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GENERAL INTRODUCTION




GENERAL INTRODUCTION

The spin CuMngO4 which was first synthesised by
8inha, Sanjana and Biswasl(1957) has the cubic spinel
structure with the Mn lons occupying the octahedral and
the Cu ions the tetrahedral sites of the structure. It

is well-known that manganese when present as Mn3‘(d4)

at the octahedral sites produces a strong Jahn-Teller
distortion and the structure becomes tetragonal. The
observed cubic structure of CuMn2O4 therefore appears
anomalous at the first sight asnd was explain=d by Sinha
g&;gl;l on the basis of the formula Cul+ [ﬁn3+ Mnﬂf] O4-
This formula has also been supported by the electrical
properties of the compound. In this compound, the
ionisation state of copper is different from that in other
isomorphds compounds e.g. CuFey0,, CuCr,0, where it is 2+.

Similarly in many other manganites, AMnyO4 with A = CaZ",

an*, an*, C02+, N12+, etc. manganese is present as Mn°¥

4+ 1+ 4+
and not as Mn®*'. The presence of Cu and Mn in CuMn204
appears very unigue and we have therefcre investigated the
conditions under which this stabilization takes place.

A number of spinels of the general formula

-+
CuyMeq  Mno Feo_oy04 where Me = Cu2 ’ N12+, C02+, an+ and Mn2+

have been prepared and their structurel, magnetic and

electrical properties have been studied. These results



have been used to throw light on the cation distribution and

the valence states of Cu and Mn in these copper mangsnese

spinels.

In what follows we first give a review of the relevant

structural, magnetic and electrical studies already done in
the field of spinels. This is followed by our own experi-

mental results on the manganite-ferrite systems.

.
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CHAPTER - I

1. HISTORICAL INTRODUCTION

1.1. Structural properties

The name 'spinel', originally given to a cubic mineral
of composition MgA1204(magneaium aluminate) whose crystal
structure wes determined by Bragg” (1916) and Nishikawa®(191),
now stands for the whole class of isomorphous compounds. Ferrites

MeFe204, chromites MeCr2 26e04, titanates

Me?Tio4 (where Me = divaleit metal ion viz. Mg, Cd, Zn, Fe, Co,

04, germanates Me

Ni, Cu) are some well-known examples of this class. Sulphide

spinels known as thiospinelS(ABQS4) have also been synthesised.

Aminoff4(1926) studied the crystal structure of a related
compound, Mng0,. The unit cell is tetragonal and the structure
can be arrived at by expanding the cubic spinel structure
parallel to one of the erystal axes. A number of compounds
belonging to this tetragonal structure are also known and they

are called as "distorted spinels" or tetragonal spinels.

l.1.1. Cubic spinels

The unit cell is cubic with a =2 82. There are eight
molecules of XY204 per unit cell. The structure consists of an
almost perfect cubic close packing of oxygen ions, 32 of which
form 84 tetrahedral interstices and 32 octahedral interstices,
of which the 8 tetrahedral and 16 octahedral interstices are
occupied by the 24 metal ions (Fig.l). The space group
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assigned to the cubic spinel is Fd3rn-0h7

of the atoms in the structure are:

8 metal ions at (a)

16 metal ions at (d) :

22 oxygen ions at (e):

8-fold positions
0,0,0; 111

4’4’4

15-fold positions

and the positions
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A 8(a) site is surrounded by 4 oxygen ions in a tetrahedral

arrangement and is known as tetrahedral site and a 16- (d)

position 1= surrounded by six oxygen ions forming a regular

octahedron snd is known as octahedral site.

The distribution

of 8 X and 168Y metal ions over the 8(a) and 16(d) sites can be

in any proportion.

1.1.2. The tetragonal spinels

The unit cell is 2 body centred tetragon with a~< &.6%

and ¢ =< 2}.

' 19
Th is I D
e space group is 4/'amd; »

in unit cell as:

There are four XY_0

2°4

molecules per unit cell.

with the positions of the atoms
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metal ions at 4(a) position ;
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The cations in the 8(d) position (B sites) are referred to as
octahedral cations. Fach one of them has six oxygen neighbours,
four of which (0y) zre situeted in the 'C' plane forming the
square arrangement around the cations and the other two oxygens
(02) are situated along the normal to the C plane. Ratio of
Me(Oct)-0, distance to the Me(Oct)-0) distance is == C/a./2.
Tetrahedral cations at 4(a) positions (A sites) have four

equi-distant oxygen neighbours.

The above described body-centred unit cell becomes
comparable to the cubic spinel when converted into a larger

C-face-centred tetragonal cell with the lattice parameters a'



and ¢', given by the relationship a' = a 2 2182 and
¢c'=C Cx.Qi. The unit cell volume of the new cell is

twice that of the body-centred cell and contains 8-molecules
of x!204. In this cell there are 16 B and 8 4 sites.

1.1.3. Classification on the basis of cation
distribution

As mentioned above the-8X and 16Y cationsin both the
cubic and tetragonal spinels can be distributed in any
proportion over the eight tetrahedral sites (A sites) and
sixteen octahedral (B sites). Barth and Posnjaks(lgaz) have

proposed the following nomenclature for the possible distributions.

(1) When the 8X ions occupy 8 tetrahedral sites and 16Y
ions occupy 15 octahedral sites, the structure?said to be

"Normal".

(2) When 8 of the Y-ions occupy 8 tetrahedral sites and the
8 X-ions plus the remaining 8Y ions occupy 15 octahedral sites,

the structure is said to be "Inverse'.

(2) If 8X and 16Y cations sre distributed randomly among
8-tetrahedral and l6-octahedral positions,the structure is
said to be "Random".

The convention commonly followed for writing the structure
for a spinel is to put the metal ions at tetrahedral sites first,
followed by the metal ions located at octahedral sites in square
brackets. Thus:

Zn @12104, Zn [Fez] 0, are "Normal spinels,

Fe [MgPel0, , Fe [cure] 0,

AL N1y Euzud 04, 1s a "Random spinel.

I 3 3 3

are "Inverse" spinels, and



During the last seversl yesrs the cation distribution
in many spinels has been determined and it is found that there
are many intermediate csses showing various degrees of randomness.
Thus in general the cations can be distributed in any proportion
between two sites =nd the general cation distribution is as

follows:

(&, By_p)tet [Al-m Blwm ] oot O¢ (®.= 0 to 1)
The 'normal' (m=1l), inverse (m=0) and random (mxé) are

three special cazses.

Distribution of cations is of special interest from the
point of view of electrical and magnetic properties of these
spinels. The X-ray method for the determination of cation
distribution is often not successful because most of the spinels
containg transition metzl ions of equal x-ray scattering powers.
In such cases neutron diffraction is a possible alternative but

has not so far been applied very widely.

In ferrimagnetic spinels such as ferrites, the determination
of resultant magnetic moment offers a useful method for the deter-
mination of the cation distribution. This aspect will be dealt
with in detsil in a later chapter.

8
Verwey (1947) investigated the cation distribution in
spinels and gave the following i@ site preferences of the vsrious

ions:



+ +
(a) Zn2+, Cdz*, Gaa*, In? ’ Ge4 prefer tetrahedral site;

2+ 3+ 4+ 4+
(v) NN ,Cr ,TL , Ssn , prefer octahedral site;

2+ 2+ 2+ 2+ 3+
(e) Mg , Fe ,Co , Mn , Fe , are indifferent ions.

Gorter7(1954) classified such distribution on the basis

of electronic configuration in the five following groups:

1+ 2+ 2+
(1) Ions with filled 3d-shell viz., Cu , Zn , Cd have

tendency to form co-valent bonds using sp3 orbitsl and they

prefer tetrehedral sites.

1+ 2+ 3+
(2) Ions such as Li° , Mg , Al which have the noble gas

configuration do not show any preference for either site.

2+ 3+ 4+ '
(3) Mn , Fe , Co with half-filled 'd' shell have spherical

symmetry and hence do not show a preference for either coordination.

(4) Transition metal ions with 338 or 23

2+ 3+ 4+
N~ , Cr , Mn  show a preference for six-fold coordination.

configuration such as

(8) The rest of the tresnsition metal ions do not show any

preference for either coordination.

McClurea(1957) calculated the site preference energies of
various ions in the spinel structure. This takes into sccount
the stabilization due to the crystal field but the contributions
from the Madelung energy and the Born repulsive energy are not
taken into account.

M1110r9(1959) calculatedrzite preference energles for

various ions taking the Madelung and crystal field energies into



account. The values are considerably different from those

obtained by M001ur08(1957). In general these site preference

energies predict the correct cation distributions.

1.1.4.

Isble 1

Octahedral site preference energles for
various cations. P-k cal/g. at wt.

Jon P Ion P 125 P Ion P

1’ -3.8 Mn*t -14.7 zn*t -31.8 ettt 15.6
+ ++ + + a4

Cu -8.6 Fe - 9.9 ca  -29.1 Mn 3.1

Ag -19.6 Co @ -10.6 Al " '- 2.5 Fe' ' - 13.3
++ ++ +44+ 4+

Mg -5.0 Ni 3.0 Ti  -21.9 Ga | - 15.4

++ +4++
Ca -30.7 Cu ke 001 v ‘11-9 In - 40.2

Crystal structures of ferrites and manganites

Ferrites

Ferrites having the general formula AFe crystallise,

204

in general, in the spinel structure.

ne
In case of simple ferrites A 1is one of divelent ions of

the transition elements such as Mn, Fe, Co, Ni, Cu, 4n, Mg or Cd.

A combination of these ions is =zlso possible. We then speak of a

solid solution of two ferrites called as 'mixed ferrites'. Metal

ion distribution,lattice. constant a, oxygen ion parsmeter u, for

some of the important ferrites are tabulated below:



Table 2

Crystal data of some ferrites

- - e T e e W R MR e A W N W e e .

No. PFerrite Metal ion
distribution
1. MnFey04 Mn, gFe, o
[M“o.z“l.a]
II
2 Fe O Fe |Fe "Fe
00, [Fe’"Fe |
3. CoF320 ” Fe @OFe]
4. NiFe, Fe [WiFe ]
*
5. Cu.}"ego4 Fe [que] c
a
6. ZnFey0, %n [Fe, )
: M
7. MgFe 0, Mg, \Fe, o
@30.9F°1.1]

8.5

8.39

8.38

8.70
8.22

8.44

8.36

. L 0 L 8.33
8 10.5%.6% e [10.5F°1.$1

0.384

0.379

0.380

0.385

8.381

0.382

I+

I+

I+

I+

I+

0.0003

0.001

0.008

0.002

0.001

0.0086

* Copper ferrite shows a tetragonal deformation below

760°c1E.

10

dx .
g/cnr'B el .
5.00 10
5.24 11
12
5.29 13
5.38 14
5.35 16
16
6.33 14
4.52 17
18
4.76 19

- - - - - . . e W e . e W e W e e e e WG e e



number of menganites and results are represented in the Table 3.

Magganites

Several investigators have determined the structure of

11

It is evident from the table that many menganites crystallise

in tetresgonal spinel structure (Heusmannite structure):

3.

MnMn204
or
Mng04

CdMn204

ZnMn2O4

Tsble 3

The structure of several manganites

Tetragonal

Tetragonal

Tetragonal

Tetragonal

Tetragonal

9.44
9.45
9.484

9087

92.24

9.228
9.224

9.264

2.28
9.31

8.10

8.087
8.092

8.087

8.07

c/a Cation dis-
tribution
1 cu [an lo "
1 M (Numlo,

1.16 Mn2' [Mng+] 0,
1.159
1.169

2+ 3+
1.20 ca
n" ] o,

1.14 2n®" [ ] o,

1.141
1.142

1.144

1.15 Mgo' Emg*j 0,
1.16

24,2¢

20

23
24

2F,26

22,23

23

P A ettt Bl X Al Dbl kel ke ddd ettt
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The distortion to tetragonal structure has been explained by
Dunitz and 0rge129 (1967) on the basis of the Jahn-Teller theorem.

Jahn and Teller31(1937) have shown that if the electronic
state of a non-linear molecule is degenerate the system is unstable
and a distortion to 2 lower energy state takes place. Jahn-Teller's

theory may be 1llustrated by taking a particular example of Cu2+

2 ion 1s situated at the octahedral site the 'd’

ion. If the Cu
electron configurstion of the ion is (tzg)6 (eg)s. It gives rise
to a doubly degenerate ground state, hence the regular octshedral
arrangement is unstable. The system could be enerjetically

stabllized if s distortion from regular octshedral symmetry takes
place. There are various possible distortions which could remove
the degeneracy. However, in case of Cu2’ and Mn.3+ the tetragonal

distortion of ¢/a > 1 1is the one most commonly observed.

Distorted manganites transform from the tetragonal to the
cubic spinel structure when heated to elevated temperatures.
McMurdie and Golovatoso(1948) who studied the structure of the
Mn304 at high temperatures by x-ray diffraction observed a trans-
formstion from the tetragonal to the cubic symmetry at 1170°C.
Romejjn32 (1963) had slso found evidences for such a transition

in his studies on the resistivity of ZnMn Irani, Sinha and

33 204.
Biswas™ (1962) investigated the structure of many tetragonal
manganites as a function of temperature and found a transformation
to cubiec phsse in all cases. Finch, Sinha and Sinha34(1957) have
studied the problem theoretically on the basis of an order-disorder
process. This model has been investigsted in detail by wojtowiczas
(19e3) . Kanamori36 (1960) attributed the transformation as arising

due to the resonance between the various possible distorted structures.
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The tetragonsl structure changes to the cubic structure,
also when a part of the distorting ions is removed from the

octahedral sites.

34
Finch, Sinha and Sinha (19567) first studied the effect
of removal of the Mn.a+ ions on crystal distortion. They substi-

tuted the Mn°'

ions by non-distorting cations through the
formation of solid solution of tetragonal (Mn804) and bubic

(A F0204) spinels. They analyzed the results on the assumption
that the Mn3* ions occupied the octahedral sites in the solid
solutions as they did in the parent Mn304. Wickham and Croft37
(1968) mede similar assumption in their studies on the systems

anGel_an204, anGel_xCoz_zanexo4 and anLil-an204 .

Irani, Sinha and Eiswas 8(1960) determined the cation
distribution from the x-ray diffraction intensities and plotted
the unit cell dimensions as a function of the number of Ma°"
ions at the octahedral sites for the systems Mn304- MgA1204 and
MgMn204 - MgA1204. They observed thst c¢' and a' do not change
linearly with compositions but remain more or less constant
and then show a sudden change st a critical composition beyond
which c¢' = a' and the systems take up the cubic spinel structure.
This critical composition is one where 9.3 * 0.2 sites out of the

16 octshecdral sites are occupied by MnS

ions. Finch, Sinha and
Sinha°2(1957), Wojtowicz3®(1969) and Kanamori®®(1950) have treated

this trensformastion theoretically.



14

Miyahara, Muramori and Naoki Tokuda39(1961) have studied
the tetragonal distortion in copper mangsnite-chromite system
with general formula Cuan_aCraO4 (a = O to 2). They have
reported that the system has a cublc structure in the range
0 {a 41.0 and a tetragonsl structure with c/a {1 in the
range 1.0 < & { 2.0 and in cubic region lattice parameter of
specimen depends on Zheixeat treatment and the degree of the

dependence decreases with increasing chromium coneentration.

Temperature dependence of the distortion of some magnetic
spinels are experimentally studied in deta2il by Miyahara4o(1962)
and it is concluded that the transition is of the first kind.
Furthermore, he reports that compound CuMn204 which contains both
manganese and copper exhibits no tetragonal distortion due to
compensation effect of cupric and manganic ions. When copper is

replaced by zinec or manganese by chromium the distortion reappesars.
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1.2. Magnetic properties of spinels

1.2.1. Ferrimagnetism

In 8 ferromagnetic substance at OOK, the magnetic dipoles
are aligned parallel as a result of electron exchange intersctions

giving & resultant saturation moment per unit volume

M=NgJ M8
where N is the number of atoms per unit volume, g.¢the gyromagnetic
retio, Jisthe total angular momentum quantum number (which includes
the total orbital contribution L and the totsl spin contribution §)

and /D-B__( eh ) is the magnetic moment of one electron. The
( )
4T me

saturntion megnetization decreases with temperature and at the
Curie temperature the long range order is destroyed. At higher

temperatures only paramagnetism remains.

The ferromagnetic and pasramsgnetic behaviour of substances
conteining electrons of the first transition series are almost
entirely cdue to the spins of the unpaired 34 electrons and the
ferromagnetic moment of each ion is equal to 2 & /ALB (8 = total
spin quantum number of the‘ion). Table 4 gives the number of 24

electrons and the value of 2 S for these ions.
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Table 4

Number of 3d electronsand resulting spin moment of
ions of the first transition series.

L e e e T ————

Tons P er ot
3d 2 8
electrons ( B)
Sc3+ 14+ Y 0
11" . .
n® 2 =
Cr3+Mn4* 3 3
Mn3* 4 4
MnZ*Fed* 6 5
re2*co®* 8 .
coZ*n1®* 7 3
n12* 8 2
Cu2+ 9 1
cul*zn®* 10 0
In a ferromagnetic compound such as Fe304(F82+Feg+04)

the moment per formula unit would be expected to be equal to the
sum of the ionic moments and the ssturation magnetization for
Fe;0, should be 4 + 2 x 6 = 14 /B. Weiss and Forrer41 (1929)
and Hilpert42(1909) however found it to be 4.08 /“B only.
Furthermore, the 'normal' ferrites e.g. ZnF9204 and CdFe204 are
paramagnetic ‘n nature. It was also known that several ferrites
above Curie temperature showed a curvature of the 14; vs T curve
concave towards the T-axis, where 74 is the paramagnetic

susceptibility. -.
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Using these data Nee?aput forward the theory of anti-
ferromagnetism in 1948. He made the basic hypothesis that a
strong negative interaction i.e. a tendency to anti-parallel
orientation, exists between ionic moments on tetrahedral sites
on the one hand and those on the octahedral sites on the other
hand . Thus the magnetic moment for FoIII [feIIFeIII O4 should
be (6 +4) - 5 =4 /“B which 1s in close agreement with
experiment. Thils behaviour 1s termed non-compensated antiferro-
magnetism or "Ferrimagnetism". At the same time, Neel calculated
the paramagnetic susceptibility by extending the Weiss-molecular
field theory to substances with two different lattice sites on
which different amounts of mesgnetic ions (atoms) are found. The
theory was given for a compound containing one kind of magnetic

III CIIT
ion only e.g. Fex‘ M.l-xa [%exb Me2-xb 04, where X, and x, stand

for the number of ferric ions on A and B sites and Me represents
non-magnetic ions and the following relationship was obtained,

1 T 1 S
- B e e o —

R

vhere “-1is the molar susceptibility, C 5 is the molar Curie
constant and S, ji and ¢ are constants related to various

interaction constants.

He also found that in the ferromagnetic region the shape of
the saturqtion magnetization vs T graph depends on the value of

Xg/Xp in relation to & end f , where (X = Jan , P= IBB
JAB JaB

go2¢s”



and J,,y Jpg 20d J,5 8T the exchange interactions between a-a,

B-B and A-B ions. The typical examples are shown in Fig.2 and
condition in which one or the other curve is followed is listed

in the Table HNo.E.

Table &
No. Curve xa{xb .
1. b L-AM -o)
2. ¢ Between 1 and (1- B8)Al-d )
3. d 1
4, e Between 1 and (1+/2)/(1+d )
5. (1 +B8)/(1 +d ).

Yafet and Kittelaﬁashowed that a stable arrangement is
2lso possible, if the ionic moments on the A and B sub-lattices
break up into (A' and A") and (B' and B") sub-lattices respectively
with the ionic moments inside each of the sub-lattices A', A", B'
and B" being mutually parallel but the ionic moments in the A' and
A" or in the B' and B" sub-lattices forming angles with each other
as a result of the negative AA or BB interactions competing with
the AB interactions. The possible arrangements of the sub-lattices
magnetization are shown in the following figure.

AB
|o,
(

AB AB

A

AB

a) (b)



T/

SPONTANEOUS-MAGNETIZATION Vs TEMPERATURE CURVES
FOR DIFFERENT RELATIONSHIPS BETWEEN THE NUMBER

OF FERRIC IONS IN A AND B SITES ( Xqg AND xp, RESPECTIVELY)
AND ol AND B.

( Reproduced from Gorter.)
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(a) is obtained when the interaction AA is compsrable to 4B,
and BB is small with respect to AB, and (b) is obtained when
the interaction AA 1s small with respect to AB and BE is

comparable to AB.

Yafet and Kittel have also shown, however, that
transition from angular arrangement to the co-linear Neel
arrangement may occur when the temperature is varied. The
occurrence of the angle between the ionic moments inside one
sub-lattice =t OOK does not mean therefore the o -T curves

cannot become anomelous at higher tempersture.

Kaplan45(1960) has shown theoretically that the Yafet-
Kittel arrangements are not stable in cubic spinels; such
arrangements can however get stabilized in the presence of a
tetragonal distortion. He has also shown that it is possible
to have arrangements in which there are non-zero angles between
spins on A sites simultaneously with anglesbetween those on B

siteSand this is contrery to the Yafet and Kittle's results.

Kaplan, Dwight, Lyons and Henyuk46(1961) have shown that
for B-B interaction which are sufficiently large to destabilize
the Neel's configuration in the cubic spinels, a spiral spin

arrangement has lower energy than Neel's or Yafet-Kittle's.



1.2.2. Magnetic properties of ferrites

The saturation moments of ferrites were first
9
measured by Poldergzvand Gorter4%ﬂﬁﬁ). More complete data
on meny of these materials have since been reported by

50-57

other authors giving the saturation magnetization vs

temperature and susceptibility vs temperature curves.

Szturation moments and Curie temperatures of the

II., III 111
single ferrites (Me Feg 04) and(LiO.5F°2.504 ) are given

below in the Table 8.

Table 6

Saturation moments ( "\B) of single ferrites

20

------------------- Kﬁ---.‘--------—_----------------
No. Ferrite Expected Te
value o
L _ (Neel model) C
. 4.4 5 300
1 MnF0204
2 F IIF 0 4,08 4 ER8E
- e 32 4 - «
. 0 3. 6]
3 CoFe2 4 4 3 62
=~
4. NiFe204 2.224 2 £86
. 0 1.
5 CuFo2 4 37 1 4556
6. HgF0204 0.86 0 440
7. Li Fe 0 2.8 2.5 670
0.6 2.5 4
0 0 -
8. ZnF0204

9. CdFezo4 0] 0 =



The magnetic properties of solid solutions between
various ferrites have also been studied extensively and the
solid solutions with ZnF3204 are particularly interesting.
Assuning the Zne+ ions to occupy the tetrahedral sites only
the mixed crystals with completely inverse ferrite
Fe K/Menhl O4 have the formula:

. III II III
ingFe)._q [“"1-aF°1+J %a
assuming Neel's model to be valid, the saturation magnetisation

ny is given by the formula ng = 10 a + (1-a) m, . Gorter oC 1%

Me

has measured the saturation moments of the compounds

Mn 4n Fe 0
l-a a 2 4

Fe Zn Fe O
l-a a 2 4

4
Col-a naF°2O4
Ni Zn Fe O

l-a a 24
Cu Zn Fe O
l-a a 2 4

M Zn Fe O
8l-a a 24

(only for a = O and a = 0.5)

LiQ.s-o.sgna“@ .5-0.5.504

and the results are shown graphically in Fig.3. GCuillaud has
also obtained similar results. The Curie points of these
mixed crystals were also measured by Gorter and the results are

given in Fig.4 for a ) 0.5,

It can be seen that the experimental curves show &
strong departure from the value of ng calculated on the basis of

the above equation (dotted lines in the graph). This arises from



SATURATION MOMENT IN BOHR MAGNETONS OF VARIOUS
MIXED - CRYSTAL SERIES MeFe,04-ZnFe,0,.

( Reproduced from Gorter.)
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the fact that at high values of a, there is a large concentration
of the diamagnetic an* ions at the tetrahedral sites. This decrease
the A-B interaction sufficiently in relation to the B-B interaction

to make the Neel arrangement unstable.

1.2.3. Magnetic properties of the manganites

’

The saturation magnetisation of Mn3

Bor vik, Romanov and Orlova59(1967) in the temperature range

O4 was first studied by

20-300°K followed by JacobZ0(1969) who got a value of 1.56 + .04 L.
This value is lower than that expected on Neel's model and JacobsaO
(1952) explained thds. behaviour on the basis of Yafet-hittel's
theory44(1952).

Jacob80(1969) has also studied the compounds of the

general formulsa (Han x)Mn 0 where M is Co, Zn and Mg. The

magnetization of thesi compguﬁds was measured at 4.2°K using
pulsed fields upto 140 kilo-oersteds. A field dependent
susceptibility has been observed in these compounds. This
observation suprorted the tringular model of Yafet-Kittel and

gave a direct measure of the strength of B-B interaction.

Boucher®(1969) has made a neutron éiffraction study of
NiMn204 below its Curie temperature. At 4.2°K the neutron
diffraction patterns presented some magnetic lines super-imposed
on the nuclear lines. It was concluded that the spins of the
tetrahedral Mn3+ ions are gll parallel whereas those on the
octahedral sites form four sets, possibly forming a pyramidal

configuration or an obligue configuration in one plane.
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Wickham and Croft62(1958) studied the crystallographic
and megnetic properties of several spinels containing manganese.
They studied a complete range of s0lid solutions in the system
nxo The configurstion for values of 'x' between O and 2
appeared to be C02 [poe anx ] Og° The observed magnetic
properties (saturation magnetization measured at 4.2 K and
Curie temperature) could be interpreted in terms of the above
confipguration. The magnetization messured for cubic materials was
ascumed to be the result of Neel-type magnetic coubling between
co2* ions on tetrahedral sites and Mn®* ions on octshedral sites.
Tetragonal materisls apparently had a more complex magnetic

structure. The configuration of Coq anxo4 for values of 'x!'

between 2 and 2 appears to be Coa xM“x ° [Mn?f] 0 They also
gave the sstur-tion magnetizstion at 4.2°K and Curie temperature

(To) for a number of materials including GeMno04, LiMn,0,, Cog0y,

MnCo50y, CoMn204 and Mng0,. Thus in the case of MnglU, an
aprreciable magnetic moment appeared for values of 'x' greater
than 2.1 reaching a maximum of 1.4 B for pure Mng04. The
Curie temperature for Mny0, was reported to be 30°K as against
42°K reported by Borovic et.sl.57(1357).

Recently, Jocobs and Kouvel®3(1961) have extended the
magnetic studies on these mixed menganites. They have observed
a unidirectional anisotropy which was detected by the observation
of hysteresis loops displaced along the field axis when the
materials were cooled to low temperature in magnetic field of

several kilo-oersteds, further the unidirectional behaviour is
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stable to reverse field pulses of 140 kilo-oersteds. An
exchange anisotropy model is proposed involving interactions
between ferrimagnetic sné nearly antiferromagnetic region,
brought about by the random distribution of the diamagnetic
ions among the tetrahedral sites.

Dwight and Monyuk64(1960), investigated the magnetic
properties of single crystals of Mn,0, between 4.2°h and 41.9on
(Curie temperature), Their results showed that although the
concept of canted spins appeared to be essentially correct,
Yafet-sittel theory was over-Simplified and the conclusions
based on this did not agree quantitatively with their experi-

mental results.

Saban065(1960) has carried out the paramagnetic

susceptibility measurements at different temperstures for
CdHn204, ZnMn204, MgMn204, Mn304, CoMn204, NiMn204 and CuMn204;

1 o plots for MghMn

04, Mn 04, CoMn

. " o04» NiMn 0 and Cudn,0

4
wvere hyperbolic showing thst these compounds are ferrimagnetic

st low temperatures.

Jogalekar66(1966) measured the paramagnetic susceptibility

of Zn (Lil*una* Mnﬁ+)0 systems (x = 0.085 to 0.30) in the t
2x 2-8x 4x 4 y VO od e tempera-

ture range of 30°K to 350°K. At x 0.1 (small mnd* concentra-
tion) the compounds are paramagnetic and obey Curie-Weiss Law

and in the range 0.15 { x & 0.26 i.e. when Mn®*and Mn?* ion

concentrations are nearly equal, the compounds are ferrimagnetic.



G. Bla38067'68(1965,1966) reported a new type of

1+
ferrimagnetism in oxygen spinels. The spinels Cu [:Mgo.sunl.s O4
and Li, .Zn, o [:L10.5Mn1,5 04 become ferromagnetic below £70°K

and 22°K respectively at least in fields larger than 2 kilo-

oersteds. This is ascribed to ferromagnetic 90° (Mn4+ - 027- mn?h)
e+ 4+
interaction. The spinel Cul* [“10.5Mn1.5] 0, becomes ferri-

magnetic below 160°K due to an antiferromagnetic coupling between

2+ 4+
the crystellographically ordered Ni and Mn ions.

l.2.4. Studies on ferrite-manganite systems

Baltzer and White®?(1968) studied the (iiFe,0,), +
(NiMn2O4)x solid solutions. They were found to have the cubic
spinel structure and the lattice parametefrincreased with x from
8.34 to 8.39 4. The authors found that in the range 0 < x < 0.5,
manganese progressively replaced iron on the octahedral sites
vhereas in the range 0.5 < x < 1 the manganese replaced iron

on the four coordinated sites.

Megnetic moment was measured by vibrating sample magneto-
meter in a 16,000 ocersteds field down to liquid nitrogen tempera-
ture. It was concluded that all of manganese was trivalent in
the range 0 < x < 0.5, but in pure NiMno04 the manganese was
divalent and quadrivalent on tetrahedral and octahedral sites
respectively. NiMn204 appeared to become ferrimagnetic at
approximately IOOOK.

Eschenfelder7o(1968) reported the velue of magnetic
moment as a function of composition for manganese, iron spinels

of the composition Mane?-xo4' They explained the variastion of
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the megnetic moment Y\B and the Curle temperature (Tc) as a
function of 'x' in terms of a model in which excess of manganese
replaced Fea+ as Md4+ and equal amount of iron was converted to
Fea*. When the manganese content became so high that all the
iron became Fe2* (MneFe04), manganese then replaced the iron

as Nna* and converted an equal amount of Mn4+ to Mn3+.

Miller7l(1960) observed anomalous values of magnetic
moment for ferrospinel containing manganese. He suggested that
on octahedrally ligated spinel site the ion pair Fee+, Mn3+

+ 2+
was more stable than Fea y Mn .

Moruzzi72(1961) qualitatively explained the anamslously
low magnetic moment for Mane3_2x04 spinel by a Yafet-Kittel
trfhgular moment arrangement. Values of g , nand o were
celculated from the measurement of magnetic moment; high field

susceptibility and Curie temperature. The measurements on Mn304

ylelded a moment of 1.73 Bohr-magnetons and a susceptibility of
a

3.8 x 10.4 gauss/oersted. Transition from tringulsr state to a

Neel type arrangement was found to occur for X = 1.25, x = 1.55

and X = 1.80.

Mo'Keeffe o (1961) studied the cation valencies and
distribution in spinels containing manganese. He reported that
the amount of Mns+ on octehedral site recuired to produce tetra-
gonal distortion in spinel depends upon nature of the other ions

present. Crystsllographic and magnetic results were reported for



2+ 2+ 4+
spinels in which A site was occupied- solely by Zn or Zn + Ge |,
+ +
By means of this it was shown that Mn3 + F92 rather than
+ 3+
an + Fe was the stable configuration on octahedral site

of the spinel. The predicted valency and cistribution in FeHn2O4,

C\LMn204 and system X Mn:;O4 + (1-x)NiMn20 were

4

Mn2* E63+Mn3t] o , cu?t IEnB+J 0
4 - 2 4
MnZ*MnS * [Nie *wn3t | o
X l-x l-x 1+x 4
respectively. '

1.3. Electrical properties of spinels

1.3.1. Experimental studies on ferrites and manganites

The electrical properties of ferrites have been studied
very extensively and there is a large amount of published
literature. Recently, Smit and wijn74(1959) have reviewed the
work done in this field. It has been 2 general observation that
the resistivity of ferrites decreases with increasing temperature

according to the relationship

F= A exp AE/KT

Furthermore, it is also known that the resistivity at
room temperature can vary from ) 10ll to 10'2 ohm x cm depend-

ing on the chemical composition. Verwey75

as long ago as 1336}
had observed that Feao4 is a good conductor and Con04 &1 insula-

tor. On the basis of the stability of ions he postulated that
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Feg0y contained Fe°" and Fe® fons while Coy0, had the Co2*

and Co%* ions. Electron transport from Yeg* to Fes‘ required
very little activation energy because this did not change the
overall electronic configuration of the system. On the other
hand in Cog04 large activation energy was recuired, because

the electron exchgnge between 002+ and Co4* changed the overall
ionisation stastes of ions. Similarly Y-oxides are not good
conductors because of the presence of only trivalent cation in

the lattice.

A low resistivity due to simultaneous presence of Fez* and
Fe3+ ions at the octahedral site hes also been observed by Van
1A
Uitert’5(1966) in Ni-zn ferrite and by Jonker in cobalt-ferrite

containing excess iron.

The temperature dependence of the resistivity of the
manganese ferrite has been determined by Guillaud and Bertrand77
(1980) and Belov and Nik1t1n78(1961). Eelov's measurements were
carried on single crystals of nesrly stoichiometric compounds
whereas those of Guillaud's were on polycrystalline materials
which were free from divalent iron but did contain some
trivalent manganese. The resistivity at 300°K 1n both cases is
approximately 104 ohm x cm.

Recently, Lotgering79(1364) studied the semiconducting
properties of the mixed crystals Fep04- MnFeo04- Mny FeOy

along with Seebeck voltages. He concluded that the conductivity

arises exclusively from ferric and ferrous ions on octahedral stles
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according to the Verwey hopping mechanism and that the
reaction Mn24 + Fe3*__> Mn3+ + F32+ is endothermic

involving an energy approximastely 0.30 ev.

The resistivity of nickel ferrite has been studied
as a function of temperature byGuillemd and Bertrand75 but
it oppears that their sample contzined some divalent iron.
Van Uiterzshas studied the effect of composition and firing
temperature of the resistivity of nickel ferrite in a great
detail, He has found out that the resistivity of iron
deficient nickel ferrite is not very sensitive to firing
temperature whereas iron rich nickel ferrite is. For the
second class the resistivity decrezses with increasing
temperature first slowly and then very abruptly around SOOOK.
The author explasined this behaviour as due to excess iron
present in the ferrite. At temperature below 1300 C it is
presumed to be present as Fe3+ whereas above 130000 it is

present as Fea*. In later case conduction is facilitated

2+ 3+

due to electronic exchange between Fe and Fe“ . For a

o

stoichiometric sample fired st temperature less than 1300 C
6

room temperature resistance is approximately 105-10 and

ANE = 0,32 e.v.

Morin and Geballoao(lgss) measured the electrical
conductivity and Seebeck effect in Nio.8}82.204 as s
function of temperature on single crystals. A thermal
hysteresis was observed in conductivity but not in Seebeck

effect. This suggests that the hysteresis involves the
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charge carrier transfer process but not the production of
carriers. The activation energy associated with the transfer
is estimated to be 0.10 e.v. in the high temperature state

and 0.08 e.v. in the low temperature state.

Elwell, Parker and Sharkey81(1963) reported the
measurements of electrical resistivity for nickel ferrite with
a Ni:Fe ratio ranging from 1:2 to 1:1.88 with manganese content
of upto 27. Specimenswere prepared at sintering temperature
between 1100 to 1250°C under oxygen pressure ranging from 3 to
456 cm. of mercury.

It is concluded that the large increase in resistivity
resulting from the manganese impurity which was reported by
Van Uitert76 arises from the cort ribution of the impurity energy
levels, which lies approximately half way between those of

§2* and FeZ'.

The electrical conductivity of cobalt ferrite has been
measured by Jonker82(1959). The room temperature resistivity

for pure stoichiometric cobslt ferrite is 104 ohms x cm and
DE = 0,28 e.v.

The electrical properties of manganites have not been
studied so extensively. Saban966(1960) was the first to make

a systematic study of the variation of electrical conductivity
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of the manganites CuMny04, NiMny04, Mn2+Mn204(Hn304), CoMny0,,
MgMn204, ZnMn204 and CdMn204, as a function of temperature.

He has observed that at higher temperature Wilson's Law is
obeyed for all these manganites. He has also studied the
electrical conductivity in the solid solutions: NiMn204- Can204,

NiMno0, - Mn,04, NiMn,0, - CoMn,0,, NiMn,0, - MgMny0,4, MnaO, - CoMn, Oy,

in.0 = 0 0, = 0 nd O, - MgMn O .
Vn314 CuMn2 ) CoMn2 4 CuMn2 4 a CuMn2 s I3 n2 P

The results on the thermoelectric coefficient measurement
indicate that all the manganites except NiMn204 showed p-type
conduction. He has also discussed the mechanism of electrical

conductivity on the basis of the electron transport process.

Larson, Arnott and w1ckham83(1962) have prepared a
series of compounds with the general formula Nil_an2+x04.

They have studied the semiconduction and low temperature magneti-
zation of this system. The compounds with the values of 'x' less
than 0.42 crystallize with cubic symmetry and others with the
values of x, greater than 0,42 exhibit tetragonsal symmetry.

From the results of Seebeck coefficient measurements, they observ-
ed that n-type conduction occurs in cases of compounds with

x ( 0.46 and p-type conduction occurs when x > 0.46. 4 sharp
change in low temperature magnetization takes place as the

value of x is increased from 0.36 to 0.42. According to them,

the formula of the above systems is:
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2+ 3+ 2+ 3+ )
(1= p)Mnx Mnl-x [Ni -anl*x;] 04
2¢ a 2* 3+ 4*
+ FSMn [Nil_aneanl_x 04

The electrical conductivity results from the transfer of
electrons from'B site Mn°' ions to the neighbouring 'B'
site Mn?* ions. The possible contribution to the conduc-
tivity from A site ions is neglected because the distance
between them is too great to allow a comparable transfer
of charge by a hopping mechanism according to which an
electron jumps directly from one cation to a neighbouring

cation.

34
Recently, Rosenberg, Nicolou, Manaila and Pausescwm
(1963) have prepsred Cuans_xo4 o x < 0.2), Zn1+xﬁn2-xo4

(0 x<0.2), MgMng 04(0 L xL 1) and zn Mn, O

0L x < 1) by co-precipitation methodg and studied their
electrical conductivity. From the studies of the crystal
symuetry as a function of composition and of electricsl
conductivity as a function of composition and temperature,
they have concluded thet the electrical conductivity involves
the hopping mechanism of electrons between Mn3+ and Mn4+ ions

at octahedral sites.

Jogalekargs(lgaﬁ, has studied the electrical properties

1+ 3+ 4+
0 f > M
of compounds of the genersl formula ZnLi2x nz_stn4x P

e
(ZnLi2an2_2x04), where x = 0.06 to 0.30 and 4t follows the

relationship g—= S, exp ‘AE/kT. The thermoelectric

properties indicates that compound in which the number of



33

Mn4+ jons is small (O {x { 0.1) are p-type while those with
0.156 & x { 0.3 are n-type semiconductor.

l.3.2. Mechanism of electrical conductivity
in the transition metal oxides

De Boer and Verwey ©(1937) made first attempt to
explain the electron transport in the oxide semiconductors.
They pointed out that the collective electron treatment of
Bloch®8187(1928,1930) and wilson®2(1921), although very
successful in explaining the electrical behaviour of metals,
is not a correct approximation for the oxide semiconductors.
Mott®?(1949) has also shown that the band picture of solids
does not satisfactorily explain the electron transport in
oxide semiconductors such as NiO. The Heitler-London
approximation should be used here which is based on localised

stomic wsve functions.

Yamashita and Kurosawago-gz

(1968, 1960, 1961) have
discussed the problem of conduection in sem’conductors with

Incomplete 'd' shells. They hsve proposed the Heitler-London
approach to explain the conduction in such compounds and have
assumed that the wave function of the electron is localized
closely around an ion. However, the localized state is a
stationary state only in the first approximation. The electron
Jjumps from an ion to its nearest neighbour iong with a certain
probebility due to the perturbing influence of the neighbouring
ions. Considering the conservation of energy, this transition
of the electron must be accompanied by emission and absorption

of many phonons. This therefore becomes a thermally sctivated



process and the mobility is assoclated with activation
energy term. Yamashita concluded that when mobility is
much larger than 1 cmz/sec x volt, the usual Block theory
could be used; while the H-L approach might be good when
the mobility is much smeller than 1 cmz/ sec x volt. If
the mobility is smaller, activation energy becomes larger.
Also, if the density of donors is ' low, the main part of
the activation energy comes from the work recuired to
separate an electron from the vicinity of the donor to a

distant point in the lattice.

Fecently, Sinha and Sinha33(1963) have studied the
electronic conduction in some polar semiconductors where
the carriers are assumed to be localised the electron
lattice coupling is separated in to two parts, cne dependent
and the other independent of the coordinates of the excess
charge carriers. The independent part gives rise to lattice
polarization while the dependent part, treated =s the pertur-
bation, superposes some excited orbital states on the ground
orbitale state of the carrier located at the metal ion. The
static potentisl of the other ions, treated as the perturba-
tion, causes transition of the carrier from one site to
another. This formulation sutomstically takes into account the
role of the intermediate excited states in the hopping process.
They have found that; under favourable conditions these inter-
mediate states give an easier path for conduction. In the
higher temperature region the dependence of carrier mobility on
temperature is nearly exponentiél. This behaviour is in agree-
ment with the experimental observations of some transition

metal compounds.
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CHAPTER - II

2. EXPERIMENTAL TECHNIQUES

In this section we discuss the experimental techniques
used for the preparation of the samples and for the measurements
of their physical properties. First the individual spinels
(Ferrites and manganites), then their appropriate solid solutions
were prepared by solid state reactions. The x-ray powder
diffraction, Curie temperature and seturation magnetization
measurements were carried out on powder materials. For electricel
conductivity and thermoelectric coefficient measurements sintered
pellets were prepared. The permeabilities /U' and /J” were

measured on sintered toroids with the help of a (-meter.

2.1. Preparation of the samples

The spinels CuMn204, CuPe204, ZnF3204, NiFe, 0,4, CoFeg 04,

and MnFe2O4, were prepared by the high temperature solid state
reaction between the respective oxides, mentioned in column 2,

Tsble 3.
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Iable 3
No. Compound Starting materials Reaction Atm.
temp.(T°C)
. 1:1 350 Air
1 CuMn204 Cul + Mn203 ( ) 5 A
. 0 + 0 1:1 1000 i
2 CuFe2 3 Cu0 F02 a (1:1) Air
3. 4nFe O Zn0 + Fe O (1:l1) 1250 air
2 4 2 3
. NiO + Fe O
4 NiFe204 1 . (1:1) 1250 Alr
5. CoFe 0 CoCO_ + Fe O (1:1) 1250 Air
o4 3 273
Be M 0 MnCO
5 nF02 A nC q * F9203 (1:1) 1260 Nitrogen

gas

Mn203 was obtained by heating A.R. grade manganese
dioxide (Mn02) in a platinum crucible at 900°C for 4-6 hours in
air and quenching to room temperature. The other materials

(AR grade) were used as supplied by manufacturers.

The starting compounds were intimately mixed in the
equimolecular ratio in an agate mortar snd pestle for one hour
under ethanol. The mixture waé dried and heated in a platinum
crucible =2t the réaction temperature given in column III of
Table 9. The temperature of the furnace was controlled within
% 500 with a chopper arrangement and wes measured by means of a
calibrated Pt/Pt-Ré, thermocouple. After about & hours of heating,
the furnace was switched off and the compounds were cooled in the

furnace. The product thus obtained was then analysed by x-ray
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diffraction using 2 14 cm. Debye-Scherrer camera and

Mo=K o ( 2= 0.70802) radiation,filtered through a zirconium
foil. There were no diffraction lines due to unreacted oxides
indicating the completion of the reaction. From the Debye-
Scherrer powder patterns the 'd' values were calculated in the

usual manner and unit cell parameters determined.

The hardhass obtained after the reaction was broken
into small pieces in an agate mortar. The product was ball
milled under alcohol for 16 hours in a eylindrical stainless
steel ball mill (length 8" and dia. 6") containing ten stainless
steel balls of one inch diameter. The can was rotated at a
speed of sixty revolutiomsper minute by a half H.P. continuous
operation motor. On completion of the grinding, the compound
was poured out in a steainless steel plate and dried in anoven

o}
at 110 C.

Ctarting from these individual spinels, the following

binary solid mixtures were prepsared:

(1) (CuMng0,), + (CuFeg0,), .
(2) (CuMn 0 ) - + (NiFe 0 )
24 x 2 4 l-x
(3) (Cuvn 0 ) + (CaFe 0 )
24 x 24 l-x
(4) (CuMn 0 ) + (ZnFe 0 )
24 x 2 4 l-x
(8) (CuMn 0 ) + (MnFe 0 )
24 x 2 4 l-x



where x = o, ool' 002, 003, 004, 0-5, 0.6, 007, 0.8, 0.9,

and 1.0. The appropriate oxides were mixed for three hours

in ethanol medium in an agate mm& mortar and pestle mounted

on an automatic grinding machine. They were then transferred

in a platinum crucible and hested under the conditions descri-

bed below for each system:

(1)

(2)

(3)

(4)

(€)

(CuMn204)x + (CuFe204)1_x

X
X

O to 0.5 reacted at 1100°C 2 in eir for
0.8 to 1.0 reacted at 1060°c § & hours.

Samples were annealed slowly from 1050°C to 200°C in
20 hours.

(Cutn,0,)  + (NiFe,0,);

0 to 0.5 reacted st 1160°C_ | 1n air for
0.6 to 1.0 reacted ot 1100 C { § hours.

X
X

Samples were cooled in the furnace.

(CuMn204)x + (CoFe204)1_x

x = 0 to 0.5 reacted =t 1150-116000 g in air for

X = 0.6 to 1.0 reacted st 1100-1110°C } & hours.
Samples were cooled in the furnace.

(CuMng0y), + (2nFeg0,);

x = 0 to 0.5 reacted =t 1200°C l in sir for
x = 0.8 to 1.0 reacted st 1100°C { & hours.

Samples were cooled in the furnace.

(CuMn2O4)x + (HnF0204)1_x

X = 0 to 0.3 reacted st 1150°C i3
x = 0.4 to x = 0.6 reacted at 1100°cj @ Bitrogen (i)
X =

0.7 to x = 1.0 rescted at 1060°C{ Ztf9sphere for
Samples were cooled in the furnace.

00
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For electrical conductivity measurement, pellets
(0.8 cm. in dia. and 0.2 to O4em. thick) were made by the
standard ceramic technique of powdering, mixing, grinding,

moulding, sintering, etec.

The compound was finely ground and in agate mortar
and pestle and sieved through a stand rd 326 ASTM sieve.
1.6 cc. of 27 solution of the polyvinyl acetate in acetone
was added per gram of powder and the mixture was homogenised
and dried in an oven. The appropriate amount of the dry
powder was filled in a die Qnd a pressure of 2000 to 9000
p.s.i. was applied by means of a Carvar Laboratory FPress fitted

with a calibrated pressure gauge.

The pellets thus obtained were slowly heated in air
(N2 for (CuMn,0, + MnFey04 )| at 800°C for about 2 hours when
the binder was burnt4completely. The temperature of the furnace
vas then increased gradually and the sintering was carried out
at 1100°C for 3 hours. After sintering the furnace was switched
off and the sample was cooled in air in the furnace. It took 3
hours to reach 600°C and 5 hours from GOOOC to room temperature.
The end faces were made parallel by careful grinding on various

grades of emery paper.

Toroids of inner diameter = 2.6 cm., outer diameter
= 3. em. and thickness = 0.3 - 0.5 cm. were also prepared by

the above technique for the measurements of /LA’and u'
/
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2.2. X-ray examinations

In addition to checking the completion of reactions,
the x-ray powder diffraction technique was also employed to
deternine the erystal structure of the solid solutions formed.
The semples were filled in thin glass capillaries and Debye-
Scherrer patterns were taken on a Philips X-ray machine using
Mo-K_ radiations ( h= 0.708%) filtered through a zirconium
foil in a 14 cm. camera. The 'd' values were obtained from
the powder diffraction deta in the usual way. The patterns
wvere indexed with the help of the standard charts and the

lattice parameters were calculated from the observed 'd' values.

2.3, Curie temperature

For determination of Curie temperature of the ferrites,
the test sample was kept in a thin walled platinum bucket suspen-
ded with the »1d of a steel spring and a quartz rod into a vertical
tube furnace of one inch diameter. The purpose of the quartz rod
was to keep the steel spring out of the furnace to avoid 1ts heat-

ing.

4 ten inch long mild steel rod with diameter slightly
less than one inch was introduced into the furnace from its end.
The distance between the upper end of the rod and the sample was
kept at about 1/2 cm.

The mild steel rod was magnetized by passing a current

of & amps. through a coil of 1600 turns of copper wire fitted at



FIG. 5.

THE APPARATUS USED FORSBHE
SATURATION MAGNETIZATION.
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its lower end. The magnetised rod pulled the sample towards
itself making an electrical contact between the platinum foil
and the mild steel rod. This, in turn, completed the circuit
of an indicator lamp (buldb) which was made on and off as the

contact was made or broken respectively.

The magnetic sample which remsined attached to the
magnetized rod got released at the Curie point and the indica-
tor lamp went off. The furnace was heated at a rate of approxi-
mately ¢ degree 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 it inside the
platinum bucket. The uncertainty in the value of Curie

o
temperature measured by this method wes estimated as + & C.

2.4. Saturation magnetization

The measurements of saturation magnetization( < )

were carried out by Ponderomotor method described by

Fathenau and Snoek94 (Fig.8). Here the material wass fixed

at the end of a horizontal pendulum p (made of silica rod).
The pendulum was suspended from four wires (W) moving per-
pendiculsr to an inhomogeneous field. The field varied nearly
as H = Hj - % ax? in the direction 'x' of the oscillation.
This type of variation was brought about by the special shape
of the pole pieces 'N' and 'S'. The constant of the resisting
force on the magnetic material in this inhomogeneous field was

i
(F v“m) where C = saturation magnetization in Cg_s_n gncm“/grams
ma

m = the weight of the sample.
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Thus the saturation magnetization ' 0 ' was found
from the formula :

a1 1 .c 1 1
T ] - e

2

M

where
c = 4

4

a
M = the weight of the pendulum,

to = the period of oscillation in a magnetic field
without the material fixed to the pendulum,

t = the period of oscillation when the magnetic
material was present.

2
The constant 4 7T M/a was determined by calibrating

with very pure nickel metal.

The seturstion magnetization ' ' has been measured

at various temperatures in the range of 77°K agﬁ 300% for gll

N

the ferrite-manganite systems.

The experimental set up consisted essentially of an
electromagnet having hemispherical pole-pieces of 10 cms.
diameter. The Yoke was | ) shaped where the horizontal portion
was 30" long and the vertical limbs were each 22" long. The area
of cross section was 6 x 6 sq. inches. 4 suitable D.C.stabilized
power supply unit supplied by Automatic Electric Private Ltd.
was used to energise the coil. The gap between the magnetic
pole pleces was fixed at about 3.8 ecm. A steady magnetic field
of 8600 oersted was obtained by controlling the current through

the coil of electromagnet.
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A silica pendulum consisting of a silica rod 3 mm.

diameter and 56 cm. length tied with four strings as shown

in the figure 5 was used. At one end of silica rod sample
tube of 3.5 mm. dia. and4 cm. length was attached. The sample
was kept exactly at the centre of the pole-pieces. 4 double
wall pyrex circular flask (evacuated outer space) was used for
low temperature (77°K to 273°K). For temperatures greater than
room temperature a suitable heating assembly was used. The
temperature was measured by a previously calibrated copper-

*onstantan thermocouple and a potentiometer.

For calibration of the apparatus, pure Ni metal (supplied
by Johnson Mathey, England) was used as the standard substance

for which the value of ' G ' is known to be £4.39 gauss-cms/g-
at 20°C.

The tube constant 'c' for the specimen tube at room

temperature was calculated from the

a(N1)
C= ee——Q\"—__ x wt. of substance (Ni).
1/t2 - 1/t2

By using this constant the saturation magnetization for pure
NiFe204 and CuF9204 was measured at different temperatures.

Values for N1F9204@m19uF0204(énnealed) at different temperatures
agreed with those reported.

Thus the values for ' ¢ ' of unknown substance was
obtained by using the constant 'C!' 5 time periods t, t, and
the weight of the substance taken:
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2
/st - 1/t2)
Wt. of the substance

o =

From these results the value of o I = Ooﬁ)could be
obtained by extrapoletion of the graph of the ( vs temperature.

The saturation magnetisation in the Bohr magneton units

was calculsted using the relationship:

Op X mc:;;:ular weight Log = O’@}: O"K}

nB=

2.5. Electrical conductivity

The electrical conductivity of sintered pellets was
studied as & function of temperature. A suitable furnace was

constructed for these measurements.

The standard resistor Kanthal (4) wire was wound over
an opaque silica tube of 6 cms. 1 diameter, 485 cm. length.
This was kept in & box of asbestos cement and lagged yith
magnesia as insulating material. From one end of the furnace
another silicatube of 3 cms. dismeter and 45 cm. length was
inserted together with a calibrated chromel-zlumel thermocouple
(covered with insulating beads) in such s way that the measuring
junction of thermocouple was =zt the centre of the furnace where
the pellet in the sample holder assembly was also located. A
small automatic controller (chopper basr type) was used to control

the heating of the furnace. The temperature could be controlledto
o]
+ 85 C.
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Sample assembly

A zirconia tube of 20 cms. length and 1 cm. dia.
with an 'U' type notch zt one end was taken. The ferrite
was coated with aqua dag on the two circular faces. A silica
plate was placed on the notch at the lower part of the zirconia
tube. On this plate a clean Pt-foil followed by the sample,
another Pt-foil and finally a silica plate were placed and a
mild pressure was applied from the top with the help of a
spring loaded silice rod (3 mm. dia. x 26 cm. length) as shown
in Figure 6. The Pt-foils had welded Pt-wire leads which were
taken out of the tube and connected to the vacuum tube volt-

meter.

The sample sssembly was introduced in the furnace and
the platinum wire leads were connected to a vacuum tube volt-
meter (electronic volt - Ohm-meter-Eico), the chromel-alumel
thermocouple leads were connected to potentiometer to measure
the thermocouple e.m.f. The accuracy of this e.m.f. measurement

was ~ + 0.1%.

The A.C. conductivity has been measured st various
0
temperatures from 35°C to 450 C. Whenever temperature was

changed, sufficient time was allowed for attaining equilibrium.

If Wilson's Law 1s obeyed the conductivity of these
compounds should be given by 2 simple relation:
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- AE
g o, Y= u]

B 2

kT

o)

where: (= specific conductivity,

P = specific resistivity,
AE = thermal activation energy,
k = the Boltzman constant,

T = the absolute temperature,

O, (= constants.
AE
Thus log{’ = log/ * S5

The graphs of log ( as a function of 1/T wvere
o]
therefore plotted in all the cases.

Permeability

The measurement of /(' and (/" as function of freguency
was carried out on all the samples with the help of a Q-meter

made by M/s. Toshniwal.

Twenty turns of 22 gauge copper wire were wound on the
sintered ferrite toroid and connected at the induction terminals
of the meter. The instrument was set at a particulsr frequency
and then by taking ferrite ring in circuit the resonsnce was
obtained by adjusting the capacitance. The values of ¢ (= /iy}iﬂ)
and Lf2 were directly read on the meter. /x’ was calculated from
the value of L using the relationship:

14 9
= 10
el
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where L = inductance in henrys,

d = mean diameter of the toroid,

N = number of turns in the winding,

A = area of cross section of the toroid(cm.a).
2.7, Thermoelectric eocefficient

An apparatus described belowwas constructed to measure
the thermoelectric e.m.f. of cylindrical pellets at various

temperstures.

The electric furnace was mede by winding standard resistor
Kanthal wire over a 2 inch diameter opaque silica tube. The
sample was located close to one end of the tube furnace so that

there was 2= temperature gradient between two ends of the tube.

The silica tube wes placed in a box made up of asbestos
cement sheet. The furnsce was thermally insulated by packing the
box with magnesia asbestos powder. One end of the silica tube was
closed and the sample holder assembly was introduced from the
other end. The hesting of the furnace was controlled by means
of a variac (rated for 16 amps., 220-270 volts) and a temperature
controller. By adjusting the voltage supply it was possible to
obtain & tempersture difference of 10-40°C between two ends of

the sample placed in the furnace.

A sample holder assembly similar to that used for

conductivity measurements was constructed. Platinum folls were
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employed for electrical contacts. The platinum wires (23
s.w.¢. pange) were fused to the platinum foils. These wires
were electricelly insulated with porcelain leads and were

brought out of the furnace for the e.m.f. measurements.

Temperature measurements were done by two different
previously calibrated chromel-zlumel thermocouples of 23
gauge wire and placed in contact at the centre of the end
faces of the pellet. The temperature difference between
the two ends of the pellet was measured by connecting these

two thermocouples in opposition.

A potentiometer, which reads upto 10 micro volts was
used to measure thermocouple e.m.f. as well as thermoelectric
e.m.f. The average temperature of the sample was obtained by

taking the mean of the temperatures at the two ends.

The thermoelectric coefficient has been measured at

various temperatures ranging from 30'2°°°C.

e (jo-———
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CHAPTER - III

3.EXPERIMENTAL RESULTS

3.1. Saturation magnetization

3.1.1. CuMno0,- CuFeqy0, ( 0. 0u02)
NoY4 2Y4 2-2x°4

Saturation magnetization of the compounds having the
general formula CuMn_Fe 0 (where x ranges from O to 1 in
2x 2-2x 4
intervel of 0.l) were measured in the temperature range of
77°K to 300°K. The value of ¢ (T = 0°K)was obtained by
extrapolation of @ vs T plot to T = 0°K. Saturation magne-
tization in Bohr magneton (ng) per molecule was calculated from

the formula: -
Qr- OOK) x M

=
B 5685

where M is the molecular weight of the compound.

For pure CuFe204 (x = 0) the saturation magnetization was
found to be 26.30 cgs units at room temperature. It increased
with decrease in temperature and at 77°K the value was 29.35

o
gauss-gg.3 The extrapolated value to T = O K is 31.2 units
g

in
gauss-gg.s or 1.33 f*B which is/good agreement with that
3
reported by Corter®®. The g2 o - T plot is shown in Fig.7.

For other compositions also (x ) O) we get an increase in the
saturation magnetization on decrease in temperature. The

values of ¢ at SOOOK, 77°K and OOK (extrapolated) are presented
in Teble 10 and < - T plots are shown in Figures 7 to 12. It
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can be seen that for x = 0.1 and 0.2 the curves are concave
towards the origin, for x = 0.3 and 0.4, they are linear and
for x = 0.8, 0.8, 0.7, they are convex towards the origin.

The compounds CuMnl.sFe 0

0.4%42 CuMn; gFe

0.204 and CuMn204(1.e.

x = 0.8, 0.9 and 1.0) are ferromagnetic at 77°K and the satura-
tion megnetizaetion values are 7.78, 4.05 and 5.2 (in cgs. units)
respectively. At 140°K the 4 values fsll to 8.75, 1.0 and 0.75
respectively, but beyond this they remain constant upto room
temperature. This indicates that the Curie temperatures for
these compounds lie between 77°K - 140°K and that the small
ferromagnetism above 140°K is presumably due to trace ferro-
magnetic impurities. 1In the case of the first two compounds

it is likely that the ferromagnetic compound is free CuFe204
which has not gone into solid solution. However, it could nof
be so in the case of pure CuMn204 and further work on the
identification of the ferromsgnetic impurities is in progress.

The extrapolated values of ¥ (p = 0°K> for the various
compositions are obtained and ng values are plotted as a
function of 'x'. Values upto x = 0.7 only are included in
Fig. 29 as the extrapolation in the other cases was not
possible in view of a very limited number of points below the
Curie temperature. It cenbe seen that the msgnetic moment
(np) increages as 'x' decreases from x = 1.0 and reaches the
maximum value at x = 0.6 (np = 1.96) beyond which it starts
falling.



51

3.1.2. CuMn204 - N1F0204(Cuxﬂil Mn 1“02_2x 4)

Saturation magnetization of the compounds having the
general formula CuxNi ""2;"2-2 PR3N measured in the
temperature range of 80 - 300 K and as usual the values of

Tfp = 0°K)yere Obtained by extrapolation of 4~ vs T plot
to T = 0°X. Saturation magnetization in Bohr magneton

(nB) per mole was calculated.

For pure NiFe_0, (x = O) the saturation magnetization

24

was found to be £1.52 gauss-cna at room temperature which
E

increased with decrease in temperature and the extrapolated

value to T = 0°K 1s 65.2 gauss-cm® (= 2.3 /“B) which 1ﬁ£éébd
g

agreement with that reported by Gorter58. The ¢ - T plot is

shown in Fig.13. For other compositions in the range x < .9
we get a similar increase in saturation magnetization on

o (o]
decrease in temperature. The values of o at 300 K, 82 K

)
and O K (extrapolated) are represented in Table 11 and ¢ - T
plots are shown in Fig. 14 to 19.

For x = .9, ¢ - T plot is linear in the range between
120 - 210°K, falls abruptly between 210-250°K snd then remains

nearly constant till room temperature.

This shows that the Curie temperature for the compound
\ 0.
c“o.gNio.l““1.8P°o.2°4 (1.e. x = 0.9) liesbetween 240-250°K

and that it may contain some other ferromagnetic phase as

trace impurity.
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0
The extrapolated values of 6(? =0 K>for the various
compositions are obtained and ng values are plotted as a function

of 'x' as shown in Fig.30.

It is observed that magnetic moment (nB) increases as
'x' decreases from x = 0.8 and reaches the maximum value at
x = 0.8 (nB = 2.12 /*B)and remains nearly constant for further
decrease in 'x!' Gt X = O/nB = 2,30 /‘B)

3.1.3. CuMn204 - CoFe2O4(CuxCo Fe 0,)

1-x"2x o 020

For pure CoF9204(x = 0) the saturation magnetization was

found to be 67.0 gauaa-cm.a at room temperature and increased
g

o
with decrease in temperature and at 8)_K. The value was 74.5

()
gauss-cmS, the extrapolated value ioFGZ? =0 f)is 78.0 gauss-cm.3
g g

in
(= 3.3 &+B) which is/good agreement with that reported by Gorter58

The 0 - T plot is shown in Fig.20.For other compositionssalso

(x > 0) we get an increase in ssturation magnetization on decrease
in temperature. The value of ¢ at SOOOK, 82°K and 0°K(extra-
polated) are represented in Table 12 and o - ? plots are shown
in Figures 21 to 23. It can be seen thatzgxi 0.1 to 0.7, the
curve is linear. The compounds Cuo.8C00.2Mn1_6F90.404, and

Cug.QCOO.lxnl.aFeo.ao4 (1.e. x = 0.8 and x = 0.9) are ferromagnetic

at 82°K and saturation magnetization values sre 20.65 and 10.02
respectively. 0On increase of temperature, ¢ values fall very

rapidly and are 13.5 gauss-c-.s and 4.0 gauss-cm.a respectively
g g
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nt_lGOOK and 7.0 and 2.0 at room temperature. It appears that

0
the Curie temperature for these compounds lies between 150-250 K.

The extrapolated values or(jzi = O°@)for various composi-
tions are obtzined and ng values are plotted as a function of 'x!

from x = O to 0.7 as shown in Figure 29.

It has been observed that the magnetic moment (nB) increases
as 'x' decreases from x = 0.7 and reaches the maximum value at
x = 0.5 (“B = 2.95) and remains nearly constant on further decrease

in 'x' (at x = O, ng = 2.30).

3.1.4. CuMn,0, - ZnFe 0, (CuZn) Mn, Fe, , 0,)

For x > 0.1 the (J - T plots are shown in Figures 24 to

26. We get an increase in szturstion magnetization on decrease
in temperature. The values of (J at 300°K, 82°K and 0°k
(extrapolated) are represented in Table 13. It is observed thst
for x = 0.1 the plot is linear but for higher values of x, it
becomes more and more convex. For x = 0.5, 0.6 and 0.7,
(j’incroaaea very rapidly as temperature decreases. For x = 0.7,
0.8 and 0.9, we see that at lower temperatures trere is s rapid
change in (7 with T, but this change becomes slow at higher
temperatures. In fact, for x = 0.9, there is a long tail and the
transition from ferro to paramagnetic state is very gradual. The
magnetic moment (nB) was calculated from the extrapolated values
of (52% = 005) for various compositions, and np values are plotted
as a function of 'x' (Fig.30).
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It is seen that magnetic moment (ng) increases as 'x'
decreases and reaches a maximum at x = 0.6 (= 3.01 ﬁh) beyond
which it sterts fzlling.

3.1.6. CuMn,0, - MnFe_0,(Cu Mn.. Fe 0,)
oV 24 1 2-2x"4

For pure MnFe,0, (x = 0) the saturation magnetization

was found to be 6l.41 gauss-cn-a at room temperature and
g

increased with decrease in temperature and at 81°K the value
was 8219, the extrapolated value (p = 0°K)is 112.0 (= 4.5
MB) which is in good agreement with that reported by Gorter®®,
The values of < at SOOOK, 82°K and 0°K (extrapolated) for
other compounds of the series are reported in Table 14 and

0~ T plots are shown in Figs. 27 and 28. They all appear to

be nearly linear with slight upward bend at lower temperatures.

0
The extrapolated values of ¢ (T = 0 K) have been obtained

for various compositions from x = O to 0.9 and the magnetic moment

(ng) velues sre plotted as a function of 'x' as shown in Fig.30.

It 1s seen that the megnetic moment (nB) increases regularly as

'x' decreases from x = 0.9 to O.
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3) CuxMn  xFea 5404




55

3.2. Curie Temperature (Tc)

The Curie temperature was measured by the method described
earlier (Chapter II) for the compositions x = 0.0 to x = 0.7 of
the systems CuMn204 - CuF0204, CuMn204 - NiFe204, CuMn204 - CoFezO4
and CuMn204 - MnFe20 + The values are given in Tables 10, 11, 12,
14 end are plotted graphiecally in Figures 31 and 32. It is seen
that the Curie temperature decreases linearly with increasing 'x'
in this range. The approximate values of Curie temperature for
x = 0.8 and 0.9 were obtained by extrapolation of the a - T
curve and they are also included in figures for all cases except

CuMn204 - CuFezo4 system because the extrapolation was not very

conclusive in this case.

In the CuMn204 - NiFe204 and CuMn2O4 - MnFezo4 systems the

Te values change slowly for x ( 0.7 but beyond thig’the change
is very rapid.

For CuMn204 - ZnFo204 system the approximate value of the
Curie temperature were measured by the extrapolation of ¢ - T
plot to zero saturastion magnetization ( o= 0) for all the compo-
sitions. It is found that Curie temperature increases slowly as
'x' decreases from x = 1.0 to 0.5 beyond which it starts falling.
The plot of T, vs x 1s shown in Figure 33.
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Compo~-
sition

'x'

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Table - 10

Copper manganite - Copper ferrite

56

CuMn,0, - CuFe,0, (CuMn2xF02_2xO4)
----- T Gka;ss-cm§g Gkauns-cns Gkauls-cme ng Curie
T=300Kk . _Eo gaofk (G- 00K x M )(:f-:?g;
( 5888 )

0.48 6.2 18.00 0.68 25
0.96 4.06 10.00 0.428 100
5.8 7.78 8.80 0.4231 1580
15.8 28.6 41.00 1.74 373
19.4 34.76 46.25 1.97 412
24.8 39.38 45.50 1.947 468
27.38 40.30 47.00 2.00 §00
3l.18 42,0 45.850 1.4 658
30.35 38.65 40.75 1.74 6812
30.386 36.80 37.860 1.61 662
25.30 29.36 31.20 1.33 729
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Table - 11
Copper manganite - Nickel ferrite
CuMn204 - NiFe204 (cuxuil-anZxF°2-2xo4)

- - - e . - W me eh S WD W W W N e S e R S e e e S e W e e e e e

3 3 3

Compo=- ¢ gauss-cm €§guss-cn G gauss-cm ng Curie
sition e g g (;QGOQKT;‘E temg.
- T=200%k T=8° T=0K e Tl
0.9 0.39 9.57 11.80 0.80 2E0
0.8 8.72 24 .27 26.50 1.13 3785
0.7 18.48 32.45 38.50 . 1.60 478
0.6 26.10 39.79 41.50 1.76 651
0.6 32.9%4 45.88 §0.00 2.12 614
0.4 24.89 46.26 50.00 2.116 872
0.3 39.93 48.49 §2.60 2.20 701
0.2 43.63 49.87 62.560 2.20 747
0.1 47.02 61.10 £§2.50 2.20 793

0.0 51.52 §3.70 86£.860 2.30 868
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Table - 12

Copper Manganite -Cobalt ferrite

Mn_, Fe

l-x 2x 2-2x04)

CuMn204 - CoFe204 (CuxCo

Compo- gtauss-cm? ggauss-cas dgausa-cna ng Curie
e TS C (TR e
7 =300°k T=8°% T=0K (=~ se88) °©

0.9 1.70 10.02 21.580 0.2 150
0.8 7.46 20.65 30.00 1.30 260
0.7 16.56¢ 39.04 47.00 2.01 360
0.6 26.79 47 .52 54 .50 2.32 393
0.6 38.90 60.67 69.860 2.98 477
0.4 46,90 63.78 70.00 2.97 638
0.3 665.86 67.50 71.00 3.00 678
0.2 61.86 63.71 71.50 3.016 648
0.1 66.09 71.22 73.00 3.10 720

0.0 67.04 74 .52 78.00 3.30 728
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Table - 13

Copper manganite - Zinc ferrite

CuMn,0,- ZnFe 0, (Cu Zn, Mn, Fe, o 0,)

[ ettt radadadiediaeadad e Bk e dendnd it

Compo- G gauss-cm® 6 gauss-cm® sgauss-cm® ng Cants
O e € € (TR x W T
7=300°k T=8°%% T=0K (* “eg8s ) (T K

0.9 0.686 7.88 11.00 0.47 130
0.8 1.11 30.42 34.00 1.45 190
0.7 1.39 £5.886 64.00 2.78 270
0.6 5.586 6l.12 70.00 3.01 300
0.5 10.885 60.37 70.00 3.00 320
0.4 5.32 43.24 48.50 2.10 210
0.3 2.39 22.27 26.50 1.14 290
0.2 1.22 16.63 19.80 0.84 280
0.1

0.75 6.22 2.00 0.39



0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Table - 14

Copper manganite - Manganese ferrite

CuMn2 4

1.08

2.70

6.08

11.656

27.40

36.63

44.58

£4.76

68.68

6l.41

- MnFe

308

3390

450

480

498

623

686

£83

g0q (CuMny, Fe, o.04)
rpuasica® Gyeuss-ca® %
4 (4 (%=0°K) x M)
T=8°% =0k E* 5585
5.2 7.00 0.30
6.67 .60 0.36
12.45 16.00 0.63
20.45 24.00 1.01
45 .50 §3.00 2.23
61.41 72.560 3.04
71.00 86.50 3.61
78.98 96.00 4.00
81.81 99.50 4.10
82.19 112 4.62

603
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3.3. Electrical conductivity

The A.C. electrical resistivity ( ? ) of the circular
pellets of composition x = 0.3, 0.5, 0.7, 0.8 and 0.9 for the
systems CuMn,0, - CuFe2O4, CuMn,0, - NiFe?O4, CuMn204 - CoFe2O4
and CuMn204 - MnF°204 and x = 0.3, 0.5, 0.6, 0.7 and 0.9, for
the CuMn204 - ZnF9204 system were measured at various temperatures
in the range between 34°¢C to 450°C. The log / values were plot-
ted against the reciprocal of the absolute temperature T (Figs.
34, 38, 35, 37, 38 and 39). The specific resistivity values at
room temperature for different compositions are given in columnl

of Tables 1§, 18, 17, 18 and 19.

The activation energy value AE in e.v. was calculated
from the equation { - Qo exp A—i—T « The values of AE in
paramagnetic and ferromagnetic region are given in Tables 1§, 16,
17, 18 2and 19 in columns 2 and 3 together with the values of
log ¢ (columns 4 and §). It is observed that there is a
break in the log Q vs 1/T plot at the Curie temperature for the

compounds which are ferromagnetic above rooﬁ temperature.
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Conductivity results

Table - 156
CuMn204 - CuFe 0 (CuMn Pee ox 4)
Composi- logf 4E e.v. OE e.Ve log log >
tion 'x' RT Ferro Para Ferro Para
100 104 b 0026 - bd
0.2 2.86 - 0.10 - 1.2
0.8 2.39 0.04 0.18 1.80 0.038
007 3008 0.10 0028 1.50 - 006
0.8 4,06 0.18 0.20 1.0 0.8
0.3 4.85 0023 0-37 1.0 - 0.2
Table - 16

- - - - - = = . . e e e e R W s - - -

Composi- log? &AE e.v. CE e.v. logfo log

tion 'x!' RT Ferro Para Ferro Para
0.9 26 - 0.18 - 0.02
0.8 1.9 0.07 0.14 0.79 - 0.1
0.7 o& 0.03 0.09 0.09 0.8
0.8 3.2 0.14 0.13 0.84 0.80



63

Conductivity results

A Table 17 o eeeeeee e
CuMny0,- CoFey0, (Cu, Co,_,Mn, Fe, o 0,)
Composition log¢  AE e.v. JE e.v. log fo  log fp
'x! RT ‘0 Ferro para Ferfo Fara
009 208 bl 0013 - 006
008 3.0 - 0011 - 009
0.7 2.2 0.02 0.17 2.0 - 0.1
0.5 2.8 0.18 0.22 2.5 0.3
0.3 504 oc36 0.41 o 005 1.0
Table 18
CuMn 0 = Znfe 0 (Cu Zn. Mn_ Fe 0)
................ 24 _____.24_ __x_ l-x @ex 2-2x 4 ______
Composition log AE e.v. AR e.v. log (, log [,
'x! RT | Ferro Para Ferfo Par
009 2.7 s 0018 ol 0070
007 902 - 0019 - ‘0.1
006 306 - 0.18 - O.e
005 3.9 0018 0031 100 - loo
0.3 6.4 - 0043 - bl OI?
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Conductivity results

Table 12
CuMny0,- MnFey0, (CuMn,, Fe, 5.04)

Composition log? AE e.v. #E e.v. log/ log/le
'x! RT Ferro Para Ferro Para
009 2-8 - 0014 - 0.6
008 2.9 - 0-12 - 0.9
0.7 6.5 0.06 0.47 4.6 - 1.0
006 503 0028 0053 006 - loE

0.3 707 0053 0071 - 1.1 - 2.8

R T A ——
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3.4. Thermoelectric coefficient

The thermoelectric coefficient for the compositions

= . . . - O i O
x 0.9, 0.8, 0.7 of the systems CuMn204 CoFe2 4’ Cuhne 4

- MnFey0,5 X = 0.9, 0.8 of CuMn204 - NiFe,0,,and x = 0.9,
0.7 of CuMn204 - ZnF9204 were measured at differe:t
temperatures in the range room temperature to 200 C. The
conduction in all these cases was found to be p-type. The
values of the thermoelectric coefficient S and ST are given

in Tables 20 to 24 in columns & and 3.

The thermoelectric coefficient S rises as 'x' decreases

0 - NiFe O 0 - ‘e 0 o
in cese of CuMn2 i 92 4 CuMn2 ” Core2 4 and CuMnE .

- Mn?e204 and decreases with 'x' in case of CuMn O - CuFe O
2 4 2 4

and remains nearly constant in case of CuanO4 - ZnF9204.

It 1s observed that the thermoelectric coefficient is
nearly independent of temperasture for all the samples.
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Table 20

Thermoelectric coefficient of C“xﬂil-x““sz°2-2x°4

as a function of temperature

(Type of conduction p type)
Composition x = 0.9

o} o o ST
t,C toC T°K Te.m.f. micrgvolts/ volts
in degree

micro-

volts
77.5 23.5 383.86 400 56 0,023
100 109.26 2377.62 £90 64 0.024
107.56 117.8 386.5 6€0 686 0.02¢

Composition x = 0.8

107.5 122.5 388 1640 109 0.042
109.6 122.5 389 1470 113 0.044
134 181.& 415.76 1780 100 0.042
147 165.76 424.37 2000 108 0.045

e etttk ededein ittt ettt e

t, = Temperature ~f the cold end.

t2 = Temperature of the hot end.



67
bt

Thermoelectric coefficient of CuxCol.anex}'eg_axO4
as a function of temperature

(Type of conduction : p type)
Composition x = 0.9

o
£C B0 7°K s ST
in microvolts/ volts
micro- degree
volts
100 128 388.56 1800 80.0 0.023
130 187.8 413.76 1820 £9.0 0.028
140 172.5 429.25 2200 67 .0 0.029
Composition x = 0.8
1156 127 395.26 760 81 0.024
118 137 399.286 1400 82 ) 0.0286
117.56 147.5 4056 .56 1000 681 0.026
140 180 418.,0 871 87 0.028
Composition x = 0.7
169 208 460.5 2400 85 0.030

174 214 467.0 2600 63 0.029
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Table - 22

Thermoelectric coefficient of CuMn2
as a function of temperature

xFe2-2xo4

(Type of conduction : p type)

o
£ t3c TK e.m.f. s sT
in microvolts/ volts
micro- degree
volts

- - - - . - e - W e M T e e e W . - -

Composition x = 0.9

131 182.5 418.26 1700 76 0.031
167.5 185 449 1460 82 0.037
188 176.5 4386.75 1440 82 0.036

Composition x = 0.8

40.5 46.5 316.5 400 87 0,021

117 129.5 401.25 15800 67 0,027

127 183.0 413.0 1700 85 0.027

191.8 209 473 1200 68 0.032
Composition x = 0.7

141.5 181.28 425,37 1480 62 0.0286

154.25 177.0 438.6 1440 683 0.028

169.0 181.5 447.25 1480 65 0.022
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Table - 23

Thermoelectric coefficient of Cu Zn  Mn_ Fe 0
x 1l=x 2x 2-2x 4
as a function of temperature

(Type of conduction : p type)

t,C toC T K T ST
1 - . .
. . Tnf microvolts/ volts
micro- degree
volts
Composition x = 0.9
108 91.6 371 480 36 0.013
130 110 391 780 38 0.018
147 128 409 860 39 0.018
1886 140.5 4286 1000 40 0.017
180 147.6 436 1290 40 0.017
Composition x = 0.7
87 76.8 385 370 35 0.012
168 140 428 970 28 0.016
177 146 434 1120 38 0.016
182.5 158 442 1100 40 0.017
180 163 440 1080 40 0.018

- - - . . - e e e ae R e TS e e e
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Table - 24

0
Thermoelectric coefficient of cuan1+xF°2-2x 4

as a function of temperature

(Type of conduction: p type)

o o o

t.C toC T°K T ST

1 2 e.m.f. microvolts/  yolts

in degree
micro-
volts
Composition x = 0.9
i12 130 394 900 &0 0.020
118 129 396.86 800 &4 0.021
124 134 402 £26 63 0.021
Composition x = 0.8
82 72.8 380 2390 41.1 0.014
87.5 77 368 433 41 0.015
120.3 112 324 826 45 0.018
1456 123 407 1000 44 .8 0.018
192.5 160 442 1800 48.86 0.022
Composition x = 0.7

82.7 78 352 420 654 0.019
130.3 118 398 896 68.3 0.023
133.0 117 398 940 £9 0.024
188 137.7 421 1200 68 0.0286

172.8 180 434 1438 82 0.027

- - - - - -
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305. X-I‘a! anel!sig

The x-ray diffraction patterns of the following
selected compounds were taken using Mo-K, radiation on

a 14 cm. Debye-Scherrer Camers:

0 d 0 s t Ill X loo 006
(1) CulingOq - CuFeg0q ¢ O0F, 0.3 and 002

i 0 - Ni 0 t 0. 0.7
(i1) CuMn2 A Fe2 s’ :zs STQT = 0.5,

(111) CuMn204 - MnFe204 : system x = 0.4 and 0.7.

The structure for the composition x = 0.7 in the CuMn204-

MnFe?O4 series is tetragonal and all the other compounds

are cubic. The unit cell values for cubic compounds were

obtained using the formula a = - - . The agec

JEE + kg* 12

values for the tetragonal compound were calcul=ted by

successive refinements. The diffraction lines were guite

broad hence the unit cell paremeters could not be determined

to an accuracy better than + 0.02. The observed 'd' values

and the intensities of the reflections for the various com-
pounds are given in Tables 25 to 34, together with the
calculated values of the lattice parameters. It is clear

from the unit cell parameters, the absent reflections and the
intensities of the various reflections,that the cublic compounds
are isomorphous with spinel structure and the tetragonal com-

pound is isomorphous with the hausmannite structure.
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Table - 286

X-ray results for CuMn_ Fe 0

2x 2-2x 4

Composition x = 1.0

111

220
311

222

400

422
511, 333

711, BE1
731, 553

s

V.W.
M.S.
V.V.W.
V.V.W.
M

a(a% Lattice parameter
a(A%)

4.8201 8.385

2.982 8.34

2.812 8,33

2.4086 8.33

2.080 8.32

- - a =8.327%

1.701 8.33

1.800 8.31

1.472 8.32

1.321 8.34

1.270 8.33

1.202 8.32

1.187 8.33

1.083 8.32

- - " - - -
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Tsble - 26

X= 2 &
ray results for Canszee_zxo4

Composition x = 0.6

hkl Intensity a(a ) Lattice parameter
............................................ ok IS S

111 W - -

220 M 2.984 8.44

211 ve 2.548 8.44

400 M 2.1186 8.46

422 VW - - a = 8.45%

$11,333 M8 1.826 8.45

440 S 1.498 2.47

£33 M 1.292 8.47

731, 653 W 1.103 8.47

800 vWw - -
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Table - 27

X-ray results for CuanxFez_Zxo4

Composition x = 0.8

hkl Intensity a(a) Lattice parameter
a(a®)

111 vVW 4.885 8.42

220 VW 2.973 8.40

311 Vs 2.627 8.38

222 VW 2.430 8.41

400 s 2.100 8.40

331 - - - a = 8.40%

422 o\ 1.718 8.41

£11, 332 8 1.616 8.39

440 Vs 1.485 8.40

531 = - -

620 VW 1.329 8.40

533 VW 1.282 8.40

44ly AL 1.213 8.40

711, 851 - - -

642 VW l.12m4 8.41

731, 5523 VW 1.091 2,38

- - . " —n .- - - - " n - - e e . R ae W s e e e e w
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Table - 28

e e e e . e e .

- F 0
X-ray results for Cqu12x 02-2x .

Composition x = 0.3

hkl Intensity a® Lattice parameter
a(a%)

220 S 2.9349 8.30

400 MS 2.0761 8.30

422 MS 1.6973 8.81

6§11, 333 Vs 1.6007 8.32

440 Vs 1.4721 8.33 a = 8.307%
£33 MS 1.2666 8.30

]00 VVw 1.0369 8.30

761, 556 MS 0.96996 8.31

840 VW 0.22747 8.30

844 MS 0.84802 8.30



76

Table - 22

X-ray results for C“anxp°2-2x°4

Composition x = 0.2

hkl Intensity a(a) Lattice parameter
a(a%)

220 Vs 2.9349 8,29

311 vVs 2.4985 8.29

400 Ms 2.0668 8.27

422 AL - -

£11, 333 s 1.6970 8.30

440 \[: 1.4638 8.30 a = 85294R%

533 MS 1.267€ 8.30

731, 563 MS 1.0805 8.31

800 VW 1.0389 8.31

761, 5886 M8 0.9887 8.28
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Teble - 20

X-ray results for Cu Nil_an2xF°2_2x°4

Composition x = 0.9

P ettt et it

hkl Intensity a(a”) Lattice parameter
a(a%)

220 MS 2.9224 8.26

311 vvs 2.4939 8.27

400 My 2,068 8.27

422 MW 1.6918 8.29

511, 323 MS 1.5968 8.29 a = 8.2764
440 MS 1.4689 8.29

533 MW 1,2576 8.25

444 \{'} 1.1939 8.27

731, 663 VW 1.0778 8.28

761, 5865 Vvw 0.9891 8.29
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Table - 31

- 1ts for Cu Ni Mn Fe 0
X-ray results xl L

Composition x = 0.7

hkl Intensity a(a) Lattice parameter
a(Ao)

220 S 2.9413 2.30

311 vvs 2.8069 8.30

222 VVw 2.3990 8.30

400 VW 2.0730 8.29

422 VW 1.6918 8.28

£11, 333 MS 1.6007 8.30

400 S 1.4608 8.29

£31 vV 1.4022 8.29 & = 8.294

622 vw 1.2623 8.30

731, 563 MS 1.0767 8.28

800 VW 1.0349 8.28

761, EEB MW 0.9566 8.28

931 MW 0.87052 8.30

R44 Vvw 0.848546 8.28

- - " e R BB mE” TEE®EEEE. - . CEEe®®®n == e e e oo
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Table - 32

X-ray results for CuxNil_‘MnZXFez_sz4

Composition x = 0.8

hkl Intensity d(Ao) Latticeoparameter
a(a™)

111 VW - -

220 W 2.982 8.43

a3l Vs 2.640 2.43

400 W 2.113 8.45

422 vw 1.725 8.45 a = 2.44%

611, 333 s 1.629 8.46

440 s 1.490 8.43

£33 W 1.289 8.43

731, 683 W 1.100 8.45
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Table - 33

- 1 for Cu Mn_ F 0
X-ray results T R D e2_2x 4

Composition x = 0.7

hkl Intensity d(obs.) d(cal.) Lattice parameter
112 MS 2.97 2.99

201 ve 5.3 5:43 a =5.731%

220 Vu 2.02 2.02 c =8.87 %

106 Ms 1.68 1.70 a' = 8,09 R
312§ 1.68 et = 8.87 R

321 MS 1.57 1.6 c'/a' =1.10

224 MS 1.80 1.50

400 VW 1.43 1.43

413 W 1.26 l.26
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X-ray results for Cuan

Table - 34

F

0
1+x °2-2x 4

Composition x = 0.4

a(a®)

81

-—------.------——-----—-._----------------------—----————---—--_—_—

220
311

400
422
511, 333
440

444
731, 553
800
7561, 655
93m1
844

\AL

vw
\A'AY

VVw

2.9733
2.5293

2.0941
1.71123
1.6168
1.4825
1.2768
l.2122
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3.6. Permeability

The permeability /PL for compositions x = 0.5,

0.4, 0.3 and 0.1 of the system CuMn204 - MnFe204, x = 0.5,

0.4, 0.3, 0.2 of Can204 - ‘uFeaO4 system and x = 0.5 and

0.6 of CuMn204 - ZnF0204, were measured. The values of

Sy /“Q are given in Tables 85 to 37. The permeability

rises with decreasing 'x' in case of CuMn,0, - MnFeao4 and

CuMneO4 - N1F0204.
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Table - 35

Copper manganite - Manganese ferrite

CuMn. F 0
x T14x 2-2x 4

- - - - Y. . - - . . T, . . - . e -

Frequency Comp . Comp. Comp . Comp.
f kc/ X = o.l X = 003 X = 004 X = 0.5
sec. /M= 68 A= T7.5 M= 33,66 M= 26.85

1000 wQ = 114 4Q ® 211 AQ = 167  MQ = 196

Table - 36

Copper manganite - Nickel ferrite

Cu Ni Mn_Fe 0
x l-x 2x 2-2x 4

Frequency Comp. Comp. Comp. Comp .
£ x = 0.2 x = 0.3 x = 0.4 x = 0.5

ke/sec. M=13.6  H=16.0 M= 11.2 M= 8.6

Table - 37

Copper manganite - Zinc ferrite

CuZn Mn Te 0
x l-x 2x 2-2x 4

Frequency Comp. Comp .
f x = 0.8 x = 0.6
me/sec. M= 8.5 M= 2.6

7.0 MQ = 42.0 AQ = 33.4.



CHAPTER =~ IV l

DISCUSSION ]




84

CHAPTER - IV

4D I SCUSEION

4.1. Cstion distribution in ferrite
rich phases (x < 0.5)

Copper manganite is a cubic spinel with the "normal"
cation distribution (Sinha, Sanjana and Biswasf, i.e. the Cu
ions occupy the tetrahedrzl sites =nd the Mn ions the octahe-
dral sites. One would expect thst if the formula is

Cuz+ Mng+ 0 , the structure would be tetragonal as the
tet ct 4

Mn3+ ions are present at the octahedral sites. The observed

1,20
cubic symmetry has been explained by Sinha et.gl.(1967)

by essigning the structure cul* [_Mna*nn4* 04 to the
compound. The number of Mn3* ions is then less than that
required to give the cooperative distortion (1 against 1.2
required for distortion,(lrani, Sinha and bisva333’3§).
Miyaharas3(1962) on the other hand has explained the cubic
structure as due to the opposing influence of the tetrahedral
cu2* and octshedral Mn®' fons. The former tends to distort
the cubic structure to ¢/a { 1,whereas the latter to c/ad 1.
The two effects are supposed to balance exactly and no
distortion is therefore observed. Lowever, recent results
on electrical (Sabane, &inha and Biswas(lgss)geand magnetic
(Blaég(1966)68) properties of copper manganite znd related

compounds have supported the formula Cu1+ [rna’ Mnﬁf] 04+
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Copper ferrite is tetragonal and has the "inverse"
cstion distritution given by the formula Fe>' | cu®*Fe®*|o,.
For the copper ferrite - manganite systems of the general

formuls x CuMn204* (1-x)CuFe204 1ie. CuMn?xFez_zxo4 the

cation distribution should be

3+ 1+ 2+ 34+ 4% 3+ J
Fe, Cu [Cul-anx Mn_Pe)’ | 0O,

if the jions are assumed to maintain the same valence state

which they had in the parent compounds CuMn204 and CuF0204.

In the ferrite rich rsnge, i.e. x < 0.£, Neel theory is
expected to be valid i.e. the magnetic moments at the
tetrahedral sites are aligned antiparallel to those on the
octahedral sites. Thus the resultant nagnetic moment for
the above distribution would be (6x + 1) Bohr m=gnetons per
formula unit if the magnetic moments of individual ions are

taken as follows:

re3* =5 /B
>t =4 B
un'*t =3 B

c?t =1 MB
Cul+ = 0 /"B

This, however, does not agree with the observed variation

of ng with x, the experimental result being
ng = (1 + 2x) /“B.

+ + +
If the spinel contains Fea ’ Cu1 ’ Cu2 ’ Mn3+and Mn4*

ions then an unembiguous method to determine the cation

distribution would be:
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1+

(1) %o place the Fe'' and Cul' ions at the tetrahedral
sites in an arbitrary restio (1-a); a, (where the value of a
is to be determined). These ions are known to have a strong

preference for the tetrahedral sites (Millerg, 1959).

(11) To place the remaining jons 2t the octahedral sites.

The cation distribution would then be
3+ 1+ 2+ 3+ 4+ 3+
Fe3 ' cul {Cul_aun?x_a}‘ln Febs,. 2x_] 0,

The octahedral copper ions have been assumed tJ?Cua*'following
Blasse(lses)ss,'who has shown that et the octahedral sites

o+ 3+ 1+ 4+
(Cu” + Mn~ ) couple is more stable than the (Cu~ + Mn~ ')
couple. The calculated value of the resultant magnetic moment
for the above formula unit turns out to be ng = (1 +8a - 2x) ~B.
Equating this to the observed value of (1 + 2x) /‘B, we get
a = x/2. Thus the cation distribution is

2+ 3+ 4+ 3+
] 0, s CkL)

3+ 1+
Fel_xCu {Ful_anaanl Fej_ax
55 2

If, on the other hand, the spinel contains only Fea+, Cug*and

Mn3+ 1ons)then£ following the above arguments, one can write

the general formulas as:
3+ 2+ 2+ 3+ _ 3+
F
el-acua [bul-ann2xF81+a-2x:lo4
Then ng = 1l +8a ~-2x =1 + 2x. So a = x/2 and the formula

becomes

a+
ECul_xFel 3;(“1'12)( } 4 «e+(Bl)



87

On comparing Al and Bl it turns out that the pair
(Cut:t'+ Mn::t.) of Al has been replaced by (C“%;t.* Mng:t.)
in Bl. It is easy to see that this change lesds to no
change in the resultant magnetic moment because both pairs
give a resultant value of 3 ((Bonly (3 -0Oor 4 -1 AL BY
respectively). Thus the magnetic data will not be able to
resolve this ambiguity and we have to take help from the

electrical conductivity 2nd structural data.

Verwey and coworkers75(1936) have found that the
electrical conductivity in a transition metal oxide is high if it
contains, at crystallographically equivalent sites, an element
in two different ionisation states, q and q + 1. For example,
Feeq4 which has Fez*and F03+ ions at the octahedral sites of
the spinel structure shows a very high conductivity whegreas
ZnF3204 which has only F‘es4> ions at the octahedral sites has a
very low conductivity. This arises from the fact that an electron
exchange between the two ions in Feao4 ﬁiﬁ,

e
3+ 2+
F92+ + Fes*———-;> Fe + Fe

leaves the total system unchanged, hence very little activation
energy is required for the electron transfer. On the other
hand, the electron exchange between the octahedral Fes* ions

4

-+
of ZnFezo4 leads to the formetion of I92 and Yc4 ions,

e )
3+ 3+

o+
Fe + Fe

4+
> Fe + Fe
requires a2 high energy, so the rate of electron transfer becomes

much reduced.
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Furthermore, it can be seen that in the spinel structure
the distance between tetrahedrsl-octahedrsl or tetrahedral -
tetrahedral cations is so large that the overlap between the
electronic wave functions on . adjacent pairs is negligible and
the probability of electron exchange between cations on these
sites 1s small. Thus the electron conduction in spinels takes
place mainly by electron exchange amongst the octahedral ions
and when these sites are occupied by an element in two different

ionisation states, q end q + 1,then the conductivity is high.

If we examine the two formulae 41 snd Bl in the light
of what has been saild above, the sample should show a fairly
high conductivity if formula Al is correct because in this case
both Mn3+ and Mn4¢ ions are present st the octahedral sites.
Furthermore, the conductivity & should go on increasing as

x increases because the number of Mna+

ions and that of Mn%*
increase with x. This indeed is what is experimentally observed

as can be seen from the following table.

Composition x logg-  AE(e.v.)
0 -6 -
003 - 5 0-23
005 - 4 0018

The formula Bl, on the other hand, does not predict any such

variation with composition.

Furthermore, formula Bl is inconsistent with the known
site preference energies of the ions. Cua* ion has a stronger
preference for the octahedral site than the Fe3+ 1ons{yiller9,
(1969) cu®* = -0.1, Fe®*= - 13.3 K.cal/g. at wt.] but in this
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formula there are some Cu'' ions at the tetrahedral sites

whereas there are some FeS* ions at the octahedral sites.

In view of the above, thus it appears reasonable to
conclude that the correct formula for CuMnngeg ox 04 in the
range x < 0.5 is

po3* 3+ 4+ 3+
Fe1-0.6x° 0.5x E:uIOSx 1 .5x" 05x}115] O

For nickel ferrite - copper manganite systems of the

general formula x CuMn20 +(1l-x) NiFe_0, (or CuxNi

l-x”n2xF°2~2xo4)

we proceed to determine the cation distribution and the valence

2 4

state of the ions in the range x < 0.8 by following the method
outlined above. As is well-known nickel ferrite has an "inverse"
spinel structure given by the formula Fes* Wi 3+] O

If the ions are assumed to have the same distribution and the

same valence state which they had in the parent compounds then

the formula would be:
1+ [, .2+ . 3+ 3+
1 - cur [Nil s Hnd*red x] o,

The resultant magnetic moment for the above formula is equal

to 2.2 + 6x assuming the atomic moment of Niz* as 2.2 /B,
This, however, does not agree with the experimental observstions
that ng = 2.2 "B and 1s constant and independent of x in the
range x ( 0.5 (Fig.30).

The two formulae which give the correct magnetic

resultsare:



90

1 2* 3+ 2+ .

and
3+ 3+_ 3+
o oiois; (BE
Pey 0. 4x°“o.4x [:cuO.ﬁanExFel-l 6x" 1-:] 0 (B2)
For this system also the first formula is preferred
because:
(1) It predicts the correct electrical behaviour.

(11) The location of the ions does not conflict with the

well-known site preference energies.

The electrical conductivity and the activation energy

are functlions of x as can be seen from the following table.

Composition x Log AE (e.v.)
0 - 6 -
0.3 - & 0.27
0.8 - 3 0.14

This behaviour can be best explained on the basis of formula AZ.

The analysis of results on cobelt ferrite - copper
manganite solid solutions (x)CuMn20 + (1-x) CoFe,0, with
x < 0.5}7is slightly more complicated in view of the fact

that the tetrahedral site preference energies of 002+and Cu1+
ions =are comparableg(Cog‘ = 10.5, cul* = 8.5 K.cal/g. atom)

and it is not Jjustified to exclude the possibility of the
presence of Coz* ions at these sites. We, however, rule out
the possibility of the presence of cu®* ions at the tetrahedral
sites in view of the results obtained in the czss=ef above two

cases. The general formula for this case would then be:
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3+ 1+, 2+ 2+ 3+ 4+ _ 3+ 2+ =
Fel-a-bcua Cob Cux-aMnex-aMnu r."lﬂa+b-2xC°1--x-b U4

The resultant magnetic moment for this formula is

(3-4x + 82 + 4b). The experimentally observed value for this

is 3.0 B and is independent of x (for x 0.E). Thus putting
3 -4x +8a + 4b = 3,  we get 2a + b = x. Taking the two
extreme cases of b = 0 and a = 0, we get the two of the possible

formulae as:
3+ 1+ 2+ 3+ 4+ 3+

(1) Fe,_,Cu CuanaanxFel 3901 -x 04 ... (A3)
2 2
and
3+ 2+ 2+ 3+ 3+ 2+
(11) Fe Co Cu Mn Fe Co 0 ees(C3)
lfx X X 2x l-x 1l-2x 4

The other possibilities correspond to solid solutions
of A3 and C3 in various proportions. The electrical conductivity
results (Teble 17) support formula A3 because the conductivity
rises and E falls appreciably with rise in x. This suggests
that both Mn" ' and Mn* 1ions are present at the octahedral sites,
which is consistent with formula A3.

Summarising, we can write the cation valence state and
distribution in the systems x CuMny0,+ (1-x)AFeg0, as follows
(for A = cuz’, N2*, co®*, x 0.5)

+ 1+ + 3+ 4+ 3+ o+
Fel-mxc“nx Cu(l-m)an(z-n)an Fe1 (2- m)xAl-x 04

where m lies in the range 0.4 to 0.5. It is interesting to find
that the solid solutions based on the three inverse ferrites
have the same type of general formula. We now turn our attention

to the solid solutions based on "normel" ferrites. The first



92

series in this class is the xCuMn204+ (1-x)MnFey0, solid
solution systems. As ususl, we write the general formula

1+
in which the three tetrahedral preferring ions viz. Cu ,

Mn2+ and Fea*

are placed at the tetrshedral sites in an
arbitrary ratio a:bs;l-a-b and the remaining ions at the

octahedral sites. The general formula turns out to be:

1+ 2+ 3+ 3+ 4+ 3+
Cu, Moy, Fe1.a-b [_c“x a"Po-a-2b" g +p+x-1"14a +b-2x | 4
o+

As discussed earlier the possibility of Cu® ions at the
tetrahedral sites has been ruled out. The calculated
value of the resultant magnetic moment for this formula
unit is ng = (5-6x + 8a) (/LB. It is interesting to
find that ngis independent of 'b'. This arises from the
fact that both M%+ and Foa¢ have the atomic moment of
6 /L B and one cannot distinguish between them on the basis
of the magnetic moment data, one can only find out the sum:u
of Mna’ + r.a+ ions at a given site. The observed varia-
tion of the magnetic moment with x follows the relationship:
ng = 5-6x

Thus a = 0 and the general formula is:
MnZ Feo . | Cul M M F 0

b lb[ux n‘22bn§*x1°1b-2x] 4
The value of 'b' is determined with the help of electrical
conductivity results. The values of F7 and AE are set

out in Table 19.



93

Composition x Logss AE (e.v.)
0 - 4 -
0.3 - 8 0.63
0.5 -8 0.28

It 1s found that the conductivity of the solid solutions
is much lower than that of pure MnF3204 and the activation
energy is high. These results rule out the possibility of
simultaneous presence of Mn3+ and Mn4* ions at the octahed-
ral sites. Thus: b+ x -=1=0 or b=1 - x and the

final formula for the solid solutions (x {0.5) is
3+ 2* 3+ 3+
l-x [c“ fox’ ®2- 3] %

For zinc ferrite-copper manganite system, it is
difficult to determine the cation distribution from the
magnetic data because in the range x < 0.5, the tetrahedral
sites are expected to be predominantly occupied by the dia-
magnetic an* ions. Thus the A-B interaction becomes much
weakened and comparable to A-A or A-B interactions. Under
this situation, Neel type arrsngement is no longer stable.

As the analysis of the above type is based on the validity

of the Neel model, it c;nnot be applied the Zn ferrite-copper
manganite solid solutions. However, on analogy with the Mn
ferrite-copper manganite solid solution, the cation distribu-
tion is expectéd to be:

2+ 3+_ 3
an xFo (?u M xFe2 ax] 0
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Thus the following formulae sppesr to represent the

cation distribution in the present systems (x < 0.85):

(1) X CuMn204-— (1-x)CuFey0,

1-5 E [ 1-5 3* 1-3 ]

(2) x CuMny0, — (1"‘)"1“204

3* 1+ [ 2+ 3+ W+ 3 2+
7€1-0.4x™0.4x | %o, 6x"™1. 6x"%0,4x71-1.6x"1-x | O
(3)  x CuMn204--—(l-x)CoFe204

3+ + 3+ +_ 3+ 2+ B
Fe [ g Mﬁ 1_ _j O4
§ § § -]

l-x x 1-3
2

(4) x CuMn204—---(l-x)MnFe204
3+ 2+ 3+, 3+
F' Mn1 -X [?u nsz 2- 3xl 04

(5) x Can204—-—(1-x)ZnF0204

3+ 2+ 3+ 3+
Fe anx ECu Mn,,_Fe 23x10

The interesting features of these formulae are:

(1) Feo' and cul* have a comparable preference for
the tetrahedral sites so that some Cul* are present at these

sites after displacing some FeS* ions to the octzhedral sites.

(11) When some ions with much stronger preference for the
tetrahedral sites (e.g. MnZ*) are present then Cu ions are

completely removed from the tetrahedral sites.



95

It thus appears that in the spinels containing
Cu and Mn the following four pairs are stable under different

conditions.

1+ 4+
(@) Cug ., +Mnj .

2+ 3+
(b) Cuget,* Mngoy.

2+ L un3t
(e) Cutet. Mnoct.

1+ 4+
(d)  Cugop,* Mupee

Generally(g)and(b)appear to be more stable than (c)and

\d.) The choice between(g)andkb)which are of comparable,stability
depends on the other ions present in the structure. Thus, for
example, if the third ion is Mn°'(or 2n®*) which has a stronger
preference for tetrshedral site then the Cu ion is forced to

the octshedral site and formula(b)becomes stable. On the other
hand if the third ion has a preference for the octahedral site
(e.ge. Mn:3+ in Can204) then the Cu ion 1s forced to tetrshedral
site and the formula (a)becomes stable. These general conclusions

enable us to predict the valence states in some known copper-

Compound Predicted Reason Obs. . Caled.Cy
valence state CyI5 —_—
cu2*! cul+
Mn°*| Mnd+
CuCrMno cul? Crs*un“*j 0, Cr®" has a 3.64 5.25 3.75
4 preference
2+ a3+ fog B site
Zn G@ _CuMn0,2n GCe EEu Mn :}O incet | Ge 2.97 3.38 1.88
B-£78.5 4°0.5 oO. 4have a pre-
ference for
- A site
2+, 3+ 3+ has a
Gaduhind, G+ Cu™ Mn J %8 OO eras®  2.97  a.38 1.89

for A site.
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It can be seen that these predicted formulae are consistant with

observed Curie constants of the compoundsge.

One interesting consequence of sbove formulae (1-§5)
is that there are two distorting ions at the octahedral sites

3+ 2+

3+
viz. Mn” and Cu Mn® (d4) and Cu®*(q?) ions,when put at

octehedral sites lead to a doubly degenerated orbitaly state

which is unstable (Jahn-Telleral

y1937). The system therefore
distorts such that this degeneracy is removed. In case Mn°*
and Cu®’ 1ions at octahedral sites of spinels at tetragonal
distortion with ¢/a ~ 1 is usually observed. This distortion
is a cooperative phenomenon and is absent if the percentage of
octahedral sites occupled by distorting cations is less than

a certain critical value.

To fix our ideas let us take the specific case of

copper ferrite - manganite system which has the cation distri-

2+ 3+ 4+ 3+
Cu Mn Mn Fe 0
5 -x 3x x 1-8x 4
2

2 2 2

bution:

1-

'\'HN

for x < 0.5.

It 1s well known that in case of manganites the system
changes from cubilc to tetragonal structure when the number of
Mn®* ions at the octahedral sites becomes greater than 1.2 per
formula unit. This critical number in case of spinels contain-

ing Cu2* lons is not known,but is expected to be less than 1

because)CuFe204, where the number of Cue* ions at the octahedral
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sites per formula unit is one,is tetragonal. Thus in

systems which contain both Cu2+and Mns+ the critical con-
centrations would be between 1 and 1.2 if both Mn°* ions

and Cu2+ ions act cooperatively. Thus it is clear that

the transformation to tetragonal structure in the present
copper ferrite manganites system should occur at 0O { x 0.2
and the compositions x = 0,2 and 0.3 should clearly be tetra-
gonal. However, contrary to expectations, the observed
structure is cubic. For each Cu®* ion removed from the octs-

hedral sites three Mna+

ions are brought in. So the only
reason why the tetragonal structure of pure CuFe204 should
change to cubic structure in the solid solution could be
thet the Cu2* ions and MnS' lons do not act cooperatively to

cause Jahn-Teller distortion.

The number of distorting cations per formula unit in
the various s0lid solutions determined from the cation

distribution arrived ot earlier,is as follows:

cu?*+ Mn®* Mn®*only
1. x CuMn204——-(1-x)CuFe204 l+*X Sg
2. x CuMn,0, — (1-x)iiFe 0, 2.2x 1.6x
s x CuMn204——-(l-x)CoF0204 2x 32
4, Can204--'(l-x)HnFe204 3x 2x
5. x CuMn_0 —~ (l-x,ZnFe O 3x 2x

2 4 2 4
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If Cua* and Mna* ions do not act cooperatively and
only Mn3* ions are operative in causing the distortion, then
in the range x / 0.5 (where the above cation distribution
is valid) the structure should be cubic (becsuse [%n?t]<< 1.2)
as 1s indeed the case. This would also explain the cubic
symmetry of Zno.s“’o.scu““ O4 and GaCuMnO4 observed by Baltzer
and lepatin®®. Although the compounds contain Cu®' and Mn> '

jons at the octahedral sites but these two ions do not act

cooperatively to cause the distortion.

4.2. Solid solution x CuMnyO4 — (1-x)AFeg04(x >0.5)

At this stage it is worthwhile discussing the magnetic
structure of copper manganite. As the cation distribution end
valence state of ions in this compound have been clearly
established to be cul* {:Hn3+ Md4¥jl04o the observed ferrimagnetic
behaviour is worth some ansalysis. As the 'A' sites are occupied

by the dismagnetic cul®

ions it 1s clear that the A-B interaction
is absent and the cause of the spin alignments must be the mutual
interaction between the B-B ions only. A perallel dlignment of
a1l the B ions would give a net resultant magnetic moment of

7 ,A#B whereas the experimentally observed value is 0.6 ALB
onlygs. Furthermore, the variation of 1/y, with 'T' is not
linear as is to be expected for a ferromagnetic material, but

is hyperbolic chsracteristic of a ferrimagnetic substance.

Ferrimagnetism of CuMn204 can arise if:
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(1) Nn3+'and an+ lons are ordered over the two sublattices

Bl and B2, and

(11) The spins on lattice Bl are aligned antiparallel to those
on B2. This would give a net magnetic moment of 1 /“B which

is close to the experimentally observed value.

The other possible cause of the ferrimagnetism could be the
presence of a small proportion of some paramagnetic ions such

as Mna+ or Cuz‘ at the tetrahedral sites. In this case the A-B
interaction is negative but weak due to the dilution of A moments
by the l=rge concentration of the paramagnetic Cu1+ ions. Thus
the A-B and B-B interactions are of comparable magnitude and the
Neel type collinear alignment would no longer be stable and a
triangular spin alignment (Yafet-Kittel type) would result.

The spin alignment in solid solutions containing excess
of CuMn204 would also be different from simple Neel type
arrangement. In fact for many pure manganites the experimentally
observed magnetic moment is less than that calculated on the
basis of Neel theory (MngO4, ny = 1.56 + 0.04, JBCObgo,iQEQ)
indicating that Neel arrangement does not hold in these compounds.
It 1s generally believed that Yafet-Kittel tyre or helical spin

©11969; Kep1an®®,1960).

arrangement exist in manganites (Jacobs®
Therefore, it is not possible to geyr;dea about the cation
distribution from the observed magnetic moments in manganite
rich compositions (i.e. x ) 0.5). A qualitative idea about the
cation distribution can however be obtained from the electrical

conductivity results. It can be seen that generally the
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electrical resicstance of the x CuMng0, + (1-x)aFe 0, solid

2 4
solutions is low (20-1000-%) in the range (1 > x >0.7).

In view of what has been sald earlier it appears

Q4
clear that these phases contain both Mn“" and ¥nt*

ions at
the octahedral sites. The following two formulae appear
plausible for xCuMny,0, + (1-x)AFe,0, solid solution(x ) 0.8)

where AFe 0 is an inverse spinel:

(1) Cul*Fe [yna*Mng*Fe3* 0

A1 -X 4

4+ 2+ 2+
(2) Cu?x 1F32 2x [?nl Mn2x 1091 x4 x] O

The first formula is based on the assumption that in
solid solutions the cations maintain the same distribution
as they had in the parent compounds. Formula 2 is derived
if Fe3+ ions are assumed to have a stronger preference for
the tetrahedral site than the Cu1+ ions so that they come

to the 4 sites and displace an equal amount of Cu1+ to the
octahedral sites snd the Cul® lons displaced to the octa-

hedral site change their velance state to Cuz’ by an electron

exchange with M * fons.

Similarly for the cases in which the ferrite AFeg04
is "normal" we would get the following two formulae (based on

the above arguments).

1+ 2+ 4+ 3+
(1) [_M Mn Fe,_ 21] 0,
3+

(2v) {Fez &Cst_aAl -x [Cuz 2xMY31;_tM?lgx_2 04 (x > 2/3)

3+ 2+ 3+ 3
°x l -X [ e 3x;]°4 (% (x £2/3)
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We first take up the case of CuMnoO4 - MnFeg04 system
where we have conclusive evidences in supportaof formula 2°'.
As 1s well-known, the electrical conductivity o— is given by
the relationship & = ne/« where 'n' 1s the number of charge
carriers per unit volume. /(L is the mobility. The number of
éharge carriers is equal to the number of Mn®* ions at the
octahedral sites per unit volume in these p-type‘semiconductors.
The electronic wave function is localised around these charge
carriers. Furthermore, due to an interaction of these localised
charge carriers with the lattice polarisation of the lattice,
takes place. The total energy of the system is lowered due to
the polarisation snd the chsrge carrier gets trapped. Due to
interaction with phonons these charge carriers (holes) are able
to hop from one Mnﬁ’ ion to the adjacent Mna* ions. The transi-
tion probability and thus mobility will therefore be strongly
temperature dependent. Furthermore, it will alsgrdirectly

proportional to the probability of finding a Mn°

* ion ad jacent
to the Hn4+ ion which in turn depends on the concentration of

Mn3+ ions a2t the octahedral sites. Thus:
O = ne/(,Lo([Mn‘*i] x [Hnai/
and . )
Iog[/' = k - log [Mnsj[r(n‘j

The value of[&naf] x (ﬁnﬁtz calculated from formula
(1') and (2*') for different values of x are given in Table 38.
The value of Log/5> has been normalised by choosing the value
of k such that the calculated and observed values of logfi
for pure CuMn204 (x = 1) agree. The calculated values of logf
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are presented in Table 38 and results are plotted in figure
40 together with the experimentally observed values.

Table - 38

Compo=- Formula 1' Formula 2°' ‘
nzion M3t Mn?* Mn3*x Mn®' Log ¢| Mn®* Mn%t Mn®*x Mnt? Log?l
1.0 1 1 1 1.4 1 1 1 1.4
0.9 0.9 0.9 0.81 1.5 1.1 0.7 0,77 1.8
0.8 - 0.8 0.8 0.64 1.6 1.2 0.4 0.48 1.8
0.7 0.7 0.7 0.49 1.7 1.3 0.1 0.13 2.3
0.69 - - - - 1.31 0.07 0.09 2.5
0.68 - - - - 1.32 0.04 0.08 2.7
0.67 - - - - 1.33 0,01 0.01 3.4
0,66 - - - - 1.332 o} 0 o0
0.60 0.6 0.8 0.36 1.8 1.2 0 0 oC

- - -y - - - " - -———n . - - . .- .. - - - -

In view of the fact that the composition dependence of
conductivity is not fully understood and that the equation is
very approximate, the agreement between the observed and the
calculated values for formula 2' is considered to be good.
Furthermore, as mentioned esrlier the mangsnites in which the
number of Hna+ ions per formula unit is 1.2 or more the structure
i1s tetragonal otherwise it is cubic. Thus according to formula 1
all the compositions liked in Table 38 should be cubiec. On the

other hand according to formula 2' the composition in the range
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FIG 40

VARIATION OF SPECIFIC RESISTIVITY AS A FUNCTION OF
X' AT ROOM TEMPERATURE FOR THE SYSTEM
CuxMn,, xFes 5% 04
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0.6 {_ x ( 0.8 should be tetragonal,which indeed is the case.

These two evidences lead us to conclude that the correct

formula for x CuMng0,-(1l-x)MnFeg04 in the range x 0.6 is 2' |

i €
2 3+ 1+ 2+ 2+ 3+ 4+ ]
(8)  13x >3  Fey p0ug, My [Cup oo Mgy o | O
° 1 3+ 2+ 2+ 3+ 3+
®  z2x23 Fe, Mny_, |Cuy Mnp Feg oy | Of

It can be seen that the formula (b) is identical with that
deduced earlier for x ( 0.5. We find that the natural upper
1imit for validity of the formulae 1-6 (page g4 ) 18 X< g
beyond which there is no Fea+ ions at the octahedral sites and
they change to formula(a)given above.

4.3. Conduction mechanism in ferrite-manganite
solid solutions

As mentioned earlier, the electron conduction in spinels
takes place mainly by electron exchange amongst the octahedral
ions. Such a conduction is facilitated if these sites are
occupied by an element in two different ionisation states q and
q + 1. From the formulae established above, it is clear that in

many compositions we have,at the octahedrl sites, both Mn.a+ and

Mn4+ ions and it is reasonable to assume that conduction takes

place by electron exchange between these ions.
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The conductivity is given by the well-known relation-
ship (0 = ne . . In these p-type semiconductors n = the
number of Hn4* ions present at octahedral sites are free to
conduct at room temperature or above. We, therefore, put
n = [Mn4t] and calculate the values of /({ at different
temperature. The room temperature values are presented in
Table 39 and it can be seen that the mobility is really very
low (1078 - 1077 cn®/sec. x volts). It is also found that
the mobility increases exponentially with temperature. This
exponential temperature dependence of mobility is inconsistent
with conduction in bands and fits in with the well-known
"hopping-type" conduction. This type of conduction arises
if the charge carriers sre localised and there is a very little
overlap between the electronic wave functions on ad jacent sites.

polarisation.
The localisation is stabilised due to the lattice/ For such
polarisation to occur, it is necessary that the charge carriers
reside at a particular site for a period longer than the period
of lattice vibration ( ~ 10 1%sec.). wWe have calculated this
time "t" using the formula

ed2
JAKT

=
and the value is found to lie in the range 10'7 to 10'9;ec. at
room temperature. It is thus clear that the condg%tion for
polarisation and self-trapping is fulfilled in these compounds.
These localised carriers move from site to site by means of a

phonon assisted process. Various mechanisms have been suggested
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in the literature and from our present data it is not clesr

as to which process predominates in our case. Jogaleker and

Sinha97 have pointed out that in mangznites containing Mn3+
and Mn‘4+ ions, trapping is enhanced due to the presence of

local Jahn-Teller distortion. This arises from the fact thst
oxygen octihedron around Mn®* ion is distorted whereas that
around Mn%* ions is not. Thus an electron exchénge of electrons
between neighbouring Mna* and Md4+ ions will lead to an unstable
configuration s the new Mn** (at the old site of Mna*) would be
surrounded by a distorted octahedral arrangement of oxygen ions
and the new Mn3+ ion by a cubic octahedron of o*- ions. So each
electron exchange will have to be associsted with a rearrangement
of surrounding oxygen ions which would require an additional
activation energy. Furthermore, our experimentsl results point
to the existance of a pronounced effect of spin ordering on

electrical conductivity.

A comparison of the & E and log /. 1in the ferro snd
paramagnetic regions can be made from the values given in Tables
15 to 19. Quite generally, it is found that A E is lower and

T higher in the ferromsgnetic region. It is to be expected
that the number of current carriers remain unchanged on para-
magnetic to ferromagnetic transition. The lower value of /» E
in the ferromagnetic phase is to be expected on the basis of
the hopping mechanism of conduction. Let us take the case of a
spinel structure containing Mna* and Mn 4+ ions at the octahedral
sites. The distribution of the octahedral ions in space is shown
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figure 1. It can be seen that each Mn ion is surrounded by

six oxygen ions as its first nearest neighbour and six Mn

ions as its second nearest neighbour. The field due to oxygen
ions ceuses the five fold degenerate 'd' levels to split up into
a triply degenerate lower level and doubly degenerate upper
level. The trigonal fieleéf the next nesrest metal ions and
due to the deviation of oxygen ion parameter from the ideal value
L = 0.376 cause 2 further splitting of the levels. The energy

levels for electrons on the two adjacent Hns+ and qu’ ions

would then be as shown in the following figures.

dxz_yz
e dz2
< dxy <
° o dyz’dzx ° °
Mn3+ Mn4+

It can be seen that the electron responsible for
conduction is the one occupying the dz2 orbital in the Mna+
ions. This hops on the adjacent Mn4+ ions where the dz2
orbitel is empty. If the substance is ferromagnetic then the
spin on the adjacent ions will be parallel so the hopping
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electrons can move from one site to another without changing
the direction of its spin angular momentum. If on the other
hand the adjacent ions are aligned antiferromagnetically, then
the hopping probability will be greatly diminished because the
electron must change its spin direction when it Jumps to the
next site. This has to be achieved through the spin-orbit
coupling which make the transition probability much less.

In the case of paramagnetic substances the spin orientation of
each ion takes up one of the guantum mechanically allowed values
at random so there is a finite probability of finding two
adjacent ions in parallel spin orientation. Therefore, the

hopping transition is possible but with diminished frequency.
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SUMMARY

C
A number of Cu ey _ Mn, Fe, 2x%4 systems (where Me = Cu,
Ni, Co, Mn and Zn) have been prepared and their structural,
magnetic and electrical properties have been studied.

The compounds of the above general formula were prepared
by reacting x CuMngO4 + (l-x)MeFeEO4 in appropriate proportion
at elevated temperatures. X-ray diffraction patterns indicate
the formation of a homogeneous phase. Saturation magnetization
( §) of the above systems was measured as a function of tempera-
ture in the range between SOOOK to 77°K in a magnetic field of
8600 oe. The value of Gﬂ& = OOK)was obtained by extrapolation
and its value n, was calculated in Bohr magneton units. It has

been found that for CuMn,, Fegy_o,04, and Cuyéng _ Mn, Feg o 04

ng increases as x decreases from x = 1 and reaches the maximum
at x = 0.6 and 0.6 respectively beyond which it starts falling
and attains the value of 1.3 at x = O. In the case of

i, M 0 0 np increases
CuxN naxFez ox4 and Cu Co1 Mn2 Fe2 ox B eases as
x decreases from x = 1 and reaches the maximum at x = 0.6 in both
cases and remalns nearly constant for further decrease in 'x'.

The meximum values of ng in two cases are 2.12 and 2.95 respectively.

For Cu,Mn,, Fe, 5 0, on the other hand ny increases regulerly as'y’
changes from 1 to O.

In all cases except Cuxan_anZXFez_ZXO4 system Curie
temperature has been found to decrease with increase in 'x'.
At low values of x (0 £ x £ 0.£) the decrease in Curie tempersture

is linesr with respect to 'x'. For x >>0.5, however, Tc vs X plot
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is non-linear and Curie temperature decreases, rapidly with
Tyt

inereasing 'x'. For Cu an anszee ox 4 system the Tc vs X

plot shows a maximum st x = 0.6 (T, = 320°K.

In meny systems it has been found that § = T plot
becomes asymptotic to the temperature axis near the Curie
temperature and no sharp transition point is observed. This may
be due to magnetic inhomogeneties, in an apparently homogeneous

solid solution.

The saturation magnetization results appear to indicate
the following cation distributions for these compounds in the
range 0 < x Z.0.5.

(1) x CuMnxp -—(l-x)CuF9204

1+ 4+
F 91 Cux L Cul.*inaanx Fel-Sx]
g 2 2 2 32 2

(2) x CuMnZO -—(l-x)NiF9204

D 1+ 2+ 3+ 4+ 3
©1-0.4x%Mo, 4x[cu0.61 1. 6x"0.axF 1-1.sx‘“1 -x | %

(3; x Can2O4 -—(l-x)CoF9204

3+ 1+ 2+ B3+ 4+ 3+ o+
Fe Cu Cu M
l'f x « n3 Mn Fel-3xcol-xil 04
) 2 §§ 2

(4) x CuMn20 .——(l-xf)MnFezO4

3+ 2+ 1 2 3+
Fex Mnl_ {Fu Mn Fe il 04

2x 2-3x

(8) x CuMn20 -——(1=-x) 4nFe2 4

3+ o+ 2+ 3+ 3+
F Z
o n1 X [Cux Mn xFe ;tlo4
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It has been concluded thsat:

(1) Fg3+ and Cul+ have a comparable preference for the

tetrahedral sites.

2+

(2; When some ions (e.g. Mn“ or an‘) with much stronger
ng

preference for the tetrahedral sites are present then Cul+

ions are completely removed from the tetrahedral sites.

+
(3) At tetrashedral sites Cu ions are present as Cul and
at octshedral sites as Cu2*.

1+ 4+ 2+ 3+
(4)  The pairs (Cupoy + M . ) and (Cuj,, + Mo . ) are
of comparable stability and the choice is governed by the
2+ +
other ions present. Thus in presence of Mn or Zn2 ions

the Cu ions are removed to the octshedrazl sites and the

second pair is stabilised. On the other hand, if the other
ion hes a preference for the octahedral site (e.g. Mnat in
CuMngO4) then the Cu ion occupies the tetrahedral site and

the first pair stabiliseg.

Electrical conductivity measurements on some of these
solid solutions show:
(1) A bresk in the log vs 1/T plot at the Curie
temperature.
(2) The activetion energy in the ferromagnetic region 1is

lower than that in the paramsgnetic region.

(3) The resistivity is high in the range O<<x 4:0.5 and
falls repidly as x changes from 0.5 to 0.8. In the range
0.8 x <\1.0 the electrical resistivity of the samples is
very low ( <<100 ohms x ecm).
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These results suggest the presence of Mn3+, Mn4* ions
at octahedral sites in the compositions ranges 0.5 < x <1.0.
The magnetisation data for these compositions afford no clue
for the distribution and the valence states of the cations

because in this range the Neel arrangement may not be present.

The high electrical conductivity in this region is
+
attributed to the electrons hopping between Mn3 and Mn4*
ions at the octshedral sites.
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