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GENERAL INTRODUCTION

The ferrites of magnetopluBibite structiire find
extensive applications as permanent magnet materials. Their
high coercivity imparts them special advantages and they are
preferred over the traditional permanent magnets for many
applications. The ease of their formation and the fact that
they do not contain any nickel or cobalt, In contrast to most
other permanent magnet materials, are of great economic
importance as these two metals are expensive and at present
difficult to obtain.

Although the fTirst compound (PO .6Fe203) of this
series was reported by Aminoff In 1926, the real iInterest iIn
these developed iIn the years following 1952 when Gorter and
his collaborators i1in Holland and almost simultaneously
Fahlenbrach and Heister In Germany reported the interesting
magnetic properties of barium ferrite.

Attempts have since been made to find better
materials, to improve the properties of known materials
through substitutions and additions and to explain their
magnetic properties. In spite of all these attempts very few
compounds of this structure have so far been reported, out of
which many are not even ferromagnetic, and only a few of the
additions or substitutions reported are effective In Improving
thelr magnetic properties. The present investigations were,
therefore, undertaken to synthesize new materials of this
class, to optimise the conditions of their formation and to

understand the physical aspects of the phenomenon involved.



Historical Introduction

Snrvey of the Crystal Structure of Magnetoplumblte:

In this section we shall give a brief description
of the crystal structure of magnetoplumblte, ” The mineral
magnetoplumblte was first described by Amlnoff™ (1925), but
Its complete structure was determined by Adelskold” (1938)
who found that the correct chemical formula of this compound
was PbFe22019 (PPO ,6Fe203) and not 3Pb0 .5Fe203 as suggested
by Westgren™ (1937) or PbO.SFegOg as suggested by BIIX™ (1937),
A number of compounds are now known to be Isomorphous with

magnetoplumblte. The most Important of these are BaFe-j'ghig

0
and SrFe’VgQNig* hexagonal with c<«*23 A and
a 6,8 The space group Is PA/mmc” and there are

24
two molecules of AB}2®19 unit cell, where A Is Ba ,

sSr P, etc. and B Is Fe™and AN ’

The 2A lons are located In (d) 1/3 2/3 3/4j
2/3 1/3 1/4

2B" In (@ 000} OO
2Bxx In (b)) O0i} 00"

43iii In () /3 2/3 z; 2/3 1/3 zj 2/3 1/3
/2 4 z; 1/3 2/3 1/2 -zj with

r 0.028 when A * Pb™*

4Bly in (D) - 0.189

12By In(K) X 2x z; 2X XZJ X XZ; X 2X
2X X 14Z] X X 14z; X 2x zj
2X X z; XXz X 2 =3Z
2X X 1-z; X X 1-z with xb¥*
and Zg™ 5 -0.108
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40" in (e) 002; 00z; O01Izj 001-z
with Zg”™ s 0.150

40 1In () with = -0,050

6011t in (h) X 2x 2X X X X X 2x 3/4j
2x x 3/4; x x 3/4

120y in (K) with Xqg~ = 0.167 and zq-" =0.050
120y in (K) with Xg™ r 0.600 and Zqy r0.160.

(The hexagonal elementary unit cell consists of 10 oxygen
layers. A schematic representation is given in figure 1 (@),
Tn the unit cell there are two layers each containing three
oxygen and one A ion. The A 1ons form a part of the close-
packed oxygen framework, and in fact these just replace one
oxygen ion in every Tifth oxygen layer. Each A 1on IS
surrounded by twelve oxygen ions, six of them in the same
(0001) layer and three above and three below.

The B ions G:e'q/\ or AL * ) are located in the
interstices formed In the close-packed structure of A and
oxygen ions. There are three types of coordinations for the
B 1ons.

(D Octahedral, where each B i1on is surrounded by
SIX oXxygen 1ons.

(@ Tetrahedral, where 1t i1Is surrounded by four
oxygen 1ons.

(® Trigonal bipyramid, where it iIs surrounded by
five oxygen ions, three in the same plane, one above and one

below. This site Is situated iIn the plane containing A i1ons.

- 4.



This type of coordination IS not present in spinels or any
comiDonly known oxides. From considerations of the size of
the B 1on and the position of the neighbouring ions 1t appears
that the three oxygen i1ons must be displaced outwards. Rie B
1ons at the octahedrally surrounded sites belong|] to the three
different crystallographic positions, so that together with
the tetrahedral and the trigonal bipyramid sites there are
five non-equivalent crystallographic positions available for
them.

The magnetoplumbite structure can also be visualized
as consisting of spinel blocks separated by layers of A, B and
oxygen ions as shown in the figure 1(b), In the spinel region
four layers of cubic close-packed oxygen ions lie in infinite
planes normal to the c axis, and the B 1ons occupy positions
equivalent to those In the spinel structure. The A —B — 0
layer i1s a single plane of oxygen i1ons In which one of the four
oxygen ions is replaced by A 1ons In such a way that triangles

of oxygen ions are formed half of which contain the B ions.J

Magnetic Properties of Compounds of Magnetoplumbite Structure;

Tn this section we give a historical survey of the
studies made In regard to the magnetic properties of the
compounds of this class. These compounds can be classified
under two heads for the description of their magnetic properties:

(@) Those which do not contain any magnetic ions

e.g. Ca0.eAlgOg, SrO.eAlg0g and BaO.eAlgOg.

. 6



() Those which contain magnetic ions e.g. SrO.SFegOy
BaO .6Feg03, Pb0O .6Feg03, etc. These compounds are ferrimagnetic
and in what follows we will be interested in this class of

compounds only.

Saturation Magnetization

The magnetic properties of BaO.SFegOg were first
studied systematically by Went, Rathenal, Gorter and van
Oosterhout® (1961-62). As the compound exhibits a large
magnetic anisotropy, no measurement of saturation magnetiza-
tion was made In the hard direction of magnetization. The
measurements of saturation magnetization along easy direction
were made on a small single crystal by the method described
by RathenalU and Snoek® (1946),

The value at O®K obtained by extrapolation corresponds
to 44 Bohr magneton per unit cell. The authors arrived at a
theoretical value of 40 Bohr magneton with the aid of a "Rule
of Thumb” method7 based on Anderson’s theory of superexchange
interaction. The underlying i1dea was that the strength of
interaction iIncreased with the angle Me - O - Me from a minimum
for 90° to a maximum for 180® and decreased with the Increase
in Me - O distance. The relative directions of the magnetic
moments of different 1ons could be found by assigning an
arbitrary direction to any arbitrary i1on and by placing anti-
parallel to i1t the moments of those surrounding ions for which
the angle Me - O - Me was largest and for which the distance
Me - O was about 2,5 R, The agreement between the experimental

’*’ 6’



and the calculated value was satisfactory considering the
uncertainties involved In extrapolation and the crude
assumptions iIn the rule of thumb.

Henryg (1958) determined the magnetization of poly-
crystalline barium ferrite sample in the form of a rod 1,4 cm
long. Measurements were made by applying fields upto 60,000
oersted at 2950, 130®, 4.2° and 1.3°K by moving the sample from
the centre of one coil to the centre of another coil, the
colinear coils being wound In series opposition with each other
and In series with a calibrated ballistic galvanometer whose
deflection was proportional to the magnetic moment of the
sanple. He found that the domain alignment was complete at
about 30 KOe, The saturation magnetisation showed substantial
difference from the values observed by Went gt al*® It was
interesting to find that at low temperatures, the magnetization
becojre 1ndependent of temperature, as to be expected from Nernst
theorem, according to which the slope of magnetization vs
temperature curve should tend to zero as temperature approaches
absolute zero. The value of saturation moment at ORK came
close to 40 Bohr magneton.

Bozorth and Kramers9 (1959) studied the saturation
magnetization of oriented polycrystalline samples of PbO.SFegO™,
The extrapolated value of saturation magnetic moment at T= 0°K
and H X OC was 38 Bohr magneton per unit cell. It was claimed
that the uncertainty in this value was only of the order of a

few per cent. Pauthenet and Guy RImet™® (1969) measured the
V.
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variation of magnetization of single crystals of PbO,6Fe203
by applying fields upto 30,000 cersted In a direction perpen-
dicular to the preferred direction of magnetization. The
measurenents were made at temperatures from 2.3° to 748°K.
It was found that the fields of the order of 14,000 oersted
completely aligned all the domains in the direction of the
applied field. Magnetization was iIndependent of temperature
at low temperatures and the extrapolated value of saturation
moment at O™K was found to be 37.2 4 0.4 Bohr magneton per
unit cell. This was 7% lower than the theoretical value of
40 Bohr magneton.

Summergrad and Banks™ (1967) measured the saturation
magnetization of single crystals of sodium lanthanum ferrite
(Na™LaFe~gO™g). Measurements were made iIn the easy direction
of magnetization by a modification of Rathenau and Snoekg method
down to 133°K« Results are plotted in figure 2. An extrapola>
tion to ORK of the straight line obtained gave a value oF=="6
Bohr magneton per unit cell. However, If Nernst theorem was
taken into account, the value of saturation moment at 0°K
changed to 43 Bohr magneton, which was approximately the same
as that obtained by Went® gi for baritim ferrite.

Frie, Schieber and Shtrikman™ (1960) studied
the saturation moment of the compound BaP”e2Fe0 .5Feg03 In
which four oxygen ions per unit cell of barium ferrite vete
replaced by F“* 1ons. The value of saturation magnetic
moment of this compound at room temperature was found to

be 72 e.g.s. units/gm as compared to 67 c.g.S units/ gnm



for Ba0.6Fe203, This iIncrease was explained by assuming that
the Fe™ lons occupied the 4fg sites near the Ba™* lons.
Heimke™ (1960) investigated the temperature
dependence of saturation magnetization of ferrites of magneto-
plumbite structure. An approximately linear curve was obtained.
It was suggested that several spin arrangements besides the one
given by Gorter were possible, with lower and higher values of
magnetic moments per \init cell. If with Increasing temperature
transitions took place from one arrangement to the other, the
observed linear behaviour of the magnetization vs temperattire
curve could be explained. It was thought that this would become
similar to Langevin or one of the Neel type curves, If the
interaction chain could be made unique by suppressing the
rivalling iInteractions. This was attempted by replacing the
Fe™* 1ons of the octahedral sites on the either side of the
oxygen layer containing the BX** i1ons (@12 sites) by nonmagnetic
ions. Under controlled conditions one out of the two 4fg Fe™*
1ons per unit cell was replaced by a Ti** o> carrying one
Bohr magneton. For this compound the magnetization vs
temperature curve was altered below 0°C and Its (xirie
temperature was lowered by about 80°C, The still remaining
linear slope between ORC and Curie temperature was supposed to
be due to the fact that only one out of the two 42 Fe™* ions
had been replaced and hence the iInteraction chain was not yet

unique.



Aharnoni and Schieber™” (1961) made measurements
of the magnetic moment on oriented samples of the ferrite
La Fe2203™g(1>aFe”e™07g) from liquid air temperature to Its
Curie point at 696°K 1n a field of 12,000 Oersted. The
saturation magnetic moment at the lowest temperature was found
to be 17«5 Bohr magneton as compared to 19 Bohr magneton for
BaFe™g0™g per formula weight. Curie temperature of the
lanthanum compound was also lower by 30°C than that of the
barium compound. The difference iIn the saturation magnetiza-
tion of the two compounds had been explained by assuming that
the 12 k sites were occupied by e\ ions as nearest
neighbours of the La™ ions iIn the unit cell. This led to a
decrease in the total magnetic moment. The lower value of
Curie point was attributed to smaller exchange interaction
with the divalent ion.

It will be clear from the above historical survey
that the linear variation of saturation magnetization with
temperature has not been yet explained satisfactorily. The
main difficulty arises due to the presence of a large number
of interactions between five different sub-lattices. Also it
has not been yet conclusively established that Neel type of
coupling with Gorter®s arrangement of spins iIs present iIn these
compounds. The agreement between the experimental values of
saturation magnetic moment and that obtained from one Neel model

can, at the best, be said to offer only an indirect basis for
the above model.

... 10*



Crystal Anisotropy

It 1s usually found that In a ferromagnetic specimen,
the magnetization vector is bound to a certain preferred
direction, known as the easy direction of magnetization and a
finite field is required to turn it away from that direction.
The anisotropy energy is defined by the value of the magnetiza-
tion energy H dM required to rotate the magnetization vector
from an easy direction to a difficult direction. This energy

for a hexagonal crystal is given by
A - Sim* e » Kg Si© Sin®0 Cos 6(~4 HY

where 6 and O are the usual polar angles with 0001 axis
taken as z direction and iIs the phase angle and can be made
zero for suitably chosen axes. K"s are the various anisotropy
constants.

The experimental determination of these constants for
barium ferrite was first carried out by Went™® ~ al. (1952).
Since single crystals of this substance were not available, small
crystallites obtained from polycrystalline material were oriented
in a magnetic field and fixed on a glass plate In such a way that
the hexagonal axis (the easy direction) was perpendicular to the
surface of glass plate. The magnetization (BH) curves were then
obtained with the field applied along the easy and the hard
directions. The observed linear rise of magnetization with
magnetic Tield for the hard direction showed that at room
temperature all the higher order anisotropy constants Kg>

etc, were very small compared to which was found to be

.- 1.



3 X 10” erg/cmO . By another method in which the crystal was
allowed to make torsional oscillations iIn a strong field in
such a way that the preferred direction oscillated 1i1n a plane
containing the direction of magnetic field, the value of K was
obtained as 3,S x 10 erg/cm from the period of oscillation
at HMK4(Casimir et al.”®, 1959).
Villers™ (1969) studied the magnetization of a

single crystal of Pb0.6Fe203 and evaluated various anisotropy
constants, using the following expression for the anisotropy

energy.
= Kg 4 Kj’Simo = KgSin"e K Sine i K Sine

where Is 0* A curve of *as a function of 9 was drawn,
the value of Hj. for a particular angle © was obtained by
measuring the area between the magnetization curve for the easy
direction and one for the angle iIn question. The following
values of anisotropy constants were obtained at the room

temperature.

2.2 x10®; Kg m-1.4x100} K3 = 1.6 x 10”*,

Ka = 1.0 x 10®.

Later, Pauthenet and Rimet™ (1959) studied the
temperature variationof anisotropy constants for a single
crystal of lead ferrite from 2.3°K to 748°K by plotting the
magnetization curves In easy and hard directions by the method

of Sucksmith and Thompso™* (1951/). They used ™ = KMSITO =
KgSIN'"© as the expression for the magnetocrystalline anisbtropy

- 12



energy and obtained the values of KjJ and Kg at different
temperatures. Thelr Kg value showed significant difference
from that obtained by Villers™,

Summergrad and Banks™(1957) determined the
anisotropy constants of the compound NaLa™e"gO0j”g from the

equation ™ = KSI6. Measurements were made at room
temperature on a single crystal by measuring the magnetization
at various Tield strengths along the easy direction of
magnetization and In a direction at right angles to 1t* The
magnetization was measiired with fields Insufficient to saturate
the samples and then the results were extrapolated to saturation,
The value obtained for K at room temperature i1s 3x10® erg/cn,
which 1s exactly the same as for barium ferrite as determined

by Went® et al*

SmIt™® (1969) had emphasized that although dipole-
dipole iInteraction might give rise to a uniaxial anisotropy it
gave a wrong order of magnitude for K in the case of barium
ferrite. Thus this anisotropy presumably arose from spin orbit
24 that this
interaction could possibly be attributed to the Fe™* 1on located

coupling iIn an excited state. Later he showed

at the trigonal bipyramid site, a site not present in the spinel
structxire. The small distance between Fesﬁ ion and O 1on
indicated an appreciable overlap of their wave functions. It
was assumed that erther Fe™™ias went to the excited state 3d4s
or they were partially present iIn Fes'h configuration, i.e. one

of the electrons of the oxygen i1on was transferred to the metal

"’ ]'3’



ion* He showed that

AE (AE)3
where (C represented the total relative superposition of the
two states "I'< 2 and A E was the energy difference between
the ground and the excited state* Assuming AE = 4000 cm™
and putting the experimental values of anisotropy energy and

A 1In the above equation, he got »t= 0.2 and KK} « 0.01,

Domains

Tn order to lower 1ts demagnetizing energy, a
ferromagnetic body dividesA into a number of domains, In which
the magnetization vectors are parallel to the preferred
directions, so that the demagnetizing field and hence the
energy are as small as possible. Tn compounds of magneto-
plumbite structure AFe22019 (A * Ba, Sr or Pb) the c axis
Is the only easy direction of magnetization and hence the
domains moments are tied along this direction. Thus mostly
there are 180° domains In the above compounds. Tn particles
of linear dimensions less than 10"® cm domain boundaries
cannot form (as the particles will be single domained) and
the usual mechanism of magnetization by domain boundary dis-
placement cannot occur. Instead any change of magnetization
must be due to rotational processes. Such rotations are
opposed by the magnettocrystalline anisotropy which is very

high In these compounds. Thus If these compounds are ground

... 14,



to a very Tine particle size 1n a ball mill for a sufficient
time, they will have very high coercivities.

Sixtus, Koromenbergand and Tenzer™® (1956) found
that on application of magnetic field to barium ferrite the
wall movement took place iIn samples with particle thickness
down to 10" an. For samples less than 6x10“™ the reversal
of the magnetization took place through rotation process and
both the above processes were effective In the particles of
intermediate sizes.

Domain patterns of barium ferrite were also obtained
by Pearson® (1957), Bates’™® (1957) and Paulus™ (1957) using
Bitter technique, Kooypp (1958) studied the domains by means
of Faraday effect. Craik and Griffiths™ (1959) studied Bitter
patterns of barium ferrite by a modified electron microscope
technique. The observed wall thickness was 1x10 am, which
agreed well with the calculated value of 0,7x10™ cm by Smit
and Wign'™ (1959), The patterns showed a typical uniaxial
configuration of 180® domains with reverse spikes. On the basal
plane containing no easy direction of magnetization, a system
of reverse spike terminations of variable configuration was
observed,

More recently Kojima and Kimiyoshi25 (1961) studied
the magnetic domains of barium ferrite, after magnetizing it
at various Tields by Faraday effect on single crystal platelets
prepared by Brixner methodpA (1959). They obtained Labyrinth

pattern for demagnetized crystals, comparatively parallel

. 15,



Fig. 3. HYSTERESIS LOOP OF A SAMPLE OF POTASSIUM
LANTHANUM FERRITE AT ROOM TEMPERATURE



\YA|

domains after magnetization at high fields, and cylindrical
domains, which were stable at higher fields, trapped near
crystal imperfections. Calculated thickness of the platelets
from the domain width was iIn reasonable agreement with the

value measured by microscope.

Permanent Magnet Properties:

The properties of a permanent magnet material can
best be described with the aid of the magnetization curve (B
against H) as shown in figure 3, The point B, Is icom as
remanent magnetization or remanence and Is the coercive
force, i1.e. the negative fTield required to make the induction
or magnetization In the sample zero. One of the Important
properties of a permanent magnet iIs its high coercivity. In
hexagonal ferrites this high coercivity i1s due to the high
uniaxial anisotropy, hence these are useful as permanent
magnet materials. Whenever a permanent magnet forms a part
of a circuit in which there is an air gap, the magnet is
subjected to a demagnetising Tield. It is, therefore, the
second quadrant of the hysteresis loop that iIs of interest iIn
studying permanent magnet materials. The maximum value of the
product of B and H on this part of the curve, known as
product is taken as a figure of merit of a permanent magnet*
It 1s possible to operate at this maximum (B.H) point by

properly arranging the magnet dimensions.



The first attempt to develop permanent magnets from
such ferrites was made by Went © ai® (1952). The values of
Bj,, ;g and obtained by them are 2000 gauss, 1500
oersted and 0,8x10 gauss oersted respectively for the sample
sintered at 1300@C, The value of iIs quite low as
compared to 5x10" gauss oersted for Ticonal G. They also
studied the temperature variation of coercive force of barium
ferrite and found that 1t increased with temperature upto
2508C, after which 1t showed a steep fall upto the Curie
temperature at 450@C. This type of variation in the coercive
force was believed to be due to (i) decrease iIn the number of
stable domain walls at high temperatures and (i1) increase in
the mobility of these walls with rise iIn temperature. The two
have opposing influence on the coercivity, in the lower
temperature range the fTirst predominates so the coercive force
Increases. At temperatures above 2607C the second predominates,
leading to a decrease iIn the coercive force.

Sixtus el (1956) also studied the variation of
coercivity with temperature iIn the range -190° to 450@C on
various oriented and unoriented samples of barium ferrite. All
these showed a maxima at approximately 300RC. They compared
the experimental curve with the theoretical curve obtained from
the equation, =0.48 (Zk/Tg - 4A Tg) (Hunter™™). The
agreement between the observed and theoretical curve was made
very good by making certain assumptions such as (i) the grain

radius r In the sample was equal to the critical radius Tq at

- 17



300eC, and (11) varied with temperature as KVYIg.

Quite independently of Dutch workers, a very similar
programme by Fahlenbrach and others”® (1953-54) in Germany
led to the development of sintered bariian ferrite magnets. The
magnetic properties were improved by applying magnetic field
during sintering. Maximum coercive force obtained was 2000
oersted. However, It was reported that the magnetic properties
of these substances were sensitive to temperature changes and
hence inferior to Alnlco type permanent magnets.

An 1mprovement in the material soon followed from
Philips Research Laboratory”~®(19%4). It was found cut
theoretically that for isotropic samples of barium ferrite, the
remanence would be 2000 gauss i1.e. about one half of the
saturation magnetization. On the other hand, the value of
remanence would be 4000 gauss and (BI-Dulax = 4.4x10" gauss
oersted, i1.e. the same as of a single crystal iIf all the
crystallites of the material were aligned parallel by the
application of a magnetic field during the pressing of reacted

powders. An attempt to make oriented magnets was made and

Ferroxdure I & 1l were obtained with properties given below:
FEHROXDUFIE
T ]|
Remanence 3700 gauss 3000 gauss
1200 oersted 2100 oersted
@) jnax 2,8x10® gauss 2.1x10® guass
oersted oersted

Working point B 2600 guauss 1700 gauss
* H 1000 ocersted 1250 oersted

Curie temperature 450°C. 450@C.



Gordon™™ (1956) investigated the preparation and
properties of barium ferrite magnets in detail. The demagne-
tization curves were studied for three different samples
prepared under different conditions. The Ffirst curve was
obtained from a sample where the raw material was mixed, pressed
and fired. The curve was a straight line with fullness factor
K r 0.25 where K = taken to indicate
that there was an extreme randomness of grains, Remanence was
low as the reaction took place only during firing and coercive
force was limited mainly by the particle size of the component
oxides. The second curve was obtained from samples prepared by
firing the oxide mixtures, grinding the product, pressing it
and finally sintering it. The fullness factor was greater than
0,25 which was taken to indicate that there was some orientation,
presumably produced during the pressing before final sintering.
The crystals have a plate like habit and hence they tend to get
oriented under pressure. The third curve was obtained from a
sample which was prepared as in curve second, except that magnetic
Tield was applied before and during pressing. The remanence and

showed a considerable improvement. The coercive force,
on the other hand, showed some decrease. This was attributed to
the size of the grain which was kept large to achieve better
orientation.

Kubola and Okazuki™ (1955) found that when a reverse
Tield was applied to a magnetized polycrystalline rod of barium
ferrite having a temperature gradient of 12-40°C per cm., those

- 19.



parts which were either above or below 300°C were demagnetized
first, showing that the coercive force was nmeximuffi at this
temperature. This is more or less iIn agreement with the
observations of Went ei al™ (1952).

Suchet”™ (1956) investigated the formation of barium
Territe from barium carbonate and ferric oxide with special
reference to the iInfluence of sintering temperature and time
and the effect of additives on density, grain size and magnetic
properties of the products, Tt was suggested that at 700 -
800°C BaFeO™ was first formed, which reacted with more Fe203
leading to the formation of BaFe™g0'g at temperatures above
820°C. He developed an empirical function ¥(t,T) which gave
the relation between magnetic properties and sintering tempera-
ture T and time t. Above 1200°C the iIncrease iIn t or T caused
an enlargement of the particle size and led to a rapid deterio-
ration of magnetic properties,

Stuijts™ (1956) studied the sintering of bariiim
ferrite magnets. Products with high apparent density and con-
sisting of particles with a diameter below the critical value
( 1 gave the best magnetic properties. High densities, as
much as B of the ideal value were obtained by using non-
stiochiometric compositions In which rapid transportation of
the material during sintering was possible due to vacancies
existing in the lattice. The crystallites could be kept small
by using a high rate of heating and keeping the sample at the
sintering temperature only for a short time. In this case the

mechanism of sintering was believed to be plastic flow rather

77" m;



than diffusion and gave high densities without crystal growth.
It was also observed that the coercivity and more dramatically
the remanence decreased with strong crystal growth. This
observation iIs in agreement with that of Suchet™ (1966).

The decrease In remanence does not appear to be due
to the formation of a small amount of nonmagnetic phase during
the sintering at high temperatures iIn view of the recent phase
study of BaO - Feg03 system by Yasumase Goto and Toshio Takada™®
(1960). The hexagonal magnetopltimbite phase iIs stable iIn the
composition range BaO ,6Fe203 to BaO.SFegOg at all temperatures
upto its melting point. Also these authors did not observe any
considerable loss of oxygen when the sample was heated In air
at temperatures below the melting point. However, their
technique would not be sensitive enough to detect small loss
of oxygen and it appears that this may have a large effect on
the magnetic properties of the samples because of the role of
oxygen 1ons in superexchange interaction. The decrease In
remanence on sintering at high temperatures may therefore be

due to the loss of oxygen,
Sixtus et al’™ (1956) studied the effect of particle

size, packing density and sintering temperature on the intrinsic
coercivity of oriented and unoriented barium ferrite samples,

values were found to increase with the milling time in
accordance with the predictions of the fine particle theory,
while there was a decrease In i1ts value when samples were

oriented.
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Gottardl’™™ (1956) prepared barium ferrite magnets
by precipitation of ferric and barium chloride solution iIn
the ratio 6:1 by a solution of sodium hydroxide. The
temperature and the pH of precipitation had a great effect on
the magnetic properties of the resulting products* The
optimum values were the temperature at boiling point and pH
equal to 12,5. The precipitate was heated at 900°C for half
an hour In an atmosphere of oxygen, pressed at 1000 Kgm/sq.cm.
pressure and sintered at 1260°C,

Stablein38 (1956) found that remanence, coercivlty
and (B)mgjx of compressed and sintered BaO .6Fe203 and PhO.
4Fe203.S10g were better parallel to the direction of pressing
than perpendicular to 1t. The higher values of magnetic
properties iIn the direction of pressing were believed to be
due to laminar shape of the powder particles which aligned
themselves to some extent during pressing operation and led to
""compression anisotropy” in the material,

Heimke™® (1958) observed an anomaly in the magnetic
properties of Ba0,6Fe203 to which Ca0.Si10g was added to enhance
the reactivity during the formation of the compound. On
sintering the samples from 1120 to 1220°C it was found that the
saturation magnetization and the remanence fTirst increased with
sintering temperature, then decreased to a minimum at 1180°C
and finally increased again. No such anomaly was found In a
sample in which equal amounts of CaCOs and SiOg were added. The

effect In the former case was attributed to the transition of

Ca0.SI0g from N to d- state.



Tvascu, Rozenberg and Caarlen™™ (1960) studied the
effect of pressure applied dviring pressing, iIntensity of
magnetic field and final heat treatment on anisotropic barium
ferrite magnets. Optimum conditions were found out for the
composition (Bal), (5.SFeg0s).(0,036B1203). product
of this anisotropic product was in the range of 2.0 to 2.5 x
10® gauss oerstedy”four times larger than the i1sotropic

material.

Substitutions and Additions iIn Hard Ferrites:

A number of studies have been made on the effect of
substitutions in these ferrites. Replacements of all the three
ions F~*, (Ba™, P ) and 0™ have been attempted. The
following table gives the substitutions of Fe™ and Bx*™* or Pb?
The only replacement reported for 0™ is by F'1 .

Replacements of Fen* Replacements of
Ba*™ or Pb™* .
m3« m2< m3*
pize W B caon La
MgS* U, @™ S Pr3*
S i N ™=
Co2« Sm'*
B i e
NI@*



0C;
Replacement of Fe by A® and G
The study of the magnetic properties of the system
Sr or Pb) was first attempted by Kbj ima41
(1966) 1In the range FegOg = Al203 s 3,5 to 6, The coercive
force of the magnets prepared from these compounds increased
with the addition of Alg0g but the saturation magnetization
decreased*

Guillaud and Vil Iers4

2 (1966) measured the coercive
force, saturation magnetization and the variation of B with H
at 77° and 288@K for MO.AlgOg.eFegOs with M = Ba¥™, RA™* or S?*
prepared by heating the oxides at 1200°C, The saturation
magnetization was approximately 20 Bohr magnetons as compared
to 40 Bohr magnetons per unit cell for the pure compound with
no aluminium.

van Uirtert™ (1967) found a systematic decrease In
the saturation magnetization as Fe>" wsi» replaced by A1 ,
indicating that AI™* go = to octahedral sites 2a and 12k.
This would lead to complete compensation when, per formula unit,
4Fe™* 1ons were substituted by ions at the octahedral
sites of the spinel block. That, In fact, appeared to occur In
case of BaAlfeg0j”g where indirect evidence indicated the
occurrence of such a point of compensation. The coercive force
was found to Increase with decrease In saturation magnetization

N\

- - - - - 3N
(i.e. with increasing aluminium content). Ga~ 1ons were also

found to replace the octahedral Fe?’4 10NnS.

Mones and Banks”™ (1968) studied the variation of

magnetization of @R'®I12-2"x"19 N®L2 -x MexM9 single
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crystals and polycrystalline specimens. The compounds

found to be magnetic upto x s 8. Although,
it was concluded that Al34 1ons went to the octahedral sites
in the spinel blocks, their compensation point would indicate
that all the octahedral sites were substituted with equal
probability. Ga34 appeared to occupy the tetrahedral sites at
low concentrations of about 0.3 gm.atom/formula and beyond that
It was distributed at random in the spinel blocks.

Kozlowski and Ziolowski™® (1958) found that at less
than 15% AI202 in barium ferrite, the unit cell dimensions
varied considerably while at concentration greater than this
the changes were much smaller. In the first stage Tg and B,
decreased approximately linearly and the coercive force
increased attaining a maximum of 5000 oersted at 14 mole per

cent of Alg0g substituted for FegOg iIn BaO.eFegOs.

Bertaut et (1968,59) concluded from satura-
tion magnetization and x-ray intensity measurements that for
the compositions BaO .6Fe203 .Al1203Mwo APR occupied 2a sites
and two occupied 12k sites in a unit cell, whereas for BaO.
SFegO0s.SAIg0s two AF™* occupied 2a sites, nine 12k sites and
one 4fL site. The magnetization curve showed a compensation
point at six A1®** per molecule and not at x = 4 as assumed by
van Urtert™ (1957). The x-ray and magnetic data for G**
substituted compounds suggested that in BaO .5Fe203.Ga203
unit cell there were three Ga™ at octahedral 12k sites and

one G** at 4 tetrahedral site. In the case of



or

BaO.SFegO0s.SGag0g where bO% of the F&™* were replaced by G*%,
these G'* occupied the following positions. Three Ga™* at 4fj
six G&** at 12k, two Ga™ at 2a and one (&X** at 4fg sites.

Bozorth and Kramer (1959) made a similar study on
PoAIFe™2 0JL9. The saturation magnetization was measured down
to liquid nitrogen temperature and the results were extrapolated
to 0°K. The decrease of saturation magnetization with iIncreas-
ing A'* showed that initially AV** occupied 12k and 2a sites,
however, at concentrations beyond x - 3 the saturation magneti-
sation did not appear to follow the expected behaviour for such
replacements and 1t was more likely that A13“An0w went to
different sites. In fact the compensation point was reached at
x S 6 which was consistent with the value obtained by Bertaut’®
(1958).

It can be seen that the experimental evidence is

3] s
J by A1 .

definitely against substitution of tetrahedral Fe
However, 1t Is not quite clear whether the substitution at the
octahedral sites iIs only preferred at 12k and 2a sites in the
spinel blocks or A** are statistically distributed at all the
octahedral sites 2a, 12k and 4f2. It i1s possible that the
distribution iIs sensitive to the method of preparation of the
compound. For example, Mones and Banks44 who had quenched
their samples from the elevated temperatures where all the
octahedral sites will be equally occupied, whereas Bozorth and
Kramer® used single crystals prepared by cooling at a very slow

rate which enabled the AF** to move to the low energy positions.
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Replacement by cr34 ;

Brisi and Burdese'™ (1952-53) substituted Fe™* by

Cr3 in hexagonal ferrites SrPejg0™g and BaFe™™gOig studied
these by x-ray and magnetic methods, A maximum substitution

of only about 50" of FeO " could be achieved in both cases,

Hiroshi Kojima*™®»“ (1956, 58) studied the effect of
addition of Cr203 In the MO — FegOg system, where M s Sr, Ba
or Pb, Some Improvement In the magnetic properties was observed
in the composition MO ,5Feg03 by addition of 3% CrgOs*
addition had no effect on CQ\irie temperature and the Improvement
In magnetic properties had been assumed to be due t iIncrease iIn
the apparent density and control of grain growth, rather than
the formation of a new stronger ferromagnetic phase,

van Uitert™ (1957) studied the substitution of FeM™
In BaFe™g0™g by Cr™, The specimens had the characteristic
plate like habit of barium ferrite and the saturation magneti-
zation was low as in the case of A1®" and Ga * substitutions,
Mones and Banks®"” (1958) and Kozlowski and Ziolowski™ (1958)
also made substitutions of Fe™* by Cr™* i1n BaFe™gOig* was
found that all magnetic properties decreased on iIncreasing the
chromium content, suggesting 1ts preference for octahedral sites.
At 10% substitution, crystals of new unidentified phase had been
reported by the latter authors™.

Figure 4 shows the expected variation of the
saturation magnetization of EaFe™g ~Cr~029 with increasing Cr™*
concentration, Cr™* ions are supposed to have three spins per

ion. The substitution of these i1ons at 4F and 4fg sites should
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Increase the saturation magnetization, while at other sites
they should decrease the same as shown in the figure. Bertaut
et (1958, 69) measured the saturation magnetization

of SrO.SFeg0g.CrgOg and Sr0 ,3Fe203,3Crg0o3 samples and the
results are given by the points C and D iIn the figure 4. Based
on the cation distribution as determined by neutron diffraction,
the expected values of the saturation magnetization are given
by points A and B, The observed values are considerably lower
and 1t i1s possible that a part of the Cr™ at 12K and 2a sites
are present in the lower spin state. However, 1t is not clear
whether GO™*iIn the octahedral field will prefer the low spin
state. As amatter of fact, there are various alternative
locations for the low spin Cr™* which would give the experi-
mentally observed values, and further work would be required

to settle the point.

Addition of B203:

Kojima™®” (1956-58) studied the effect of addition
of B203 in the system MO - Feg03 (M « Ba, Sr or Pb). It was
found that the magnetic properties of the system improved when
small guiantities (upto 35S of B203 were added in the composition
Fego3/M0 = 5. The improvement was thought of as due to iIncrease

in the apparent density of the material.

Substitution by Zn™* ions:
Mones and Banks"”~ (1958) studied the substitution of
Fe~™* 1ons i1n barium ferrite by 47 1ons. The polycrystalline

. 28.



samples used for measurements of magnetization were slowly
cooled (100°/hr) from high temperatures. The only zinc
compound having BaFe™0™g structure was BaFe™ZnO"g"g while
BaFeii1 gzn showed some x-ray reflections of Zn0. The
magnetization values of zinc compounds were higher than those
of pure compounds, showing that the Zn 1ons occupied the
tetrahedral sites which was consistent with the behaviour of

these i1ons In the spinels.

Substitution and addition of CoO, MgO, Sn02, BeO, CaO, CuO,
NiO and V205 ;

Hiroshi (1956-58) studied the effect of

partial replacement of Fe203 by CoO, MgO, Sn02, CdO, NiO and
V205 In the oxide magnets of barium ferrite type. It was
found that CdO, Sn02, CoO and CuO were quite uneffective iIn
improving the magnetic properties while V20g had a harmful
effect.

Rutkowska™ (1957) studied the addition of Ca0, MO,
BeO to BaFep2019 ty sintering the samples at 1050°, 1150° and
1250RC 1n air. These oxides when added upto 10" had an
injurious effect on the magnetic properties of hexagonal
ferrites, Ca0 of these oxides was found to be least harmful.

Kbzlowski and Ziolowski™® (1958) investigated the
effect of addition of Ca0O and NiO to BaO,6Fe203, With the
addition of less than 5" Ca0 and NiO, the resulting products

were of one phase only and although they still possessed the
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characteristics of a permanent magnet, their magnetic properties
were inferior to that of the pvire compound. With more than 5%
addition, a new soft magnetic phase, i1somorphic with BaFe220ig
upto 20" addition appeared with decreased values of lj. and
especially In the products sintered at high temperatures. With
more than 40" addition, the bariumferrite type structure dis-
appeared with the formation of new compounds.

It emerged from the later work of Braun™ (1967) that
divalent cations like M™%, M*, Fe™*, Co™*, NI andZn™* can
be taken by the Ba0 - Fe203 systemto give structures, W, Z and
Y type where W = BaFel'™ Fe\g 027, Y = Ba2Zn2™er2 G22»

Z = 233C05_"®%1I®41* These are soft magnet materials with a

plane of easy magnetization.

Addition of Ti02, Ge02> Si102 and ZrOg:

Kojima™M>""W\® (1966, 66, 68) iInvestigated the effect
of addition of Ti02, GeOg, Zr02 and SiOg on the magnetic
properties of the system MO — Feg0s (M = Ba, Sr or Pb). With
T102 addition the study was made in the range (FegOs = Ti0g)/MO
S 4th}.This had been assumed as a result of the shift In the
point of maximum magnetic properties as a result of the
combination of MO with TiOg. A considerable improvement iIn the
magnetic properties was found in the above system with M » Ba or
Sr with the addition of Ge02 and Si0g at Fe203/MO = 6. Curie
points of these compositions were not changed by these additions
and the 1mprovement In the magnetic properties was thought to

be due to the iIncrease in the density of the samples. In the
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case of PbO— F6203 system the best properties were obtained
with GeOg or Si0Og additions at Fe203/PbO to 5 when the
samples were reacted at 900RC for two hours and sintered at
950° - 1ISQOC for 15 minutes. The properties of these improved
PbO - FegOs magnets were comparable to those of BaO or SrO-Fe/H)™
magnets.

Pawlek and Reichel®" (1957) studied the magnetic
properties of the system Pb0-Fe203-S10g. These investigations
revealed the favourable effect of small additions of SiOg on
the permanent magnet properties of this system. The best
composition consisted of 26,2 Pb0,74Feg03 and 0,8" Si0g, When
reacted In air at 950°C followed by sintering at 1100°C, it

gave remanence equal to 2450 gauss and coercivity of 2000 Ce.

Addition of BigOg:

Takei and Sugimoto (1955) studied the effect of
Big03 addition to MO,6Feg03 with M = Pb, Sr or Btv, It was found
that the (BH) IeX improved by 20-30" and the mechanical strength
by 2-3 times. Curie temperature, however, remained unchanged.
These effects were attributed to lower melting point of Big03
which accelerated the sintering. Microscopic examination did

not reveal any new phases.
Okamura and his collaborators®® (1955) measured the

magnetic properties of MO ,6Feg0o3 (with M = Ba, Sr or Po)
compounds containing Big03 additions. It was found that for

lead compound the best magnetic properties were observed at
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FegO0g/Pb0 = 4.6. The magnetic saturation and remanence values
of strontium compound Increased by the addition of B1203 only

in the range Fe203/Sr0ps6 , but decreased. The results for
barium ferrite were iIn agreement with those of Sugimoto™(1955).
It was concluded that the sintering velocity of these oxide
magnets was accelerated by the addition of bismuth oxide.

The effect of Bi1203 additions on barium ferrite
magnets was also studied by Kbzlowski and Ziolowski™ (1958).
They, 1In agreement with the previous workers, found that barium
ferrite containing Big03 sintered well at 1000°C and had
densities 5.2 gvc.c. Furthermore, the crystal growth was
also inhibited. At 2 mole percent and beyond, a new phase was
reported. Additions of less than 2 of £123 Increased iy by
approximately 25%, The unit cell changes were greater at 2-3j°
addition and practically nil at 6-1(*. Also the change iIn Curie
temperature was only 30@C at 10%

Sugimoto and Takei”™® (1960) studied the reaction yield
and volume and weight changes during formation of barium ferrite
containing Big0®. The residual induction Bj. was found to be
maximum at b% Bi203, when the reaction temperature was 900@C and
sintering temperature 1100°C. Study of the ternary system BaO-
FegOs-BigOs was made by microscopic observations and X-ray
diffraction analysis. A very narrow single phase region In the
vicinity of Ba0 .6Fe203 was observed and the phase diagram
obtained by them is reproduced in figure 5. In the single phase

region, variations iIn lattice constants and Curie temperature,
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if"any, were very small.

Substitution of Ba™ lons:

Deschamps and Bertaut™" (1957) attempted to
substitute BX¥* 1ons iIn BaFe™2019 with rare earth ions, La™*,
Pr™*, Nd™* and Ew¥*. The solubility limits for these ions
were found to be respectively 0.7, 0,4, 0.3, 0,1 and 0.1 times
the mole fraction of barium at 1400°C. However, no magnetic

meas\irements were made.

Substitution of 0~ i1o0ns;

Substitution of oxygen ions by fluorine i1ons was
partially achieved by Schieber and Shtrikman™ (1960). The
new compound had the chemical formula BaFg.SFeO.SFegOg, the
magnetic properties of which have already been described
earlier (p.7).

It 1s clear from a review of the earlier work that
the understanding of various factors involved In the formation
and stabilization of magnetopliimbite structure is still
incomplete. In the present work a systematic attempt has been
made to synthesize new compounds of this structure with i1ons
of different sizes and electronic configurations in order to
know the influence of these on the stability of such compounds.
The effect of impurities on the magnetic properties of these
hard ferrites has also been iInvestigated In some detail. In
what follows we give a description of the experimental techniques
employed iIn these studies, followed by a discussion of the

results obtained.



CHAPTER 11

EXPERIMENTAL TECHNIQUES
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Preparation of samples;

Ferric oxide (d.-FegOg) is the chief starting
material for the preparation of all ferrites. Except for the
synthesis of hexagonal ferrites containing lanthanum, ferric
oxide used was obtained by precipitating ferric hydroxide

Fe(OCH)g from an aguous solution of A.R. grade ferric chloride
(FeClg) with liquor ammonia. The precipitate was made free from
chloride 1ons by washing it with hot water containing ammonium
nitrate for several days in a centrifuge and was then calcined
at 650°C for four hours to decompose it to ferric oxide.
Chemically pure, brown precipitated, ferric oxide supplied by
B.D.H. England was employed for the preparation of ferrites
containing lanthanum, for the reasons to be given later. The
X-ray diffraction patterns of both these samples gave the same
d values as reported for do A.S.T.M, X-ray data
card file.

The other compounds used for the preparation of the
ferrites under study were of A.R. grade purity except for silver
oxide, silicon dioxide, stannic oxide, cobalt oxide and zirconium
oxide, which were of C.P, grade only. In order to remove any
moisture present, these compounds were heated to 300°C for to
hours before weighing them on a Mettler balance. Zinc oxide and
lanthanum oxide were, however, heated to 500° and 1000°C
respectively to decompose any carbonates present. The weighed
compounds were thoroughly mixed under alcohol iIn an agate mortor

with pestle till these appeared homogenous. The mixture was
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dried in an oven at 100°C and transferred to a platinum
crucible. The reaction was carried on at temperatures rang-
ing from 800° to 1360RC for various durations In an electric
furnace using silicon carbide rods as heating elements. The
temperature of the furnace was automatically controlled within
¢ 10° by means of a chopper bar type mercury switch regulator
and was indicated on a 16” pyrometer, operated by a Pt - Pt
1S% Rh thermocouple kept inside the furmace. The calibration
of the thermocouple was done by determining the melting points
of potassium chloride (770°C) sodium chloride (800°C) and
silver metal (960°C).

Normally the furnace took about three hours to attain
a temperature of 1350RC from room temperature and more than
twelve hours for the reverse cycle. All the heat treatments
were carried on in an atmosphere of air and the specimens were
cooled in the furmace. The reacted hard masses were broken into
small pieces in a clean steel mortar and then ground in a ball
mill under distilled water for various durations. The
cylInderical stainless steel can bf the ball mill (length 8~
and diameter 6'") contained ten steel balls of one iInch diameter
and fifty balls of half an inch diameter. The can rotated at a
speed of sixty revolutions per minute by a half H.P. continuous
operation motor. On completion of grinding the slurry was
poured out iIn a beaker along with the washings from the can and

dried on a hot plate.



X-ray Examination;

The reacted powders were examined by x-ray powder
diffraction technique to check the completion of the reaction
and to determine their crystal structure. The samples were
filled In thin glass capillary tubes and Debye Scherrer
patterns were taken on a G.ii.C, XHD3 X-ray machine using
radiation (\ - 0.709 £) filtered through a zirconium foil, In
a 14 cm carera. The d values were calculated in the usual

manner with an accuracy of + 0,2%,

Pellet Formation:

About 2.6 grams of the ball milled sample was made
into a thick paste by thoroughly mixing 1t In an agate mortar
with a 2% solution of polyvinyl acetate in acetone which acted
as a binder and lubricant.The paste was transferredinto the
barrel of a die fabricatedout of diesteel bar. Thepressures
upto 15,000 |lbs per sguarecentimeterwere applied tothe
pliinger In a Carver laboratory press fitted with a calibrated
pressure gauge. The pressure was released after one minute and
the pellet removed by applying the pressure in the opposite
direction. Use of vacuum during pressing was found to be
unncessary. The binder made the pellets rugged and they could
easily be removed from the die without developing any cracks.
Several other binders such as a solution of paraffin wgjt in
benzene, polyvinyl alcohol iIn water, polyvinyl chloride iIn
cyclohexanone, etc. were also tried but found to be inferior

to the polyvinyl acetate binder. Mostly cyllnderical pellets
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of about one centimeter length and half centimeter diameter
were made but for certain special measurements, such as the
determination of remanence along different directions at right
angles to each other, pellets with a rectangular cross-section
were also pressed.

These pellets were sintered by keeping them on a
platinum foil in the electric furnace by first raising the
temperature very slowly upto 800°C to burn away the binder and
then raising it at a fast rate upto the desired sintering
temperature by adjusting the input power. Sintering was done
at temperatures from 600°-1360°C for various dxirations, after
which the furnace was switched off and the pellets were slowly
cooled In the furnace itself.

The sintered pellets were weighed In a Mettler balance
and their dimensions measured with a micrometer screw gauge.
The apparent densities of these pellets were then calculated
from their weights and bulk volumes. Weights of all the pellets
sintered below 1000°C were determined after the completion of
the magnetic measurements because they had to be heated at
1000°C to burn away the binder completely,

A coil of a single layer of 75 turns (B coll) was
wound round each pellet with enamelled copper wire No, SWG 46
by manually operating a winding machine fitted with an
automatic counter. The ends of the coil were cleaned with a
Tine emery paper and connected to a ballistic galvanometer

(B,G.) circuit to be described below,
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Magnetic Measurenients;

(A) Tracing of hysteresis loop: The measurements of magnetic
Induction and the magnetizing force were based on the principle
that there was an e.m.f. Induced In a coll, whenever there was
a change In the amount of flux linked with this coll. Let N
be the number of turns possessed by the coll and 0 the Instan-
taneous value of the flux linked with these tums. The Instan-
taneous value of e.m.f, will be e « NdO/dt and edt = Nd®, Let
the coll circuit be closed and let R be the resistance of this
circuit. Dividing by R we get edl/R - NJJO/R or idt x NJJO/R
where e/R s 1, the instantaneous value of current ir*uced iIn

the circult. Integrating

idt » N/R d0 or q s N/R(0i1-0g)
0] 02

where q is the quantity of electricity made to pass through
the circuit due to a flux change (™-02) Thus It iIs clear
that 1f g i1s measiired, the change iIn flux linked with the coil
can be determined. A ballistic galvanometer, which is capable
of Integrating the quantity i1dt can be used to measure the
changes iIn fliax when calibrated for this purpose. With this
instrument the magnetic flux cannot be measured directly
because only changes iIn flux and not the steady flux produce
the galvanometer deflections. The value of the total fliix is,

therefore, inferred from the measurement of the change In flux
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which can be produced by changing the magnetizing current.
The value of B iIs determined by dividing the total flux with

the cross-section area of the coil,

(B) Calibration of the ballistic galvanometer; The calibration
of the ballistic galvanometer having a natural period of 28
seconds was done with the help of a standard air core solenoid
consisting of a long single layer coil of enamelled copper wire
SWG 19 wound on a one meter long brass pipe having a diameter
equal to three iInches. The winding was uniform and the number
of turns per inch axial length was 23.4 so that a uniform
magnetic field H, given by the relation E s 4 7SNI/TOL Oersted
was produced at the centre of the solenoid on passing current
through 1t. (N = total number of turms iIn the solenoid, L
length iIn centimeters and I = current in amperes)* At the
centre of the solenoid and coaxial with it was kept a small
secondary coil of 800 turns of thin copper wire and known mean
cross section area. The secondary coil was connected to the
B.G. and a known current could be passed through the solenoid
from a set of twelve 6 Volt batteries. An e.m.f, producing
the galvanometer deflection was induced in the secondary coil
when the current in the solenoid was reversed by a reversing
switch as showmn in the figure 6. The number of line tums
producing this deflection was obtained from the known value
of H at the centre of the solenoid and the number of the tums
and the dimensions of the secondary coil. The values of the

galvanometer deflections for different values of line tums



associated with the secondary coil were obtained by reversing
different known currents through the solenoid. The average
number of line tums required to produce 1 mMm. deflection on
the B.G. scale, Jjigx at a distance of one meter was thus
calculated.

As the current passing through the B.G. circuit
depended on 1ts resistance, the secondary coil used for i1ts
calibration was permanently included in its circuit. Thus
the exact conditions of calibration were always reproduced iIn

the subsequent magnetic measurements.

(© B-H Measurements; The test pellet with ends ground smooth
and parallel and having a B coil wound round it was tightly
clamped iIn the adjustable gap of a massive electromagnet with
rectangular pole faces tapered at an angle of 60® so as to make
the magnetic fTield between them as nearly uniform as possible.
The clamping of the pellet was done In such a way that a good
magnetic contact was made at both i1ts ends and i1t was completely
enclosed i1n soft iron, without leaving air gaps. This provided
a closed low reluctance path for the magnetic flux. The magnet
was energized by twelve 6-Volt lead accummulators which were
constantly charged as the power was drawn from them. To
determine the value of the magnetic field acting on the pellet,
a small H coil of 100 tums and known cross-section area, wound
on a nonmagnetic material was placed very close to 1t. Both

these coils could be alternately brought tnto the circuit of

the B.G. with the help of a selector switch. The current iIn

-2 40,



the two coills of the electromagnet, which were connected in
series, could be increased, decreased o)/ reversed by a suitable
arrangement of switches as shown in figure 6,

The B-H measurements were made upto a maximum field
of 7000 cersted. In what follows the magnetization measured
at this field will be called the saturation magnetization.

The magnetizing current corresponding to this above fTield was
reversed a few times to bring the specimen In the cyclic state.
Since only the changes in B could be measured and not the full
value of B i1tself, it was necessary to choose one point, the
tip of the hysteresis loop , as the point of
reference and then measure the change In B when the specimen
was taken from this magnetic state to some other state. By
opening the switch of figure 6, the flux density In the
specimen was reduced to remanent magnetization, Bj.. The
deflection of the B.G. with B coil in the circuit was, there-
fore, that corresponding to a flux change A 0 equal to

Mmax ' Since the galvanometer was calibrated to be
direct reading for line-turns, the total change iIn the magnetic
lines was obtained by di /Zlding the line-turns by 75, 1.e. the
number of turms iIn the B coil. The change in the number of
lines per unit area, 1.e. A. B, was calculated by dividing it
with the cross-section area of the specimen. By substracting

this value o ¥ B from Bu-’é"\>¢ B’>\< the remanence was obtained,

To determine other points on the loop, use was made

of the resistance Rg by opening the switch Sg, If, with switch
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SI' on the left hand contacts, S2 was opened, the magnetizing
force got reduced from to some value H” depending upon
the magnitude of Rg. The value of H® was determined iIn the
same way by noting the deflection on switching off the current
corresponding to H”, with H coil in the B.G. circuit. Any point
on the loop between the tip point and the remanence point could
thus be reached by adjusting R2 to a suitable value. After
each measurement, the specimen was always brought back to the
reference point Points on the loop corresponding
to a negative magnetizing force H' could be found out iIn the
same way by placing on the right hand contacts, adjusting R2
to a suitable value with S2 open, and noting the galvanometer
deflection when was reversed. The value of H' was determined
In the same way as described above for H".

B and H values determined at variouspoints along the
cycle were plotted to give a hysteresis loop from which could
be determined the iInduction coercivity and remanence B. of
the material. The value of Intrinsic coercivity JH was
determined from the plot of B-H against H.

The following precautions were taken during these
measurements:
(@ Stray fTields, especially from parts of electrical circuit
in whichthe current changed during observation were avoided
by using folded leads In such a way that theirmagnetic effects
were mutually cancelled.
(b) The specimen was clamped between the magnetic poles in such

a way that it was free from mechanical strains.



(©) Heating of the specimen dxiring measurement was avoided by
cooling 1t with a stream of air. Actually the apparatus
required about 500 Watts to produce a field of 7000 oersted and
had a considerable radiating surface and heat capacity. The
temperature rise of the specimen was negligible,

(d Whenever induction is measured by means of a stationary

coil surrounding the specimen, the space between the coil and
the test sample should be as small as possible. However, It
cannot be reduced to zero and this iIntroduces some error in
measurements. This error was minimized by using a single layer
coil of a very thin coppeymibiameter 0,0024'")=

(e) Some errors were introduced due to leakage of flux at points
where the sample made contact with the yoke. Moreover, the yoke
did not entirely fulfil 1ts purpose of Joining the ends of the
pellets magnetically. These effects tended to produce demagne-
tization, i1.e. made H somewhat less than its actual value.
However, the demagnetization effects were so small on account of
low permeability of the test sample 5) and low saturation
magnetization that they were neglected,

A small error, which is Inherent iIn measurements
involving stationary coils, however, remained because the values
of B and H were calculated as the difference between two
relatively large quantities.

The values of the various magnetic properties such as
saturation magnetization, remanence and coercivity were deter-
mined fairly accurately after taking the above-mentioned precau-

tions, The measured values of pure barixim ferrite compared well
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with those quoted iIn the literature.

(D) Curie Temperature Measurements; For determining Curie
temperatures of the ferrites, the test sample In the form of

a sintered cylinderical rod, (length<™ cm, dia”™l can) kept

in a thin walled copper crucible, was suspended with the aid

of a steel spring and a quartz rod into a vertical tube fumace,
of one iInch diameter. The purpose of the quartz rod was to
keep the steel spring out of the furnace to avoid Its expansion
during heating. A ten inch long mild steel rod with diameter
slightly less than one iInch was iIntroduced into the furnace
from 1ts lower end so that the distance between the upper end
of the rod, which was tapered down to one centimeter, and the
suspended sample was only half centimeter. The mild steel rod
was magnetized by passing a current of 5 amps through a coil

of 1500 turmns of copper wire fitted at 1ts lower end. The rod
pulled the sample towards itself, making an electrical contact
between the copper crucible and the mild steel rod. This iIn
turn completed the circuit of an indicator bulb which was made
on and off as the contact made or broken respectively. The
test sample remained attached to the magnetized rod at tempera-
tures below Curie point, but as soon as It passed through that
point, the spring action pulled 1t up and the iIndicator lamp
went off. The furnace was heated at a rate of approximately
five degrees per minute in the region of Curie temperature.

The temperature of the sample was determined by means of a

chromel-alumel thermocouple kept close to i1t, iInside the copper
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crucible. The uncertainty In the values of Curie temperature

measured by this method was estimated as © 5°.

Shrinkage Measurements;

To study the effect of certain additives on the linear
shrinkage of the ferrites during sintering, the pellets of the
reacted materials were pressed under a pressure of 3000 lbs/sq,
cn. in the form of rods of two centimeter length and one centi-
meter diameter. The test rod was placed at the bottom of a
vertical silica tube with its lower end closed and surrounded
by a furnace capable of going upto I000™C. A quartz rod resting
on the test rod was kept vertical inside the silica tube by
means of a brass cap fitted at i1ts upper end. The furnace was
slowly heated from room temperattxre to 1000°C and the
temperature was measured by means of a Pt-Pt.13* Rh thermo-
couple attached to the tube at its bottom. Any changes In the
height of the quartz rod due to the shrinkage or expansion of
the test sample during 1ts sintering were measured by means of
a spherometer, the tip of whose screw was resting on the top
of the quartz rod which was coated with a paste of metallic
silver to make it electrically conducting. An indicator bulb
was connected In a circuit consisting of a dry cell, variable
resistance, milliammeter, spherometer and the conducting part
of the quartz rod. As soon as the tip of the spherometer
touched the quartz rod, the milliammeter showed a deflection
and the reading on the spherometer scale was recorded. The

readings were taken at various temperatures as the heating was
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going on. Knowing the original length of the test rod, it
was thus possible to calculate the per cent linear change

during sintering.

Surface area Measurements of Iron Oxide Powders:

Nitrogen adsorption method was used for determining
the specific surface areas of ferric oxide samples obtained
by different methods. The principle of this method iInvolves
the evaluation of the quantity of gas which is taken up by one
gram powder to cover all its available surface with gas-layer
of one molecule iIn thickness. IT this guniantity of gas IS
expressed in gn, moles® fTien the specific surface area IS
given by = g™NA, , where N is the Avogadro®s number
(6,02 X 10M3) and A i1s the area occupied by one nitrogen gas

IO"PO sg, meters). The amount of gas adsorbed

molecule (16,2 x
depends upon the pressure as well as on the temperature.
Experimentally one studies adsorption as a function of pressure
at a constant temperature (B,P, of liquid nitrogen). Multilayer
theory of Brunauer, Emmett and Teller®® (1938) satisfactorily
explains the adsorption phenomenon of gases on solid surfaces

and can be summed up In the following equation:

P 1 . Cc1 P
V(Po-P) VAC Ve PA

where V is the volume of the gas adsorbed at o°C and one
atmosphere pressure, P iIs the equilibrium pressure, Py i1s the

saturation vapour pressure of the gas at the temperature of the
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McLEOD GAUGE

Fig.7- THE APPARATUS USED FOR SURFACE AREA MEASUREMENTS ﬂ



adsorbent, C Is a constant related to the heat of adsorption
and \jg 1s the volume of the gas required to cover the entire
surface of the solid with a single layer of one molecule
thickness* OF these quantities P, and V are determined
experimentally and Vy and C are obtained by plotting P/V(Pq-P)
against P/P™ which yields a straight line, with slope

OGS = CANIC and intercept (1) r /770, hence 7/ = 1/S ™ |
and the surface area (sg,meters) = 4.38 VY (cc s.t.p.)

Apparatus used for such measurements iIs shown in
figure 7, The volumes of various bulbs In the burette were
determined by mercury calibration before the apparatus was
assembled and the volume between stopcock A and zero reference
of the manometer was determined by filling it with helium gas
at various pressures and using the relation PV m RT, The
commercial nitrogen gas used for adsorption studies was
purified by passing it through columns of silica gel, hot
copper fTilings at 350°C, soda asbestos and finally through
activated charcoal at liquid nitrogen temperature. The measure-
ments followed the following steps:

(D Pretreatment of the sample; Before starting the
adsorption the sample was degassed at room temperature In a
vacuum of 2x10°® mm of mercury for two hours to remove any
adsorbed gases or vapours.

(@ Dead space measurement: Heli\im gas at liquid
nitrogen temperature is not adsorbed by solids. Dead space 1.e.
the free space upto stopcock A not occupied by powder was there-

fore determined by admitting spectroscopically pure helium gas
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supplied by British Oxygen Company into the adsorption bulb
after surrounding 1t by liquid nitrogen bath. After the
measurement, the liquid nitrogen bath was removed and the gas
was pumped out of the system. Stopcock A was then closed and
the bath replaced.

(3 Determination of the isotherm: The system was
again evacuated to a pressure of 2x10‘* mm of mercury and
purified nitrogen gas was admitted to the burette with stop-
cock A closed. By determining the pressure and the temperature
of the burette, this volume was converted to standard conditions,
With the liquid nitrogen bath surrounding the adsorption bulb,
stopcock A was opened. After allowing sufficient time for
equilibrium to be established, the pressure was again
determined. From these data, simple calculations enable us to
arrive at the volume of the gas adsorbed.

By allowing the mercury to fill the various bulbs
of the burette the volume of the system was altered by known
amounts and hence several points were taken In succession
repeating the above procedure.

The calculation of the surface area was done by
plotting a graph of P/NV(Pq-P) against P/Pq and finding out the
value of \jg as described above and substituting 1t in the

relation =4.38 \j§ sg- meters.
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SILVER AND THALLIUM LANTHANUM FERRITES

Ferrites of magnetopliimbite structure find useful
application as permanent magnet materials. Recently some
new compounds of the general formula AFe"QO™ (where A 1on 1Is
a combination of Nan*, or Rb™* and L™ with an average
valency 2) belonging to this group have been reported™.
However, all these contained A 1ons having a rare gas
electronic configuration (sp 0. Attempts were made 1o
prepare new compounds of the above structure with A ions of
different sizes and electronic configurations, with a view to
understand the factors that govern the formation and stability
of these compounds. Silver lanthanum ferrite (Ag™La™e”gOig)
containing Ag™* 1ons with d™® configuration and radius 1.26 £
was successfully synthesized, QM* i1ons with d™® configura-
tion and radius equal to 0,96 2 on the other hand did not form
this structure. Further investigations in the same direction
led to the formation of thallium lanthanum ferrite
(T Feghig)» another new ferrimagnetic compound of the
same series with T 1ons having s” electronic configuration
and radius 1.47 R- The results of structural and magnetic

measurements of these new compounds are described below,
SILVER LANTHANUM FERRITE

Kinetics of Reaction; Silver lanthanum ferrite was formed by
the solid state reaction between the component oxides at

elevated temperatures as described In chapter 11, It was
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observed that only brown precipitated ferric oxide (JL-Fe203)
supplied by B.D.H., England and that formed by the thermal
decomposition of ferric oxalate (Fe2 (Cgo™)2 .5H20) at 200°C
for one hour could form the desired hexagonal silver lanthanum
ferrite Ag™La™Fe22019« The following other varieties of
ferric oxide were tried but they consistently gave negative
results. The desired compound was not formed even upto 1350°C
In detectable amounts, beyond that ferric oxide, Feg03,
progressively changed to FegO®.

(D Spectroscopically pure ol-Feg03 supplied by Jhhnson Mathey
and Co., London,

@ o"Fe2"3 supplied by Howard and Co., England.

(3 dI-FegOg prepared by decomposition of A_LR, grade ferrous
sulphate at 700°C,

(4 cjCHFe203 prepared by precipitation of AR, grade FeCI3 by
anmmonia and heating the precipitate at 6500, In this case a
partial formation of the compound was detected by x-ray
diffraction.

G y "e2N3 Williams and Co., U.S.A.

All these different samples of ferric oxide did,
however, form barium ferrite when heated with appropriate
proportions of BaCOg at 1000°C. Since the spectroscopically
pure and other specially prepared ferric oxides gave negative
results, It appeared probable that special reactivity of some
samples could be attributed to large specific surface areas
and the associated bulk imperfections like point defects, dis-

locations, and lattice strains’™®. Surface area measurements
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of some selected samples of ferric oxide were, therefore,
carried on by nitrogen gas adsorption method at liquid nitrogen
temperature as described earlier. The results are given in
table 1.

TABLE 1

SPECIFIC SURFACE AREASOP SAMPLES OF FERRIC OXIDE OBTAINED
BY DIPFERENT METHODS

Surface area

Sample in sg.m/gm. Reactivity
Ferric oxide obtained Ferrite formed com-
?y decomposition of 300 pletely at 13000 in
erric oxalate at 200°C a few hours.

Brown precipitated BDH

ferric oxide 73 —do-
Ferric_oxide formed by Only partial formation
precipitating (FeOH)3 25 took place on prolonged
with subsequent decom- heating at 130:.0 ORC,
position at 650°C,

Ferric oxide obtained by No ferrite formation
decomposition of ferrous 11 was observed even on
sulphate at 7000C. Egg%ged heating at

The specific surface area appears to exhibit a good
correlation with the reactivity and samples having surface areas
greater than 50 sqg.meters/gm, appear to be appropriate. Further
evidence to this effect will be provided in chapterif®when the

formation of sodium and potassium lanthanum ferrites is

discussed.
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The rate of the reaction of the formation of silver
lanthanum ferrite was determined from the values of the
saturation magnetization of the samples reacted at different
temperatures for various durations. Using the saturation
magnetization per gram, o j~a completely reacted sample (as
established by x-ray diffraction), the extent of the reaction
was found out for other samples assuming that the observed
value of &= was directly proportional to the percentage of
magnetoplumbite phase. The effect of temperature on the
percent reaction yield is showmn In figure 8. The reaction
Is completed at 1300RC in three hours while under similar

conditions barium ferrite formation is complete at 1000°C only.

The cause of this difference In the reaction temperature of
these two compounds will be discussed iIn the next chapter.

The saturation magnetization decreases on heating
the samples at 13508C and, furthermore, all these samples
become electrically conducting. The increase iIn the conducti-
vity can be attributed either to the (1) formation of highly
conducting Fe304 or (1) replacement of some Fe™* i1ons by Fe™*
tions iIn silver lanthanm ferrite due to a small loss of oxygen.
This would give rise to an iIncreased conductivity as iIs observed
in any mixed valence semiconductor™. Electrons jump from one
1on to another of different valency and contribute to the
electric condliction. It appears that the decrease iIn the
saturation magnetization would exclude the first possibility as

the saturation magnetization per gram of Fe304 is of the same
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order as that of silver lanthanum ferrite. This conclusion
Is also supported by the absence of any Fe304 lines which
were specially looked for in the x-ray diffraction pattermns
of the samples heated beyond 1300°C.

On the other hand, the second case wouldgive rise
to decrease iInthe saturation magnetization due totwo possible
causes (1) the magnetic ordering of spins on different ions
takes place by superexchange interaction through the intermediate
oxygen ions. Hence the removal of oxygen ions is bound to
decrease the iInteraction and may cause a local disorder of spins,
(1) the presence of FeQ' would also cause a decrease iIn the
saturation magnetization iIf their spins are unfavourably oriented.
It was observed that the iIncrease In conductivity was more marked
when the samples were heated at 1360°C in the form of pellets
pressed under a pressure of 3000 lbs/sg,cm. The powder samples,
when heated at 1350°C and cooled in air, did not show much rise
In conductivity. This iIndicates that when a powder sample was
cooled iIn air, It got reoxidized to the parent silver lanthanum
ferrite, whereas this was not possible In pressed pellets. Long
heating (about 20 hours or more) at 1300@RC also caused a similar
decrease iIn the magnetic properties and increase iIn electrical
conductivity for the same reasons. The results of the magnetic
measurements on samples heated at 1300°C for different durations

are summarized in table 2.



TAB LE 2

EFPBCT OF REACTION TIME AT 1300°C ON THE SATURATION MAGNE-
TTZATTON OF SILVER LANTHANUM Jo"ERRITF* .

Reaction time AALS density 0- g

hours gauss gms/cc. gauss-cmvVgm.

1 1600 3.68 3.5

3 1640 3,68 35.5

6 1650 3.67 35,8

16 1580 3,59 35.1

20 1560 3.56 34.7

30 1515 3.55 33.9

40 1485 3.54 33.3

X-ray Results; The reflection intensities and interplanar
spacings (d) as obtained from Debye-Scherrer pattern of a
sample of silver lanthanum ferrite formed at 1300°C are
presented In table 3. The corresponding values for pure lead
ferrite (Adelskold™) are also included. It can be seen that
the two compounds are isomorphous, thus the reflections could

be easily indexed on the basis of a hexagonal unit cell.

The calculated values of the unit cell dimensions
are c = 22.86 A; as 5.8 2 and c/a = 3,9. No superstructure
lines were observed and it is likely that no ordering of AQ™™
and Lao. takes place,



TABLE 3
X-RAY RESULTS FROM SILVER UNTHANUM FERRITE REACTED AT 1SOQOC.

PbFe™g0™g Adelskold
d(A0) Relative™ hkl d(A°) Relative
Intensity intensity
2.940 M 110 2.940 M
2.880 W
2.850 w
2.750 S 107 2.760 S
2.610 S 114 2.620 S
2.550 VW
2.610 M 108 2.610 W
2.420 M 203 2.420 M
2.310 VW
2.330 VW 00,10 2.290 w
2.220 M 205 2.230 s
2.118 w/ 206 2.125 M
2.101 VW
2.067 VW 118 2.059 VW
1.937 w
1.910 AV 210 1.920 VW
00,12 1.867 VW
1.815 WAl
1.800 VWW 209 1.809 w
1.778 VW
1.710 VW
1.686 M 300 1.698 W
1.631 VW
1.670 wW
1.662 M 217 1.664 S
1.620 M 304 1.630 M
1.606 MS 20,11 1.619 M
1.602 VW
1.593 VW
1.524 vww 20,12 1.535 VW
1.478 VW
1.464 MS 220 & 1.473 S
10,15 1.470 VW
1.463 VW
1.457 W
1.441 VW
1.412 VVW 21,11 1.420 W
1.372 VW 10,16 1.387 M
1.376 VW

* S = Strong, W a Weak, M = Mediuit, V S Very.
The intensities follow the order of G>=MS>M>W> VW>=WW.
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Fig. 9-HYSTERESIS LOOP OF A SAMPLE OF SILVER-LANTHANUM
FERRITE AT ROOM TEMPERATURE



MAGNETTC PROPERTIES

B-H Measurements; The variation of induction, B, with applied
magnetic field, H, was measured for samples prepared under
different conditions. The values of 4 77Nlg (at H m 7000 Oe);
remanence, Bp», induction coercivity, Intrinsic coercivity,

density, d, and saturation magnetization per gram, O— J}
for the samples reacted at 1300°C, ball milled for 15 hours and
pressed Into pellets under a pressiire of 3000 Ibs/sqg.cm. are
presented in table 4, As will be explained in the next chapter,
the ball milled samples of silver lanthanum ferrite and
thallium lanthanum ferrite decompose at 900°C, so the pellets
were heated at a fast rate when passing through the above
mentioned temperature range in order to bring them to the
desired sintering temperature. The saturation magnetization
per gram at room temperature was calculated from Ig using the
relation CT' e N plot for one of the samples
sintered at 1300BC is shown in figure 9.

A number of compounds with varying ratios of

(AggO ¢ La203) : Fe203 were formed and thelr magnetic properties
studied. These compounds have the general formula (Ag™La™)O.
XFeg03 where x ranges from 6 to 7. X-ray diffraction results
showed that all these formed homogeneous single phase products
with magnetoplumbite structure when reacted at 1300°C. The
intensities of diffraction peaks were nearly identical with

that of the pure silver lanthanum ferrite, (Ag™La™)O0 .6Fe203
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Fig.10- THE VARIATION OF o- WITH X IN THE COMPOSITION

Ag,0 -4- La"Oj X Fedig



hence no attempt could be made to find out location of
vacancies or interstitials created by the departure from the

stoichiometry.
TABLE 1

MAGNETIC PROPERTIES OF SILVER UNTHAMJIM FERRITE AS A FUNCTION
OF SINTERING TEMPERATURE.

SAMPLES WERE REACTED AT 1SOQOC, BALL MILLED FOR 16 HOURS
AND PRESSED UNDER A PRESSURE OF 3000 Lbs/Sg. Om.

%Iar%?rm éa'{/lusss g%ﬂss Ogll_’lgted Oellfg%ed S(nag?:lcty gaﬁgs—
cmS/gm.
1100 836 736 700 4300 3.61 19.0
1200 1475 1295 1000 3650 4.68 26.4
1300 2105 1595 1100 2450 4.99 33.7
1350 2170 1536 900 1750 4.99 34.6

The magnetic properties were determined and the
results are summarised iIn table 6, Figiore 10 shows the
variation of saturation magnetisation per gram as a function
of x. The saturation magnetization shows a maxima at X s 5.8
instead of 6, This behaviour i1s also observed iIn bariiim
ferrite™ and may be due to the possibility that Fe™* 1on
vacancies in the lattice are created at the favourable sites.
The optimum value for x arise from the fact that at lower Xx
there would be many vacancies causing a decrease In the super-
exchange interactions. In other words, in certain localised
regions the ordered chains of magnetic dipoles are terminated

so frequently that in effect they become a random array of
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dipoles) which causes a decrease In the magnetic moment. At
higher x values we would have Fe** i1ons eilther outside the
magnetoplumbite structure or at sites where they would not
form a part of the magnetic ordered array so that they merely
have the dilution effect causing a decrease in the magnetic

moment,

TABLE 5

MAGNETIC PROPERTIES OF THE COMPOSITIONS 1AggC. iLag"S*™"FENS

REACTED AT 1300°C AND GROUND FOR 16 HOURS WHEN
x VARIED FROM 5 TO 7.

. 4 7 1g bHc Ic density O
gauss Oersted Oersted gn/c,c. gauss oY

on.
6.0 1860 1326 2600 4.86 30.2
5.3 1920 1400 2700 4.86 31.3
5.6 1940 1510 2800 4.86 31.8
6.8 2150 1675 2800 4,86 35.2
6.0 2075 1530 2800 4.78 34.4
6.2 1910 1430 2800 4.76 32.0
6.4 1800 1376 2760 4.70 30.5
6.7 1720 1280 2700 4.71 29.0
7.0 1660 1200 2700 4.70 28.0

Curie Temperature : Curie temperature of silver lanthanum

ferrite was found to be 436 ¢ 6°C as compared to 450°C for
barium ferrite. It is felt that the lower values of this

compound can be attributed to small structural changes

associated with the incorporation of 1ons of slightly
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different compared to Ba®* i1ons. It is plausible
to suggest that this causes slight changes iIn the Fe™* - O
— Fe™ angles iIn the neighbourhood of these 1ons. The super-
exchange interaction is fairly sensitive to changes iIn these

angles and hence a change in Curie temperature is understandable.

Effect of addition of bismuth oxide & a/iurolniun oxide; It 1iIs
well known that bismuth oxide Improves the magnetic properties
of barium ferrite to a considerable extent™. The effect of
this compound on silver lanthanum ferrite was, therefore,
studied. bismuth oxide, Bi203, was added to the mixture
before the reaction and the pellets were pressed and sintered
at various temperatures as described earlier. It was found
that the magnetic properties showed a marked deterioration in
these samples. The values of 4Alg, Bp, and density
for these samples containing Bi202 are given iIn Table 6. The
X-ray diffraction pattern of the sample heated at 1300°C for
3 hours was analysed and 1t was found to have lines attributa-
ble to free [ 03 and metallic silver.

The same result was obtained 1T silver lanthanum
ferrite was first formed by heating the constituent oxides
at 1300°C and then bismuth oxide was added to 1t and the
pellets made. The results of the magnetic measurements on
the pellets M.ntered at different temperatures are reproduced

in table 7.



TABLE

EFFECT OF B1203 AND Alg0g ON THE MGNETIC PROPERTIES OF SILVER
LANTHANUM FERRITE PELLETS SINTERED AT 1SOgOc. BlgOg WAS ADDED
TO THE MATERIAL BEFORE THE REACTION,

Sintering 4Als densi

Starting composition temp. gauss gngs bB& gm/c 1(::y
(AggO)™  (La2o)™ 1100 770 705 650 4000 5,03
1200 930 866 650 3100 5.06

1300 1030 960 660 1900 6.06
1360 1060 900 600 1000 6.06

(Ag20)™ (LagOg)™
(FegOg)g_ (AI1203)X

X -0.2 1300 1285 1040 860 4100 4.90

X =0,4 1300 956 760 676 4300 4.86

Xro0.7 1300 570 460 400 4300 4.82

X=1.0 1300 260 210 175 4600 4.85
TABLE 7

MAGNETIC PROPERTIES OF SILVER LANTHANUM FERRITE WHEN 5" Bi20s
WAS ADDED TO IT AFTER THE REACTION AT 1300°C, PELLETS WERE
PRESSED WITHOUT BALL MILLING THE MTERIAL.

Sintering 4 ANig density cr
temp. 0°C gauss gm/c.c. gauss Cmvgm.
“as~press™N*" 1640 3.68 35.6
600 1640 3.68 36.5
900 1315 3.73 28.0
10»0 1096 3.78 23,0
1160 1230 4.16 23,5
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On comparison with the samples free from Bi"Og, 1t
can be concluded that Bi1203 reacts with LsgOg from the magneto-
plurabite phase forming a more stable double oxide of lanthanum
and bismuth. The magnetoplumbite phase which is no longer
stable without lanthanum oxide decomposes partially into the
constituent oxides. It iIs, however, interesting to note that
the density increases considerably In the presence of 31203.

In fact the iIncrease is almost as large as that observed in the
case of barium ferrite when bismuth oxide is added to i1t. The
effect of this 1mpurity on the ferrites containing lanthanum

will be discussgd lat er In greater detail iIn chapter IF

Similar results were obtained when substitution of
FeM™ 1ons by AV™* i1ons was attempted. The Xx-ray results
indicated the decomposition of silver lanthanum ferrite and
the magnetic properties showed a rapid decrease with iIncreasing
AF** concentration. The results are included in table 5.
LaA103 i1s known to be a stable compound with perovskite
structure®™. It is likely that this is more stable compound
of lanthanum as compared to silver lanthanum ferrite so that
the latter decomposes to give the former in the presence of

AF™* 1ons.
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THALLIUM LANTHANUM FERRITE

Thallium lanthanum ferrite TV\a|.Fej”0j)'g was prepared

by reacting a mixture of thallou™itrate, lanthanum oxide and
d —ferric oxide (1:1:24) at temperatures 1100°C - 1300°C iIn
air. The conclusion that thallium 1ons stay as monovalent TI™*
in the magnetoplumbite structure and do not change to the
trivalent T1 state during the course of the solid state
reaction at elevated temperatures iIs based on the following
indirect arguments,

(O The electronic configuration of the monovalent
thallium 1on is 2.8, 18,32. 18,2 and the 6s™ electrons In the
last orbital form an inert pair which gives them an extra
stability. Thus compounds of monovalent thallium are more stable
than the trivalent thallium and thallic salts are oxidizing
agChits.

(@ If during the reaction TI™™ 1ons get oxidized
to T'* 10ns, the corresponding number of ferric ions will
have to be reduced to the divalent ferrous state, which may not

be easy under the conditions of reaction.

X-rav Results:
The x-ray powder diffraction pattern of thallium

lanthanum™fcrrite was found to be identical with that of the
corresponding silver compound showing it to be i1somorphous with
the latter. The values of the cell constants as calculated
from tife diffraction peaks on the basis of a hexagonal unit
cell are a m 5,89, c = 23.4.



Kinetics of Reaction; The percent reaction yield of thalllian
lanthanum ferrite at different reaction temperatures was
determined by the procedure described earlier. The results

are summarized in the table 8.

TABLE 8.

REACTION YIELD OF THALLIUM LANTHANUM FERRITE AT DIFFERENT

TEMPERATURES.
Reaction 4A1g d a o %
temp, °C. gauss gn/cm. gauss.cm /gm yield
1100 485 3.25 11.8 32
1200 1270 3.32 30,4 82
1300 1570 3.37 37.0 100
1350 1475 3.37 34.8 A

It can be seen that the reaction iIs completed at
1300°C in three hours. Here again, as iIn the case of silver
lanthanum ferrite, the reaction temperature is higher than
that of barium ferrite. In fact the reaction temperature of
all similar ferrites containing lanthanum is found to be higher
than the corresponding compounds of barium, strontium or lead.
The reason for this difference In the reaction temperature

will be discussed in some detail iIn chapter 1).S-

Curie Temperature: Curie temperature of thallium lanthanum
ferrite as determined by the method reported earlier had been
found to be 430 £ 5°C. This value iIs comparable to the other

compounds having the same general formula.



B-H Measurements; The material reacted at 1300°C was ground
under water In the ball mill for 15 hours. Pellets for making
magnetic measurements were pressed from the ground sample
under a pressure of 3000 lIbs/sg.cm. These pellets were
sintered at various temperatures as described earlier. The
results of the magnetic measurements for sintering temperatures
higher than 1100°C are reported in table 9. The results
obtained from pellets sintered at lower temperatures are

included i1in the next chapter,

TABLE 0.

MAGNETIC PROPERTIES OF THALLIUM LANTHANUM FERRITE AT
DIFFERENT SINTERING TEMPERATURES ABOVE 11000C.

%é;;?rle? géﬁs;g géags Oersted Oeﬁ%ted gﬁD%ny gauss.cmv
on.
1100 935 820 750 3700 3.42 21.8
1200 1495 1230 1000 3400 4,15 28.6
1300 2140 1630 1300 2700 4.79 35.5
1350 2260 1600 1100 2050 4,85 37.0

Addition of Bismuth Oxide; 5% bismuth oxide was added to the
reacting components before the reaction and the magnetic
measurements were made in the usual way. It was fo\ind that
this addition spoiled the magnetic properties as reported
earlier for studies on silver lanthanum ferrite. The results

are summarized in table 10,



TABLE 10,

EBCT OF BigOg ADDITION ON THE MAGNETIC PROPERTIES
OF TamLLIUM LANTHANUM FERRITE

Sintering 4A Is n density
temp, °C. gauss ggﬂss Oelia’fsted Oersted gn/c,c,
1100 860 740 700 3500 4.95
1200 1150 960 750 3150 5,01
1300 1400 1120 760 2260 6.04
1350 1440 1120 700 1750 5.05

The reason for this decrease in saturation magneti-
zation on addition of Bi1203 will also be discussed iIn detail
In the next chapter.

It appears that the size rather than the electronic
configuration of the A 1ons In the compounds AFe2 2019 iIs the
deciding factor of the stability of the magnetoplutnbite phase.
Table 11 summarizes the results of the attempts to form
magnetoplumbite compounds together with the radii of the A
1ons used. A weighted average of the radii has been taken in
the case of A 1ons consisting of a combination of two i1ons of
different radii. It can be seen that the positive results are
obtained only In the case of A 1ons with radii iIn the range of
1.06 to 1.40 A°. The 1on (Csj| Lar'®) with radius equal to
1.41 1s bigger and (Cu]* Lar*) and @CI™ 4 LaJ** ) 1ons
are smaller than required for the formation of a stable
magnetoplumbite phase. Summergrad and Banks™“had tried to
synthesize the compound Na™ Pr™ 12719 analogous compounds
using SM* and Gd™* i1n place of La®” 1ons. They attributed
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the failure to form these compounds to unfavourable reaction
conditions. However, it would now seem that the real cause

for the negative results iIs possibly the small ionic radii

of the A 1ons used (table U,. It 1s expected that the compounds
K .Prifep gorg™™ on the other hand would be formed with the
magnetoplumbite structure as the radii of the A 1ons iIn these

cases have the values 1.20 k and 1.17 respectively.



RADI1 OF A IONS
BEEN TAKEN WHEN THE A

RADI L.
Composition

CsjLaPejg0ig

BaFej~g0;"9

KN"La”FeigOig
PbFeigOj™g

Ag”~La”FSigO~g
LaP eig0"y
SriFe”"g0™g
Na\LaFej2°19

Cu~La”Fe;i2019

Na~Sm~Fej~g0™g
LI~ La”Fe~gO~g

Ka~0d”~FeigOig

TABLE

IN THE HEXAGONAL FERRITES.
ION CONSISTED OF TVO IONS OF DIFFERENT
P AND N STANDS FOR POSITIVE & NEGATIVE RESPECTIVELY.

A 10n

G+ 1|™)

Ba/\/\

H
®X < Laf
< La]®)

—
e

.

g
N~ H L)

ccur 4 a2
Na|™ Pri™)
Ne™® 1.5 )
@ Lal-)

al=*1 cd|™

11.

lonic
radius A°

1.41

1.34
1.31

1.31

1.23
1.20

1.20
1.14
1.12

1.06

1.05

1.02

0.99

0.91

0.80

AN AVERAGE HAD

Result

N

P

Reference

11

2
11

present work

11
2

present work.
14
2

11
present work
11
11

11

11
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CHAPTER 111

2 t Sodium and Potassium Lanthanum
Ferrites
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SODIUM AND POTASSIUM TANTH4ANUM FERRITES

Summergrad and Banks™ synthesized new compounds of
the formula N alkali metal 10n K**,
N or RoM™. Measurements of saturation magnetic moment of
these compounds gave a value of 44 Bohr magneton when extra-
polated to absolute zero. This compared favourably with the
value 40 Bohr magneton observed for barium ferrite and that
calculated on the basis of Anderson®s theory of superexchange
interactions7,

Although saturation magnetisation at absolute zero
depends only on the spin arrangements, the coercivity and the
variation of magnetic induction, B, with applied field, H, are
properties which to a large extent depend on the conditions of
preparation and subsequent treatments given to the samples.
These properties are important from the point of view of
application of the compounds as permanent magnet materials,

A detailed study was, thereforejnade on sodium and potassium
lanthanum ferrites to investigate the effect of different

conditions of preparation.

KINETICS OF REACTION

Effect of Surface Area: Out of many different samples of
ferric oxide used for the preparation of these ferrites,
positive results were obtained only with the samples having
specific surface areas greater than 50 sg.meters/gm as was
found In the case of preparation of silver and thallium

lanthan\3n ferrite™. The percent reaction yield x at different
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temperatures was calculated by the method already described,
using the formula x * ,211-X 100 where <r'max was the maximum
value of magnetization/gffi and was assumed to correspond to
complete reaction (40 c.g.s, units for sodium lanthaniim ferrite).

Ferric oxide obtained by thermal decomposition of
ferric oxalate possesses large specific surface area If the
decomposition is carried out at low temperaturego(-‘~300°C)-
The surface area decreases with the iIncrease of decomposition
temperature and becomes very small If this temperature exceeds
1I000"C. The yield of sodium lanthanum ferrite formed at 1300°C
from different samples of ferric oxide obtained by decomposition
of ferric oxalate at various temperatures for half an hour was
studied. The results are reproduced iIn table 12 and the variation
of the reaction yield as a fiinction of decomposition temperature
of ferric oxalate is shown in figure 11, The maximum yield of
sodium lanthanum ferrite is obtained from ferric oxalate sample
heated at approximately 300°C. This appears to be due to the
fact that at lower temperatures the decomposition of oxalate to
oxide may only be partial whereas at higher temperatures the
decomposition is complete but the surface area decreases. A't
decomposition temperatures beyond 1000°C the sintering of ferric
oxide formed starts giving much bigger particles, hence the
reaction yield decreases abruptly.

The effect of surface area of ferric oxide on the
formation of sodium lanthanum ferrite can also be seen from the

result of an experiment in which Fe(OH)3 obtained by the
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TABLE 22

REACTION YIELD OF SODIUM UNTHAMJIM FERRITE USING FERRIC OXIDE
OBTAINED BY THERMAL DECOMPOSITION OF FERRIC
OXALATE AT DIFFERENT TEMPERATURES.

Oxalate decom- q- Reaction
osition 4 A g Density gauss.cmY/ yield
emperature gauss gnw/c.c. om. per cent

100 1320 3.49 30.0 75
200 1525 3.41 35.6 89
300 1710 3.40 40.0 100
400 1645 3.39 38.6 9%
500 1530 3.38 36.0 0
600 1465 3.33 35.0 87
700 1465 3.33 35.0 87
800 1420 3.32 34.0 85
900 1380 3.27 33.6 &4
1000 1220 3.02 32.0 80
1100 985 3.01 26.0 65

precipitation of FeClg with ammonia was decomposed by heating
it at 6508C for eight hours. The eight-hour heating decreased
the surface area of the oxide considerably. This sample was
ball milled for various durations. Since the surface area
Increases with the grinding time, samples of various areas

were obtained. Sodium lanthanum ferrite was prepared from them
by reacting them at 1300°C for 3 hours with the other component
oxides (or carbonates). The values of reaction yield for these

different samples are summarized in table 13. The reaction

eee /0.



TABLE 13

THE EFFECT OF INITIAL GRINDIMG TIME OF FERRIC OXIDE ON THE
REACTION YIELD OF SDIUI"I LANTHANUM FERRITE

%Iirrlngding gaﬁssl" 3%9?:"3’ galiss..cm3f 5?2??0”
hrs. gm percent.
0 210 3.51 4.8 12
20 585 3.52 13.2 3
40 795 3.52 18.0 45
60 1670 3.55 24.0 60
80 1270 3.55 28.4 71
100 1330 3.56 29.6 74
118 1310 3.57 29.2 73

yield increases with the grinding time of ferric oxide upto
about hundred hours, after which it remains practically con-
stant. The initial increase is due to the Increase iIn the
surface area of ferric oxide. After a certain time, about one
hundred hours iIn the present case, an equilibrium is reached™®
and further grinding has no effect on the surface area of the
powder, therefore, there iIs practically no increase in the
reaction yield of sodium lanthanum ferrite. It iIs iInteresting
to note that the reaction yield never becomes 100®, indicating
that the ferric oxide sample heated at 6508C for a few hours
possesses specific surface area less than 50 sq.meters even

after grinding i1t in a ball mill for several hoxirs.

. 71



700 800 900 1000 1100 1200 1300 1400

REACTION TEMPERATURE, C

Fig-12. VARIATION OF REACTION YIELD WITH TEMPERATURE
OF SODIUM AND POTASSIUM LANTHANUM FERRITES



Effect of Temperature: In order to determine the effect of
temperature on the reaction yield of sodium and potassium
lanthanum ferrites, B.D.H. ferric oxide and the other component
oxides or carbonates were reacted for three hours at different
temperatures. The results are given in table 14 and the
variation of the percent yield with reaction temperature is

shown in figure 12,

TABLE 14

REACTION YIELD OF SODIUM AND POTASSIUM LANTHANUM FERRITES AT
DIFFERENT TEMPERATURES

Compos{-tion %%S,ﬁ(?c? A(f;jaz\s!%g %(ranr}glgy gaags. )F;(iagcl:%nt
cm™/gm

NeNLa'Fe3 019 1000 35 3.30 0.8 2
1050 405 3.344 9.6 24
1100 1380 3.42 32.0 80
1200 1730 3.46 39.8 99
1300 1730 3.52 39.0 97
1350 1615 3.57 36.0 0

KNLa™ei 2019 1000 0 3.20 X X
1050 80 3.26 2.0
1100 530 3.30 12.8 32
1200 1220 3.30 29.4 73
1300 1685 3.35 40.0 100
1350 1635 3,30 39.4 98
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It can be seen that the "‘effective yield" increases
with temperature and attains a maxiimim value at 1200°C for
sodium lanthanum ferrite and at 1300°C for potassium lanthanum
ferrite. Beyond these temperatures the “‘effective yield"
started decreasing. These ferrites, like silver lanthanum
ferrite, are also formed at higher temperatures as compared to
barium ferrite. In the case of barium ferrite 1t is known that
the rate of reaction is controlled by the rate of decomposition
of barium carbonate”™ which i1s one of the starting materials
for i1ts preparation. In order to determine whether in this
case also the rate of decomposition of sodium or potassium
carbonate influenced the rate of formation of these ferrites,
sodium lanthanum ferrite was synthesised using sodium peroxide
(Na202 decomposition temperature 460°C) and sodium acetate
(CHgCOONa  decomposition temperature 334°C) instead of sodium
carbonate as one of the starting materials. The rate of
formation of sodium lanthanum ferrite was found to be the same
in all the three samples containing different sodium compounds
as the source of sodium ions, thus indicating that the higher
reaction temperature of these ferrites iIs due to some other
reason. As will be reported shortly, these ferrites are un-
stable at the temperatures 900-1000°C and decompose into the
constituent oxides or binary compounds such as alkali metal
ferrite or lanthanum ferrite. This probably is the reason for
their reaction temperatures being higher than 1000°C. The
results of similar studies on barium ferrite by Sugimoto and

Takei™ and by us are also included in the figure 12. The

. 3.



Fig.13-HYSTERESIS LOOP OF A SAMPLE OF SODIUM LANTHANUM

FERRITE AT ROOM TEMPERATURE



difference between their and our value of the barium ferrite
reaction yield seems to arise from the fact that they had
compared 4ATg rather thancT "Tg/d) which is a true index of
the amount of the magnetoplumbite phase present.

The reason for the decrease iIn x beyond 1300°C in
the case of alkali metal lanthanum ferrites seems to be the

same as described earlier for silver lanthanum ferrite,

MAGNETIC PROPERTIES

B-H Measurements; The variation of B and B-H as a function of
the applied field, H, was obtained for samples of sodium and
potassium lanthanum ferrites prepared as described earlier and
sintered at various temperatures upto 13680*C after grinding
them for 15 hours and pressing into pellets under a pressure
of 3000 lbs/sg.cm. Typical results are shown In figure 13 for
sodium lanthanum ferrite- and figure 3 for potassitim lanthanum
ferrite when sintered at 1300°C for one hour. The remanent
induction, Bj., the iInduction coercivity, and the iIntrinsic
coercivity, |Hc, were obtained from these graphs. The magneti-
zation per gram, 0“ , was calculated from the formula a~ =Is/d
e.g.s. units as reported earlier. The values of these para-
meters for both the compounds sintered at various temperatures

are presented in table 15,

Saturation Magnetization; Figures 14(a) and 14(b) show the
variation of B. and as a function of sintering temperatures

for sodium lanthanum ferrite. One can see some interesting

.- 1A
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TABLE 15

MAGNETIC PROPEHTIES OF SODIUM AND POTASSIUM LANTHANUM FERRITES
SINTERED AT DIFFEINENT TEMPERATURES

(INDEPENDENT PELLETS WERE USED FOR EACH MEASUREMENT)

Composition %ew%er‘l’gg g:us"és galass Oersted O(gll_’gteddzﬁci:gy gaﬁrss
aw/gn.

NeNLanFeigoio s - 1046 685 500 1550 2.67 31,5
600 1205 900 600 1750 2.69 36.2

900 765" 670 600 3400 2,76 22.4

1100 1430 1175 1050 3900 3.82 29.8

1200 1840 1570 1400 3650 4.39 314

1300 2325 1830 1350 2500 4.83 38.2

1350 2300 1644 750 1100 4.83 37,4

KNaFe3 20i9 'As- 920 605 450 1600 2.53 29.3

- pressed"

600 1000 715 550 1800 2.56 31.4

900 610 585 500 2700 2.61 18.9

1100 1169 985 800 3000 3.09 30.0

1200 1007 1655 1300 3000 3.91 38.8

1300 2445 1920 1400 2600 4.63 42.0

1350 2510 1869 1100 1750 4.88 41.0

features. First, the "as-pressed" samples prepared after grinding
fully reacted samples (0" = 40 gauss-cm /gm) show a considerable
decrease In c~ value to about 30 units. This Increases on

heating and tends to approach the original value as shown by the

.=. /5.



dotted line in figure 14. Secondly, Bp and cr- start falling
from 800°C upwards, attain a niininulD at 900-1000°C and then
rise again at higher temperatures upto I1SOOC. The minimum
values of B. and <I~ obtained at 900-1000°C depend upon the
duration of heating at these temperatures. TF the heating iIs
done for only one hour the values were 670 gauss and 22.4 gauss
chhiiVg™ respectively whereas after heating for 24 hours the
values fell down to 455 gauss and 15,3 gaussxcmO/gm respectively
for a sample of sodium lanthanum ferrite, A similar behaviour
was observed in the case of potassium compound and also for
silver and thallium lanthanum ferrites. The results of magnetic
measurements on the last two compounds when the same pellets
were sintered upto 1200°G are summarized in the table 16,

Regarding the first observation, it is clear that
this lower value cannot be attributed to a partial decomposi-
tion because the x-ray diffraction pattern does not give any
evidence of the same. Also 1t cannot be attributed to a loss,
of the orientation achieved during pressing, Tf this had been
the cause the original value would not have been restored on
heating at relatively low temperatures of the order of 600 or
650°C, as was observed.

In order to check whether the relationship o' = IgA.
was applicable to dilute magnetic systems, various samples
containing different propertions of sodium lanthanum ferrite
and an inert non-magnet material ( dis.+e03) were prepared and

pressed into pellets. The values of 4 A Ig for different

--- (6.
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TABLE 16

RESULTS OF MAGNETIC MEASUREMENTS ON SILVER AND THALLIUM UNTHANUM
FERRITES, USING THE SAME PELLET FOR MEASUREMENTS AT EACH
SINTERING TEMPERATURE

Composition _?_gn];er!)gg gauss ga&gs Oersted O(la/l\"?éted gﬁ?gci:tygaags
cm3/gm
Ag™LaPeigOig "'As- 645 475 350 1150 2.41 21.2
pressed"
600 1046 720 500 1200 2.47 33.6
900 360 330 300 4000 2.49 11.5
1100 890 750 700 3700 3.86 18.3
1200 1090 970 800 3300 4.43 19.5
"As- 910 625 450 1150 2.43 29.5
pressed'’
600 1160 795 650 1200 2.49 37.0
900 500 470 400 4000 2.52 15.7
1100 835 740 650 3350 3.78 17.8
1200 1000 850 700 2850 4.19 19.0

samples show (Fig.15()) the expected linear variation against
the composition (percent magnetic material). The o value
calculated from the above equation remains constant. Another
linear plot (Fig.15(b)) with different slope (ie. different 0" )
IS obtained for samples heated at 600°C or 1300°C. This
establishes that the value of 0" decreases on grinding and is
restored on heating at 600°C. That this decrease In saturation
moment s recovered by heating the samples at low temperature

iIs further confirmed by the results of the experiment in which

.



a sample of sodium lanthanum ferrite ground for 15 hours iIn a
ball mill was heated first at 600BC, then mixed with usual
binder and pressed into a pellet. The value of this sample
was 36 gauss.cn/gm, and 1t Is comparable with the earlier
values obtained at 600RC. This experiment also indicates that
a loss of orientation could not be the cause of the above
mentioned decrease In a~ values, because In that case pellet
formation after heating at 600°C should not have shown an
increased a- value. Any link between Improvement In a~ with
ferromagnetic to paramagnetic transition at Curie temperature
was also ruled out by heating the pellet at many temperatures
below and above the Curie point. No significant difference was
observed. The improvement abruptly appeared at 600-650°C.

Although i1t i1s not possible to explain this behaviolir
precisely, It appears possible that the low 0" values are due
to some disorder brought about iIn the crystal due to grinding
The surface imperfections are readily removed, hence the
improvement at 600°C i1s understandable.

In order to find the cause of decrease iIn cr 1In
samples heated at 900-1000°C x-ray diffraction patterns were
obtained from samples heated at different temperatures. It was
found that upto 700°C magnetoplumbite was theonly phase present.
At 900-1000°C the pattern indicated a mixture of magnetoplumbite
and d “Fe203, the lines due to the latter being more prominent.
In fact the colour of the sample changed fromthe blackcolour

of magnetoplumbite to the dark brown of
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At 1300°C a partial reformation of magnetoplumbite
phase was observed. In samples heated at 900°C, lines due to
some compounds of lanthanun; or sodium were especially looked
for but were not present. It can be seen that in partially
decomposed sample of this ferrite {"50% decomposition), the
proportion of lanthanum or sodium compounds would be less than
five percent, hence it iIs not surprising that their lines were
not observed. Blank experiments were carried out iIn which
mixtures of LagO" » el were
heated at 900°C for one hour, Tn both the cases compound
formation was observed by x-ray diffraction, iIndicating that
these would, iIndeed, be present iIn the decomposed samples of
sodium, potassium, silver or thallium lanthanum ferrites heated
at 900-1000°C.

Tn an attempt to see whether the decomposition at
900-1000°C and recombination at 1200-1300°C were completely
reversible processes, various cycles of heating between the two
temperatures (900°C and 1100 1300°C) were carried out. The
results are given iIn table 17. Results of similar measurements
on silver and thallium lanthanum ferrites are also included in
this table. It can be seen that the cr values do go up and down
at 1100eC and 900°C repeatedly on unsintered pellets or powdered
samples. However, the original value of cr was never achieved
once the sample was heated at 900°C for a long time. Such
samples even after grinding ml an agate mortar and heating at

1300°C for 6 hours gave a cr value of only 33 gauss.cm /gm for

. 9.



TABLE 17

EFFECT OF REVERSIBLE HEATING CYCLES ON THE MAGNETIC PROPERTIES
OF SODIUM, POTASSIUM, SILVER AND THALLIUM UNTHANUM FERRITES

Composition*  Sintering 471, density 0"
Temp. OC. gauss” gn/c.c. gauss, cmvVgm.

Na~La”Fe3_20i9 900 495 2.57 15.3
1100 890 3.85 18.4

900 820 3.85 16.9

1200 1120 4.46 20.0

900 1120 4.46 20.0

1300 1336 4.87 22.3

900 1335 4.87 22.3

900 610 2.56 18.9

1100 870 3.34 20.7

900 820 3.34 19.5

1200 1545 4.23 29,0

900 1485 4.23 27.9

1300 1815 4.77 30.3

900 1660 4.77 27.8

Al AAF@ADO 900 360 2.49 11.5
AgTLatReT2719 100 730 3050 16.4
900 645 3.52 14.5

1200 1050 4.63 18.0

900 1005 4.63 17.2

1300 1300 5.05 20.4

900 1300 5.05 20.4

900 500 2.52 15.7

1100 835 3.72 17.8

900 775 3.72 16.5

1200 1075 4.19 20.4

900 1045 4.19 19.8

1300 1330 4.67 22.6

900 1260 4.67 21.4

¢ Samples were grotind, pressed and alternately sintered at
and higher temperatures. Measurements were made on the same

pellet at each temperature.
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sodium lanthanum ferrite (original value 40), showing that
the reaction remained incomplete. This clearly indicates that
the d.<*e2&B obtained on decomposition at 900°C was of un-
reactive form, i1.e. of low surface area.

It is also iInteresting to note that It pellets of
completely reacted samples are quickly raised to 1350°C and
sintered to a high density (~"75") and then lowered to 900-
1000°C and subjected to a prolonged heating, no decomposition
IS observed. Similarly no decomposition iIs observed on heating
the reacted samples at 900@RC before grinding them in the ball
mill. This iIndicates that the decomposition might be dependent
on the particle size of the ferrite. The effect of particle
size distribution was, therefore, investigated in some detail.
Samples of sodium lanthanum ferrite were ground in a ball mill
for different durations upto 15 hours. They were pressed Into
pellets and heated at 900°C for one and a half hours. The
saturation magnetization was measured as usual and the results
of the measurements are given iIn table 18.

The effect of grinding on € can be seen from fig.16.
Since the saturation magnetization per gram s proportional to
the percentage of the magnetoplumbite phase, this curve
indicates that the grinding facilitates decomposition.

Although this curve does not give a quantitative idea
of the dependence of the decomposition on the actual particle
size distribution, it points out qualitatively that smaller
particles decompose faster than bigger ones. In fact it is

quite likely that only particles below a certain critical

... 8l.
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TABLE 18

EFFECT OF INITIAL GRINDING ON THE DECOMPOSITION OF SODim
UNTMNUM FERRITE AT 900"0 FOR HOURS

Initial grinding 4 " density N
time (hours) gauss gn/c.c. gauss,cr™/gn,
0 1660 3.25 40.4
1/4 1680 3.20 41.2
2 1380 3.05 36.0
:3)i/2 1290 3.01 34,0
8 1055 3.00 27.9
12 920 2.97 24.8
15 825 2.95 22.2

diameter are capable of decomposing. Thus, iIncreased grinding
would convert more and more particles to below this critical
diameter so that decomposition would Increase with increasing

grinding time.

Coercivity: Figure 17 shows the variation of intrinsic
coercivity as a function of sintering temperatures. For
sodium lanthanum ferrite the iIntrinsic coercivity iIncreased
with temperature upto 1150°C, from where it started diminish-
ing. A similar trend was observed for potassium lanthanum
ferrite, although the maximum was observed at 1250°C. At all
temperatures the coercivity of potassium compound was less

than that of sodium lanthanum ferrite.
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The decrease iIn beyond a certain temperature
can be attributed to more and more particles exceeding the
critical domain size due to the iIncrease iIn particle size
during sintering. Whereas the magnetization changes in single
domain particles can take place only through reversals and
rotations in high fields, those iIn bigger particles can take
place in much lower fields because of domainwall motion.

The steep rise In In the range 800-1000°C 1s
interesting. Since this temperature compares favourably with
the decomposition temperature of the magnetic phase, It is
plausible to suggest that the decomposition leaves the remain-
ing mass of the magnetoplumbite phase with amuch smaller
particle size. TfF the decomposition startsfrom the surface
and proceeds inwards, a fifty per cent decomposition would
leave the Tinal particle diameter about twenty percent less
than the Initial diameter. This may be enough to account for
the observed increase in coerclvity. Tt is even likely that
the decomposition does not only proceed on the surface but iIn
the bulk as well. This would lead to much smaller particles,

A similar decomposition may well explain a parallel
increase In coerclvity of barium ferrite observed around 800-
10(1)*”‘(:18. However, iIn this case a difficulty arises due to the
fact that no evidence to confirm this decomposition has so far
been obtained from x-ray or saturation magnetization measure-
ments, Therefore, this could only be taking place In traces.
In order that such a trace decomposition has any effect on the

particle size, i1t has to propagate through the body of the
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crystallites leading to a sub-division of the particles.

Curie Temperature; Curie temperature of sodium and potassium
lanthanum ferrites has been found to be 440°C. This value

compares \ell with thatobtained by Summergrad and Banks™ and
that of silver and thallium lanthanum ferrites as reported In

the last chapter.

Effect of addition of bismuth oxide; As iIn the case of silver
and thallilara lanthanum ferrites, the addition of bismuth oxide
to sodium and potassium lanthanum ferrites deteriorated con-
siderably theilr saturation magnetization despite the fact that
the increase in density was of the same order as that observed
in barium ferrite. b% £1203 was added to the reacting mixture
before the reaction at 1SO0™C for three hours and pellets were
pressed applying a pressure of 3000 lbs/sq.cm, after grinding
the mixtures for fifteen hours. Results of the magnetic
measurements of samples sintered at various temperatures are
given in table 19. The origin of this change will be discussed
In chapter ©'S-

It 1s thus concluded from the above experiments that
although the alkali metal lanthanum ferrites are similar to
barium ferrite with respect to crystal structure and magnetic
properties such as saturation magnetization, coercivity and
Curie temperature, there iIs a large difference in regard to
their stability at elevated tem.peratures, The decomposition
to the other oxides iIn the temperature range 900-1000°C raises

the temperatures at which these compounds have to be heated

. 84.



TAB LE

19

EFFECT OF BigOg ADDTTTOW ON THE MAGNETIC PROPERTIES OF SODIUM
AND POTASSIUM LANTHANUM FERRITES

Sintering 4 7

Sodium HOC

lanthanum

ferrite con- 1200

taining 5%

bismuth oxide 1300
1350

Potassium 1100

lanthanum

ferrite con- 1200

taining 5%

bismuth oxide 1300
1360

for complete reaction and sintering.

980
1566
1636
1670

1500
1690
1620

Bp

890
1255
1355
1280

1150
1210
1200

B"c

800
1100
1000

750
1000
950
700

o I"c density "
Composition Temp. OC. gauss gauss Oersted Oersted gw/cc gauss,

4450 4.95
3000 4.96
2200 4.95
1300 4.95

3400 4.70
2700 4.92
2200 4.95
1800 4.95

at a disadvantage as compared to barium ferrite. Also the

ar™v/gn

15.7
25.0
26.2
26.8

16.3
24.2
26.6
26.0

This puts these compounds

advantage associated with the addition of bismuth oxide is not

available for these compounds.
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EFFECT OF IMPURITIES ON HARD FEHHTTES

After the usefulness of the hexagonal ferrites as
permanent magnet materials had been established, various
attempts were made by several workers to improve their gquality
by certain additions and substitutions. A summary of the past
work i1s already described in chapter 1. It will be recalled
that Okamura™ observed that small amounts of bismuth oxide
enhance the saturation and remanent magnetization of barium
ferrite, Ba0.6Fe202, considerably. Whereas pure unoriented
polycrystalline sample of barium ferrite sintered at 1100°C
showed a saturation magnetization (4A"ls) 2100 gauss, remanence
@.) 1600 gauss and coercivity 3000 ocersted, another
identical sample containing 1 pei cent bismuth oxide had the
corresponding values as 3600 gauss, 2300 gauss and 3750 oersted
respectively. In an attempt to explain this remarkable observa-
tion, a detailed study of the effect of this and other impurities
on barium and other hard ferrites has been made. In what follows
the results, together with some plausible conclusions regarding

the role of these impurities are reported.

Effect of Impurities on Barium Ferrite: Barium ferrite samples
containing various impurities listed in columnlof table 20 were

formed by solid state reactions at 1000°C as described earlier.

The products, on examination by x-ray diffraction, revealed

that in all cases the magnetoplumbite phase was formed completely
No diffraction lines attributable to the impurity phase could be

detected, presumably because theilr concentrations were too low.
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TABLE 20

EPFBCT OF IMPURITIES ON THE MAGNETIC PKOPERTIES OF BMIIH-1 FERRITE
SAMPLES SINTERED AT 1100°C FOR HALF AN HOUR

Impurity 4 X Is Br B~c iHc density g
gauss gauss Oersted Oersted gnw/cc  gauss,
cm2/gm
nil 2035 1630 1300 2800 3,66 44 .2
2140 1620 1025 2350 4,45 38,2
10HgO
5"CuMn204 2375 1855 1200 2500 3.98 47.4
5fiP0 2980 2260 1600 2800 4,87 48,6
3280 2526 2100 2900 5,12 50.9

After grinding the reacted samples for 15 hours in a ball mill,
pellets were pressed under a pressure of 3000 lbs/sg.cm. These
pellets were sintered at 1100°C for half an hour and then
subjected to magnetic measurements. The values of 4 7 Igj

gHp, and for these products are given iIn the columns 2,3,4
and 5 respectively of this table. It is seen that magnetic
properties improve on the addition of small amounts of low melting
oxides. This increase iIs mainly due to the iIncrease iIn the
density of the samples because 4/"Mls = <; X d where cr is the
satxiration magnetization per gram in c.g.s, units and d iIs the
density of the pellets. The values of densities of these samples
are given in column 6 of the above mentioned table. The increase
in density of these samples iIs caused by greater volume shrink-
age of their pellets as compared to the pellets of pure barium

ferrite. The measurements of linear shrinkage of these samples
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TEMPERATURE, C

Fig.18- LINEAR SHRINKAGE ON HEATING SAMPLES

OF BARIUM FERRITE WITH AND WITHOUT B1203



during sintering were done as described earlier on 2 cm long
rods pressed fron samples reacted at 1000°C for 4 hours and
ball milled under water for 10 hours. Figure 18 shows the
variation of percent linear shrinkage of a sample of pure
barium ferrite and that containing 6%'bi2~2 with the sintering
temperature. It can be seen that the linear shrinka*ge, hence
the density of the samples containing Bi203 increases at a rate
much faster than In the case of pure compound. Similar results
of shrinkage measurements on barium ferrite were also obtained
by Sugimoto and Takei54- The increased density is mainly
responsible fot higher value of 4 7TT In the Impurity doped
sanmples. However, the entire iIncrease In 4 A 1 cannot be
attributed to the increase In density because iIn that case CT
values (column 7; table 19) which are independent of density
should have remained constant. This iIndicates some other changes
in the samples which are responsible for changes iIn (T values.
Thus a~ fTor pure barium ferrite sintered at 1100°C has a value
of 44 e.g.s. units, whereas those containing CuMngO®
10001 PbO (M.P. ~8*”M0 and Big0g (M.P. 860°C) show an increase
to 48, 49 and 51 units respectively and that containing borax,
(M.P. 75°C) shows a decrease to 38 units. In the case of bismuth
oxide, where the Increase In <" 1s maximum, three probable
causes for the iIncrease can be thought of.

(@)) At elevated temperatures bismuth oxide helps to
increase the slight orientation produced in the pellets at the
time of pressing them. Barium ferrite particles are platelets

with their easy direction of magnetization perpendicular to the
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plane of the plate. When the pressure iIs applied the platelets
tend to lie flat, perpendicular to the direction of pressing ,
This introduces a partial anisotropy32 (compression anisotropy)
which would increase at elevated temperatures if such rightly
oriented particles grow at the cost of the remaining misaligned
particles. With Increase In orientation O~ iIs also expected
to iIncrease,

(@ The presence of bismuth oxide helps in the forma-
tion of ferromagnetic phase. It 1s expected that in thetempera-
ture range in which the reaction of barium ferrite is carried out,
bismuth oxide would exist as a liquid and this would furnish an
easy path for the i1ons of the reacting oxides to diffuse and
react, thus removing any unreacted oxides which might be present
due to incomplete reaction at 1000°C,

(3 Bismuth 1ons, Bi™™*, from bismuth oxide replace
those Fe** i1ons which have their magnetic moments antiparallel
to the net magnetic moment of the unit cell.

The fact that the process (1) is partially responsible
for the iIncrease In cI has been established with the aid of the
following results. Cubical pellets (<M cn x 1 cm x 1 an) were
prepared from the reacted and ground samples of pure barium
ferrite and that containing 5% Bi203. These were sintered at
various temperatures and magnetic measurements were made to
determine the values of remanence in the direction of pressing
@G- and that in the direction =r> "ht angles to this direction

), The value of the ratio . By should be 1 for a

completely random sample and zero for a completely oriented
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sample31 The observed values for this ratio for these two
samples when sintered at various temperatures are given in
table 21, It can be seen that there is a small orientation
already iIntroduced during the pressing of the pellets and is
nearly the same for both the samples. However, on heating at
900RC, the orientation has increased by about seven percent iIn
the sample containing Big0™ whereas no change takes place iIn
the other sample. This difference iIncreases to about ten percent
at 1200-1300°C, Thus the observed difference in c~- of barium

TABLE 21

CKIiINGE IN ORIENTATION DUKING SINTERING OF BHIU"l FERRITE SAKPIES
WITH AND VMTHQUT BISMUTH OXIDE

Composition Sintering By
Temp. @C. gauss g%ﬁés Br / Bp
Pure barium "As pressed"’ 1150 1075 0.935
ferrite
600 1210 1130 0.935
900 1320 1230 0,935
1000 1440 1345 0.935
1100 1745 1630 0,934
1200 1950 1820 0.933
Barium ferrite "As pressed” 1325 1250 0.942
containing 5%
bismuth oxide. 600 1360 1280 0.940
900 1840 1640 0.891
1000 2220 1930 0.870
1100 2350 2015 0.859
1200 2430 2060 0.848



ferrite with and without bismuth oxide (M5%, see table 20)
can mainly be attributed to the difference iIn the degree of
orientation. Tt Is Interesting to note that the orientation
grows rapidly at 900°C, a temperature very close to the melting
point of Big0®, which would indicate that the presence of a
molten phase helps iIn the growth of rightly oriented crystals
at the cost of the wrong ones.

As pointed out above the iIncreased orientation explains
only a part of the improvement. This is also brought about by
the following experiment. Mixtures of BaC03 and Fe202 (1i6) and
that of B«C03, Fe203 and Bi203 (1:6:0.12) were heated at different
temperatures from 800-1300"0 for four hours, pressed into pellets
without ball milling them and sintered at 800°C for one hour.
This last temperature was particularly chosen to exclude any
Increase In orientation, iIn bismuth oxide doped samples, which
starts only around 900°C, The results of the magnetic measure-
ments are given in the table 22. Even under these conditions
the samples containing Big03 give a larger cr value, showing
that erther process (2) or (3 mentioned above is also taking
part in the improvement of these samples. Tt iIs not possible
to rule out one or the other conclusively but the following
indirect evidence suggests that the process (2) is less likely.

@ There is no x-ray evidence of the presence of any
unreacted phase In barium ferrite samples free from Bi203, So
the question of bismuth oxide increasing the reaction yield

apparently does not arise,
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TABLE 22

SATURATIOE] MAGNETIZATION OF BARIm-1 FERRITE SAMPLES WITH AND
WITHOUT BISMUTH OXIDE WHEN RE&CTED AT VARIOUS
TEMPERATURES AND SINTERED AT 800°C.

e Reaction 4 L1 density cr' ~
Composition Temp. °C gaussg/c,c.  gauss.cn™Mgn
Pure_barium 800 725 3.03 18.9
ferrite

900 1485 3.29 35.9

1000 1905 3.56 42.5

1100 1980 3.60 43.7

1200 2095 3.70 45.0

Barium ferrite 800 860 2.90 23.6
containing_5%

bismuth oxide 900 1610 3.29 38.9

1000 2160 3.77 45.5

1100 2320 3.81 48.3

1200 2405 3.84 49.7

((9) The subseguent measurements using PbO instead

Big0g showed no such improvement in o° when sintered below the
melting point of PO, If merely a molten phase was necessary

to bring about the increased reaction, an equivalent Improvement
should have been observed in this case as well. On the other
hand 1T substitutional replacement iIs taking place, no Improve-
ment could be expected In this case because Pb24 1ions will
merely replace Bx** i1ons without in any way affecting the net
magnetic moment of the unit cell. The replacement of Ba™ i1ons

by Bi”" 1ons accompanied by a change in the valency of adjacent
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Fe*™ 1ons to Fe™* 1ons at the or 4fg sites, the improve-
ment would be of the order of 10%™ which agrees with the
experimental observation. The ionic radius of Bi™* i1s 0.96 AR,
so  tetrahedral sitescan accommodate them without much
distortion.

It 1s Interesting to note that i1n barium ferrite
samples containing S"BigOo the coercivity has not fallen
(infact, 1t has shown a slight iIncrease) although the density
has increased by about 40fc as can be seen iIn table 20. The
increase In density iIs usually associated with increase in
grain size. This leads to a fall iIn coercivity because the
demagnetization iIn bigger particles takes place through domain
reversals as well as wall movements, whereas iIn small particles
of less than the single domain size, domain reversal is the only
Teasible process which takes place at much higher magnetic
fields. The iIncrease In density can become consistent with the
Increase In coercivity If we assume that on melting, bismuth
oxide provides a surface layer on each particle and acta as a
cementing agent which joins the adjacent particles while main-
taining a magnetic insulation at the inter-grain junctions.

This hinders the formation of domain walls at the junctions, so
that, effectively the particles continue to be single domained
despite the high apparent density of the pellets.

The behaviour of barium ferrite containing five percent
lead oxide, PbO, also fits In with the above picture. The replace-
ment of Ba** 1ons by H™* i1ons does not lead to any change in cr

so that the only improvement possible is through the increase
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in orientation. This was confirmed experinentally with the
similar decrease iIn the value of the ratio By ZBj!" in the
neighbourhood of the melting point of PbO, just as was observed
in the case of barium ferrite sample containing BigO0g, A ten
percent increase due to this cause should give a value of 48-49
units for <r~ , which agrees well with the experimental value.
It appears that in samples containing copper manganite, CuMn2/™4»
also the improvement iIs due to the orientation effects.

Further attempts to improve the magnetic properties
of barium ferrite were made by doping it with another type of
impurity which replaced the magnetic ions as distinct from the
earlier impurities which did not go into the lattice but had
only some sort of catalytic activity. Replacement of tetrahedral
sites by non-magnetic ions dhould result in an Improvement
because the Fe ions on these sites have their spins directed
opposite to the resultant magnetic moment of the unit cell.

The diamagnetic ions like zZn™*, Cd™*, Si™* and Ge™* are Imown
to prefer tetrahedral sites, hence they would be a good choice.
In fact, attempts were made*” to replace FN™ ions by

ions, but this did not succeed because the charge was not
compensated and some ferric ions were required to change to
ferrous 1ions. In the present work this difficulty was avoided
by simultaneously incorporating a divalent and a tetravalent
impurity from the above list so that the three requirements

(1) zero spin moment, (i1) preference for tetrahedral sites and
(i11) average valency <3, were all simultaneously met with. The

results of magnetic measurements when tetrahedral Fe™ ions were



replaced by Zn™* and (50:50) are given iIn table 23.

TABLE 23

MAGINETIC PROPERTIES OF THE COMPOSITIONS BaO. (6-x)F0202 .xSi0g.

xZnO WITHOUT AMD WITH 1,5% BISMUTH OXIDE WHEN x VARIES FROM
0 TO 1.0.

4 A1 Br B~c iHC density Curie
X gauss gauss Oersted Oersted gn/c.c. Temp. °C.

ComiDOSitlons without bismuth oxide

0.0 2900 2000 1400 2200 4.89 455
0.2 3100 2100 1400 2400 5.4 455
0.4 2600 1750 1300 2600 5.09 435
0.7 2150 1400 1100 2900 5.03 433
1.0 1800 1150 900 2400 4_.86 430

Compositions with 1.5% bismuth oxide

0.0 3080 2100 1500 2200 5.00 460
0.2 3425 2300 1400 2200 5.15 460
0.4 2865 1860 1400 2500 5.08 450
0.7 2275 1450 1100 2600 4.98 445
1.0 1575 900 800 2600 4.78 440

The magnetic measurements were made on samples sintered at 1250gC,
The results on the above compositions when 1.5 bismuth oxide

was added to them are also included in the table. It can be seen
that an increase In magnetiation does take place as expected on
partial replacement of tetrahedral Fe™* i1ons by non-raagnetic ions
However a larger concentration of non-magnetic ions (BaO. 6-x)Fe2"
xS10g.xZn0 with x > 0.~ causes a decrease iIn the Curie tempera-
ture, magnetization 4 7 1 and the remanence Bp. This iIs most

probably due to a weakening of the superexchange effects on
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account of the iInterruptions iIn the interaction chain by the
presence of non-magnetic Ions.

However, In the case of samples of barium ferrite con-
taining five percent borax, although 4 A T shows an increase, a-
decrease considerably, H Kojimia®®”"* has studied the effect of
addition of B20Q in the system MO-Fe203 (M m Ba, Sr, Pb). He
found that the magnetic properties of the system improved when
small guantities (upto 2jt) of B202 were added. From the present
study i1t 1s now clear that In reality B™ spoil the iIntrinsic
property of barium ferrite, but this I1s more than compensated by
the increase iIn density so that 4A T shows a slight iIncrease.
A critical examination of various possible causes for the decrease
In cr suggests that 1t is probably due to B™ ions replacing Fe™*
1ons substitutionally. No extra x-ray diffraction lines were
observed showing that the entire product has the magnetoplumbite
O

structure. B™ 1on has the iInert gas electron configuration so
that 1ts preference for one site or another In a crystal structure
IS determined mainly by Madelung and Born®s energy terms. It can
be seen gqualitatively that Madelung energy will remain unchanged
if E* and Pe™” 1ons are iInterchanged over octahedral and tetra-
hedral sites because they carry the same charge. The same would
hold for Born"s repulsive energy term if the octahedral and tetra-
hedral holes have equal radii. This Is expected to be so on the
basis of known values iIn the case of spinel structure where the
two holes are nearly of equal dimensions. In this case the
location of B™ ions would be determined by the preference of Fe™™

1ons on the basis of their covalent bond forming properties,
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Fe

hedral sites, hence ions would preferentially replace the

a _ 5 . .
1ons with d configuration are expected to prefer tetra-

ions at octahedral sites. A statistical distribution of B**
1ons over octahedral sites should lead to about eight percent
decrease In , While a preferential replacement of only those
1ons whose magnetic moment point in the right direction would
lead to a decrease of about 15%, The observed decrease (13%)
indicates that octahedral replacement is very likely but it
cannot conclusively establish whether there i1s any preferential

substitution of the second type discussed above.

Effect of impurities on Alkali Metal Lanthanum FTerrites;

Sodium lanthanum ferrite samples containing various
impurities listed In table 24 were formed as described earlier
by reacting them at 1300°C for three hours. The products were
examined by x-ray diffraction and the results are given In
column 8 of the table. Tt can be seen that In many cases the
resultant product i1s not the magnetoplumbite phase but merely
a mixture of oL-Fe203 and other oxides. This clearly iIndicates
that erther sodium or lanthanum oxide reacts with the Impurity
oxide In preference to olL-FegOg, forming a compound more stable
than the magnetoplumbite phase. These impurities are thus of
no Importance for the present study. However, the samples con-
taining Bi120o showed some interesting properties and ere,
therefore, studied in some detail. Samples of sodium lanthanum
ferrite containing CaO, SrO, PO, CdO, CoO, NiO, KgO and ZnO

showed magnetoplumbite structure. In the last five cases,
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TABLE 24

EFFECT OF IMPURITIES ON SODIUM LAWTHAMIM FERHITE SINTERIED AT
1300° C.

*
Impurity 4 ™ 1 bHc I"c  density <~ Crystal
gauss gauss Oersted Oersted gnw/cc @gy’ss. sStruc-
cn/gm  ture.

nil 2230 1780 1400 2700 4.38 40.5 M
5N SiOg 85 70 4.42 1.6 X
5N TiOg 276 225 4.18 5.2 X
5™ SbgOo 545 500 450 2100 3.69 11.7 X
5% AsgOg 840 790 700 3600 3.26 205 X
5F. SoOg 1040 535 250 450 3.70 21.9 X
5% Alg0g 1365 1240 1000 3650 3.53  30.5 X
5% 1280 1100 3000 3.61 32.3 v
5% ZrOg 1526 1205 900 1800 3.63 3.4 X
5\ Biglg 1555 1255 1000 3000 4.96 24.9 m”
5" CuO 1790 1370 800 1900 3.78 37.7 X
5" BeO 2005 1610 1100 2000 3.94 40.5 X
5b Wi0O 2190 1745 900 1800 3.72 46.7 M
5% MgO 2200 1660 800 1900 3.76 46.5 M
5% CdO 2225 1760 1160 2000 4.08 43.4 M
5% Zn0O 2270 1710 1050 1900 3.76 48.0 M
%" Co0 2SS0 1690 1100 2200 4.34 427 K
5% CaCOg 2595 2020 1200 1800 4.25 48.4 M
5" PbO 2740 2110 1100 1500 4.30 60.5 K
5% SrcOo 2870 2250 1400 2000 4.40 61.8 M

¢ M stands for magnetoplumbite structure and X for a mixture
of oxides.



however, the diffraction lines which coincide with those from
spinel structure show an enhanced iIntensity indicating that

the 1mpurity oxides are present as ferrites having the spinel
structure. SrO, Ca0 and PbO are known to form stable magneto-
plumbite phase, hence the formation of homogeneous product of
this structure in case of sodium lanthanum ferrite containing

these oxides 1Is as expected.

Effect of BI200: Sodium lanthanum ferrite containing five per-
cent Bir-Q: was examined for its magnetic properties. The
saturation magnetization and remanence showed considerable
decrease v;hereas the iIntrinsic coercivity increased slightly as
compared to the pure compound. The product on examination by
X-ray diffraction showed that i1t contained free ©(-FegOc and
only a small proportion of the magnetoplumbite phase, thus
showing that the addition of bismuth oxide leads to a partial
decomposition of sodium lanthanum ferrite. Since only a small
proportion of bismuth oxide Is adequate to decompose a large
amount of sodium lanthanum ferrite, It i1s clear that bismuth
oxide 1s reacting preferentially with one of the minor con-
stituents 1i.e. or LaO™ of the latter. Therefore®, mixtures
of Na"CO™ « Big0™® (1) and LagOg 4 tig0™ (1:1) were heated at
N0°C for two hours. X-ray diffraction patterns were taken
before and after the reactions and iIn both the cases they gave
the evidence of the formation of new compounds, confirming that
these reactions are responsible for the decomposition of sodium

lanthanum ferrite and other ferrites containing lanthanum.



A further confirmation of this came from the results
of the following experiment. A mixture of FepOj, Bla0™, WadO"
and in the ratio 6:0.12:0.6:0,6 was reacted at high
temperature. It can be seen that a large excess of both sodium
carbonate and lanthanum oxide was taken. The idea was to provide
lanthanum and sodium required for the formation of stable
compounds with bismuth and still leave behind enough of them to
form the magnetoplumbite phase. The results show that in this
case the complete formation of the magnetoplumbite phase did,
indeed, take place. The a" value of the product after sintering
at 1200°C matches with that of the pure sodium lanthanum ferrite

as can be seen from table 25.

TABLE 25

BP-ECT OF E}.CESS OF SODIUM AND LANTHANUM OXIDES ON THE
MAGNETIC PROPERTIES OF SDIUI-i LANTHANUM FERRITE CONTAINING BISMUTH

OXIDE

Composition 4 °7m 1 density cr

gauss gnw/c.c. gauss.cn™v/gnm.
Pure_sodium lanthanum
ferrite 2420 4.80 40.0
Sodium lanthanum ferrite
containing 5% Bigo3 1636 4.96 26.2
Sodium lanthanum ferrite
containing Big0® and

2496 4.91 40.4

excess of LagO0g and
NagOOo™

In addition to the decomposition caused by B1203, the thermal
decomposition at 900°C and 1ts recombination at temperatures

above 1100°C is also observed as In the case of pure sodium

- 100.



lanthanum ferrite. However, In the present case the repeated
alternate heating between 900°C and 1100-1300°C did not lead
to the formation of inactive ey as was observed iIn the case
of pure compound. Therefore, even after a number of cycles,

the original value was obtained on heating at 1S00°C.

Effect of PbO, SrO and CaO; These impurities go into solid
solution with sodium lanthanum ferrite giving homogeneous
magnetopluffibite phases which have saturation magnetizations
higher than the pure compound. Curie temperatures of these were
determined and an iIncrease was observed only iIn the case of
strontium doped compound where it was raised by 20°C, In other
cases It remained unchanged within the experimental errors,
Tt appears that the addition of these impurities raises the
value of (* to what is obtained In the case of pure barium
ferrite when sintered under corresponding conditions. The
samples containing sz"4 and Sr have values higher than those
containing CaID4 as 1s also observed for bariiim ferrite, ca ¥
ions partially replace Ba**, however, this replacement causes
a deterioration of the properties of barium ferrite as shown by
Rutkowska™ and Kozlowski and Ziolowski'”v, Although the result-
ing compound was of one phase and still possessed the character-
istics of a permanent magnet, Its magnetic properties were
inferior to that of the pure compound.

The results suggest that the pure sodium lanthanum
ferrite, although found to consist of homogeneous magnetoplumbite

phase by x-ray diffraction, might contain some impurity of
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alumina structure. This iIs i1somorphous with magnetoplumbite
and hence can remain unidentified by x-ray diffraction if
present In small amounts. However, this phase iIs anti-
ferromagnetic so that 1t would decrease the bulk magnetic
moment of the samples. Addition of Ca0, SrO and PbO would
change this antiferromagnetic phase to the magnetoplumbite
phase, which In solid solution or as a free phase would
increase the saturation magnetization to the required value

for a cent percent magnetoplumbite phase.
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MAGNETIC PROPERTIES OF THE SYSTEM BaO « FeoOg - BloOg

In the last chapter we had discussed the effect of
certain Impurities on the properties of hard ferrites. It was
found that 5% bismuth oxide has a very favourable effect on
the magnetic properties of barium ferrite. It was, therefore,
decided to extend this investigation to other compositions
containing different proportions of bismuth oxide. Study of
the ternary system BaO - Fe203 - B1203 had already been made
by Sugimoto and Takel”~ with the aid of x-ray diffraction
analysis and microscopic examinations. They found that the
single phase region was resitricted to a very small area in the
vicinity of BaO.eFegOg (see fig. 5). It was decided to
restrict our investigations to this single phase region only.
Seven representative compositions were chosen and detailed
studies of magnetic properties were made.

These compositions were formed in the usual way by
mixing all the oxides (or carbonates) iIn the appropriate pro-
portions and reacting them at elevated temperatures. After
reaction all the compositions gave a homogeneous single phase
as revealed by the x-ray results. The results of the magnetic
meastirements on the pellets pressed out of these compositions
under a pressure of 3000 lIbs/sqg.cm., after grinding them for
15 hours in a ball mill, are given in table 26.

It can be seen that in all these compositions 4 Ig
Bj. and Increase with the sintering temperature and attain

the maximum values at about 1100-1200®C. The Initial iIncrease
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Fig. 19 VARIATION OF INTRINSIC COERCIVITY OF
COMPOSITION 14 BaO. 84 Fe? O3« 2Bl203 WITH SINTERING
TE MPERATURE



Iin the saturation magnetization and the remanence is due to

the increase iIn density i1.e. more magnetic material per unit
volume and the removal of the surface defects produced during
the ball milling of the samples as reported earlier. On
sintering the pellets at 1300®C and beyond there is a fall in
both the saturation magnetization and the remanence. This

again is probably due to the loss of oxygen at high temperatures
as discussed in chapter 5T, The behaviour of intrinsic coercivity
with the sintering temperature is also parallel to that observed
in the case of alkali metal lanthanum ferrites. The first
increases with the sintering temperature, comes to a maximum
value at approximately 900°C and then falls progressively with
higher sintering temperatures. The typical results for the
composition 14Ba0 .84Fe203.2B1203 are shown in figure 19. The
maxima in this case lies at a much lower temperature as compared
to that in the case of sodium and potassium lanthairam ferrites
where 1t is observed around 1200RC. This is due to the fact
that these compositions sinter to high densities at much lower
temperatures than the latter compositions. The decrease iIn the
intrinsic coercivity beyond 900®C sintering is due to the
increase iIn the particle size which leads to the formation of
domain walls and hence easier changes in the magnetization of
the sample. The increase around 700°C can be due to the partial
decomposition of the magnetoplumbite phase as had been observed
in the case of sodium and potassium lanthanum ferrites. However,
as reported earlier, this is not conclusive as no decomposition

around this temperature has been detected by x-ray or magnetic
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TABLE 26

MAGNETIC PROPERTIES OP COMPOSITIONS FROM THE SINGLE
PHASE REGION OF THE PHASE DUGRAM OF THE SYSTEM BaO-FegOg-BlgOg.

The pellets were sintered at various temperatures after reacting
the materials at 1000°C for 3 hours fTollowed by ball milling for
15 hours and pressing under a pressure of 3000 lbs/sq.cm.

"'as- Sintering temperature
oomposiIXiIxon rroperxy pressea

600°C 9000C 1000°C 1100®C 1200°C 1300°

14Ba0.83Feg
02*SBi1gOg

4 Ms 171BO 1800 2630 2975 3150 3150 3100
Br 1420 1450 2030 2250 2410 2450 2400

1000 1150 1800 2000 1900 1700 1600
I“c 1650 2100 3300 3200 2550 2300 2100

Density 3.18 3.19 4.64 5.08 5.16 5.17 5.17

15Ba0.83Fe2 4 A g 1820 1930 2590 2915 3170 3120 3080
Og* SBigon

Br 1476 1560 1980 2220 2450 2400 2360
B~c 1050 1200 1800 1900 2000 2000 1800
1"c 1800 2350 3550 3300 3000 3000 2600

Density 3.18 3,19 4.37 4.91 5.11 5.13 5.14

16Ba0,83Feg 4 A Is 1750 1850 2500 2950 3200 3150 3100

Os.Big0s Br 1360 1420 1930 2250 2500 2450 8400
B®c 1000 1150 1800 1900 2000 2000 2000
Inc 1850 2450 3500 3300 3200 3150 3100

Density 3.04 3.07 4.11 4.61 5.04 5.08 5.10

Contd. ==
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Composition

14Ba0,84Feg
03 .2B1203

16Ba0.84Feg
Og.-Blg0s

14Ba0.85Fe?2
03 _BI1203

14.3Ba0.
85=7F02®3

Property

4 M ls

Density

4 A g

Br
B~c
l«C

Density

B~C
tHc

Density

47N ig
Br

b Hc
I“c

Density

«as-

pressedl

1860
1330

900
1650

3.16

1760
1420
1060
1860

3.14

1800
1390
1000
1700

3,12

1350
1000

800
2350

2.82

600®C 900°C 1000°C 1100°C 120070

1900
1360
1000
2200

3.17

1860

1600

1250

2400

3.18

1860

1480

1200

2100

3.18

1400

1100

950

2700
2.84

Sintering temperature

2700
2060
1760
3450

4 .37

2600
2025
1700
3760

4_.36

2440
1940
1700
3600

4.03

1630
1300
1100
3000

2.99

3140
2366
2000
3050

4.96

3025
2300
2000
3300

4.89

2900

2260

1900

3060

4.68

1925

1440

1160

3000
3.34

3250
2560
2100
2900

5.12

3225
2600
2000
3000

5.10

3200

2500

2000

2700

2350
1760
1250
2750

3.90

3250
2480
1850
2300

6.16

3250
2500
1900
2900

5.19

3300
2560
1760
2100

5.16

2700
1950
1200
2000

4_.31

1300°

3200
2450
1650
2100

6.16

3150
2400
1750
2700

5.20

3300
2350
1150
1600

5.16

310C
198C
90C
120c
4.6<



tieasurementse

It can be seen from table 26 that the best magnetic
properties are obtained from the composition 14Ba0.84Feg03.281203
when sintering i1s done at 1100°C. A detailed investigation of
the effect of reaction temperatore, reaction time and pressure

applied during pressing was, therefore, made for this composition.

Reaction Temperature: From tabel 2} i1t can be seen that the
reaction temperature has a pronounced effect on the magnetic
properties. Measurements were made after ball milling the
reacted samples for fifteen hours, pressing under a pressure of
3000 Ibs/sq.cm. and finally sintering the pellets for 30 minutes,
4 A Is and Bj, improve progressively on increase in the reaction
temperature upto 1200®C beyond which it remains unchanged. The
intrinsic coercivity falls with Increase iIn the reaction
temperature. This is an iInteresting result and i1s probably due
to the fact that the mass on reacting at higher temperatures
becomes very hard. The resultant particles after grinding for

a certain length of time would be bigger than those obtained
under corresponding conditions from samples reacted at lower

temperatures.

Reaction Timet The reaction time appears to have only a slight
deter tmental effect 1T 1t iIs more than a few hours. This is
probably because of the loss of bismuth oxide which evaporates
on prolonged heating. The results obtained from samples reacted
at 1000°C for various durations and sintered at 1100°C are given

in table 26.
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TABLE 27

EFFECT OF REACTION TEMPERATURE ON COMPOSITION 14Ba0.84Fe203.2B1g03

Samples reacted for 4 hours were ground for 15 hours» pressed under
a pressure of 3000 Ibs/sqg.cn, and sintered at

11000C.
Reaction 4 A 1g Br B"c Ic () Heh [00)
temp. @C gauss gauss oersted oersted gauss oersted
800 2690 1900 1500 3200 1.0
900 2960 2260 1650 3000 1.1
1000 3150 2420 1800 2950 1.2
1100 3250 2460 1800 2700 1.2
1200 3280 2420 1700 2500 1.1
1300 3280 2370 1550 2300 1.0

TAB L E 28

EFFECT OF REACTION TIME AT 1000°C. PELIETS WERE PRESSED UNDER
3000 Ibs/sq.cm, AFTER GRINDING FOR 15 ho\irs & FINALLY SINTERED

AT 1100°C.

Reaction 4 A ls Br B®C 1~c (BH)"j310-6
time hrs. gauss gauss oersted oersted gauss oersted

i 2980 2300 1850 3250 1.1

1 3050 2340 1850 3100 1.1

2 3100 2400 1850 3050 1.2

4 3150 2420 1800 2960 1.2

8 3150 2400 1750 2900 1.1

16 3180 2400 1700 2800 1.1
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TABLE 29

EFFECT OF PRESSURE APPLIED DURING PRESSING ON SAMPLES OF
14Ba0.84Fe203.2B1g03 REACTED AT 1000°C, GROUND FOR 16 HOURS

AND SINTERED AT 110QOC.

resture 471g bHe A (BHYMIO
Ibs/sq.CB. gauss gauss oersted oersted k gauss oersted
"with hand
only" 2950 2150 1700 2760 0.26 0.9
760 3060 2300 1800 2760 0,26 1.0
1600 3100 2430 1800 2760 0.26 1.1
3000 3200 2600 1800 2750 0.28 1.2
4500 3200 2520 1800 2760 0.28 1.2
7500 3200 2540 1800 2750 0.28 1.2
15000 3200 2540 1800 2750 0.28 1.2
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Applied Pressure; The results of magnetic measurements carried
out to study the effect of pressure applied during pellet forma-
tion are summarized iIn table 2S. The measurements were made on
samples reacted at 1000°C, ground for 16 hours, pressed under
various pressures and finally sintered at 1100@C for 30 minutes.
It can be seen that the magnetic properties improve slightly
with increasing pressure upto 1500-3000 Ibs/sqg.cm. beyond which
the iIncrease in pressure has practically no effect. The fullness
factor ky which is a meastire of the degree of orientation of the
material, increases from 0,26 to 0*28 for the pellets pressed
under a pressure of 3000 Ibs/sg.cm. and beyond. This iIndicates
that at this pressure some orientation iIs introduced during
pressing which will be helpful in iIncreasing the orientation

on sintering at elevated temperatures and, therefore, the

(BXH) J”*x 1nproves.

From these results i1t is clear that the reaction at
1000~"C for 2 hours followed by ball milling for 16 hours,
pressing into pellets under a pressure of 3000 lbs/sg.cm, and
finally sintering at 1100®0C for 30 minutes are the optimum
conditions suitable to get the best permanent magnetic proper-

ties of the composition 14Ba0 .84Fe203 .2B1203.



S UMMARY



SUMMARY

Magnetic and structural properties of some hexagonal
ferrites have been Investigal:ed. Two new ferromagnetic compounds
of the chemical composition and TIMLaNFeMO™M have
been synthesized by solid state reactions between the component
oxides at temperatures 1100° to 1350°C, Their crystal structures
have been determined by x-ray powder diffraction technique and
are found to be isomorphous with magnetoplumbite. The unit cell
iIs hexagonal and the cell constants are c = 22.85A°, a= 5.85A°
for silver lanthanum ferrite. The unoriented sample of the
former, when sintered at 13000C, has the remanence Bj, s 1600 gauss
coercivity = 1100 Oe and r S460 Oe and Curie point
Tc = 435@C. The values of these magnetic constants for thallium
lanthanum ferrite are found to be close to those of the silver
compound. Heating the silver compound with 61303 or Al1203
decomposes it to d -Fe203» free silver and a double oxide of
lanthanum and bismuth or aluminium, thus leading to a marked
deterioration in its magnetic properties.

The variation of saturation magnetization and coerci-
vity of sodium and potassium lanthanum ferrites 12n19n
has been studied as a function of sintering temperature. In the
temperature range of 900 to 1000°C these compounds are found to
decompose causing an abrupt decrease iIn the room temperature
saturation magnetization. With further Increase in sintering
temperature, i.e. iIn the range 11000 to 1300°C, the saturation

magnetization increases due to progressive increase in the

.- 111,



proportion of the aagnetopltunbite. phase and the bulk density
of the pellets. Prom 1350°C It starts decreasing again due to
a partial loss of oxygen. The decomposition at 900-1000°C Is
negligible i1n unground or sintered ;amples and increases with
the time of grinding, suggesting it to be dependent on the
particle size of the magnetic phase. The coerclvlty Increases
on sintering at 860-1060®C and decreases on sintering at higher
temperatures. The first increase is attributed to a decrease
in the average particle size of the magnetic phase due to its
partial decomposition at 95070, and the subsequent decrease to
the Increased particle size due to sintering. The Increase 1in
coerclvlty with decrease in particle size and vice versa Is
consistent with the fact that demagnetization iIn bigger particles
can take place through domain wall motion wtich is absent in
single domain particles. The Kkinetics of formation tjf these
ferrites at different temperatures and the effect of the addition
of bismuth oxide on the magnetic properties have also been studied,
The effect of a number of impurity ions (BI™*, PbN*,
>, Cu™M, Mn™M, NI, etc.) on the saturation magnetization
remenence, coerclvlity and Curie temperature of many sintered
polycrystalline ferrites (sodium lanthanum ferrite, potassium
lanthanum ferrite , silver lanthanum ferrite and barium ferrite)
has been studied. Tn many cases substantial changes have been
observed. The mechanism of these changes has been investigated
in detail. The improvement brought about by certain additives
has been found to be due to (@) impurity phase changing the

sintering characteristics of the magnetic phase whereby a more
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dense product Is obtained at a lover sintering temperature,
(li) the rate of crystal growth is enhanced in presence of
the i1npurity phase and the size of the crystallites having
the right orientation grows at the cost of the wrong ones.
On the other hand the deterioration in magnetic properties
brought about by certain other additives has been established
to be due to the competitive removal of one of the phases
taking part iIn the solid state reaction and thus decreasing
the ultimate yield of the magnetic phase.

Magnetic properties of the compoimds in the single
phase region of the phase diagram of the ternary system

BaO - FegOg - BigOs have also been investigated.

--- 113.



1*

2*

10.

11.

12.

13.
14.

15.

16.

17.

18.

REFERENCES

G, AmInoff, Geol. Foren. Forhandl* Stocldiolm,
283 (1926).

V. Adelskold, Arklv Kemi, Min. Geol., 12A, No.29.
1 (1937).

S. Wallmark and A. Westgren, Arklv. f. Kemi. etc.
(Sueda), Bd 1™, No.36 (1937).

R. Blix, Geol. Foren. Forhandl. Stockholm, 62) 300
(1937).

J.J. Went) G.W. Rathenau, E.W. Gorter and G.W. van
Oosterhout) Hiys. Rev., 86, 424-5 (1952) and Philips
Tech. Rev., 13, 194-208 TI95a)

G.V. Rathenau and J.L. Snoek, Philips. Res. Rept.,
i, 239 (1946).

E.W. Gorter, Ph.D. Thesis '"Saturation Magnetization
and Crystal Chemistry of Ferrimagnetic Oxides",
University of Lyden (1954).

W_E. Henry, Phys. Rev., jlI2, 326-7 (1958).

R.M. Bozorth and V. Kramer, J. Phys. Radiiun, 393-
401 (1959).

R. Pauthenet and G. Rimet, Compt. rend., 249. 1875-
7 (1959).

R.N. Siimmergrad and £. Banks, Phys. Chem. Solids,
312-17 (1957).

E.H. Frie, M. Schieber and S. Shtrikman, Phys, Rev.,
1118. 657 (1960).

G. Heimke, J. Appl. Phys., 3i, 2715-2725 (1960).

A. Aharoni and M. Schieber, Phys. Rev., JJ3, 807 (1961)

H.B.G. Casimir ~ gi, J. Phys. Radixjm., 360-73
(1959).
G. Villers, Compt. rend., 2973-5 (1959).

W. Sucksmith and J.E. Thompson, Proc. Roy. Soc., 225,
362 (1954).

K.J. Sixtus, K.J. Kronenberg and R.K. Tenzer, J. Appl,
Phys., 1051 (1966).

... 114.



19*
20,
21,
22,

23,

24,

25,
26,

27,

28,

29,

30,

31,

32,
33,

34,

36,
36,

37,

38.

39.

R.F. Pearson, Proc, Phys. Soc. (London) 22E> 441 (1967)-
L.F« Bates, Endeavour, 151*60 (1957).

M. Paullus, CoDpt, rend., 245. 2227-30 (1957).

C, Kooy, Philips Tech. Rev., 286-9 (1958).

D.J, Cralk and P.M. Griffiths, Proc. Phys, Soc, (London)
23, 1-13 (1969),

J, Smit and H,P,J, Wijn, “Ferrites', Philips Technical
Library, Eindhoven (1959),

H. Kojima, si, J, Phys, Soc, (Japan), 1483 (1961).
L.E. Erixner, J. Am. Chem. Soc,, 87, 3841-43 (1959).

R,A. Hunter, Fourth Progress Report, Signal Corps.
Project, NO.32-2005D,

H, Fahlenbrach, Elektrotech, Z., 388-89 (1953).

H. Fahlenbrach and W. Eeister, Arch. Eisenhuttenw, 24.
623-8 (1953) and Tech. Mitt. Krupp,, ™2, 47-51 (19647,

A.L, Stuijts, G.W. Rathenau and E.W. Gorter, J. Appl.
Phys,, £3, 1282 (1952),

A_L, Stuijts, G.W. Rathenau and G.H, Weber, Philips
Tech, Rev., 16, 141-7 (1954).

I. Gordon, An. Ceram, Soc, Bull., 35, 173-5 (1956).

B. Kubola and C, Okazaki, J. Phys, Soc, (Japan), 22,
723-4 (1955),

J, Suchet, Bull. Soc, france, Ceram,, No,”, 33-43
(1966),

A_L, Stuijts, Trans, Brit, Ceram, Soc,, 57-74 (1956),
and Chem. Weekbald, 62Ff 49-55 (1956),

Y, Goto and T. Takada, J. Am, Ceramic Soc,, 150-3

(1960) .

V, Gottardi, Attie mem, accad. patavina Sci,, lettere
ed. arti, 68, 16 pp. (1956).

H. Stablein, Tech. Mitt. Krupp., 26, 165-8 (1957).

G. Heimke, Naturwissenschaften., 21, 260-1 (1958).

2% 1151



40,

a1,

42,

43,

44,

45,

46,

47,

48,

49,

50*

51,

52,

53,

54,

55,

56,

57,

58,

V* lvasau, M. Bozenberg and L. Caarlan, Electrotechnlca
(Bucharest), 8, No,6, 210-14 (1960),

H. Kbjima, Sci, Repts. Research Inst., Tohoku uUnIT,,
Ser 7, 507-14 (1965).

C, Gulllaud and G, Villers, Compt, rend,, 242, 2817-20
(1956), S

L.G. van Uitert, J, Appl, Phys., 317-19 (1957),

A,H, Mones and E, Banks,, Phys, Chem, Solids, 4, 217-22
(1958),

L, Kozlovskl and Z. Zlolowskl, Prace. Inst, Hatnlcz, 10,
305-31 (1958),

F, Bertaut, A. Deschamps and R, Pauthenet, Compt, rend,,
246« 2594-7 (1958),

F, Bertaut, A, Deschamps and R. Pauthenet, J, Phys,
Radium, , 404-8 (1958),

C, BrlIsl and A. Burdese, Attl, accad, Sci, Torino,
Classe Sci, fis, mat, e nat,, Sly 57-62 (1952-53),

H, Kbjima, Sci, Repts. Res, Inst,, Tohoku University,
Ser A,8, 540-6 (1956),

H. Kojima, Sci, Repts, Res, Inst., Tohoku University,
Ser A,ig, 175-82 (1958),

H, Rutkowska, Prace, Inst, Ministerstva Hutnictwa,
303-8 (1957),

P.B, Braun, Philips Res, Repts., ig, 491-548 (1957).

F, Pavlek and K, Reichel, Arch, Eisenhuttenw,
241-4 (1957),

T. Takei and H, Sugimoto, Repts, Sci, Research Inst,,
(Japan), 191-5 (1955),

T, Okanura, H, Kbjima and S, Watanabe, Science Repts,,
Res, Inst,, Tohoku University, Ser A, 2> 411-424 (1955).

M, Sugimoto and T, Takei, Sci, Papers Inst. Phys, Chem,
Res, (Japan) 54, No,2 (1960),

A. Deschamps and F. Bertaut, Compt, rend,, 244« 3069-
72 (1957),

S, Brunauer, P.H, jBEkmett and E. Teller, J. Am. Chem.
Soc, , 309 (1938),

,-- 116.



59.

60.

61.

62.

63.

64.

65.

S.J. Gregg, "Surface Chemistry of Solids'™, Chapman
and Hall (london) 300 (1961).

D. Dolllmore and D. Nicholson, J. Chem. Soc., 960,
(1962).

E.J.W. Vervey, P.W, Haaljman and F.C, Honeljn, J.
Chem. Phys., 181 (1947).

A. Aharonl and M. Schleber, J. Appl. Phys.,
1851 (1961).

S.C, Abhrahams and S.C. Geller, Acta Cryst., 1il,
437 (1968).

R.S. Rott, J. Res. N.B.S., 58" 75 (1957).

M. Yuzurl, Y. Kang and Y. Goto, J. Phys. Soc.(Japan),

i2, (B-1), 253 (1962).



	01_title
	03_contents
	04_chapter 1
	05_chapter 2
	06_chapter 3
	07_summary
	08_bibliography

