric charge distribution around the re-
gurarly distributed vacancies. rf bhe vacancies are not
regular, twinning occurs which is eliminated on annealing.
The final- structure is represented by ¿Fe2O3 separated
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from lFe2O3 by a dislocation boundary region.
Thus if any cobal_t went into a vacancy either no

conversion would take place or interstitial_ ions would be

present in the o< Fe203; cobalt in the B site iron positions
would not be expected to change the mechanism appreciably.
A possibl-e model- is proposed in which the cobalt ions are

trapped in the vacancies of the disl-ocation region and move

along with it, by means of the remaining vacancies. Thus

all the cobal-t ions may go to one part of the particle such

as the edges or the centre, in such a region all the vacan-

cies would be fill-ed and no more conversion could take
p1ace. rnitial cl-usters of cobalt in the particle may pin
the disl-ocation regions. The coercive force woutd then de-

pend on where the dislocations were found and the shape

of the final unconverted region (ror shape anisotropy),
resulting in randomness in the coerci-ve force, heating
re]ation. The original highly doped samples may not have

many vacancies so the cobal-t ions would be unable to move

far, resulting in either smalL regions of varying doping

with interstitial ions or large regions of unconverted

6Fe2o3 (sample 10 is 4oft unconverted). hlith this model

it is possible for a sample with initially a l-ower cobal_t
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content to have a higher coercive force on heating, as

the latter is dependent on the shape and size of the final
particle (ror shape anisotropy), and possibly the nature
of the boundary between the two phases (ror exchange inter-
action).

arthough this mode] is completely qualitative , it
accounts for the magnetic moments, the l_attice parameters

and the coercive forces of al-l the heated samples.



CHaPTER V

APPLICATIO]V OF TI{E MöSSBAUER EFFECT

Thre Mossbauer effect is a very usefuf technique for
measu.ring the cation distribution in crystaltographically
inequivalent sites. The distribution can be determined

from the ratio of the areas under the recoil_l-ess resonant

absorption peaks for ¡'e57 nuclei in A and B sj-tes, provided

the recoil- free fractions are known. rf the hyperfine
fields are the same for the A and B sibes, the peaks can

be separated by applying a large external field that adds

to the A site and subtracts from the B site hyperfine fields.

Each sample was ground and rpJ mg was mixed with
lucite and moulded into a disc for an absorber. The source

was ZJ-m Ci of Co57 in a Cr matrix. Spectra of samples

i, B and 10 containing O mole %, 4.! mole /" and 9.9 ,,,ol.e %

of cobalt were taken at room temperature wj-th no applied
fiel-d. A spectrum of a thicker sample (eoo mg) was taken
a]so to determine whether any Fetwas present. An applied
fiel-d of !1 kOe was used to separate the A and B site l_ines

and spectra of samples r, B and lo were taken with this

rimental Procedure and Data Anal
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fiel-d applied paraller to the y ray propogation directi_on.
To determine the recoil- free fraction ratio of the A and

B sites, spectra of sample T Ø.5 mol_e df cobal,t) were

taken at 4"zo K with and without an appried fier_d. The

details of the apparatus and the superconducting sor-enoid
are gj-ven el-sewher. .46

The spectria taken in an applied fierd were fitted
to B rorentzians with an rBM 360 computer. Firstly the
intensities and the full- widths at half height of opposite
]ines were const'ained to be equal, and secondly no con-
straints hrere applied on the outer two pairs of lines and
the two sets of resur-ts compared. The spectra taken with-
out an applied fiel-d were fitted to lo li-nes, two for each
of the two pairs of outside lines, and one for each of the
middle pair of l-i-nes as no useful_ information coufd be gained
from fitting them to Lorentzians. constraints were neces_
sary for a reasonable fit in this case, and the intensities
and ful-l- widths at half height of opposite lines were con_
strained to be equal. Arso the intensity ratio of the B

to A site l-ines were constrai-ned to be equal to that found
from the spectra taken with arr applied fiel-d.
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Isomer Shifts and Hyperfine Fields
The spectra taken with no applied fiel-d consisted

of six lines (nigure 33) with the A and B sites giving
rise to broadened but unresor-ved lines. No FeZ+ l-ine or

D+- /a.t
Fe.- /J' l-ine was observed, and no quadrupole interaction
was noticeo at room temperature. rn an applied field the
second and fifth l-ines disappeared; this demonstrated

that the material- was saturated and all- the atomic moments

were either paral-lel or antiparal_ler to the applied field 
"

The fÍrst and sixth rines showed clearly resorved A and

B site l-ines (nigure 34) . The isomer shifts and hyper-
fine fiefds are shown in Table XVI.

The isomer shift clepends on the difference in the
nucl-ear radii of the ground and the excited states. A

change in the s erectron density such as might arise from
a change in val-ence, would resul_t in an a]tered coulombic
interaction which manifests itself as a shift of the nu_

cl-ear level-s. The isomer shifts of the cobalt doped samples

are unchanged from pure /Fe203. Thus there is no isomer
shift change that wourd correspond to Fe2+ being present
and the iron on the A and B sites is ¡,e3+ within experimen-

tai- error "
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FrcuRE 33

Mossbauer spectrum of sample B (4.5 mo]e /. cobart) at roomtemperature with no applied fie]d.- The crosses are experi-menta] points and the Lorentzians for the A and B site ]inesare shown inside each peak. The sum of these is the curvethat fits the experimental_ points.
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FTGURE 34

Mossbauer spectrum of sample B (4.r mol-e rt eobart) at
fogm temperature with the applied field of !1 koe. Theindividual- Lorentzians for the A and B siteã are shownand al-so the sum of these " The outer two pairs of l_ineswere fitted without constraints.
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Sample Mole %Number Cobal-t

TaBI,E XVT

HYPERFINE FIELDS AND ISOi]IER SHIT'TS

l
B

10

o

4"s

oo

Isomer Shift mm/sec (relati_ve
to^Chromium) * O.03 rrm,/see
A Site 'B Site

0.33

0.34

o.32

o "55

o.5b
ôcL

Hyperfine Field kOe* 4koe
A Site B Site

F'o2

498

503

Ã.ô?

505

512

('o
co
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The hyperfine fiel_ds found by using an applied field
were l-ike those of pure yFe2o3 and compare favourably with
other resul-t".44 The increase in the hyperfine field for
sample 1o (g,g mol-e ft cobart) *us approximately within the

experimental- error. Again there was no Fe2+ present with-
in experimental- error; these ions woul_d cause a decreased

hyperfine field which was not observed.

One noticeable feature of the spectra was the in_
creased B site ]ine width for the cobalt doped samples.

widening can be caused by Feæ ions¡ or by cobalt ions in
the A sites producing a decrease in the predominant A-B

superexchange interaction.45 However both these effects
woul-d cause an as¡rmmetric ]ine and a decreased hyperfine
fiel-d neither of which were present. A further effect lead-
ing to symrnetric br:oadening is the dipolar fiel_d of the

)+co- ions in the B sites. The cl-assical expression for
the dipolar fiel_d is

l¡ò :>\ ->\5q. r) r
r3

where / i" the position vector from the Co2o ion and È i=
the dipole moment. The fie]d at one B site can be cal_cu-

lated from averaging the fie]ds from co2o ions in the six

-)
/-L)rJ

èHoip = -
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nearest neighbour B sites. The broadening is synimetrical
because of the symmetry of a B site. The resul_ts are shown

in Tabl-e xvrr. Tlrus thr: broadening of sample B (4| more %

cobalt) may be accounted for by Co?r ions on the iron B

sites or vacancies but not on the A sites. There is stifl
some broadening i-n sample lo (g.g mol-e /o eobarL) trrat is
not accounted for by the dipolar field. However if inter-
stitial- ions were present the distance T woul_d be less
than that between nearest neighbours resulting in an in-
creased dipolar field"

Area Ratios

rf the recoil-less fractions are the same, the area
ratio of the A to B site l-ines gives the ratio of the num-

ber of iron ions in each site. The area ratio of the B to
A site lines in Fe(Fe57'sÐtp)o4 shourd be r.6f ano in
Fe(Fe372 ny7)o4 it shoul-d be I.5. If cobatt ions replaced
iron on the Tl sites of either structure a decrease in the
area ratio of 0.1-2 for sample B (4| mole /o cobart) and 0.26
for sample lo (g.g mole ft eobart) rvould be expected.
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TABLB XVII

BROADBN]NG OF B SITE LINES

Cobal-t
Ion Sample
Replaces Number

Broadening Due
to Dipolar
Field (roe)

Experimentally
Observed
Broadening (t<Oe )

Mole %
Cobal-t

vacancies

B site iron

I
I

B

10

4.5

oo

4.n

oo

1.1

2.4

o.B

1.8

I.T A

)t ?+

B

10

T,7

4.3

4l J

.+r
--L
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The area ratio at room temperature calcufated from
the computer fits both with and without constraints and

from measurements with a planimeter are shown in Tabl_e

xvrrr, which shows no difference in the area ratios of
the doped and uncioped samples.

The spectra obtained at 4.zo K using riquid heriurn
are shown in Figures 35 and 36 and the clata obtained from
them is shown in Table XIX.

rt is of interest to note that when a fiefd was

appJ-ied ai 4.zo K the second and fifth l_ines did not dis_
appear, demonstrating that the material was not saturatecl
at 50 koe at this temperature. The intensities of these
l-ines hrere however reduced to about r/ro of the intensity
of' the other l-ines. This may indicate that the coercive
forces at lovr temperatures shoutd be higher than those
measured. There were no Fe2* o" Fe4+lines observabl_e in
either spectrum.

The spectrum taken with no applied fier_d was the
characteristic six line spectrum but with parti_ar resolu_
tion of' the A and B sites in the sixbh ]lne



T¡IBLE XVIII

AREA RATIOS OF B TO A SITE LINES AT ROOM TBMPERATURE

Sample Mole %Number Cobal-t

I

ö

10

Average
Area Ratio
10 .08

o

)tÃ

oo

7 "45

7.47

1.50

Area Ratio
Measured hlith
a Planimeter
10.08

1.43
.] FtrEt. )))

t.4T

Area Ratio Calcul_ated From
Computed Lorentzians

l^lith Constraints Withou.t Constraints

r .49

1.44

r .49

7.445

r .505

r.445

o
(¡)
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FIGURE 35

Mossbauer spectrum of Sample T aL 4.Zo K with no applied
field.
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FTGURE 36

Yossbauer spect::um of sample T at 4,Zo K with an appliedfield of lO kOe.



/:lrlJlìr
lli
iì1
f1Itl
L +l

ìl
il
it
it
+

l¿.00

Þ
5
cf
i:}

ç\,

+}+.

i

+
,+

-3. EO 0..00 3. DO

+

VELOCITT YN/5EC

t3
Õ
O
c3
:t'
ô.1

ÈÈ
Òsr cD

(-) gr)

-{(\lX
ao

Í-DI'b
-ctt<-(,
JGI
E]u.,

=ÞcÞ
ctJ
cU

a
Õ
a
c\, _
CU



106

TABIE XIX

MOSSBAUEI.ì RESULTS AT 4 "ZO K

HYPERFINE FIELDS ISOMER SHTT'iS AND QUADRUPOI,E INTERACTION

Spectra Taken Spectra Taken
l¡lith an lrtithout an
Applied Field Applied Field

A Site B Site A Site B Site
Hyperfine
field 52I! 3 537*.3 jzj t5 536t 5
kOe

Isomer
shift o.60 r o"o3 0.TIfo.o3 0.53+o.t- o.Jo* 0.1
mm/sec

Quadrupole
Interaction O.O6tO.1 O.OZ+ O.l

. AREA RATIOS

Spectra Fitted To

1010100I2]12
Peaks Constraints Peaks Constraints Peaks Constrai_nts

AreaRatio r.64 r.51z r.69T r.639
B
Ã-

RAverage Area Ratio f; = 1.64 É 0.06
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The difference in hyperfine fields aL the A and B

sibes increased to about 15 kOe and bhe dj-fference in iso-
mer shifts remained about the same.

Area Ratios at ,+.zo w

The area ratios of the B to A site was about fO%

higher at 4.zo K than at room temperature, and the average

value of 1.64¿ o.o6 is much more consistent with an area

ratio or r.6T expected ror Fe3* G.l)=a tp)o+. rhis sus-

gests that there is littl-e water in the lattice but an

area ratio of r.64 may have 20 mot-e % ot Fe3* rø.1)z HtTz)o4

and an area ratio of 1.60 may have 40 mol-e % of this phase,

Thus the possibility of water in the lattice is not eli-
minated but if present iL comprises less than hal-f of the

sample.

Quadrupol-e Interaction

A quadrupoJ_e splitting of the Mössbauer absorption
peaks is obtained when the nuclear quadrupole moment inter-
acts with the electric fiefd gradient due to other charges

in the crystal. The nucl-ear quadrupole moment refl_ects the

deviation of the nucfeu-s from spheri-cal s¡nnmetry. Large

magnetostrictive effects are often associated with co2+

ions, thus a quadru-pole interactlon may possibly be expected
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in cobal-t doped gaÍìma ferric oxide due to tetragonal dis-
tortion. However no quadrupole interaction was observed

aL 4.Zo K, but as quadrupole interactÍons for Fe3* ions

in B sites are usually about o.r nn/sec, there may stil1
be a quadrupole interaction within experimental- error.

Concl-usions from Mössbauer Experiments

I¡Iithin experimental error the samples did not con-

tain any iron other than Fe3* , and most ions did not go

into B sites as no area ratio change was found. There was

effectively no difference in the spectra of pure and co-
ba]t doped samples apart from an increased B site line
width that cou]d be accounted for by the dipoÌar fiel-d
of the nearest neighbour cobal-t ions. rt is dif ficul_t
to conceive a mechanism whereby the cobal_t gees into the

lattice with no iron valence change and with no large num-

ber of cobalt ions in the iron B sites, however many con-

figurations can be found with smalr- amounts of Fe2* and Fe4*

present and relatively smal-l- amounts of Co2+ on B iron sites.
By using data for the isomer shift andhyperfi-ne fields in
p.2*/3n on B sites and ¡'e3+ on B sites in magnetite and

the experimental- errors involved here, it is found possible
to have 3% of tne total- iron as Fe2*.



CHAPTER VI

CONCLUSION

A. EFFECT OF COBALT ON THE BULK
PROPBRTIES OF GAMMA FERRIC OXIDE

The cobalt ion has a very significant effect on

the bufk magnetic properties of y Fe2o3, the predominant

effect being a large increase in coercive force especially
at low temperatures. These properties have been analyzed

and discussed previously and are best accounted for by the

one i-on model which requires most cobal_t in B sites espec-

ia1ly in vacancies.

Magnetic Moment

The magnetic moment is dependent on the microscopic

distribution of the ions and shou]d yield significant re-
sults on such a distribution. The magnetic moments of
samples that have a l-inear rerationship between cobal-t

content and coercive force (except sample p) are the same

as tlnat of pure vFe203 to within p%. Two of the sampres

which had no superstructure rines and whose coercive forces
did not fol-]ow the same l-inearity as the others, had much

l-ower magnetic moments. rf such a decrease was produced
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by cobalt ions only a large increase in area ratios of
B to A site l-ines would be observed. Another possibility
is if these samples were the hydrogen phase doped with
cobal-t and the pure moment woul-d then be within about 2%

of the doped moments. This also l-eads to the possibility
of the original pure rFe2O3 sample being partially
re(Fe3/z u17)04; for a moment of 6) enu/gm a ratio of
4:lo of the hydrogen phase wou]d be required which is with-
in the experimental error of the Mossbauer area rati-os.

The Mossbauer resul-ts confirm the idea that the ma-

teria] is not saturated at low temperatures. As fields of
l-ess than 20 koe were used to measure the ratio of the re-
manence to saturati-on, and no saturation was found even

at 50 koe the increase in the ratio at low temperatures

may be accounted for. Thus it is probable that the par-
ticl-es are single domain reversing coherently.

EFFECT OF COBALT IO.N ON CRYS'I'ALLOGRAPHIC
STRUCTURE AND POSITION OF THE ION

The'e is an increase in lattice parameter when

{Fe2o3 is doped with cobalt; however this yields little
information about the distribution of ions except the

B.
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possible excl-usion of Fe+' ions which woul-d probably de-

crease the l-attice parameter.

If a cobalt ion goes into the l-attice the charge

must be bal-anced. To account for the experimental- resul-ts

it woul-d be desirabl-e to have very few cobal-t ions on iron

B sites, many cobalt ions in vacancies, some hydrogen pre-

sent, very l-ittle Fe2+ or Fe4+ present and a spin arrange-

ment that woul-d result in little change in magnetic moment.

For the magnetic moment to be constant, there must be

2+many Co- on iron B sites and few in vacancies, whereas

for the area ratios to be constant very few Co2+ ions must

go into the B sites and many in the vacancies. Several

distributions of ions were cal-cul-ated (fante XX and Table

XXI) by constraining the charge to be balanced and allowing

the cobalt ions to be predominantly in B sites (u, they have

a B site preference energy in other ferrites) and varying

the other parameters. 0nly the most simple arrangements

are shown, that satisfy charge bafance and at least one

other condition.

There are three structures that approximately fit
all- data within experimental- error. One third of the co-

balt ions in vacancies and two thirds in iron B sites is
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one possibility, equal numbers of cobalt ions in the iron

B sites and in the vacancies and half this number of Fe3+

becoming Fe2* also satisfies the conditions. For the

structure with hydrogen in the B sites, agreement is ob-

tained with equal numbers of cobalt ions in the hydrogen

and iron B sites. The magnetic moment change in sample 10

is not within the experimental- error but, as indicated by

previous results, if there are interstitial ions the ef-
fective per cent of cobal-t woul-d be less and the results
wou]d fit.

The actual distribution may be a mixture of these

are ionic arrangementsand others but this shows LlnaL there

with approximately equal numbers of

vacancies or hydrogen sites and the

experimental data.

cobal-t ions in the

B sites, which fit

Evidence thab Cobal-t Ions are in the Lattice

The most si-gnificant evidence in support of cobal-t

ions being in the l-attice randomly and not in cl-usters is
the linearity of the coercive'forces and anisotropy con-

stants with cobalt content, and the fit to the one ion mo-

del. A1so the increase in lattice parameter with cobalt

doping tends to indicate cobal-t ions in the l_attice. The
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broadening of the B site Mossbauer absorption peaks can

be explained reasonably by assuming cobal-t ions are in the

nearest neighbour B sites. By using the facL tlnaL the ma-

terial is unsaturated at low temperatures the remanence

to saturation ratio al-so suggests this model.

There is no evidence in conflict with the cobalt

ions being in the l-attice and the l_ack of extra lines due

to another phase, irr the diffraction patterns ðoes not

refute the idea of cl-usters being present.

Thus although many resul-ts can be accounted for by

cobalt ions in clusters or in the l-attice, it appears L]nat

most results point to cobal-t ions being in the lattice.
The experiments also indicate that the cobalt ions are in
the iron B sites and vacancies and that the micropowder

consists of single domain particl-es whose magnelization

vectors reverse coherently.

C. SUGGESTIONS FOR FURTHER EXPERIMENTS

Further experiments should be of a cheinical nature,

to debermine the amount of Fe2+ and water present accurately.
To do so requires a large amount of material-. Another area
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Lo be lnvestigated is the method of preparatj-on of the

samples, the ionic distribution is dependent on the heat

treatment used in the preparation of some materiatsl5

If it \^rere at all possibl-e to grow single crystal-s of cobal_t

doped garTrma ferr,.ì c oxide the ani_sotropy constants and

magnetostriction measurements woul_d yield val_uable infor-
mation.
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