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CHAPTER -« I

IRNTRODUCTION




1.1. GENERAL

In view of their greet techniecal imnortence in
electronies and electrical engineering, the ferrites have
been subjected to sn intensive study during the last twenty
years and this has lead to deeper understanding of the
electronic and magnetic intersctions in such insulators.
However, similar studies on other relsated spinels such a&s
menganites, chromites, etc. have been initiated only recently
eand & 1ot remains to be done. The mangenites are particulerly

complicated becsuse of the fact that:

(1) Mengsnese cen exist as Mng’(da), un* (a%)
or #n%*(a%) 1on.

(2) The ions can be present either at the tetrahedral
(2) or octehedral (B) sites of the spinel

strueture, and

(3 ¥n® 1on esugses & strong Jahn-Teller distortion
leading to & tetragonal distortion of the
erystal symmetry.

The present work is devoted mainly to the experimental
study of structurasl, magnetic and electrical properties of
ménganites with a view to understand the nature of interactions
in these spinels. The mangenites chosen have the genersl
formuls M0304 vhere Me is & consolidated symbol representing all
the metal lons in the compound. Obviously, the total charge on
these three cations is 8’. These comprunds erystellize in the

cuble spinel or the tstragonal hausmanite structure.



Some of the ecompounds are speecificelly chosen such
thet all the tetrshedrsl sites sre occupled exclusively by
dismegnetic ions. This facilitaztes the study of 20°
superexchenge intersetions between the mangsnese ions at the
sctahedral (B) sites without sny interference from the otherwise
stronger f-B interactions. ?.nb!ngo4 a simple example of this
type, has alresdy been studled end is known to show temperature
indevendent antiferromegnetism due to the negative B-T
intersetion. The tetragonal distortion leads to sn snisotrople
exchange interaction giving rise to temperature independence of
the antiferromagnetic susceptibility. In the present work
thies etudy has been extended to ZnMngo‘-ﬁnFezo‘ end Znﬂn904-
ZnCrao4 system with & view to see the effect of & systematic
replscament of d4 by d8 and da jons respectively on the magnetic
snd structursl properties of the spinels. Magnetic measurements
heve 2lso been earried out on mengenites containing transitional

metal ions at (A) as well as at (B) sites. The results give
&n idea of the nature and strength of the A-B interactions.

Aes is well known, the tetragonsl hsusmanite structure
je steable when the frsetion of oetrhedrsl sites ocecunied by the
¥n"" 1ons exceeds & certain eritical froetion Xoo The value
of X, was generally found to be sround 0.60. Aeeently, some
exceptions were observed end values as low as 0.20 were reported.
%e have, therefore, investigated the crystal distortion in
numbers of menganites with a view to understand the faetors which
eontrol the tetregonsl to cubie transformation in these

nangenites,



The thesis is divided into four chepters. The
first chapter deseribes the spinel strueture followed by
& historieal survey of the work done on the structural,
magnetie and electrieal properties of manganites. The
second chapter contains a deseription of the experimental
methods used in these investigetions, The third chapter
covers the experimental results end finelly in the chapter
on "Discussion” we sttempt some possible interpretations

on the experimentsl results.



1.2, CRYSTAL STRUCTURE OF MANGANITES

/s mentioned above, the mangenites heve the
general formmla Hoso‘ vhere Me stands for a mixture of two
or more eations. The total charge of the eations in the
formula unit is 8’. In simple compounds we generally heve
only two eations, in which cese, we can write the formula
as 1120 . In manganites, generally X is a divalent ion
and Y is Mna’. Such spinels sre called 2-3 spinels.

Jolid solutions of these manganites with other spinels are
also possible leading to homogeneous single phase compounds
of a wide variety.

Manganites erystallize either in the cubic spinel
~or in the tetragonal hsusmenite structure. In what follows,

we give a brief deseription of these two structures:

Cubie spinel structure

The unit cell edge usually varies from compound to
coipound end 1s of the order of 8,3:°, The cubie space group
1s P43m,0] snd the unit cell contains & moleeules of XY,0,.
The atomic positions in the unit cell sre given as:

8 metal ions at 8(a) sites: 0,0,03 1/4,1/4,1/4 (+f.c.c.),

16 metsal ions at 16(d) sites:
8/8,8/8,6/83 5/8,7/8,7/83 7/8,8/8,7/8y 7/8,7/8,6/8 (+f.c.c.),



&

32 oxygen ions at 32(e) sites:
U Uyu§ Uyl,H§ Uyu,u§ Uyu,ug
1/4-u,1/4-u,1/4-uy 1/4-u,1/4%u,1/4%*uy
1/4%u,1/4-u,1/4%u; 1/4%u,1/4%u,1/4-uy (+f.c.c.).

The f.c.c. trenslations sre:

’(0.0’0’ 0.1/2'1/2‘ 1/?’0.1/2' 1/2’1/2’0)0

The 8X and 16Y metal ions are distributed between
16 octahedral (d) and 8 tetreshedrel sites (a) in the lattice.
A 8(a) site is surrounded by four oxygen ions with tetrshedral
arrangement and hence it is celled 2 tetrahedrsl site.
A 16(d) position 1s surrounded by six oxygen ions which form
& regular octahedron and therefore it is called &an octehedral
site.

Tetragonal spinel structure

fome manganites such as Hnao‘, Znunzo‘, Mgin,0, etc.
do not show the cuble spinel strueture, but crystallise in the
form of tetragonal hausmannite structure a2t room temperature.
The unit cell of the tetragonel structure contains 4 molecules
of the formula unit. Usually ex94%, a=5.54° and ¢/2:=1.6.
The spsce group assigned to such spinels is I‘l/.‘d-bi:. The

ntomic coordinates in the unit cell are &s followst

4(a) position: 0,0,03 0,1/2,1/43 *+ b.c.
8(a) position: 0,1/4,6/8; 0,3/4,6/83 1/4,0,3/83 3/4,0,3/8%

+ bece



and oxygen ions at 16(h) position:

0yXy2§ OyXy2§ 0,1/2%x, 1/4-2§ 0,1/2-x, 1/4-2}
Xy0,23 X,0,23 x,1/2,1/4%23 end X,1/2,1/4%z + b.c.

The b.e. translations sre +0,0,0 end 1/2,1/2,1/2.

The body-centered tetragonal spinel can be changed
into a larger face-centered tetragonal spinel on its 'e' face
diagonals and the new parameters for this cell are
a' = a{2-8A% and ¢' = ¢=94°%  The volume of this new cell
is doudble the original cell, The atomic positions sre similar
to those in a cubie spinel in case of tetragonslly distorted
spinel conteining 8 molecules of M0304. The metal ions in
this tetragonal structure are distributed over the two types
of sites. One type has the tetragonally distorted octeahedral
surrounding &nd the other type the tetragonally distorted
tetrahedral surrounding. Esch fon ot the former set has six
oxygen neighboursi four of whiech are in the plene defined by
the sxes g and ) and the rest two oxygen ions zlong the normal
to this plane. The four oxygen ions in the plene a-h are closer
to the metal ion than the remsininz two oxygen ions by & faetor
a'/e'. The metal ifons at the tetrahedrsl positions, howvever,

have their four oxygen neighbours all at the ssme distance.

Cation distribution in spinels

The spinel (or hausmennite) struecture can be
described as an approximately close packed errsngement of oxygen
ions with eations distributed smong two kinds of sites viz.
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tetrahedral (henceforth c2lled A sites) and octehedral
(henceforth called B sites), in the cubic as well as
tetragonal struecture. The 8X and 16Y ions can occupy the
8A and 16B sites in any proportion. Berth end Posnjak’
(1932) heve classified different spinels according to their
ecation distributions. If the 8X ions oecupy the 8A sites
and the 16Y fons in 16B sites, the structure is described

as 'normal', If the tetrahedral A sites are occupled by

8 of the 16Y ions with the remeining 8Y ions and the 8X
i{ons distributed amongst the octshedral B sites the structure
is deseribed as 'inverted' spinel Y(XY¥)0,. All the 8X and
16Y eations, if distributed randomly among the 8 tetrahedral
and 16 oetahedral sites give rise to the 'random' spinel.

The formula of a spinel is conveniently written by
putting the cations situated et the octahedral sites inside
square brackets, tetrahedral ions and oxygen ions outside the
brocket on the left and right respectively. Thus Cd[Mnlo,,
n(¥ng]0, are normal soinels, Mn([MnN1]O, 1s an inverse spinel
and p‘x"‘l—x["nioxr'loxlqt is & random spinel.

The arrengement of the cntions varies within certain
1imits. The variation in the distribution of cations in
tetrahedral snd octthedral positions causes a merked change in
some of the physical properties. In other words, the megnetic,
electric and other properties depend upon these arrangements of
estions to a large extent., It is difficult to study the cation
distributions of some trensitional metal ions by X-ray



diffraction as these metals possess nearly equsl scattering
power. lNeutron diffraction and magnetic measurements can

often facilitate the determination of estion distribution.

Individuel site preference of some cations

The distridbution of the eations over the oectszhedral
and tetrahedral sites is governed obviously by the consideration
of minimization of the total energy. The primary contribution
to the total energy comes from the eoulomb and Born terms
because of the ionic neture of the erystal. There ere,
however, additional terms such as energy lowering due to
covelence, crystal field stabilization, ete. which though
smaell in megnitude play deeisive role in meking one arrangement
preferred over the other,because the lerger terms are more or

less egually balanced for the various alternative errangements.

Theoretical calculations hsve been earried out by
several vorkou"s’8 and various ions have been arranged in a
relative order depending on their preference for the oetahedral
site. Thie relstive order matches fairly well with what one
hes been observing experimentslly in a large number of spinels
and it appesrs that this is more or less established.

In what follows, we review some relevant work done
in this direction.

Transition metal ions such as Zae’, Cde’ having a
£111ed 34 shell form covalent bonds by sp- hybridization
forming 4 bonds in tetrahedral directions. They, therefore,



prefer tetrahedrel sites. The same holds good for In3+

3+

snd 0a® which have the same electroniec configuretion as

ca®* end 7n2*. Verwey and HéilmennZ(1947) have shown that

Foa‘ ion has & tetrshedral site preference. Direct evidence
for such type of site preference for Fes* and Gaa’ has been
given by Schulkes and 8133303(1963). On the other hand,
cr¥*(a?) ena N12* (a8) prefer octahedral coordination

because they can form d2 lpa hybrid bonds.

Dunitz and Orgel#(1967) and McClure®(1967) heve
calculated site preference energies of transitionsl metsl
ions on the assumption thet this preference is governed by
the erystal field stabilization energy. They have assumed
the bonds to be ionic and the calculation is based on one
electron model. The degenerate set of five 4 orbitals of
the ion, which is surrounded by six anions, splits into two

levelsy the upper doublet comprising dxﬁ- 2 and d'g orbitals,

and lower triplet comprising d!,. dx. andyd,.. In the
octahedral environment, the lower triplet is more stable

then the upper doublet, whereas in the tetrshedral enviromment
a similer splitting occurs, but here dxg_’g, d.g have lower
energy then the dxy' dx. and dy.. The authors have computed
the stabilization energies of these splitting by spectroscopiec
measurements. The difference between the energy values for
octahedral and tetrshedral stabilization has been used by
Dunitz and Orgel¥(1967) end McClure®(1957) as a messure of
the octahedral site preference and their results ere shown

in the Table No.l.
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Table « 1

Stabilizations in terms of A/10 for
treansitional metsal ions in erystal flelds

Ion Noe.of 4 Stabiliza- Stabiliza-
eleetrons tion in tion in
octahedral tetrahedral
—_— complex complex
n¥, v 1 4 6
1% v, ot ° 8 12
v, or™, it a 12 s*
cr?*, m?, re?*t 4 6* a*
un®*, Pe®*, cot* 8 0 0
re?*, co™, M4 ¢ a 6
c®*, m* 7 8 12
m2*, o 8 12 8*
cu®* ) ¢* +*
2n%* 10 0 0

*These ions have additional Jshn-Teller
stabilizations.

From the Table No. 1 it is seen that d° and al°
configurations have no site preference vhereas da and da
configurations heve very large octshedral site preference.
Por lons with ¢* or a® econfiguration there is an additionel

stabilization due to the Jahn-Teller effect (to be discussed).
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Octahedral stabilization can also be explained
by using the ligend-field theory. The value of stabilizetion
depends upon several factors, i.e. distance between the anions
and cetions, charge difference between cation end anions and
also depends upon the surrounding neighbours, electron
affinity of the anions and ionization potential of cations.

A more complete work on the octahedral site
preference energy in spinels has been done by Millor‘(lﬂﬁs).
S8ite preference energies have been caleulated which ecan be
used to predioct the ionic distributions. His values are
shown in Table No.Z.

Table - 2

Octahedral site preference energies for
various ecations. Values of P are in
Ke Q.U‘o atomie '.1!!\t.

Ion P Ion P Ton P Ton P

u*  -3.6 Mm* -14.7 " -m.6 or*? 16.6
cu®  -8.6 Pe™* -9.0 catt -20.1 Mn'? 2.1
A’ -19.6 Co™ -10.6 M*? -2 re*?  -13.3
ug** 8.0 W' 9.0 T 210 a*?  -15.4

!

co’t -30.7 oCu 0.0 V¥ .11.6 m'? .2

The cations with large value of P displace cations
having a smeller value of P from octahedral spinel sites to
tetrahedral sites.
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Crystel structure snd eetion distributions in menganites

A lot of work has already been done on the ecrystal
structure of mengenites. The results obtained so far are
tabulated in Table No. 3.
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1.3. JAHN-TELLFR DISTOARTION IN MANGANITES

Goodenough and Loob7(1965) explained the tetragonal
distortion in oxidie spinels as arising due to the tendency
of octshedral ions to form square eoplanar, covalent bonds.
If a cstion forms four squere, covalent dlp2 bonds in an
octehedrel interstice of the spinel lattice, the sterie
constraints will permit covelent bonds to be formed in any
one of the three blaxial plenes of the site. it high
temperatures there can be & resonence of the covalent bonds
in three possible biaxiasl planes msking six octehedrslly
directed bonds pertielly lonic and partially covalent. These
bonds, therefore, become equal and the cubiec symmetry is
maintained. Below the trensition temperstures the covalent
bonds are frozen into one of the three biaxial planes &nd the
octehedral site estion is bonded to the six near neighbour
enions by four coplanar covalent bonds =nd two linear
electrovalent bonds. Because of the overlap of the orbitals
the four coplenar covalent bonds are shorter than electrovalent
bonds and the octzhedron becomes distorted from cubie to
tetragonal symmetry with en axisl ratio c/a > 1l. If the
octahedra have tetragonsl symmetry the elastic energy of the
erystal is minimized if the tetragonal axes are aligned perallel
to one another. This produces a distortion of the bulk lattice
from eubic to tetragonal symmetry with an axial ratio c¢/a > 1.
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Dunitz end Orgel®(1957) have discussed the distortions from
cubic symmetry in terms of the erystel field theory. ¥hen
a8 transition metal ion is surrounded by six negetive ions

in & reguler octahedral arrengement, the five d orbitals no
longer have the seme energy but are split into two groups,

a lower triplet tg‘ and en upper doublet o‘. This splitting
i8 due to electrostatic repulsion between the 4 electrons
and the surrounding negetive ions. The o‘ orbitels
(d!g_,g, d.g) point directly at these ions and ere thus
destabilized, wherees the 42' orbitals (dx,, d,, end d )
point towards 1low field directions and sre therefore

stnbilized.

In case of & cation located at a tetrshedral site,
the set of d orbitals is split into & doublet e and a triplet
t2 orbitsl by the electrostatic repulsion between the d
electrons and the four negative ions placed at the vertices
of the regular tetrahedron. Dunitz and Orgel have shown
that in many ceses distortion is related in a simple fashion
to the electronic configurstion of the metal ion end mey be
considered to srise a2s = consequence of the well-known

Jahn-Teller effect.

Jahn end Teller®(1937) heve shown that if the
electronic state of a non-linear molecule is degenerate the
system is unstable snd distortion to a lower symmetry takes
plece. Jahn-Teller's theory mey be 1illustrated by taking a
particular example, thlt;qfigng’Lton. If the cu”’ ion 1s

S38-22 (042D Tk 76 ‘

SHE /
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situeted st the octahedral site the d electron configuration
of the ion is “a;’c (o.)a. It gives rise to a doubly
degenerate ground otatolflneo tvo :saicnn.nt- of the o‘
electrons, (4,2)%(a,2_2) and (d,2) (4,2_,2)? are possible.
Hence the regular octshedral arrangement acoording to the
Jehn-Teller theorem is unstable. The system could be
energetically stabilized if = distortion from regular
oetshedral symmetry takes place. There ere various possible
distortions which could remove the degenerascy. However, in
case of Cuz* and Hna* the tetragonal distortion with ¢/a > 1

is most commonly observed.

Opik end Pryeel®(1967) and Liehr snd Ballhsusen'l
(1958) have studied in deteil the conditions which stabilize

a perticular distortion in preference to nthers.

The magnitude of Jahn-Teller distortion depends
on the bonding end anti-bonding power of the degenerate
electrons., It veries from one transitional metal ion to
another. Van Vleek!Z(1939) hes studied the distortions
caused by 4l snd d4° electrons and his results confirm the
smell distortions due to electrons from tg‘ non-bonding
orbitals.

Punitz snd Or;ol. hawe pointed out that according to
the moleculer orbital theory the ‘2( electrons are non-bonding
and o‘ electrons are strongly anti-bonding. Accordingly,‘
degeneracy of tg‘-oloctrons will produce only small distortion
from octahedral symmetry snd larger distortion is caused by
the degeneracy of g electrons. This argument leads to the
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conclusion that lerge distortions from octehedral ay-notry
should occur only for the conrigurationa (t28) (o ),
(ta')‘(o ) and (tg.)‘(o )2 , that is for four 34 olcctronl
2ll unpaired (high spin cr!’ Mna’) for six 34 electrons
paired in ta‘ and one unpaired in g (low spin 002*) and for

nine 3d eleectrons (Cn e

The experimentsl results on manganites containing
¥n"*(a%) 1ons et octahedral sites confirm the atove
predictions given by Dunitz and Orgol‘(1967). Table No. 4
reproduced from Dunitz and Orgel®(1967) for the verious &
electron configurations at the octahedral and tetrahedral
sites, the type of Jahn-Teller distortion expected.

Finch et.8l.}%(1967) have studied the erystal
distortion in caese of spinels containing Hns*(d4) or Cug’(dg)
ions at the octahedral sites. They found that the degree of
distortion depends on the temperature snd also on the number
of distorting cations present st the octshedral sites. They
have assumed three possible orientations of the elongated
axis of esch octahedron and that the long range distortion of
the erystal depends on the net fraction of the elementary
octahedra aligned parallel to the g exis. Thus they deduced
that oxp n;- o - ;T

?gg-' . = ] ]

OXP mm— * OXP - wy

where G = ¢/a - 1,

Ge = Constant.
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Table - 4
Jahn=Teller distortions for 4 electrons

- Bge el g fow seeus
e st sntie

1 Yo fmall e Smell

v 2 (ty)? ‘mall ()2 0
ver e 8" 3 (t")3 0 ()%, Large o/a > 1.
Crg’,Mna’ 4 (tg‘)a(o‘s Large (.)2(t2)2 Large c/a < 1.
ity re® 5 () %eg)® 0 (0%t o

Pe®,00™ 6 (tg)%(e? smen1  ()3(ty)? smem
m?*,co®t 7 (tg.)’(o')2 emall  ()%(t)? o

n® 8 (t)%e? o0 ()%(t,)*  Large c/a > 1.
cu* 9 (tz.)c(o.)3 Large (o)‘(tz)s Large ¢/a < 1.

The order-disorder process has been treated &s a cooperative

phenomenon in the sense that the energy (W) required to change

the orientation of an octahedron from the right to wrong

direction is proportional to the long range distortion present

il W= H6(1§§;) X where x is the fraction of octahedral

sites occupied by the distorting eations.

On this basis they

have arrived at the following theoretical equations expressing

distortion as & funetion of temperature (a) and the mumbers of

distorting eations (b) &t the octshedral sites.



s = tenh ((I§2° ] weslt)
8 = tanh [(L)s] ees(b)
xe

where X, and Th are constant., Fxperimental results collected
on & lerge number of systems hesve been foumd to agree with

these equations.

These authors, however, considered only one wrong
direction whereas actually there are two such directions in
the crystalj one parallel to the 8 and the other parsllel to
the b axis. W¥hen two wrong directions are tsken into account
the above equation gets slightly modified.

Wojtowiez #(1969) has also investigeted the problem
of tetragonal to cubie phase transformation theoretically.
Interactions between the loeal Jahn-Teller distortions about
neighbouring octahedral estions have been teken into account
explieitly and the eonfiguration energy of the system has been
worked out in terms of occunation variable. Thus the temperature
and composition dependence of long range distortion has been
wvorked out. The phase transformation has been shown to be

of first order.

Kanamori'®(1060) nhes developed a very general theory
for this type phasse transformation from s different approach.
In the theories of Finch, Sinha and Sinhal®(1967) end of
Woatov1oll‘(1969),1s is as-cumed that local distortion is



preserved even beyond the transition temperature and the

cubie structure arises merely due to the randomisation of
the g axis of the distorted octahedra. In Kanamori's

theory this would correspond to the special case of high
anisotropy energy giving rise to a first order transformation.
Tn the absence of high anisotropy the transformation turns

out to be of second order.

Wieckhem and Crottl‘(IOGS) have studied several

spinels containing manganese. folid solutions in the systenm

(1) Coq_,Mn 0,
o 1t e o,
(3) 06} [Coproying10,

heve been formed and their megnetie and erystallogranhic
properties studied. In all cases, they observed a tetragonal
to eubic transformation as the Hn” i{on concentration decressed
below & eritieal fraction f°. They found that the eritical
fraction of B sites oecupied by Ma®' lons is 0.6 < £, < 0.65.

Ohnishi and Teranishil7(1961) have studied the cation
distribution of copper ferrite-chromite series of the generel
formula Cu_Pe,  [Cu,  Fe,, ,Cr 10, by X-ray diffraction method.
Crystal distortion has been found to depend on the Cu ion
distribution. Phese changes as a funetion of Cu ion eoncen-
tration and tempersture have been studied by them in detall.
They have found that there is no distortion with e¢/a > 1 for
X > 0.2 end no distortion with ¢/a < 1 for x < 0,68 i.e. for



bulk distortion with e¢/a > 1 copper ions more then 0.8 are
required in the octahedral site and for the distortion with
e/a < 1 copper ions more then 0.65 are required in tetrshedral

sites.

Grenot and Huborlg(1967) have studied the temperature
effect on the distribution of the metal atoms in the mixed
Mgoag_xnn‘o‘ and u¢¢r2_xnnxq‘ spinels of various compositions
by X-rasy and neutron scattering techniques. A continuous
range of solid solutions was observed for both the series st
temperatures above 850°C., On eocoling, two pheses (tetragonal
and cubie) appeared when manganese concentration was high.

The critical compositions at which the tetragonal phase
appears had the same value of the ratio (oetahedra (Mn/to
total Mn) for the two series.

Trent et.al,1%(1060) heve studied the effect of
chemicsl composition on tetrshedral to cubic transformations
in the system mao‘-uguao‘ and ngnngo‘-ngt%o‘ by Xeray
diffraction. From the X-rey intensity caleulation the
actual number of distorting Hna’ ions in octahedral sites
have been determined, They have thus found the exact
fraection of Hna’ ions required for the tetragonal distortion.
In agreement with earlier workers they found that the trans-
formation of tetragonal to cubie symmetry takes plece even
when there is an appreeisble number of Mna* occupying the
octahedral sites. This is due to the 1long range disorder
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of the distorted octehedrs by the introduetion of the
non-distorting cations through the formation of solid
solutions, whiech separates these d1storted oetshedra
theredby decreasing the mesn interaction energy.

Irani 33:5129(1962A heve also studied the effect
of temperature on the structure of 'normal' manganites of
¥n?*, %", ug®" and Co®* with Mn®" ions in oetehedrel
sites by X-ray diffraction techniques. As said above
tetragonal distortion is due to Mn®" fons at octshedral
sites by virtue of their d‘ electroniec configurstion which
tend to distort each elementary oectehedre., The observed
tetregonal to cubie trensformation at eleveted temperature
has been attributed to the racdomization of direction of
the individual distorted octshedra.

Robbins and Darey  (1966) heve studied the effect
of different cations on the ionic distribution and the
cooperative Jahn-Teller distortion in spinels containing Cuz’.
They have found that the presence of cng’ on the B sites in
compounds 1ike Zn(Cu _Oe_Mn, , )0,y Zn(CuTi)0, and Ga(CuGe)0,
has no effect on the cooperative Jahn-Teller distortion
down to .~ 80°K,

They have also studied the ionic distributions in
spinels like CuGad’*0, (vhere ¥°* = 11%%, 6™, e, W),
by X-ray d iffraction techniques. From the ionic distributions
they came to the conclusion thst Jahn-Teller distortion and



the site preference of Cn?’ in spinels strongly depends on

the other cations present in the spinels.

Robbins snd Baltzer’ (1965) have studied the ionie
distributions and cooperative Jahn-Teller distortions in the
systems znuago‘-cu,aoo‘ and annao‘-ZnCucco‘ vhieh contain
both Cug’ and Hn?’ ions. In the first system they have
found thet exial retio e/a depends essentially on the Mn°'
content only and egqual distribution of the Cu?’ ions over
A and B sites give rise to neutralization of cooperative
Jahn-Telle r distortions. In the second system Jahn-Teller
distortion has observed even for lower conecentrations of

Hna’ as compared to the first system.
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l.4. RICAL CONDUCTIVITY OF MANGANITES

Since many years, electrical conductivity of mixed
oxides containing manganese oxides, hes been studied by
several vorkor-g"zs’EG’al because these materials are used
in meking thermistors. However, systematic studies on vell
characterised compounds have started only recently. The
electrical conductivity in spinels is often useful in
determining the valence state of the ionms.

Larson 35::&2?(1962) have prepared the complete
range of solid solutions between nickel manganite NiHn?o‘
and Hnaq‘ and studied the erystal symmetry, electrical
conductivity end low temperature maegnetic properties. They
have found that the compound lil.’an,xo‘ shows cubic symmetry
when x is less than 0.42 and tetragonal symmetry for values
of x greater than 0.42. The compound shows n-type conduction
for values of x less than 0.46 and p-type conduction for greater
values and a sharp change in the low temperature magnetization
is observed as the value of x inereasses from 0.36 to 0.42.
On the basis of all these above studies they have assigned the
following cation distribution configurastion for the above

series of compounds:

(1-8)Mng Hn]? (V13" dnd3 10, ¢ pen® (4117 D ind 7,00

The electrical conductivity 1s interpreted as due
to the trensfer of electrons from Mna’ ions to Md‘* ions in
the octshedral sites. The eonductivity at A site is treated
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as less likely becsuse the A=A or A-B distances are too grest
to ellow a charge transfer by the hopping mechanism according
to which electron jumps from one cation to neighbouring cationm.

Rosenberg et.ale>(1963) have studied the crystal
symnetry and electrical conductivity as a funetion of
composition and temperature of the tetragonal spinels having
the general formulae

Cudn,_ 0, (0 € x & 0.2)3 Zny, Mny 0, (0 & x < 0.2)3
MgMng_ 0, (0 € x € 1) and ZnMn, 0, (0 € x < 1)e

From the above studies they have proposed the estion distribution
formulae for each system. They have also said that conductivity
involves the hopping of electrons between octahedral site

un?* anda #n*" tons.

Jogelekar and smu”um) heve prepared the series
of compounds of the general formula Znli, Mn, o 0, end studied
the electrical conductivity and thermoelectric coefficient as a
funetion of temperature end heve found that when 0 £ x £ 0.1
the compounds are p-type ®and when 0,18 £ x £ 0.3 the compounds
show n-type conduction. They concluded that condnetion is due
to hopping of electrons from Mna. ions to the neighbouring m"
ions at the octshedrsl sites. Another series of compounds
znxcul_xsuzo‘ with 0 < x < 1, show a p-type conductivity.
Crystal structure studles reveal that when x < 0,05 the
ecompounds have the ecubic spinel structure and vhen x > 0.26
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the compounds have the tetragonal symmetry snd mixed
phese is observed in the range 0.06 £ x £ 0.285,

Ghare and S1nhl?7(1968) have synthesised a series
of compounds of the general formulea Zae’(nii’nngtzxﬂn:°)o‘
containing both Mns’lnd ¥n?" fons at the octshedral sites
and have measured the conductivity as a function of temperature.
They have found that energy of activation first decreases
rapidly with inereasing x in the range 0 < x < 0,3 then slowly
in the range 0.3 < x < 0,7 and becomes constant after x = 0.7.
Similarly, specific resistance first decreeses with increasing
x reaches minimum at x = 0.7 beyond which it starts increasing
again. They have also suggested the hopping mechenism for

conduction of electrons.

Sabane 3543;29(1906) have synthesised copper mangenite
by solid state reaction under controlled conditions and measured
the conductivity as a funetion of temperature. They have observed
that conductivity rises exponentially with temperature.
Thermoeleetric coefficient is constant in the temperature
range 100-280°C and has the value of 18 * 8 u v./°C. From
these results and structural evidences they have come to the
conclusion that conduction is due to electron exchange between
#n2* ana Mn®* fons at the octahedrel sites in the spinel
structure. They have reported the ioniec configuretion of
copper manganite as Cn’flns’un4’lq‘.



Sabane 3&,;13’ (1967) have studied the electrical
conductivity of nickel end copper menganites. They have
observed that the resistivity increases with the decrease in
oxygen partial pressure in case of nickel mengenite whereas
resistivity of copper mengsnite is independent of oxygen
partial pressure. They have assigned the formula for

nickel manganite as:

24 2 2+ 3¢ 4
Mno, 4350, 08", 57+0. 08 (M1 +"“fs.tw:,o.os"“t:a:aa;o.ocs]"4

which expleins the variation of resistence with oxygen partiasl

pressure. They have given the ionic configuration for copper
menganite ss Cup oCug ', Bind* nd* 10,

Jogelekar and Sinha®°(1967) have synthesised CuFeMn0,,
CuCrMno‘, liCrMnO‘ and studied the erystallographic and
electricel properties to determine the correct valency states
of Cu end Mn ions in manganite. All these compounds are
cubic. They have measured the X-ray diffrsction intensities
to study the cation distribution in the compound. They have
reported that conductivity increases exponentially with
temperature. They have concluded that copper ions are
present st = the tetrahedrsl sites as Cul®,

£1m$8°1(1067) has studied the influence of ¥n®* 1on
clustering in octazhedral sites of the spinel lattice on Seebeck
voltage and electrie conductivity. He has e2lso furnished some
information and indirect evidence on the degree of clustering of
Mns’ ions in octahedrsl positions by the measurements of

electrical properties of manganese ferrites.



1.5.

(1] Genersl Prineiples

It is well-known that sn electron has a magnetic
moment due to its spin and orbitel motion. In an atom, the
resultant of the magnetic moments due to the several electrons
may or may not be zero. If there is a net magnetic moment,
we call such atomsor ions para-mesgnetic. Solids containing
paremegnetic ions can, under certain conditions, get
magnetically ordered. If the magnetic moment on eéch atom
or ion is aligned parallel to one snother, then the solid is
called ferromagnetic. On the other hand, in certain solids
we have half the atoms have their spins aligned in one direction
and the other half in the opposite direction with zero resultant
magnetic moment. Such solids sre celled antiferromsgnetiec.
There is a third class of slignment in which case the spins on
a fraction of atoms or ions point in one direction and the
reméining ones in the opposite direction. However, the megnitude
of the resultents are not equal so that there is a net resultant
magnetic moment. This alignment is called ferrimagnetiec. The
ordered ferromagnetic, antiferromagnetic or ferrimagnetiec
materials trensform to the disordered paramegnetic state at a

transition temperature.

The relationship between magnetic susceptibility
(")) and temperature in the paramagnetic region for the three

classes of materials are as followst:
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Figure 1 gives a diagram for I/X,\" T plot for the

three esses at temperstures above the transition temperature.

Eq® 3 has been deduced by Neel®2(1948) assuming a
sublattice model in wvhich the magnetization of one sublattice
is antiparallel to the other. We call such ferrimagnets as
collinear ferrimagnets. Below the treansition temperature Te
there would be a spontaneous magnetization H. which is given
as the vector sum of the magnetization of two antiparallel
sublattices. Thus M = ‘ My=Mg{- The temperature dependence
of Mg is the resultant of the temperature dependence of Hl and
Mge Depending on the relative variations in "1 end My,
different types of variations in M. are observed. Two typical
cases are illustrated in Figure 2(a).

It has been shown by Yafet-Kettel2>(1962) that under
certain conditions the collinesar ferrimagnetic arrangement is
not stable and non-collinear (angular) econfigurations may arise.
In case of spinels, Yafet and Kittel have shown that the lattice
can be subdivided into six spin sublattices; two for the
tetrahedral sites A;, A, and four for the octahedral lattice
Bl.Ba,Ba and B‘, 80 that there ere six independent spin directions
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allowed in the crystal. They arrived at stable spin
eonfigurations which are shown in Figure 2(b).

Kaplln‘ggggle‘(loel) have esleulated the relstive
stability of Neel, Ysfet-Kittel and magnetiec spiral arrengements.
They have shown thet the normalized energy is & function of a
single parameter u = (GJ“SB)/!!J‘BBA vhere J, is the B-B
exchange constents and J,, is the A-B exchange constant. &,
and SB being the spin angulsr momentum vector at the A and B
sites respectively. The results of their ealculations for cuble
spinel lattice are shown in Figure 2(ec). It can be seen that
the Neel configuration isstable only for small velues of u.

For higher values of u i.e. when B-B intersction becomes
sufficiently large Neel's configuration is no longer stable.
It turns out that spiral spin arrangement has much lower energy
than that of - Neel, Yafet-Kittel.

These caleculstions have also been extended to tetragonal
spinels by Kaplan and eovorknroa‘(IDGI). However, the distortion
requires four exchange perameters even if A-A interactions ere
neglected. These four parameters are J,., J,n.y JBB and Jgo,.
Energy then becomes & function of three perameters. The
suthors have given the ground state spin eonfiguretion for
various regions in the space described by these parsmeters.
Reglons where Neel, Yafet-Kittel and spiral structures are
stable are marked out in their disgram.



Sinha and Sinha®® (1962) have made & theoretical
study on entiferromagnetism in some normal spinels. They
hove selected the spinels such thet the cations loceted at
tetrahedral sites sre diamsgnetic while those at octehedral
sites are pareamsgnetic. By making use of the molecular
field approximation they found that the most stable arrangement
1s one in which each [110] snd [110] row is antiferromegnetically
ordered with the spin vectors pointing slong these directions.
Magnetic susceptibility independent of temperature is predicted
by this arrangement. Experimentsl results on :'.nuneo‘ confirm

these conclusions.

Gennes?®(1960) has studied theoretically the double
exchange phenomena with msgnetic compounds of mixed valeney.
He has shown that double exchange phenomena give rise to
distortion of the ground state spin arrangement. Since
electron transfer lowers the energy to the first order in the
distortion angles, distortion would correspond to a uniform
canting of the spin sublattices if the Zener carriers are
mobile. On the other hend, bound carriers are expected to
give a non-homogeneous distortion even though the average
effect will be the same &s above. He hes found that canted
arrangements are stable upto certain temperature, above this
temperature the system will behave as antiferromagnetic or
ferromagnetic depending upon the relative amount of mobile
electrons.
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The theories so far discussed heve only considered
the nature of megnetic ordering where exchange parsmeters 31’
has been introduced merely as constants. The various
mechanisms which determine the sign end the magnitude of J'u
econstitute a2 separate theoretical problem which hes been
investigated by several workers. It is now accepted that the
predominant interaction between two magnetic ion in spinels is
of super exchange type where the anion plays the role of
intermediary. This type of interaction was first proposed by
Kra-ar:37(1934). The theory of superexchange based on Kramers
ides was first developed by Andorncn‘o(lcso). This has been
followed by theories of Slater-S(1983), Goodenough and Loeb’
(1958), Goodenough’®(1065), Anderson and Hasegawa®l(1964) snd
Kenamori42(1969), It 1s clesr from these theories that there
are several mechanisms which contribute to the exchange ecoupling

end they ere 2ll of comperable magnitude.

Goodonough’a(looa) hes reviewed and summerized different
prineipal contribution to sunerexchange interactions and in wvhat

follows, we present a brief sbstraect from his work.

The various mechenisms can be 1llustrated with the help
of Figure 3(a).

It 1s clear from the Figure 3(a) that & orbital of
the anion is orthogonsl to the tﬁl orbital of the ecation but not

to the e orbitel. On the other hand, p{ &nion orbitals are

orthogonal to o'

Therefore, electron transfer or partial covealence cen take place

between p ey (¢ trensfer) and p; - eg. (17 transfer).

orbitals of the eztion but not to the tg‘ orbitals.
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There sre three prineipal econtributions to the
superexchenge viz: (1) correlation effect, (2) delocalization

effect, (2) polarization effect.

(1) Correlstion effeet arises due to simultaneous
eovelent bond formation by coupling of the two anion eleetrons
with the two ecations on the two sides. This can lead either
to a ferromagnetic or &n antiferromagnetiec coupling between
two eations depending on their ionic configuration as can be
seen from three typical exsmples given in Figure 3(b).

(2) In the deloecelization mechanism, the electron 1s
assumed to go from one eation to the other via the oxygen ion.
This sgain depends on the nature of the crtion orbitals and the
degree of the overlap of the ecation and the anion orbitals.

If the eations on both sides have half filled orbitals, then
the coupling is antiferromesgnetic; on the other hamd, if we
have helf filled orbital on one side and & completely full or
a completely empty orbital on the other side, then the
interaction is ferromagnetiec. For the last case, as the o‘
orbitals are empty on both sides, the interaction takes place
only through i bonding which is expected to be much weaker.

(3) inion polarization effect is very much weaker
then the correlation and the delocalization effects and hence

may be neglected.

Examples stated above are all for collinear metal-
oxygen-metal arrengement. There are examples of 90° eation-
anion-cation configuration in meny solids. In this case the

direct exchange interaction is likely to be pronounced becsuse
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of the direet overlap of ta' orbitals of the two ecstions.
Deloecalization superexchenge can, however, also occur between
eg orbitals via the intermediste enion orbitals. /s far as
correlation superexchsenge is conecerned, the intersetion can
take place by means of the following three sets of snion

electrons:

1) Anion & electrons.
2) Two p electrons of the same orbitals.
3) Two p electrons from different p orbitals.

The interaction via the 5 eleetrons is supnosed to
io wveaker because of the smaller radiasl extension of the
s orbitals., The interaction vig p eleetrons belonging to
different p orbitals is also expected to be weaker than
that via the two electrons from the saze p orbitals, unless
the tz‘ orbitals are more than half filled. Four illustrative
90° interasctions are shown in the Figure 4. In addition to
the 180° or 90° eation-snion-cation sngles, there are other
intermediste engles observed in many solids. For example, in
spinel the sngle between the tetrahedrsl estion and octahedral
estion via the intermediste oxygen ion is only 1286°, No
detailed ealeulations for intermediste engles seem to have been
done, but it is expected that the interaetion would vary in a
regular vay as the angle is changed from 180° to 90°.

Possibilities of cation-anion-anion-cstion super-

exchange interactions hsve slso been considered by several
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workers. Bluu"(lm) has proposed an exchange mechenism
involving Co”'=0""=RH -0%"Co®*, Mays%4(1963) ned esriter
escumed similar type of exchange in LIHnPQ‘ through chains
of MnO-P-0-Mn. Bertaut?®(1064) proposes even more distant

intersctions.

{2] Historicel survey

Magnetiec susceptibility of Hnao‘ has been studied by
Honde and Sone?7(1914) at 20°C who found the value of X to
be 85.8 x 1076, Mooreet.81,4%(1960) have studied the magnetie
susceptibility of this compound &t lov temper=ztures and got the
veluest X 298%K = 84,2 x 10°8, X 193°K = €6.6 x 10" and at
X 88% = 126 x 10™%,  Borovik et,a1%°(1957) messured the
megnetiec susceptibility of Hnso‘ at the tempersture range of
20° 300°C and they observed that the compounds become
ferrimegnetic below 42.5%¢ and the temperature dependence of
magnetic susceptibility above the Curie temperature is deseribed
by the formula

g
T¢
where X = Magnetic susceptibility.

T = Absolute temperature

1/ =T/C+1/x, -

X,, 0; ¢ and C are constants.

7000bs50(1969) has studied the compounds of the
formula ¥0.Mn,0, where ¥ is ¥n, Co, 7n and Mg end mixtures.
He has reported magnetization curves at 4.2°K in pulsed fields
upto 140 kilo-ocersteds. Field dependent suseceptibility has



38

been observed in these compounds. The results suggest the
presence of trienguler Yafet-Kittel type alignment. The
author hes also determined the strength of the B-B interaction.
The spontaneous moment of Hn304 is 1.56 » 0,04, Bohr magneton
per molecule with the B site moments subdivided into groups

at oangles.

Recently, Jacobs and Kouvel®!(1961) studied the
magnetic properties of Mnaq‘ econtaining partial to ne&arly
complete substitution of diamagnetiec Zn?’ or ng’ ions in the
tetrshedrsl sites. They have observed the unidireetionsal
enisotropy from the hysteresis loops displseced along the field
axis when the meteriasls ere cooled to low temperatures in
megnetiec field of severel kilo-oersteds. This unidireectional
behaviour is steble to reverse field pulses of 140 kilo-
oersteds. ’‘n exchange snisotropy model is pronosed involving
intereetions between ferrimagnetic and nearly antiferromegnetic
regions brought about by the random distribution of the
diamagnetic ions smong the tetrahedrel sites and the consequent

magnetic inhomogeniety.

/{ekhem and crort1°(1ses) have studied several spinels
containing mengsnese. In case of c°3-x““x°4 they have concluded
from the seturation megnetisetion snd Curie temperature data
that the eubie meteriels show Neel-tyne megnetic coupling

between Coz’ {ons on tetrahedral sites and Haa*

ions on
octshedral sites. The number of Mn>® ions on octshedral
sites ineresses through the composition range (0. € x £ 1.2)

end hence the mumber of A-B interaections increases produeing
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a eonstently rising Curie temperature which resches maximum
at 191°% at x = 1.2. An abrupt chenge in the magnetization
curve oeccurs for this velue of x. Further, appreciable
magnetic moment zppears agein for velues of x greater than

2.1 reaching & maximum of 1.4 v B/molecule for oure Mng,0,.

Snbcnosa(lsso) has measured the paramagnetic
susceptidbility of Cdln,0,, ZnMng0,, Mghng0 4y Hng‘, Coling0,y
Nikng 04y Culing0, ot verious temperatures. In most of the
cases, Curie-Weiss law is not obeyed. In cmse of CdlMn,0, the
results agree with four free spins per manganese ions, wvhich
indicates that manganese is present as Mna’. Hgnngq. and
lango‘ show temperature independent paramagnetic susceptibility.
The ferrimagnetism of the rest of the compounds has been
explained on the basis of the Neel's theory and Yafet-Kittel's
modifiecations.

o'x.crtu°3(1901) has reported the magnetic and
erystellographic results for some spinels in which A sites are
occupied solely by an’, or Zn?’ + Go". The amount of Mnsf
jons required on octahedral sites to produce tetresgonal distortion
in spinels depends upon the nature of other ions present. He
has extended his assumptions to predictions of valencles and
distributions in Feuneo‘, Culngq‘ and Xlnso‘* (l-x)NiMneo .

The structures proposed ares
1% * [re ™ en?* 10,

cu* [m3* 2¢, 8¢ (0% 3¢ o0
respectively. (Map 10, end iy My [Ny Mny o]0,
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Bllalos‘(lbca) has synthesised new oxidic spinels
econtaining tetravelent manganese viz. LiNoa’Mn"o4 (Me = A1,
cr, Fe, Co, Oa, Rh) snd LiMeq gMnj g0, (Me = Mg, Co, N1, Cu,
Zn)., The mognetie suscentibility has been determined es a
function of temperature. From the susceptibility vs
temperature curves of these compounds, information ebout 90°
und* Hn", B-B interaction has been obtained. It 1s found to
be weak and negative where Hn" ione are the only paremagnetie
ion in the octahedral sites end with diamegnetie ions on
tetrahedral sites.

Rosenberg and Nieolse®©(1964) hsve studied the
megnetic susceptibility of spinels anHns_xO‘, Cdana_xO4
(with 0.2 £ x £ 1.0) and slso the normsl and inverted Mgn,O,.
From the linear region of the (1/X,T) curves, Curie éenstants
have been ecsleulated which agree with the formula based on the
spin-only moments of the an* and Mna’ fons. They have assigned

o . 3¢
the cation distribution es D Mn, . [Mng

]0‘ where D is Zn or

Cd. Por higher velues of x (i.e. > 0.8) they have observed
only 2 small veriestion of magnetie suseceptibility with
tempersture in region lower than 180-200°%, In case of semples
with 0 < x < 0,7, 1/X curves similer to Neel hypérbola are
observed over the whole investignted temperature range. The

Curie point is less than 78°K.

Jbgnl.klrsa(lees) hes synthesised the system
Zn(Li%;png:‘!Hn:;lo‘ for verious values of x and measured the
peremsgnetic susceptibility as & funetion of temperature.
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Compounds in which the mumber of Mn" fons (x € 0.1) is
small become paramegnetic snd obey Curie-Welss lew and the
compounds in which ¥n?* and Mn?* fon concentrations are
nearly equal (0,18 £ x £ 0.28) obey Neel's equation.

Baltzer and Lapatin?z(lssé) have done magnetic and
erystallographic measurements on compounds CuHu204, KnCrMno‘,
LiMneq‘, CuCrnno‘, ZnCrgo‘, Lichno‘, Z”O.BG'O.BC“M“QG and
GaCuMnO4.  They heve reported that Culin,0,, CuCrin0
become ferrimagnetic at low tempersztures and found that Cuz‘
ions occupy tetrahedral lattice completely in CuMnQOQ, CuCanOQ
and OcCanO‘ and partizlly in Zno.BGoo.GCuﬂnO‘.

Dey end Anderson®’ (1965) have studied the magnetic
suscentibility of cadmium mengenites (cdi’unfjx)nng’o4 between
4.2°% and 1000%K 8s @ function of field snd temperature. They
have observed thst 2l1 the ssmples except x = 1 become
ferrimagnetic &t low temperature and show three transition
temperatures. First transition corresponds to ptramagnetic
entiferromagnetic ordering which appears to be of canted type.
They suggest that the susceptibility i1s independent of temperature
between the first and second transitions assuming that the
Besite spins sre all antiferromegnetically ordered in low-
enisotropy planes. Petween the second trensition and the
Curie temperature there ere evidences of the absence of long
reénge order and magnetiec property 1s due to the loecal clusters

of canted or spiral sntiferromagnets.

Blasse’’(1965) has reported the erystallographie and
negnetiec properties of & number of compounds with spinel
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structure. He has found that the Curie constants in
znnntrog_tq‘ system are too low as compared with the spnin
only values. He eonecludes that this is due to ecluster
formetion end the amount of Nna’ ions on B sites necessary
to give macroscopiec tetregonal distortion is very low in
ZnMntl"oe_tO4 and very high in Lio.BNn‘Foe.s_tQ‘ and
Lio.sAlz.s_tHntO o This value of distortion is explained
partly on short range orders and partly on oxygen-anion

polerization.

81130058(1966) haes studied the megnetie properties
of number of oxygen spinels conteining Hn" ions. Some of

the compounds such as Cuugo.annl.so‘ and L&Zno.sunl 50‘ are

ferromagnetic snd others such as LiNio.BHnl.so‘, Zuﬂinno‘ sre

ferrimsgnetic due to erystallographic order of paramagnetie
ions on octahedral sites. He coneluded thet the 20°

Mn"-oa'-un" interaction is ferromagnetic and the 20°

nxz’-oz'-nn" interaction is antiferromagnetic.

In case of CuCrMnO, saturation is not obtained in
fields upto 30 k.oe. which probably indieates non-collinear
spin arrengements. fHe has reported that at low temperatures,
the eation distribution is epproximately Cu’(cr® n?")o, but
the long-range megnetie order on B-sites is not easy to
achieve as there is no erystallographie order.

Ghere end 81nnn97(1sea) have synthesised = series of

compounds eontaining both Hn” and Hn" of the general formula

20, .2+ 3¢ 4+
20" (112 nge o Mn§ )0, Vhere x = 0.1, 0.3, 0.6, 0.7, 0.8, 0.9.
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They have measured the peremsgnetic susceptibility by Couy
method in the temperature range 100%°K to sbout 2340°%, all

compounds show ferrimagnetie property.

Helkes et.8l.07(1961) have studied the magnetie
properties of lithium substituted mengenese selenide at
various temperatures. At low temperature the hole which is
introduced by the Li* is loosely bound to Li* itself. So 1n
the region around Li ion, double oxchango causee the local
distortions of the spin system. These eclusters csn overlap
suffieiently if the Li conecentration inereases so that megnetic
field induces &an asppreciadble magnetic moment.

Jonker and Ven Sant-a°°(1950) have synthesised the
system LlHnOS-CaMuO3 and Lano‘-Sanoa and studied its magnetic,
struetursl and eleetric properties. They have observed that
these compounds have perovskite structure and they are good
conductors of electricity and are ferrimagnetic. They hsave
proposed a positive Mn”- Hn" exchenge intersetion. The
erystallographic snd maegnetic properties of the system
(li?ogq‘)l_x’ (liﬂngq‘)x heve been studied by Baltzer and
vhite®1(1088). The cuble spinel structure is obtained
through out the system with the lattice perameter inereasing
monotonically with x from 8.24 to 8.,39A, Tt 1s found that in

the renge 0 £ x £ 0,6 that manganese progressively replaces



iron on six coordinated sites vhereas in the range

0.6 £ x £ 1 progressively replaces iron on the four
coordinated sites. The authors conecluded that their
magnetiec moment measurements indileste that 211 of the
mangenese is trivelent in the range 0 £ x £ 0.8 and that
in the renge 0.5 € x £ 1 the manganese is divalent and
quadrivalent on the four and six coordinated sites
respectively. The suthors have found mnn?o‘ becomes
ferrimegnetic at apnroximately 100°K.

---O«')&”



CHAPTER -« II

EXPERIMENTAL TECHNIQUES




2.1. PREPARATION OF COMPOUNDS

Mangenites olf the general formula
(1) zn(Cr Mn,_ )o049 (2) Ni(Crphing_ )04y (2) culCr in,_ )o04y
(4) Zn Wi Mn, .04 ond (5) Zn(Peyin, . )o04y vhere x veries
from 0.1 to 0.9 have been synthesised. The compounds have
been prepared by rescting appropriate mixtures at elevated
temperatures., Finely divided spectroscopiecally pure
compounds are taken and mixed together in appropriate
proportions by grinding under alechol for sbout two hours
in an agete morter and pestle to ensure the formation of
homogeneous mixture. After removal of aleohol completely
by eveporation, this mixture of oxides 1s then heated in a
platinum crucible at about 1000°C for sbout five hours in
oxygen atmosphere. The temperature of the electric furnace
could be controlled within ¢ 8°C.  After hesting for five
hours, the compound i{s slloved to eool slowly in the same
stmosphere snd teken out and reground in the same menner for
geveral hours. The sample is then heated again in oxygen
atmosphere at about 1280-1300°c for sabout four to five hours.
When the reaction is complete, the ssmple is allowed to cool
very slovly in the oxygen atmosphere. The product thus
obtained is then anslysed by Xeray diffraction using & 14 em.
Debye Scherrer ceamera and Fe-Kx(\ = 1,936974°) radistion
filtered through & mengenese foll. The heating 1= contimued
ti11 no diffrection lines due to unrescted oxides ere observed.
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In case of chromium containing compounds the temperature
required for the completion of the reaction is more than
1300°C and are rescted more than two times by repeated
grinding. In most cases, the X-ray diffraction pattern
shows homogeneous single phase compounds. In some cases
however, it was not possible to form 2 homogeneous compounds
even after repeated heating. These will be mentioned at
appropriate placeé when the results are described. In case
of copper chromium-mengenites cu[Cernl_xlzo4 where x = 0.1
to 0.5 the reaction has been carried out at low temperatures
at 960°C for about 100 hours in an oxygen atmosphere and
finally the compounds have been quenched and analysed by
X~ray diffraction.

Preparation of pellets

The pellets are then prepared by the standard
ceramic technique of powdering, mixing, grinding and sintering,
etc. The compounds obtained after resction are finely ground
in an sutomatic grinder for about 5 hours to obtain a particle
size of less than forty microns. About 1 ec. of 2% polyvinyl
acetate in ascetone is then added to about one gram of the
powder and mixed nicely by grinding with excess of acetone
for about half an hour. The paste thus formed is dried and
again ground for about 15 mimutes to form a powder. The
powder is pressed in s die of 1 cm. diameter by mesns of a
Carver laboratory hydrsulic press fitted with a calibrated
pressure gauge. The pressure applied is usually 5000 PeSeie



The pellet is normslly of 1 cm. diemeter and 0.2 to 0.2 em.
in thickness. The pellets thus obtained are slowly heated
in oxygen atmosphere at the rate of 100°C per hour, vhen
the binder is burnt completely st about 800°C.  The
temperature of the furnaece is then inereased gradually to
the sintering temperature i.e. at about 1300-1380°C, The
pellets are allowed to remain et that temperature for about
3 hours after which the furnace is svitchodi?: The oxygen
atmosphere is mainteined until the furnace is cooled to room
temperature. Polyvinyl ecetate is found to be the most
convenient binder for these series of compounds and dense

erack free pellets are easily obtained.

Electrical eonduetivigl

The electrical econductivity of the above sintered
pellets has been studied as & function of temperature.

A suitesble furnace and a sample holder has been constructed.

The furnece is construeted by winding & standard
resistor Kanthal wire on 2 silics tube of one inch inner
diameter snd a length of one foot, so as to obtain a constant
temperature zone of sbout six inches in length, This assembly
is fixed in 2 box made up of asbestos cement sheets lagged
by asbestos powder in order to avoid heat transfer. The
temperature of the furnece cen be controlled to % 2°C by
meking use of sutomatie tempersture controller., Power is fed
to the furnace through 2 suitable voltage stabilizer and a

variac to control the current.
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The ssmple holder 1s constructed out of 1/2
inch dismeter silica tube with one end closed by & flat
silica plate. A slot is made just above the closed end
to give an opening of sbout 1" x 1/4", The pellet is
sandwviched between two platinum foils and placed on the
bottom of the silica tube. The spring is pleced in such
a way thet it does not come across in the heating zone
but remains out of the furnace. Calibrated chromel-alumel
thermocouple is placed very close to the pellet. The platimum
wires fused to the pletinmum folls sre insulated and taken out
of the silica tube,

The two end faces of the pellet are made conducting
by epplying platinum paste. This type of contaet gives low
resistance and high reproducibility. Electrie conductivity
as & function of temperature is measured on EICO electric
volt-0HM meter Model 214, The temperature is measured by
the help of Kaycee potentiometer and & lamp and scale
arrangement which cén measure the e.m.f. to an accuracy of

Su v

Conductivity has been measured st various temperatures
from room temperature upto 360°C. The temperature of the
furnace 1s inecressed slowly at different intervels and allowed
to attain egquilibrium. The resistance of the pellet is then
measured at that temperature. Resistance at room temperature
of the pellet is of the order of 10‘ ohms. and frlls to about
10% at nearly 350°C.



Eleetrie conductivity measurements have also
been done at low temperature in case of the system
Cn(Cr‘)ml_!)gO‘ vhere x = 0,1 to 0.8 which usually shows
very low resistance of the order of 30-70 ohms, Hence
econduetivity hes been measured at temperatures down to
1iquid nitrogen temperature by using various fixed
tempersture beths such as liquid nitrogen, solid aleohol
in equilibrium with liquid aleohol at its freezing point;
solid COyy ice, ete. The sample along with the sample
holder has been kept in vacuum in order to avoid the
condensation of moisture on the pellet. Copper constantan
thermocouple is used to measure low temperatures.



2.2, A 0 ZRMOELECTRIC COEFFICIE

When 2 semiconductor is heated ot one end with
respect to other the charge cerriermove from hot zone to
cold zone. IHr these cerriers sre electrons, the hot
portion would get positively charged and the eold portion
negotively cherged due to this movement and a voltage
difference would develon. This voltege difference is
knowvn as thermo-e.m.f. The opposite type of polarity
would develop if the holes are charge carriers. Thus the
sign of thermo-e.m.f. can be used to determine the nature of
charge carriers. For this measurement, the sample in the
forn’e long pellet is mounted on & hot plate heated
electrically. The temperature of this hot plate is controlled
by regulating the voltage supply through & voltage stabilizer
and a veriac.

The pellet ' is placed on silica plate and held in
position by suitable phosphor bronze spring. Two platinum
foils have been mut in contzet with the two faces of the
pellet and two calibrated chromel-alumel thermoeouples are
#lso kept in close contaet with the two faces. The hot
plate is allowed to attain steady tempersature for a
sufficiently long time after wvhich the temperatures on the
two faces ere measured by mesns of two thermocouples. The
voltage difference developed between two faces is also measured
on & sensitive Ksyeee potentiometer. The temperature of the
hot plate is then raised and the whole operation is repeated
to get thermal-e.m.f. a8t different temperatures.
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2.3, Z=RAY EXAMINATION

¥-ray powder diffrection technique has been
employed to cheek the cogplstion of the resetion and to
determine the erystal structure of the compounds formed.
The semples have been filled in thin glass capillaries snd
Debye-Scherrer powder patterns have been taken on a Philips
Xeray machine using Fe-K rediation() = 1,93894°%) filtered
through & menganese foil in & 14 em. camera. The 4 velues
have been obtained from the powder 4iffraction data and
lattice perameters have been czlculated from the observed
d values. The patterns have been indexed &s cubie or
tetragonal with the help of the standard charts. The
cation distribution in some compounds has been determined
by visually estimating the intensities of different
diffraction lines and compared with those ecaleculated for
different cation distribution. Deteils of intensities

calculation are given later.
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Zede MAGNETIC SUSCEPTIBILITY

Magnetic susceptibility of our semples has been
measured by Oouy method. This method is based on the fact
that 4f & eylindrical sample is suspended between the two
poles of the magnet so that one end of the sample is in
the region of large field intensity and the other end of
the sample in the region of very low field intensity, then
the forece exerted on the sample along 1ts length is given by:

£ =1/ (K -Ky) (H3-Hg)A
where ‘1 = volume susceptidbility of sample, ‘g - volume
susceptibility of the surroundings, ﬂl = paximum field
intensity at one end of sample, Hy = minimum field intensity

&t the other end of the sample, A = area of cross-section
of the semple,

If the length of the sample is lsrge the Hy = 0.
Furthermore, the volume susceptibility of the surroundings
can be taken to be very smell and ecsn be neglected. Hence
the equation ecan be simplified to:

£=1/R KN A=gaw
vhere g is gravitational constent and AW 1s the change in
weight of the substance due to the application of field.

A small flat face electromagnet of one square
inch eross-sectionel area with & gap between the two magnetic



pole pleces of about 3.5 ems. has been used. The megnet
has been attached to a variable stabilized power supply
of 0-200 volts DC and 0-50 amperes current. A steady
magnetic field of about 5000 oersteds 1s obtained by
pas=ing a current of 20 amps. through the coils of the
magnet. Ssme constant field is maintained for all
mneasurements at all temperatures. The weight of the
specimen as well as the change in weight are measured by
by & Mettler make single pan balance which can read
weights with a 0,08 milligrsm sccuracy.

The semple holder 1s a cylindrical pyrex glass
tube of 20 ems. length with a uniform internal dismeter
of 3 mm. The tube is filled with & finely powdered sample
upto the fixed mark (about 12 ems. above the bottom) and is
suspended from the arm of the microbzlence. A silver chsin
is used for suspending the tube. One end of the sample is
kept exactly a2t the centre of the pole pieces and the other
end is st nesrly zero field. The specimen tube is
surrounded in a gless chember which is again kept in the
special type of pyrex Dewar flask arrenged in the centre
of the pole pieces. VWhen the measurements are carried out
et low temperatures dry nitrogen gas is passed continuously
to avold condensetion of moisture over the specimen tube.

The susceptibility has been measured at various
temperatures. The desired temperature is obtained by
using suitable baths., The low temperature baths ere liquid
nitrogen, solid aleohol at its freezing point, solid earbon
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dloxide snd ice. High temperatures are obtsined by making

use of a speeially designed platinum furnace. The temperature
is measured by using 2 calibrated copper-constantan thermo-
eouple and a portable potentiometer which can reed upto the
accursey of 6 u volts.

Magnetic force scting on the sample is:

£ =1/ xllﬁ A = g A from vhich the relation:

| h'l Awl
v . can be easily obtained wvhere:
2 8 ¥y
)Cl = Magnetic susgceptibility per gm. of sub.l.

X 2 = Magnetic susceptibility per gm. of sub.2,
wl = Wt, of the substance 1.
wg = Wt, of the substance 2,

Aw1 = Change in wt, of the substance 1 in the
negnetie field,

AWy = Change in wt. of the substance 2 in the
megnetic field.

Heneces )(.2- [X,%}-{] [eg% .

If the magnetic susceptibility of the compounds are messured
under the identicasl conditions and the value of suseeptibility
of one of the compound is known, the susceptibility of the
other compound esn eesily be obtained from the above relation,

i g W
1% AWp
M A

A = tube eonstant for the magnetie set up.
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The tube constant is found out with the aid
of analer grade copper-sulphete cuso‘.sn,o vhose
susceptibility is known to be equal to:

Xn. = 6,24 x 10"‘ at 300°k.

By using this constant, megnetic susceptibility
of specpure Hnao‘ has been determined at various temperatures.
The values for Mn,0, &t various temperatures have been found
to be in sgreement with those of reported by Moore et.al.’’

(1e80),

Thus the seme tube has been used throughout the
experiment and the susceptibility of the unknown substances
have been determined knowing the change in wt. of the
unknown sample under identical conditions at various
temperatures.



CHAPTER - III
EXPERIMENTAL RESULTS




3.1. X-RAY RESULTS

The X-ray powder diffraction natterns have been taken
on 2 Philips X-ray machine using & 14 cm. Debye-Scherrer camera.
Pe-Ke( radistion (A = 1,93504%) filtered through a mengenese foll
has been used in 8ll ceses. The 4 velues hsve been celculated
and the indexing of the patterns has been done with the help of
the stenderd log 4 charts.

The unit cell dimensions, 'a' of the cubic samples
hes been ecslculated by meking use of the formuls
1 nPex®en®

The mesn value of 'a' has been found out from the 4 values of
all the reflections. The values of 1/d° have then been
ealeulsted for each reflection end compared with the 1/‘8 values
experimentally observed. It is found that the ecaleulated
values agree well with the experimental values,

In case of tetragonal patterns, first an approximate
value of 'a' is esleulated from the reflection of the type
'hko'. This value of 'a' is used to determine an approximate
value of 'e' from the equation

1 s er® 2f

w o

taking various hkl reflections with high values of'l.  The mesn
velue of 'c' thus found out is taken end & fresh velue of 2" is
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ealeulated using the 'd' velues for hkl reflections with high
values of h and k. This process of successive refinement

is carried out until no further ﬁprovc-ont in the calculatéd
values of ‘a’' and ‘¢' 1z obtained. These finel values of ‘s’ and
‘e' are used to get the calculated values of 1/¢!2 which sre
compared with the experimentally observed values of l/d!. The
body eentred tetrasgonal unit cell is converted into the bigger
face-centred tetragonal unit cell for the sske of convenience
of comparison with the cubie spinel cells. Table Nos. §, 6, 7,
8 and 9 give the csleculsted vslues of ¢, 2 and ¢/a for
nCro My oyOgr NiCroytip oy0qs CuCroyiiis oxlsr “Reliyhng yoyO4r
and an'o.a)ha_ho‘ systems respectively. ¢, & and ¢/a values
heve also been plotted as & function of composition for each

system. These results are shown in Figures §, €, 7 and 8.

Table - §

Lettice parameters for the system Zn(CrgtHn!_x)o‘

System Composi Symmetry e¢;o 80 c/a
-tion

ZnCrgy Mng o 04 X = 0.0 T 9.24 8,10 1.14
x = 0,1 T 9.18 8.106 1.129
x = 0.2 T 2,086 8.13 1l.1l14
x = 0,3 T 8.94 8,16 1,008
x = 0.4 T 8.82 8.23 1.072
x = 0.8 ;o 8.66 8.31 1.041
x = 0,8 c - 8.4 1,00
x = 0,7 c - 8.78 1.00
x = 0.8 C - 8.33 1.00
x = 0,9 c - 8.326 1.00
x = 1,0 c - 8.31 1.00



Jeble - 6

Lettice parsmeters for the system Ni(Crg Mng o )0,

System f::xu Symme try 0 80 e/a

BiCrsxlh'.sz‘ x = 0,0 c 8.39 8.39 1.00
x = 0,1 ¢ 8.21 1.00
x = 0.2 c 8,89 1.00
x = 0,3 c 8.°8 1.00
x = 0.4 c 8,26 1.00
x = 0.5 c 8.28 1.00
x = 0,6 ¢ 8,27 1.00
x = 0.7 Cc 8.28 1.00
x = 0.8 g 0% A2
x= 1.0 T 8.454 8.288 1.0%6

z.!l! - z
Lattice paremeters for the system Cucm&

System gmou- Symmetry ¢0 80 c/a

t'.‘ut':;x Hng.ho‘ x = 0,0 c - 8.33 1.00
x = 0,1 c - 8.%46 1.00
x = 0,2 c - 8,347 1.00
x = 0,3 c - 8.347 1.00
x = 0,4 c - 8.382 1.00
x = 0,8 c - 8.38 1.00
x = 0,6 T+ C - - -
x = 0.7 T+C - - -
x = 0,8 T 7.93 8.328 0.9862
x = 0,9 T 7.83 8.42 0.930
x = 1,0 T 7.788 8.83%2 0,912



Iable - 8

Composition

Mo 76"0, 078" M2, 175 %
“Bo, 78 10,2082, 025 %
o 76%10, 276" ,878%
no,78"0,828"%1, 725%
0o .26"0.60"™1 . 65%
0o, 78" 10, 676"™ ,575%
ng,6%0,06"M2,24%
“n9,6"10,18"72,22%
"n9,6"10,3"02,1%
™0,6"0,42"™ ,08%
m0,6"0, 48" ,02%
“Ro.6"10,84"1.86%
“no,5%0,08"N2,45%
5 ,5%0,15"02, 350

“ny, 60,280 050

Lattice parameters for the system Zuxlu’lus.x_Lo-‘_
Symmetry e¢,o a0 c/a

T 9.312 8,107 1.148
T 2.128 8,160 1,12
T 8.518 8.23 1..038
c - 8.287 1.00
c - 8.29 1.00
c - 8.262 1.00
T 9.321 8.113 1,148
T 9.161 8.11 1.129
4 8.93 8.27 1.08
c - 8.272 1,00
c - 8.28 1.00
c - 8.29 1.00
T 9.32 8.116 1.148
T 9.21 8.18 1.13
T 9.08 8.28 1.087
¢ - 8.306 1.00

09,510, 45", 05
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Lattice parameters for the system anogz_!h_g:_g‘g‘

Systenm g;:oai- Symmetry e 20 a0 e/a

ZuF.!x)h!_gxo‘ x = 0.0 T 9.24 8.10 1.14
x = 0,1 T 2.16 8.10 1.131
x = 0,2 T 9.07 8.13 1.118
x = 0,3 T 8.9 8.18 1.001
x = 0.4 T 8.77 8.17 1.074
x = 0,8 T 8.7 8.28 1,064
x = 0,8 T+C - - -
x = 0,7 c - 8.44 1.00
x = 0.8 c - 8.43 1.00
x = 0,9 c - 8.43 1.00
x = 1.0 c - 8.42 1.00

In @ few compounds from the system NiCrg Mg o 049
intensity calculation has also been done in order to study
the cation distridution. The calculeted =nd observed
intensities have been given in Tsble Nos. 10 to 13.

The compounds nCrg Mngy_o.0, with x = 0.1, 0.2, 0.3,
0.4 end 0.5 are found to be isomorphous with the tetragonal
heusmannite Mn,0, strueture (space group s /ud-ng).
A trace of cubic spinel seems to be present in case of
compound x = 0,6. The compounds with x = 0,68, 0.7, 0.8 and
0.9 are isomorphous with cubie spinels (space group raa-oZ).
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It is well esteblished that both zine manganite
spinel and zine chromite are normal spinels. The octshedral
site preference energies of ions calculated by Mi11er®(1969)
show thet zine ions prefer strongly the tetrshedral sites,
whereas lh”. Hn“aad Cra’ ions have a stronger preference
for octehedral sites. Therefore, we cén say that in
ecompounds Zacrgxnn,_ho‘, the tetrshedral sites =nare
occupied by the 7n®* 1ons snd octehedral sites are oeceupied

by chromium and menganese ions. So the formula esn be written

as Zn[Crb)hg_zx]O .

It 4is well known that the tetragonal distortion is
due to the presence of #n®* tons with the 4% electron
configurstion at the octahedral sites. As the Hna’ ion
econcentretion decreases, ¢/a decresses snd finally at a
eritiesl eoncentration the structure becomes cubiec.
Critiesl composition for this sytem is D‘lng:t] = 1,0 1.e.

X, = 0.8, This velue is lower than the value of 1.2
(x, = 0.6) found by Pineh, Sinha snd Sinha'® (1967) for

many mangenites,

In case of the system NiCry Mn, o 0, all the
compounds with 0 £ x £ 0.9 are eubic spinels. Pure nickel
chromite (i.e. x = 1) is known to be tetragonal at room
temperature. The veriation of 'a’ with composition is
shown in  Pigure 7. An inflexion in the value of 'a'ecan
be seen at x = 0,5. This eorresponds to an inflexion in the
cation distribution as cen be seen from & plot of various
eation coneentrations at the octahedral eand the tetrshedrsl
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sites given in the ssme figure. The eation distribution
has been errived at on the basis of intensity caleulation
given below,

It 1s known thsat m«ng% is inverse spinel, whereas
1‘10290‘ is a2 normel spinel. According to the well known
octahedral site preference energles sof Cra* ions have the
strongest octahedral preference =nd are always found at
these sites. It 1s, therefore, reasonsble to assume thst
they are present at the octahedral sites. N1 2’and Hns'
ions,on the other hand, have a comparable value for the
octahedral preference. In pure nickel mangsnite the !u”’
ions displace the an’ ions from the octahedrsl sites, but
oneéannot be sure that this would dbe so in presence of
cra’ ions. For example, when Cra’ ions are present, the
oxygen ion psrameter u,msy be having & value favourable to
3" ions st the octehedral site enabling the ¥n?* 1ons to
displace the N1®* fons from the oetahedral sites.

Placing a1l the Cr°' lons at the octshedral sites
and leaving the distribution of other cations unsettled, the
moleculer formula becomes N1>Mn>* [cr2tmn*. . w12* 1o

a M1 00Ny orealt1-al0%-
The X-ray intensities have been calculsted for the verious
compounds (i.e. the various values of x) using different
cation distributions (i.e. different values of a).

Reflection intensities have bean calculated by
using the formla:



Ihkl.‘ 7 x P x 1.:,00'826

Cos® “4n°@

where |F| denotes the structure factor, p the multiplieity
fector and the remaining part comprises the combined
Lorentz end polarization fsetors. ¥e have not done the
corrections for the absorntion and thermel vibrations. The
structure factor | P} for each of the reflections was
calenlated by meking use of the ionic sesttering power of
these d1fferent ions, fzu”’, J(Mns’, fCrs’, fo’"“ for
different crtion distributions in the lattice. The ionie
seattering factor f " for these different ions hos been
computed from the standard values given in the international
tables for the determination of erystal struectures Vol.II,
1936, The scattering power for the tetrahedral cation
CFA) and that for the octahedral eation (f;) are:

Aeafm® e fia® .

/ {32’ f a+

fpa 2 fers (1-2xen) frn® + (1oa) fua®®
B = >

Intensities have been caleculsted for all reflections observed

by taking oxygen parameter as u = 0,376 (this value of u has
been refined later). Reflections 220, 400 and 42° sre fairly
sensitive to the eation distribution. The ratios of
intensities of reflections Ioon/I 00y I400/T4qgq Were obtained
for the various values of ‘a, The valus of ‘2 has been fixed

by comparing the cealeunlated ratios with the corresponding

ratios of the observed reflection intensities which sre obteined
by the sutomatie recording diffractometer using Fe-K o« rsdiation.
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/fter fixing the value of 'a we proceed to
determine value of oxygen parameter u. The reflection
most sensitive to change in the value of 'u' is 11l. We
calculate the intensity of 111 refleetion for different
values of u,and find out the value which gives the best
mateh, This new value of u i{s taken and the intensity
of 220, 400, 422, reflections are recaleculsted., This
process of refinement is continmued ti11 the value of 'a’
and ‘u’ econtinue to change. Taking the finsl velue of ‘s’
and'u, we caleulate the intensities for a1l the observed
refleections. Results ape oresented in Table Nos. 10 to
13.

From these results it is elesr that in nickel
chromite-manganite also, lim' ions have a2 stronger
preference for the octshedral sites than the Mm@ ions.

It is, therefore, reasonable to conclude that in case of

0 < x £ 0.8 a1l the Cr> ana N1%* fons are in octehedral
sites and Mn®* Lons sre in tetrahedrsl and octshedrsl sites.
This 1s also supported by the fact that the structure is
cuble &nd not tetragonal, If the octahedral sites left
vacant by the Cr” ions were 2ll oeccupied by Nna’ then

the struecture should have been tetragonal.

The eetion distribution for the complete series
is given in Teble No. 14.



Table - 10
Observed and celoulated intensities for
NiCry oMno, 8%
hikl Intensity Intensity Oxygen
- Obs. Cal. parameter
111 & 7 -
220 40 39 u = 0.387
311 100 100
fee 10 4
400 30 32
422 10 9
§11,332 80 36
440 70 61
Table - 11
Observed and calculated intensities for
HiOw, Jihy o .
hkl Intensity Intensity Oxygen
. Cal. parameter
111 10 10
220 40 41 u = 0,390
311 100 100
292 10 4
400 26
422 10 10
511,332 50 36
440 70 60




Table - 12
Observed snd calculated intensities for
NiCry ¢"Mp,4%
hkl Intensity Intensity Oxygen
Obs. Cal. Ermtor
111 10 10
220 40 44 u = 0,390
a1 100 100
222 & a
400 30 28
422 18 10
611,323 50 28
440 70 60

- - - - -

Table - 128
Observed and caleulsted intensities for

et W sy ¥
hkl Intensity Intensity Oxygen
Obs., Cel. parameter
m 16 12
220 40 40 u = 0,303
31 100 100
222 18 16
400 30 24
422 18 12
511, 333 50 45

440 70 54
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Table - 14

Cation distribution for the system MCerHna_zxo‘

Composition Formula

x = 0.1 Mny o[cro z“x oMnﬁ..]o

x = 0.2 Mn3*o (ord” W13 " g0,
x =08 Mn"o [Crg. 1Y S oMRg. 410

R 88 n o [0rg. g1 L o¥ng, 510,
x = 0,8 ¥n, o[Crl 0’11.0194

x = 0.6 M3 giip o (Cr] oH1D 510,
x = 0.7 Mg .no ‘[crl 4o, 6104
x = 0.8 "“o 4‘“0 6[0:'1 s‘“ ]o‘
x = 0.9 Mag: oNig g (Cr] g1g 210,

x = 1.0 A GO TR

It may be noted that there is no tetragonal
distortion at x = 0,8, although the tetrahedral sites are
occupied by the ¥ lons which ere expected to cause &
strong Jahn-Teller distortion with e/a < 1.

In the series Culrg Mn, , 0, compounds with
x = 0,1, 0.2, 0.3, 0,4 and 0.5 and have the cubie spinel
gtrueture and those with 0.8 and 0,9 erystallize in the
tetragonal hsusmennite structure with e¢/2 < 1. Delorme 1(1956)
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hes also studied this series. Others who studied this
system are Miyshera®}(1962), Beltzer and Lopatin”®(1964).

These results are presented in a schematic phase
diegrem shown in Pigure 9, Desta from Delorme’»(1986),
Baltzer and LopatinC(1964), Miyehara l(1962) and Goodenough’c
have also been included in the disgram. It can be seen from
the figure that the eritical eoncentration (x‘) for M::e
11e between 0.9 to 1.0, vhereas that for Oupe, 1t is around
0.8, It is also interesting to find that the value of
X, for Mnls, 1is between 0.3 to 0.4 in this chromite-mangsnite
series vhich is considerably lower then the values 0.80 found

in cther mangenite solid solutimla'”'m.

We have also studied the system an’nag’o‘ -
" 1% % Yo, - m® Dn3*10,. 4 part of this 1.e.
“nMng0,-2n"" (N1%" 4% 10, system has already been studted by
Oh-row(IOGB). Results are presented schematically in
figure 10, These eompounds ean be represented by the
generzl formula Zh‘lﬂ.’)hs_x-’o‘. Compounds with x = 0,78
and y = 0,076, 0.226 and 0,376 ere tetragonal, whereas
X = 0,76 and y = 0,526, 0,60 and 0.675, are cubic. When
X = 0,6 and y = 0,06, 0.18, 0.3 the compounds are tetragonal
and when x = 0,6 and y = 0.42, 0.48, 0,64 the compounds
have the cubic spinel structure. When x = 0.8 and y = 0,08,
0.18, 0.25, the compound has the tetragonsl structure, whereas
the compound having x = 0,6 and y = 0.45 is cubie.
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In the system an’ogxllne_ho‘ compositions with
x ® 0.1, 0.2, 0.3, 0.4, 0.6 and 0.6, erystallize in
tetragonal heusmennite phase. Faint lines due to cuble
spinel structure are also observed for the ecompound x = 0.6.
The compounds with x = 0,7, 0.8, 0.9, sre cuble and there
is no trace of sny tetragonsl phase. These investigations
are also done by Bluu”(lﬂ“), and 0'Keeffe® (1961).
Onee again, we find thet in this system also the value of
the eritical concentration (’c) of the Hn:t ion required
to bring sbout the tetragonsl distortion is only 0.3.



xZ - X
vON NcZ N..u UZ W3L1SAS 3HL
404 3¥NLVYIAWNILIV.L0641538 40 NOILIONNL V SY » 9071 40 SLO1d '11'ON"914

te 43 og 82 92 9l pi




ik R T
D UWN "SI IN W3 1SAS 3HL ¥O4
JYNLVYIIWIL TVI0NdIDIN F0 NOILINNS V SV B 901 40 S107d 21 ON9i4

< orx3ed
] 8l 9l 14l
| »wn | th 1 O_m 1 m_N i w_N VR ?-N 1 NW 4 O_N | \F 1 1 1 Ok}
- \\
> . \\\
. ‘\\\ 1
. T s
o~ .b\\ e
ot =
. e g A
) 2 . o \\.
- e \\ 52 = L\..O m
» 22 =< ; it |
- \'\. g
. " b4 . o _.nlv
- = g - = o0 b _®
—~ LA > 2 Q
1= X e .\ I -
~ - |
\ \0\\\ _
. —0-G &
> » |
~ S o . |
. \\ _,
. \\ ,
= |
€ =X ; e 169
= g -8 7
G- =X = |
o e H
- < - w|o .N
|
Li=X & =5 |
bes r0-8



70

3.2, ELECTRICAL CONDUCTIVITY MEASUREMENTS

The compounds of the following genersal formulse:
nOro Mg ox0qr MiCray Mg oy04s CuCro tng oy04s “MFenyNo_ox%s
with x = 0,1, 0.3, 0.5, 0.7, 0.9 and Zn Ni Mn,  _ 0O, vhere
x varies from 0.5 to 0.75 and y varies from 0.08 to 0,675,
huve been prepared, pressed inte pellets and sintered as
discussed earlier. The dimensions of the sintered pellets
have been measured by the help of & mierometer and their
wveights on & microbalanee and the apparent density of these
pellets have been caleulated. X-ray densities have been
calculated from the lattice perameters. The ratio of
apnarent density/X-ray density has been obtained and is found
to be in the range 0.5 to 0.86 as can be seen from Table
Nos. 15, 16, 17, 19, 20.

Eleetriesl resistance of the sintered pellets has
been measured from room temperature to about 300°C end the
specific resistance values have been found out. Log P
has been plotted as a funetion of 1/T and the graphs zre
shown in Figures 11 to 18 for all systems separately. From
the figure it is seen thet plots of log { vs reeciproecal
of temperature are straight lines indiecating that the
exponential law is obeyed i.e.

=AE

G = Go exp -

_AR;
kT

fol"?‘l“?o* '3%3_"0&7!’

or ﬁ) -\)b exp
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where ( = Specific conductivity.
f = Speecific resistance.
AE = Thermal activetion energy.
k = Boltzmann constant,

T = Absolute tempersture.

The energy of activation for each compound has
then been celeulated from slope of log f vs 1/T plot.
Tables No. 15, 16, 17, 19, 20, give the velues of log Pat

<y logp, end AE.

Iable - 16
Results of conductivity measurements on
“nCroy g 0%
Composi D.”/ Log Log, Energy of
-ti 0, setivation
Oh Dy Ly Ot 32°C e
x = 0,1 0,65 7.7 1.16  0.491 ev.

x =0,3 0,64 6.55 2.85 0.467 ev.
x =08 0,62 €.50 2,80 0.486 ev.
X = 0,7 0.60 6.90 1.30 0.467 ev.
x =09 0,60 8.00 1.26  0.404 ev.

Isble - 16

Results of eonggetlvity |8uuruontn on
b

Composition Dm/ Log( o Log Enmergy of

D-X.ray at 32°C gtintion
x = 0,1 0.69 4.54 3,37 0,478 ev,
x = 0,3 0.69 8.77 3,86 0.420 ev.
x = 0.8 0.69 6,00 2,82 0,436 ev,
x = 0,7 0,68 7.46 1,15 0.455 ev.

x = 0,9 0.686 7.86 1.63 0,801 ev.
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Table - 17

Results of conductivity measurements on
CuCr 0

Composition D,../Dy_ .., Log f , FEnergy of activation

at 32 AE
x = 0.1 0.80 2,360 0.2100 ev
x = 0.2 0.81 2.099 0.1980 ev.
x = 0,3 0.82 2,183 0.1624 ev.
X = 0.4 0.79 2,228 0.1188 ev.
x = 0,6 0.79 1,696 0.1287 ev.
x = 0.8 0.70 2.70 0.1782 ev.
x = 0.9 0.66 8.20 0.384 ev.

In case of CuCrg Mn, o 04 vith x = 0,2, 0.3, 0.4,
0.5, the messurement of electrical conductivity has been
done from 90°K to 300%K as the resisteance st room temperature
is very small. The plot of J.c'.mi3 ve 1/T is shown in
Figure 12 and the activation energy is calculated from the
slope of log{ vs 1/T plot. This graph is 2lso observed
to be straight line. It may be noted that most of the
compounds in this series have very lov resistance. Culng0,
is known to have a resistance of 10-80" at room temperature
end the activation energy of 0.25 ev. These low values have
been attributed to the eoexistence of ¥n°  and Mn'" fonseat
the octahedrel sites (formula Cul® D™ in®*]0).  However,
1t 1s interesting to find that on repleeing the Mn° , n%*
ions partially by cr” ions the resistivity continues to fall
end is minimum 8t x = 0.8 (see Pigure 21) vhere the ecation



distribution is expected to be:

OuprgOuig.s (077, Mg 5. 510,

This observation raises the possibility that tetrahedral

cations also tske part in conduction process, &t least in
spinels econtaining copper ions at the tetrshedral sites.
In the compound under consideration the tetrahedral site
is occupied by the Cng’ and Cul’ ions in equal proportion
wvhich inereases the electron transfer probability. This
point would be taken up agein under discussion.

The thermoelectric coefficient (5) of these
compounds hsve 2lso been measured at temperatures (mean)
from 70° to 100°C. All the compounds ere of p-type and the
velue of ST is very small indiceting that the Fermi level
is very close to the conduction level. The values are
sumnarised in Table 18.

Table - 18
Thermoelectric coefrficients of C“(crgx"ng.gx°4]

Composition Values of &7 at different temperatures
343°%x 253°K 363°%K 373°K

0.1 0.0106 0,012 0.0126 0.0129
0.2 0.0164 0.0166 0.0163 0.,0148
0.3 0.0093 0.0094 0.0096 0.0008
0.4 0.0092 0,0094 0.0007 0.0099
0.6 0.0040 0.0048 0.,0048 0.0051
0.6 0.0070 0.0064 0,0087 0.0082
0.7 0.0042 0.0048 0,0038 0.0037
0.8 0.0033 0.0022 0.00286 0.0022

MoM oMM MM NN



Teble - 19

74

Results of conductivity measurements on zn:M’Mna.x_’o‘

Composition Dapp’ Logf’ Log[, Fnergy of
at 290, activation
Dyeray AR

20y as¥ly a78M00. 17804 0.68 7.28 2.46 0,828 oev.
ing 76¥0 006MR0 0050 070 6.92 2,73 0.456 ev.
Iy pglly amehfy cogO, 0476 5.02 2.89 0,410 ev
Mg 2g¥lo gogtly 9050 0480 4.47 2,12 0.396 ev,
2y 2gin. My . e50 0.82 4.31 3.86 0.3802 ev.
Iny 2g%1g, g76"0 6760  0+88 4.24 3,16 0.3664 eov
7ng_ g0, oeMNa. 34% 0.68 7.62 2.34 0.8664 ev.
g g¥iy 1MNe 0904 0.67 6.79 3.81 0.5247 ev.
Zng g1y oMng 40, 0.70 6.66 2,11 0.4684 ev.
Ing N1 eoMny og0f 0.76 .07 3.82 0.4776 ev.
Zng oMo sty 0004 0,81 4.93 2,012 0.4188 ev.
gy g¥0 540y ag0% 0.78 4.88 2,001 0.396 ev
z“o.a"o.oa""z.a"c 0.72 8.27 3,22 0.8841 ev.
Ny g0, 15M00, 5% 0.67 6.87 2,40 0.5109 ev.
“‘o.s’“o.zs"”z.zs . 0.78 6.10 3.91 0.4980 ev.
iny gWip 4sMno og04 0.81 4.70 2.96 0,4180 ev.
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Table - 20

Results of conductivity measurements on
Zn!nglngtg!o‘

Composition D,/ Logf at Log Fnergy of
app Px-rey agoC fo sctivetion

0.1 0470 7.44 EXC' 0.508 ev.
0.3 0.68 6.30 2.44 0.481 ev.
0.5 0.68 5.94 2,17 0.478 ev.
0.7 0.76 6,12 2.73 0,447 ev,

0.9 0.88 779 1.07 0.424 ev:

M M N M H
4 0 0 8 n

The grasph of activation energy &s a funetion of
composition 1s plotted for the system ZnCerHng_,:Q‘ and
hes been shown in Figure 19. Aectivation energy first decreases
slowly with ineressing x in the reange O < x < 0.3 and then
increases in the range 0.2 < x < 0,5, finally deecreases as x
increases. The greph of logf  at 32°C as a funetion of
composition is plotted in Figure 19. Similarly, the specifie
resistence decreases slowly 2s x increases in the range

0 <x € 0,2 snd then starts inereasing ss x increases further.

In cese of NiCrp Mng o 04 1t con be seen that
sectivetion energy decreases slowly upto x = 0.3 and increases
on further increase in x. FHowever, the resistance increases
a8 x increases wvhich can be seen from the plot shown in

Figure 20,



60 80 20 9.0 G0 b0 €0 z2.0 10
TN P | FCNRAIS NSNS RSy FYVI St (F N (R 1 o= | % r!#lll.*
X2— X
Y0X¢ 2w *%iono 404 NOILISOdWOD 40 N

NOILONNS ¥V SV & 901 ANV 3V 40 S101d "12°°N 914

i A
. L4 T r
. / o
@
el
¢ »
l
W
N
S
Bl
_ |




TETRAGONAL

|
.

—

3 { 1 L | 0 1 TS L B =
131 M8 20159 T oas Ik a12 5 6

FIG No 22 PLOTS OF AE AND LOG Q@ AS .A FUNCTION OF COMPOSITION
FOR Zn,NiMny_ . 04

(Numbers a“-°"d""j to the serial number In table Mo 25)



=3
= r

In the system Zn Ni Mn,  _ O, sctivation energy
decreages as y incresses and the snecific resistance 21so
deerenses as y ineresses, eventhough x is varied from 0.5
to 0.76 at various values of y. The plots AE and log [

vs Hn" ion concentration are shown in Figure 22,

Linear decrease of sctivation energy as x
increases is observed in the system ZnFey Mn, , 0, &nd is
shown in Figure 23, From the plot of log [ vs composition
shown in Figure 23, it is seen that resistance decresses as
x inereases upto the range 0 < x < 0.5 and again increases

as x inereases.
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3.3. MAGNETIC SUSCEPTIBILITY MEASUREMENTS

Paremagnetic susceptibilities of all the present
compounds have been measured by the Gouy method described
eerlier. The measurements have been carried out at various
temperstures from 90°K to 600%K. From the experimental results,
the values of molar susceptibility (.Xn) have been calculated
and 1/ X plotted as = funetion of temperature. The plots
ére either linear obeying the Curie-Weiss law

1l
ﬁi?‘ = T/C « 8/C

or are hyperbolic obeying the Neel's equation

1.1' e s

Xy € - ¢ TTg
At high temperatures, the hyperbole anproximates to a straight
line following the Curie-Welss equation given sbove. The

Curie-Weiss constents C and © ecan, therefore, be determined
from the slope and the intercept of the linear /X vse T
plot. This hes been done for =1l the compounds of the
present series. Furthermore, as is well known, value of C
depends on the nmumber of free eleetrons in sn atom (essuming
angular momentum to be quenched) and the relationship between
the mumber of free spins in the ion and its C values is given
by the equation

No82

Cy = n (n+2) o



-3
(0o

vhere K = Boltzmann constent, N = Avegedro's number,
B = Bohr megneton and n = number of free spins on an ion.

Thus the values of (:A for different velues of n aret

n  § 2 3 < &
Cy, 0.37 0.9 1.86 2,98 4.4

Also the C velues sre additive i.e. Cy = ini Cy

vhere C, = Curie constant per mole, C1 = Curie constant

per gram stom for the ith

paramagnetic ion, ny = the number
of 1*® fon 1n the molecule. fummetion is taken over for
a1l the peramagnetiec ions. The C value can, therefore, be
caleulated for the probable spin configuration of the ion

in the molecule and ecompared with the experimentsl vialue.

The value of 9, on the other hand, depends on the
interacetion between the neighbouring spins in the solid.
The velue of 9, therefore, gives an idea of the nature and
strength of this intersetion. A positive value of © means
that the interaction is ferromegnetie in nature wvhereas

negetive value would indicate an antiferromegnetic intersction.

Once the constants C and © have been determined the
other constants of the H:cl's equation esn be evaluated by
the method of successive refinement. Ancapproximaté velue of
6 snd ¥ sre obteined from two experimental points in the low
temperature region. The velues of G and # thus obtained are
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substituted in Neel's equation and the refined velues of
C and 9 are obtained. COucecessive refinement is continued

till there is no chenge in the value of constents.

Zine ehromite-mengenite series (“nCr, ling o )0,

As 2lreedy mentioned the compounds of the general
formula ZnCrngng.zxo‘ form homogeneous solid solutions. The
compositions with x £ 0.8 ere tetragonal and those with x > 0.6
are cubic. The trensition composition lies somewhere between
x = 0,6 and x = 0.6,

The inverse molar suscevtibility has been plotted
as 2 funetion of temperature for 211 the compositions and the
grephs are shown in Figures 24, 6, 26, The 1/X, - T plots
of the tetragonsl eompound shows clearly two intersecting
straight 1lines. Above the transition point the slope of the
streight line is higher and the c" velue caleulated from this
slope matches with that expected on the besis of the C veslues
of €r>" and Mn®* lons in the known ionic formule of the
eompound, The velues of C and © caleulated from this part of
the graph sre given in Table No.Rl.

Below the transition point slope is smaller and also
depends on the composition. For example, for pure ango‘
(x = 0) slope is zero (temperature independent susceptibility)
and 1t rises as x incresses. The transition temperature for

pure zine manganite is around 200°¢, For the other eompounds
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Table - 21

Experimental and caleulated c“ values, asymptotie
Curie temp. for the series of compounds ZnCthne_,xo 4

Composi Theoretical Cy Asymptotic
cr?* ™ & (0°%)
0.1 8.73 8.7 -510

0.2 5.51 5.4 -494
0.3 5.28 8.2 -430
0.4 5.06 4.8 -397
0.8 4.84 4.7 -373
0.6 4.61 4.38 -338
0.7 4.39 4.0 -328
0.8 4.18 3.80 -298
0.9 3.94 3.7 -336.

(x = 0.1 to 0.8) the value is around 260°K. It 1is well known
that in case of ann()‘ this eorresponds to antiferromagnetic

— paramsgnetiec transition. Extending this analogy to the
other tetragonal compounds of the present serles, ve eonclude
that the inflection point ecorresponds to the antiferromagnetic

to pasramsgnetiec transformation.

In the cubie region such & transformation appears to
be absent in the temperature region investigated. The plot of
reciprocal moler susceptibility of esch compound against tempera-
ture is & single straight line and the slope gives the value of
Cy which is close to that ealculzted. The sbsence of a
transition indiestes, in 2ll probability, the antiferromagnetic
to peramegnetie transition has gone below 90°k. It may be
recalled that Neel temperatures for ZnCry0, and an.g% which
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are 2lso cubie spinels with normal ecation distribution sre

only 18%°« snd 9°% respectively. It, therefore, eppesrs that
the Neel temperature for a cubic spinel is small and that it
is raised considerably on tetragonel distortion. £lsoy the
temperature independence of sntiferromagnetic suscentibility
is observed only when there is a large tetragonal distortion.

Nickel chromite-mangenite system (NiCrg Mng_o.0,4)

is alreedy mentioned, the compounds with x = 0 to
x = 0,9 are cubic and those with x > 0.2 are tetragonal with
e/a > 1. In cubie region there is slso an infleection point
et x = 0,8 for 0 < x £ 0.85. There are no 71%* at the tetra-
hedral site end for 0.5 € x < 1,0 there are no Mn°' fons et
the octahedral sites. The vslues of 1/;X.M for compositions
x = o.1yto x = 0,9 as a funetion of temperature are plotted
in Pigures 27 and 28, It appears from the figure that 1/ 71M
follows Neel's hyperbolie equation. The values of constants
in Neel's equation have been computed from experimental
results by the method of successive aoproximetion described
earlier in this chapter. The calculated velues of constants
are given in Teble No. 22.
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Table - 22

Velues of constants in Neel's equation for

lt(Crz*Huz_ax)q‘
Composi- Cy C, theore 8/c s B
tion experi -tiesl spin
-mental only

cr¥tun3*Ne®*
x = 0,1 6.3 6.72 -53 1206 70
x = 0.2 6.2 6.8 -53 1226 71.2
x = 0.3 8.9 8.27 -57 1463 69,2
X = 0.4 6.8 6.086 -80 1086 76.3
x = 0.8 5.7 5.83 -82 646 80.8
x = 0,6 B6.65 6.610 -68 400 84.7
x = 0.7 5.46 6.38 -72 353 85.2
x = 0.8 65.17 6.16 -77 274 86.8
x = 0.9 4,88 4,93 -81 211 86.8

Values of 1/'7(~N nsing these constants are caleculated
at different temperatures using the Neel's equation. The
full line shown in Figures 27 and 28 gives the calculated values
of 1/ Xy at verious temperatures. The full circles in the
graph corresponds to lllkin experimentally observed at verious
temperatures, It is elesr from the graph that éxperimental
values are in good agreement with the theoretical curve
representing the Neel's equation. It is also seen that the
calculated value of C, (see Table No.22) matches fairly well
with the experimental value taking into consideration thst

3+

chromium and manganese are in Cra’, Mn" states. The slight

difference between the calculated and the observed cH values
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appears to be within the limits of our experimental error.
The Curie tempersture is »» 90°K for 211 compositions.

It is interesting to compare the magnetie
properties of some related spinels containing Nig’ jions
given in Teble No.23.

Jable - 23
Formula Magnetiec order Transition Hefe-
below transition temperature rence
temperature
Pe[NiFe]O, Neel 868 78
Pe [NiMn] 0‘ Neel 600 61
Fe[NiCr]O, Neel 670 76
Mn([NiCr]o, ? « 90°K
¥n[NiMn]O,  Star to Neel ~ 100%K 74

Copper chromite-mangenite systems Nc’e:"”e-e:%

The X-rey diffraction studies on these ecompounds hsave
revealed that for O £ x £ 0.5 the eompounds heve the cubie
spinel structure and for 0.8 £ x € 1,0 the structure is
tetragonal with ¢/a < 1. However, for x = 0.6 end 0.7, &
homogeneous solid solution is not formed end one merely gets

a2 mixture of cubic and tetragonal pheses.
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The susceptibility measurements have been cerried
out at various temperatures. The plot of inverse molar
susceptibility vs absolute temperature has been shown in
Figures 29, 30, 31,

In cese of the cubie compounds with 0 < x £ 0.8
the plots are linear at high tempersture, the slopes of which
have been used to calculate the Cy velues, Cy values have
also been calculated for three probable ecation configurstions.

(&) Cui’ I:x(c’g;uni:xung:x)ol
2+, . 3+ 3¢

(B) Cu (C’ax"“z.ex)°4
1+,,. 3%, 3+ 4+

The results are compsred in Teble No.24 and it ean
be seen that the best agreement is obtained for formula (A),
This conclusion is =also supported by the electrical
conductivity measurements described earlier where the conduction
hes been attributed pertially to the existence of Cu®®, Cul®
ecouple at the tetrahedrasl sites. At low temperatures the
1/ X.M falls repidly which is reminesecent of a ferrimagnetiec
ordering setting in. The transition temperature Tc appears
to bearound 90°K. However, an sattempt to fit the experimental
data on a Neel hyperbola has not been successful. Even the
best values of the constant in Neel's equation give a considerable

difference between the observed and caleoulated value.



Table - 24

Experimentesl and calculeted c" values for
the series of compounds c“°’2:"“2-2;°4

89

Compos! Theoretical C, Theoretical C, Theoretical Cu

-tion (spin only) (,gin only) Cy(spin only) Experi-
cul*,cu® M, cu®*, o, Cnlzgﬂna’; mental
"34’9 c"’.( S Mn (B> mt*, or

x = 0.1 4,768 6.136 4,61 4,68

x = 0,2 4,69 6.,9212 4,39 4,61

x = 0.3 4.618 5.68 4.17 4.5

x = 0.4 4.54 5.464 3.94 4.32

x = 0.6 4,468 5.24 3.7 4.20

x = 0.8 4.24 4.87 3.87 4,1

x = 0,9 4.168 4,314 3.60 4,08

No attempt is made to deduce any conclusions from the

magnetic data on ecompounds with x = 0,6 end x = 0.7 as they ere

heterogeneous mixtures of more then one phase.

The tetragonal compounds (i.e. x = 0.8 and 0.9) slso
give a linesr 1/7(“ - T plot at high temperstures end the cH
values deduced from these graphs sre given in Teble No. 24.

cH values have been computed for three possible

estion eonfigurations viz. (A) snd (B) as above, and
2+ 1+ 3+, 4+
(C) Cugy ) 0up ox (CrogMa_ox)Og¢
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The change in formula (C) on going from the region
0 € x £ 0.6 to the region 0.8 < x £ 1 arises from the fact
that at x > 0.6 there ere not enough Nn“ ions ¢to keep all
the cm“t.u a’%:ﬁ Once agein the sgreement is the best
for the formula (A). These compounds =21so appesr to become

ferrimagnetic below the transition tempersture which appears
to be around 90°K,

e, 3+ 2+ 2+ . 4+ 24 ., 3¢
Zn H%O‘-Zn (N4® Mn )0‘-241: ano‘

Magnetic susceptibility of sixteen compounds of this
series has been measured as 2 funetion of temperature. The

compositions of the various compounds ecan be represented by

the general formule Zn:lu’lha_b,% vhere x and y have the
values given in Teble No.28. The structure of the various

compounds are also given in the same table.

Table - 26

Etrueture of the series of compounds m‘mynna_x_’o‘

8, No. x . b4 Structure
1 0.78 0.076 2
2 0.76 0.2286 T
3 0.78 0.378 r 4
4 0.76 0.528 c
] 0.76 0.600 c
6 0.76 0.676 c
7 0.60 0.080 T
8 0.60 0.180 T
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Table 26 .. continued

£, Number x y Strueture

] 0.60 0,300 T

10 0.68C 0,420 c

11 0.60 0.480 c

12 0.60 0,640 c

13 0.50 0,880 T

14 0.50 0,180 T

16 0,80 0,260 T

16 0.50 0.4580 c

T = Tetrasgonal hsusmannite.
C = Cubliec spinel.

The 1/ X " T plots for e2ll these compounds are
shown in Figures 32 to 36, As usuasl, the observed values

of c" have been obtained for all the csses from the high
temperature linesr part of the susceptibility graph.

Designating the mumber of Mn®', Mn®' and Mn%* 1ons
per formula unit as &, b and ¢ respectively, ve get

a+h+ e = Bax-y.

The charge neutrality condition gives 2x + 2y + 2a + 3b + 4¢

= 8, using these conditions we get

a=le(x+y) *+te

b = 2.2¢.
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The ealculated velues of Cy then turns out to
be Cy = 10,30 + 0.,24¢ =~ 3,38y « 4,34x. £s the velues of
x end y are known for each composition,at least in prineiple,
one ean get the value of ¢ from the meesured value of CH.
Knowing e, one esn find out the mumber of Mn ', Mn @ end Ma%"
ions in the formula unit. However, a&s the coef”icient of ¢
in the above equation is smell, any error in the experimental
determination of C, is going to introduce a large uncertainty
in the determined value of ¢ i.e. in the value of Hn”, "
and ¥n?* fons in the formula, This srises from the fact that
Curie constent for two Mn®® fons (5.96) and that for one Mn®
and one Mn%* fon (6.20) 1s only slightly different and it is
not possible, from magnetic suseceptibility data slone to tell
whether we have Mn°® or Mn>' + Mn%" fons in the solid. Ve,
therefore, spproach the problem from & slightly different sngle
snd make use of the structural and conductivity data as well
to arrive at the valence states of the mangenese ions in the
formula,

These compounds may be treated &s homogeneous solid
solutions of Za}hgo‘, anilho‘ and Hnao‘ in eppropriete
proportions. Assuming that the ions meintain the same
fonisetion state and the seme site which they had in the
parent compounds, then ve arrive at the general formula:

2" Mny o (R4 M Mg o 10, oo sl

"oy
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This is the specisl cese of the general formula deseribed
earlier vwith

a = lox

b = 2.2y

e =y

In this formula, 1t is sceepted that the Mn®®
and Nn" coexist in the compound. In case this is not
possible, then we get the other possible formulae viz.

g Hny", Ml (043 % 10, for (1-x) >y
or ee(B)

zn:’ung:x[NI;’"‘;:,.1"‘g:x-2y]qt fow siet) €

The actuesl number of Hng’, ¥n> and ¥n?" tons per formula unit
for the two formule sre worked out for the verious compounds
and are listed in Table No. 26.

One can see that in the cases marked (*) in the
Teble No. 26 the mumber of Mn®' ions at the octahedrsl sites
is much larger than the eritical composition for cubie to
tetragonal transformation generally observed. It is, therefore,
concluded that the observed cubic symmetry in these cases goes
strongly against the formula B and would supnort formmla A,
Formula A 1s s8lso supported by the conductivity results.
For example, in compound Nos. 7-12, the number of #n?" fons at
the octahedral sites is too small to account for the observed
conductivity.



Izble - 26
Tonic eonfiguration in two probable formulae (A) and (B)

Formula A w a B
8. Strue . o

Koe -ture
o+ . 3¢ _ 4+ or . a9+ 8 a4+
Mgor Moot Moot "Mret "Miet Moot Mget

1. T 0.26 1.86 0,076 0,176 0,078 1,996 0
2. T 0.28 1.858 0,228 0,028 0,228 1.776 0
3. T 0.26 1.268 0,378 0 0.26 1.80 0.128
4. c 0.28 0,986 0,528 0 0.28 1.20 0.278
6. ¢ D.28 0,80 0.600 0 0.28 1.08 0,380
6. 4 0.28 0,68 0.678 0 0.28 0,90 0.476
Te T 0.40 1.88 0,080 0,34 0,06 1.94 0
8. T 0.40 1,64 0,180 0,22 0,18 1.82 ¢
De 3 0.40 1.40 0,300 0,10 0.30 1,70 0
10, c 0.40 1.16 0.420 0 0.40 1l.86* 0,02
11. c 0ed0 1.04 0.480 0 0.40 1l.44* 0,08
12, ¢ 0.40 0.92 0,840 0, 0.40 1.32* 0,14
13. 4 0.80 1.90 0,080 0,48 0,08 1,96

14, : 4 0,80 1,70 0.180 0,38 0,18 1,85 0
186, T 0,80 1.80 0,280 0,26 0.2 1.78 0
16. ¢ 0.80 1,10 0,450 0,08 0,058 1.88* 0
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The cn velues caleulated Tor the various compounds
using the formule A are presented in Table No.27, slong with

the experimentally observed velues. The sgreement ig gond.

Jable - 27
Experimental and caloulated GM values

SeNo.  Gtrueture szperinental gﬁoorotical
1 T 6.4 6,81
2 : 4 8.0 B.74
3 T 8.6 8.88
4 e 8.26 £.41
85 c 5.1 §.18
6 ¢ 8,0 4.98
7 T 732 7.80
8 T 6.76 713
e T Ge4d 8,76

10 ¢ 6.3 8.38
11 4] 6.17 8.20
12 ¢ £.90 6.01
13 T T8 797
i4 T 7.2 7.88
18 : 4 7.05 738
16 ¢ 6,46 6.73




92

it low temperatures 81l these 1/ X M= T graphs
show = departure from linesrity, curves for compounds 1, 2,
3, 7, 8, 9, 13, 14, could dbe fitted on to the Neel hyperbola
with mppropriste velues of the constants. The values of the
eonstants which give the best fit with Feel's hyperbola in
these compounds are listed in Teble No. 28.

Table « 28
Value of constants in Neel's equation for Zn!_w?_._x_ﬁ
Com ¢ 1A
Sohoe oiporimental Fo oo & &
: 6.4 78 52.3 88
2 6.0 7 220 80.1
3 6.6 86 126 8l1.9
? 7.32 82 8386 64
8 6.76 76 1042 66.4
9 6.4 68 1209 51.8
13 T& 74 1397 66,74
14 7.2 68 1684 62.44

The other graphs do not fit with Neel's hyperbolsa,
slthough in these ceses 1/X , approaches to O at temperature
around 20°%. It therefore appears resszonsble to conelude thet
211 these compounds would become ferrimegnetic at low

temperstures, but there could be 2 complicated type of ordering.
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Zine-ferrite-manganite oyston(ZnPog an_g Ol)

A11 these compounds are peramsgnetic in the
teuperature range investigated snd obey the Curie-Welss

law. The magnetic susceptibility of this series of compounds
has been meeasured snd reported by 31333079(1968) and
0'Keeffe50(1961).  Our results mateh generslly with their

results and henee we do not present them here.

One interesting result is that the observed value
of the Curle constant,Cy is very much lower than what is
expected on the basis of the chemiesl formila Zn® Pegyinges O,
if the 4ions are assumed to be in the high spin state as e¢an
be seen from the Table No. 29, This observation would be
taken for discussion in the next section.

Jsble - 29

Blesse’? Present work
Composition Curle constant | Compo- Obser- Cy values
per mole spinelj} sition ved Cy gal:d.og :g
Experi Epin value asis o
-mental (gnl formula
e
n3*}
[ ] L ] 2 02
z”"1.s"‘b.aqa 6.54 B,07 x = 0,1 8.8 €
ZnP 5 6.39 7.72 x = 0,2 5.63 ‘03
nFe, 26", 75% : ¢ X = 0,3 8.91 6.7
“nFeMn0, 6.54 7.3 x =0,4 6.06 7.0
W.OQS%QGD‘ 8.27 6.69 X = 0.8 .4 703
£ = 0,6 6.7 7.6

X = 0.7 6.91 7.8
x = 0,8 7.26 8.1
x = 0,9 7.83 8.4

& [ 15 NS



CHAPTER - IV

DIgCcuUssTION
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BB interactions in menganites

As slready mentioned, the A-B interaction in spinels
eonteining psrsmagnetic ions at A sites is generally stronger
than the B-B interaction and, therefore, the magnetie behaviour
of such compounds is dominated by the former. These compounds
are, therefore, unsble to give much information about the B-B
interactions. However, the A-B interaction is sbsent in the
ecompounds in which the A ion is diemagnetic and so we ean study
the nature of the B-B interactions from the magnetie properties

of these spinels.

In Teble No. 30 we list out the magnetic properties
of some selected compounds of this class from which we can
deduece the nature of the B-B interaction. The interaction
between Mn®' (a?) - Mn®*(4%) must obviously be negative in oxidie
spinels because Znﬁngq‘ and cann2q4 are known to be anti-
ferromagnetic. Md"(da) - Mn2*(a%) interaction must also be
negative because 2 number of compounds containing Mn4+ and
unZ* st B sites sre known to be ferrimagnetic (see the Table
No.30). Cro" is isoelectronic with un4* (a®) ena Zn(g;un?*)o4
affords another compound from which the nature of 43-64
interactions can be deduced. This compound is antiferromagnetic
indiezting once again that the d‘- da(B-B) interaction is negative.
It is interesting to note that the negrtive interaction between
the Mn¥*(a%) - ¥n>*(a%) tons give rise to ferrimesgnetiem, vhereas
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the seme type of interaction in an isoeleetronic pair
c:3’(da) - Mna'(d‘) leads to antiferromagnetism.

fis 18 well known, the B lattice of the spinel
structure cen be divided into four sublsttices, B,, By, By
and B, (see Pigure 37). A 'B' fon is surrounded by six oo
jons and six other B ions, two each from esch of the remeining
three lattices (Pig. 37 2). The distance between two adjscent
B ions is a,J—;/_‘l end thet between B-0"" 1s !/4.' The
surroundings of 2 B ion in one of the three biaxial plenes is
as shown in Pig. 37(b).

When sntiferromsgnetic ordering sets in, the four

sublattices would align into two pairs, in one the spins would
be a2ligned in one direction and in the other it would be the
opposite., If the d° and d* fons are distributed rendomly

over the two sets, which appears to be the ecase in Zn[Cra’Mns’]O4

the megnetic moment over them would be equel and opposite, hence
the net msgnetic moment would be zero. If, on the other hend,
the two ions get ordered over the tws magnetieslly ordered
lattices, vhich appears to be the case for sninels conteining
Hna‘ and Kn”, then the magnetiec moment on the lattice containing
the ¥n®" tone (4%) would be four units wheress that on the
lsttice contsining the Mn%" fons (a%) would be only three units.
Thus the antiferromagnetiecally ordered solid would heave & net
resultant magnetic moment (ferrimagnetism). It is possible to
imsgine the reason why the spinel containing Haa’, un?* esn

g

get ordered vwhereas not the ones conteining Hna’ and Cr ions.
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Pirstly, the ordering of ana’ end Mn" ions involve
only electronie excheénge which cen take place even at low
temperatures (below Neel temperature), whereas the ordering
of Cr™'and Mn*" foms would involve lonie motion whieh would be

more or less hindered &t sueh low temperatures.

Secondly, in & compound of mixed velencies the
electrostatic energy is lowered on ordering because, in a
disoredered structure, one gets clusters of Hna*or m** 1ons
whiech inerease the energy. In Zn[Cra*Nna*]04 where both the
ions ere trivalent such a driving foree 1s absent. The
ferrimagnetic neture of the compounds of the genersl formule
an’[uiz’ﬁa:‘nngrgxlq‘ studied by Gharog7(1968) of this lsboratory
appear to be due to this very reason.

It, therefore, eppears reasonzble to conelude that
d‘- ds interaction is negetive snd that a substence is ferri-
magnetie or antiferromaegnetiec denending on whether there is an

ionie ordering present slong with magnetie ordering or not.

Az regards the da- da intersction, we choose three
isoelectronic pairs viz. Mn®*. Hn", er™ e m®ena or®™- o,
It 1is really interesting to find thst in this series the first
peir gives ferromagnetic comoounds suggesting a positive ds- da
interaction, whereas the other two give antiferromsgnetic
compounds suggesting & negative da- ds interasction. Meluire

gg;31,3°(1952) have also concluded that the megnetic interazection
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in cr?t. o%=. Crs*(90°) is very strongly negstive in case of
spinels KgCr204 and anrzq‘. The asymptotic Curie tempersture
8, 1s -370°K and -350%% respectively.

This difference in the beheviour of Cr° end Mn?" 1s
of & type different than that diseussed oarlier‘(i.e. ﬁna*- un®*
and Moo - cra’). Here the sign »f interaction itself is changed
a8 we go from un?*to Craw, whereas in the earlier case the
interaction remeined negstive 1in both cases and the difference
arose due to the presence or shsence of the ionic ordering.
The B-B interaction in these compounds esn arise (i) due to direct
interzetion of the tzc electrons of the neighbouring B ions, =nd
{11) due to indirect interaction between the two 4% fons via the
intervening oxygen ion. The B=-0«B angle is 90°.

The variation of the strength of interaction in several
isoelectronic configurations has been considered by several
vorkers. BlasseD°(1066) has concluded that the difference in
ionie radii end several other factors determine the nature of
intersetion in such systems. He considered that the costion-estion
direct intersetion es well as cetion-anion-ention superexchange

3—ﬂ3 peir. The estione-cstion

interaction are importsnt for the 4
direct intersetion is exnected to be negative, vhereass the
cation-anion-eation interaction positive. The relstive magnitude
aof the two would then determine the sign of the resultant

intsraction. In ezse of eations which sre not too small relatiw



to the snions and &re bonded ionieslly, the cation-cation
intersetion predominates. In ezse of systems where the cation
is smell in size, its cherge is not too high end the electro-
negativity of snion 1s small, the cstion-snion-eation intersetion
is positive and dominant over the direet intersction. In such

eases the resultant is, therefore, weakly nositive.

Wickhem end Goodenough®®(1969) have also sttributed the
3’- Cra‘ interaction in anrzo‘ as due to direct cation-

cation intereetion. Lotgering?®(1056) hss predicted s weskly

negative Cr

positive interaction in zncr?s4 in view of the fact thet the
cherge of the cation 1s high snd the eleetronegativity of the
anion is small which inereases the Me-OwMe superexchenge interaction.

Gnodonou¢h77(1960) hes also attributed the variztion of
the exchange interaction to the veriation in interionie distance.
Tnereasing distance meens decressing direct overlep and
econsequently & stronger positive exchenge. The effect mey even
be strengthened by large size of the A ions. A large cstion at
the A site implies & lsrge u parsmeter so that the Me-O-Me angle
becomes larger than 90°, This deecresses the direct overlap,

but inereases the superexchenge interaction.

The veriation in the relstive strengths of the various
mechenisms contributing to the 20° superexchange itself can 2lso
secount for the chsnge in the sign of the interaction. These
factors have been diseussed by Goodenough®®(1062). For the



& da pair the results are as follows:

Outer Deloealization Correlation
electron superexchenge superexchenge
::mtlonm. tog" ta.‘ e, - "z;\‘g“ e, Via ; Via pg 4P rr/ Vie DG 4P &

KRN Ml - N [ (ord]]

It cen be seen thst tg‘- t og deloeslization super-
exchange and the correlation superexchange via the '8' orbitals
lead to negstive exchange wheress the te‘- g deloealization
superexchange and the correlation superexchange via pas 4 p i7
and vis pg ;:m’i lead to positive exchenge interaction. Thus,
it is possible to get negative or positive interasction depending
on the relative strengths of these factors. This offers snother
possible explanation &s to why the nature of interaction changes
as one goes from un" to cra’. In feet, it is known thet the
alignment chenges from antipsrallel to parallel vhen one goes

from oxide to chloride of these ions (Goodmmh‘a(mc.‘s)].

The other series of eompounds containing dismagnetie
4 fon hes the general formula Zn[rumleo « #£11 these
compounds heve been found %o be sntiferromagnetiec. This leads
us to conelude that the Feo (4°) - ¥n"*(4%) interaction is negetive
and that there is no ordering of the ions over the tws megnetie
sublattices. However, the Neel temperature for these compounds
eppesrs to be low - about 90%K or lower. Tt is interesting to



£ind that even o small amount of replocement of Mn®® ion by
Fe " [104] decreases the Curie tempersture from 200°K for pure
inling0, to less than 20°K for Zn[Fogtgnn?tslo « This shows
thet the negative Poa’- Hna’ interaction is very much weaker
than the negetive Mna’- Hna* interaction.

In the system Znano -Zn(HnN1) Hnab s the compounds
heve the general formula (Zux Mn1 x)(ﬂi, Mn' )O and they
are expected to have the ecanted or spiral spin nrranaoment
beceuse in these cases the A-B interaction is weak because
(1) MnZ* ion at the A site gives rise to weak A-B interaction
as can be seen from the faet that Hnao‘ has the canted spin
structure and (i11) the presence of the diamagnetic Zn ions at
A site further weskens the A-B interaction.

It may slso be noted thet the compositions 4, 5, 6,
10, 11, 12 and 16, appear to have very low Curie temperature.
This indiestes that in these compounds the negetive A-B
interaction is of comparsble magnitude to the negative B-B
intersetion. The value of Curie temperature decresses as the
Hna‘ fons are progressively replaced by Md" and 812’ fons, In
other words, the Mn®*- Mn®" ana #n®" - N1®* interactions ere
negative end stronger than Mna’ Hna‘ intersction. Ve can see
thet Pe2’- cr®*(af- a%) 8- » intersction is slso negutive
beecause Zn(F‘Cr)Q‘ 1s antiferromagnetic. These experimental
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results clearly prove that the d°- d4°, a%- 4% anda a®- &°
interaction are all negstive snd their strength is in the
following order a°-a° > a®-a® > a%-a% > a%-a® > a®-a%. The
Strength of the a%-4® interaction lies in between these two
extremes. This conelusion is elso supported by the faet
that ferrites ususlly show Neel type collinear arrangement
(veak B-B as compared to A-B) vheress mengenites and chromites
heve eanted spin errangement (B-B and A-B comparable).

The other interesting observation is the low Curie
constant C, for za{rog;nngfgx]q‘ systems. A possible
explenstion for this could be that some of the ions are present
in the low spin state. At least for the tetragonal compounds
1t is unlikely that Mn®@ is in low spin state becsuse in that
ecese no Jehn-Teller distortion would be possible. The only
other possibility is that Fea’ ions sre present in the low
spin state i.e. (tg‘)‘(tt)l. In this low spin configuration the
Fba’ ion also becomes » distorting cation or alternatively it
mey be argued that the tetragonal distortion of neighbouring
octahedra forces the Foa' ion to aequire an electronic confi-
guration which itself wonld give the same distortion. However,
in absence of sny additional proof for this, it is not possible
to say snything more in this matter. It must be admitted that
such low spin 7e2* ions sre not common in ferrites. The
saturstion megnetization results generslly sgree with a value of

five free spins for Pe® s
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81113079(1968) hes considered the possibility of
cluster formation but in view of so many uncertainties definite

eonclusion could not be drewn.

Temperature independent antiferromsgnetism

As has slready been mentioned, zinec mangesnite shows
tenperature independent sntiferromagnetism which has been
attributed by Sinha and Sinha°C(1962) to the anisotropy in
exchenge intersctions. It has been assumed that the Interactions
in the a-b planes sre much stronger than those in the a-¢ or b-¢
planes. Under these conditions, the stable ordering ecorresponds
to & linear antiferromagnetic chain along the [110] and [110]
directions. This type of earrangement has been shown to leed to
temperature independent susceptibility. Dey snd Andoraon§7(1966),
and Rosenberg &nd Nicolsu®°(1964) also have observed this type
of behaviour in canngo » Blas:e79(1966) while sccenting the above
linear entiferromsgnetic chain model, prefers to calculate the
megnetic susceptibility using the Ising model. The esleulated
and observed velues of megnetie susceptidbility show & good

agreement if ecorrections are allowed for non-infinite chains.

We have investigsted the systems ZnMng0,-7nCr,0, and
Znnaeo‘-ﬁhPcaQ‘ systems with & view to see the effect of (a)
substitution of distorting ¢ by non-distorting a and a° ions,
and (b) changing the symmetry from tetrasgonsl toecubie on this
phenomenon of temperature independent mntiferromagnetism. All
these spinels are normel, so that the 2t ions slways occupy the

tetrahedral sites. Unfortunately, however, in case of
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Znling0 - ZnPeg0,, the adiition of even ten per cent Fe>*

ion lowers the Neel temperature from 200°K for pure ZnMny 0,

to less than 90°K for ZnMn, oFeq 0, lesving the compounds
parsmagnetie in the temperature region in which we heve worked.
However, in cese of ZINneQ‘-chraq‘ the Neel temperazture is not
affeeted so mich by the replacement of > by ert, Here one
finds thet the 1/ X = T slove becomes non-zere for even a ten
per cent substitution of cra’ror Mna’ and it keeps on increasing
as the Mn®* ion concentretion decreases. Thus the temperature
independence disappears much before the tetragonal to euble
transition composition is reeched. In other words, we have

& number of compounds whose erystal structure is tetragonal, but
they do not show the temperature independent antiferromagnetism,
This leads us to believe that it 1s not erystsl enisotropy alone
which 1s responsible for this behaviour.

Criticel coneentration for tetragonal distortion

Earlier stuﬂlosls’ls on solid solutions of mengenites
have revealed that for tetragonal bulk distortion a certain
minimum number of Mns* ion is required at the octahedral sites.
For most mengsnites a2 value of X, © 0.6 has generslly been
obtained. In other words, if the number of octahedrasl sites
oecupled by the distorting ¥n* ions per unit cell becomes less
than 9.6 (16 x 0.6) then the structure st room tempersture changes
to.aubicla. Later studies, however, have revesled a number of

esses where x, values less than 0.6 have been reported. The
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following list gives some of these casest

7n(Crg Mng_o )0, x, = 0.45
Zn(Feg Mng o )0, Xq = 0,35

Zn(Gey o Mne )0, X, = € 0.6
24, 3+, 3¢
Mn"" [Crg Mng o 10, X, = < 0.8

Some ceses of x, higher than 0.6 have also been
reported but they e=n be sttributed to our insufficient knowledge
sbout the cetion distribution and the vslence state. If some
Hna’ ions migrate to the tetrahedral sites or change to Hng*
or Hﬁ‘* then the actual number of an’ eould be lower. However,
the lower wvalue of X, is more difficult to explain becsuse
there 1s no way which one cen suggest for ineressing the number
of distorting cations at the octehedrsl sites.

Goodonongh’a(1963) has considered some factors which
2* .na Co®* ions might
modify the X, due to spin-orbitcupling. Cstion size is slso
thought to play & smell but measurable role. Also the nature
of bonding and Jshn-Teller distortion at A sites may play & role

effeet the value of X, Por example Pe

in determining the critiesl concentrstion. However, 1t does
not seem possible to systemstise 21l the observations on the

basis sny of these mechenisms.

81033079(1965) has eonsidered two poscible explenations
for this beheviour:



(A) 1If there eare ions with different chsrges, the
energy is lower, if there is an ordering of the ions a2t the
oetashedral sites, whereas if all the oetahedrsl cations have
the same charge then there 45 no gain in electrostetic energy
on ordering. He further suggests thet the ordering of estion
would reduce the interaction between the distorted octahedral
80 1t would be easier to destroy the lbng range distortion
in case ionicelly ordered solids. In other words, the
tetragonal cuble transformation ean teke place at higher x,

when cations of different charges are present.

(B) If there are ions with different charges and if
they are randomly distributed they would polerise the different
oxygen ions differently and the cubie symmetry around the central
ion would be lost. If the symmetry lowering takes plsee in all
directions =at random then no cooperative Jahn-Teller distortion
would be expected.

We consider the first explsnstion as less likely
becsuse the ionie ordering is known to take place only at fairly
lov tempersatures. For example, in caese of Fq304 such an ordering
tekes place only st 119°K. On the other hend, the second
explanation looke more attractive. In addition to the indirect
influence through oxygen polarisation, the estions mey pley &
more direect role. If the charges on these eation which from the
second nearest neighbour to the distorting cation differ then



the non-homogeneous charge distribution czn remove the
degeneracy of the 0‘ orbital. This splitting though smell
may be enough to fix the direction of the loeal distortion.

In view of the rendom distribution of charges, the distortion
"would tend to be randomly oriented. In other words, this
effect would, to some extent, oppose the ordering of distorted
octshedra., This would mean that the eriticsl concentrstion
for transformetion would go up. Thus the vslue of B, = 0.6
would represent values for such systems where the ordering is
opposed by the assymetric charge distribution snd the lower
value (x = 0.23) would ecorrespond to the symmetrie charge
distribution. It would not be surprising if the true value is
even lower &nd that #ll observed higher velues may be due to the
verieble amount of essymetry introduced due to the assymetriec
chuarge distrimtion.

The eritical concentration required for distortion
by cations at tetrahedral site apparently shows & considerable
veriation from system to system, GSome examples eollected from
literature are given below:

(Cu e,  KlCrplo, x = 0.8 fef. 71.

for Me = Mg, Zn, Cd, Co.

cuZ*und® ferd cul? o, x, = 0.8 Ref. 7l.

cuZtoad® (erdy cult o, X, = 0.7 = 0.76 Ref. 17

o reyr, [ordy curt 10, X, = 0.8 Refs 17
2+

3+ 3¢ , 2¢
ﬁ'l 1=Xx [crl’xcnl'x) 0‘ x‘ = O.e Ref. 71

e



108

The compounds in the last four series also contain
distorting cu?‘ ions st the oectshedrel sites, so the L
values of these compounds cennot be taken as representative.
Bven if these velues &re left out of considerstion, the
remeining ones show & variation amongst themselves. This
veristion canmmot be attributed to the assymetry in charge
distribution around the distorting estions becsuse the four
series are completely similer in that respeet. This angmaly
appesrs to be mainly due to the uncertsinties in the above-
mentioned distribution and the velence state of the eations.

As far as eopper-chreaito-manganite is econcerned
our nresent work has elearly established that the cuble

struoture is meintained np to the formula Cnuhl o°’1.0q4

whiech corresponds to Ou 5%, 5[Mno.5nno &°ry, 010‘ giving

value of X, 88 0.8,

Purthermore the low value of X, observed for copper
chromite aluminste appears to be due to erroneous ention
distribution. It is very reasonable to expect that some a*
ions sre at octahedral sites. This would ' raise the value
of Cu® ions st the tetrahedral sites snd the velue of x . It
appesrs that when correct cation distribution is arrived at the
value of x, would turn out to be between 0.8 - 0.7 in all esses.

Valence states of ions in copper-manganite

The valenece state of estions in copper mangenite has
been & subject of chnsiderable controversy. The eompound wss
found to have normsl cubic spinel strueture by Sinha, Sanjena
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and Biswns“(lﬂﬁ?). They explained the cubie structure as
due to the compound having the formula

cul* i ®* un®* 10, som 3
Miyshara®l(1062), Baltzer and Lopatin®>(1964), Miller’C

(1968) =nd 0'Keeffe®2(1961), consider this as unreasonable
and have preferred the formula

cu®* a0, foi ¥

They heve argued that Cu®® ions at the tetrshedrsl sites
tend to distort the structure with e/a < 1 vhereas the Mn®"
ions tend to distort the strueture with ¢/a > 1. The two
effeets mutuslly bslance =nd hence the eubie structure is
maintained.

fheftel, Zaslavskii and Kurvlinapl(lssl,lese) have
found that depending on the nrepsrstion condition, the copper
mengenite can show a slight depsrture from the normsl spinel
structure. They have sscribed the following formula to
the compounds

2¢. 8+ 2% . 4% . 3+
(cux ml.:) tcul.!ml.xmsxjo‘ where 0 € x € 0,33 ,..2

In vhat follows, we exanine the above three formulae
with 2 view to see that one is eble to explain the properties of

pure copper mangsnite and its solid solutions.
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The calculated Curie constant C, for the three
formulee sre:

(1) 4.84.

(2) 6.98.

(3) 7.2 = 0,24X . = 7.2 = 7.11 for

x =0 -« 0,33.

mx”um) has recently measured the megnetie
suseeptibility of copper mengenite as a function of temperature
and got the v:lue of c,,, as 4,75. This strongly supports formula
(1) as sgainst (2) as well as (3).

Copper manganite is known to hsve much higher electronic
eonduetivity than what is normally obtained for oxidie spinels.
This observation eannot be explained by formmla (2). However,
both the formula (1) and (2) ean explain this behaviour. The
present results on the electriesl conductivity of copper chromite-
mengsnite esn, however, dbe better exnlained by formula 1 than
by formuls 3, We have found that the conductivity of the system
CuCry tngy o 0, increases with x upto x = 0.6 where 1t is meximum.
Ifter x = 0.8 the value starts deereasing agein. This ean be
explained only i1f we assume:

(A) thet formula (1) is eorreet, and

(B) that electron exchange between Cul® and Cu®’
at tetrshedral site also contributes to
ecnduetivity.

Ls formula (2) cannot explain either this result on the
electriecal conductivity or the c,‘ value obtained from the magnetic
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deta, there does not Seem to be any justificstion for
aceepting (3) in preference to (1). Even 1f some manganese
ions aere present at the tetrshedrsl sites in & particular
preparation that esm be present es Mna’ and thers is no
reason to choose the conversion

Mey ¢ Mnle

in preference to

Ciggy * Mndey — Culey ¢ Mndl ees(B)
Tho’hixh conduetivity of CuMnCrQ‘ 1.0,
Cuo uo.a Mno Nno cra*]q‘ is attributed to conduction
taking plece both at the oectshedrsl and tetrshedrasl sites.
It has generally been assumed that in the spinel strueture the
large distence between the tetrahedrel-tetrshedral eations
precludes any eleetron exchange between them. This 1s likely
to be true for cases where eleetrons sre loemlised and

2% 4%
not — Mn ‘.'Hn“t ooo(A)

conduetion takes place by hopping of the charge earriers.

It 4s known that in oxides containing full d shell e.g. Cugc,
7n0, etc. the band picture gives = more spprovriste deserintion

of the trensport properties of electrons whereas in oxides
conteining partielly full 4 shell such as FegOqy 10, ete. the
Heitler London or hopping model is aopliesble. In the present
case the 4 eleetrons on the Cul® are expected to form a

narrow d band. 2 mixture of Cng* end cu* woula then correspond
to & partielly filled band which would give rise to enhsanced
conductivity. The bend width,of course, is expected to be smeall,
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hence the mobility would also be smell. Further work would,
however, be regquired to confirm this interesting possibility.

The eleetricel conduetivity of the other compounds
gtudisd in this thesis esn be expleined by the hoppring
mechenism., Compounds1-16 of the series Zn¥ny0,-7n(HiMn) O =Mng0,
heve a mixture of Mn°' and ¥n%* fons at the cctshedral site.
The conductivity would, therefore, arise from the electron
exchenge between these fons. As the number of ¥n%" fons 1s
less than that of Mn®® ions (except Ho.8) ¥n®* levele esn be
trested as more than helf full., In other words, the conduction
con be deseribed as hole jumping snd hence the materisls are
expected to be p-type, which is indeed borne out by the
preliminsry messursments of the sign of the thermoeleetriec
eoefficlent.

It 1s interesting » to find that the setivation
energy and the resistivity measured on s large number of
samples give a smooth veriation with the Ka" ion concentration
(Pige. 22)+ This supports the conc’usion that in these semples
eonduetion takes place by the electron exchange between the
Mn 3’and Mn?* fons. No break is however observed on going

from the tetragonel to ouble composition.

Cuble structure of Mno' [N12*cr® 10,

leeording to Dunitz and 0rga18(1957) Cra*(da),
112%(48), " (4%) anda cu®*(4®) 1ons when locsted at tetrahedral
sites should produce & tetragonal distortion (with e/a > 1 for
the first two and with ¢/a < 1 for the latter two). Whereas, a
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nunber of exemples of Jehn-Teller distortion in spinels containing
M” or cug’ fons at the tetrahedral sites are knmown, no case of
such & distortion with cr::t or Hn::' has so far been found.

0f e¢ourse, there is no spinel known with cr?* fon at the tetra-
hedral site. But there are some such compounds e.Z. nngoa,

NiMn, 0,y ete. known with #n2" fons st the tetrshedrsl sites.
These compounds unfortunately do not give sny idea about the
neture of distortion csused by the tetrshedral Mn®@ ions becsuse
the oetshedral site also contains the distorting ¥n®* ton.
However, the eompound wn®* (11%%er®*) 0, studied in the present
work has the adventsge that there are no distorting ions &t the
octshedral sites. The cuble symmetry of this eompound eleerly
proves that Has* ion at the tetrashedral site is non-distorting.
This, in our view, is due to the effeet of spin-orbit interaction.

As Gaodmu;h“um) hes already pointed out that 1if Bye > At
(vhere Ay, is the splitting due to spin-orbit interaetion and
4, the splitting due to distortion from cubie symmetry), the
gpin-orbit interaction gquenches out the Jshn-Teller mechanism.
As the sngular momentum for the tetrahedral a°, a%, a® end a°
fons is known to be large, the relstionship Aw > Ae is
indeed very likely to be fulfilled in these csses. Mn°  ion
st the tetrshedrel site is, therefore, non-distorting. This
explains the cuble symmetry of Mn®@ [N1°'Cr®*]0, end also the
fact that c¢/a for Y-in,0, is @s hizh as some other mangsnites
such as Mna0,, ZnMng0,, ete. which contain the non-distorting
cations st the tetrahedral site. This also explains the cuble
neture of Mn®® (N1%"un 10 .



SUMMARY




Menganites of the generzl formula:

1) ZnCrg Mng o 044

2) Mcrgxhnz_gxo‘,

3)  Culrp Mg 0,049

4 M NiMng 0, end

§) nFep Mng oxO4s
have been synthesised and their structural, eleetricel and
magnetiec properties have been studied.

Appropriate compounds have been taken in proper
ratios end mixed well by grinding under sleohol for about
three hours to form & homogeneous mixture. The mixture is
then fired in oxygen atmosphere at 1000°C for about § hours.
The resultant product is once again finely ground in sleohol
and sgsin reseted at 1150-1200°C in oxygen atmosphere for
several hours. The rescted mass thus obtzined has been

anclysed by Xeray diffraetion to ensure complete reaction.

Crystal structure of these compounds has been
determined by X-ray powder diffraction patterns and the unit
ecell paremeters have been determined by the method of

successive refinement. From the well known site preference
energies, we ceme to the conelusion that an, Mn=* end =lso
cul®, cu®* occupy tetrehedrsl sites and cr® occupies the
octshedrsl sites. In ecase of compounds of the genersl formula
HiCrg Mng_o.04y the results of X-ray intensity snalysis reveal



o
Jord
QI

that the Hna' ions occupy tetrshedral site completely in the
renge 0 < x £ 0.8. For higher values of x, Mns* ions at

tetrahedral sites are replsced graduslly by n%* ions. The
compound Hn®* (N1%*cr®* 10, 1s found to be cubte which eleerly
proves that Mn®® fon at the tetrshedral site is non-distorting.
This, in our view, is due to the e’fect of spin-orbit interaction.
It 18 econecluded that ALB is greater than At 80 the spin-orbit
intersetion quenches out the Jashn-Teller mechanism.

The study of distortion as & funetion of Mn°' ions
at octehedral sites reveals that the eritical concentration
required to bring shout the tetragonel is genmerslly 0.6,
However, in some systems the eritiesl coneentretion is muech
lower. In case of copper ions at tetrahedral gsite, we observed
the eritical concentration of these ions resuired for distortion

xe = 0.5,

The compounds prepared ss described above have been
ground and pressed into pellets with an appropriste binder.
The pellets have then been sintered =t about 1280-1300°C in
oxygen atmosphere and cooled slowly in the seme atmosphere.
The conductivity of these pellets heve been measured st
verious temperctures from room tempersture to about 300°C. The
chenge of electrical eonductivity with tempersture follows the
well known relationship:

5 = & exp “AW/KT

AE 1s the energy of sctivation dependent on the composition.
The results hove been interpreted on the basis of Verwey's
theory of electron-honping a8t octohedral sites.
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The high conductivity of chanQ‘ i.0.
cu%TGCugts(Mngfsnn3:30ra’)q‘ is attributed to eonduetion
taking plece both =zt the octshedral and tetrashedral sites.

Thermoelectric coefficient measurements indicate
that 81l compounds in the system CuCrgana_zxq‘ are p-type
end the value of ST is smell indfeating thet the Fermi
level iz close to the econduetion level.

Paramegnetic susceptidility of 211 the compounds
hts been messured by the Gouy method in the temperature range
90°K to 600°K. The compounds in the system NiCry Mng o 0,
and anyiyuna_x_,q‘ are ferrimagnetie at low temperatures,
It 1s expected that in these eompounds the A-B interaction
is of comparable magnitude, to the negative B-B interaction

giving rise to & non-linear spin arrangement.

We have &lso studlied & number of mangsnites
conteining parsmegnetic ions only =t B sites. From &n
analysis of these results it is coneluded thst d‘- da
interaction 1s negative end that a substanece is ferrimsgnetie
or antiferromegnetiec depending on whether there is an ionie
ordering present along with megnetie ordering or not. As
regards the da- da
pairs viz. Mn¥'- Mn®*) cr®. Mn?* ena or®- cr®*. The origin
of the change in the nature of magnetie interasction as one
3* 4o #n%* nas been snslysed. It 1s concluded

that the superexchange mechanism dominestes over the direet

interaction, we choose threec isoelectronie

goes from Cr

eatione-gation exchange intereetion.
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A study of Zn(Peggling.s )0, has revealed that
- Nna’ interaction 1s negstive and is very much wesker
then the Mn®" - Mn®* interaction.

F‘.a’

The experimental results clearly prove that the
a®- a3, a4 af, &8 a5, 4% 4% ena 4% a© intersctionsere all

negative and their strength 18 in the following order
a®.a%> a®.at>a%-at>a%- %> &8 - 45,

The effeet of replseing Has’ jon in wmso‘ by
or ha’ on the temperszture independent antiferromsgnetism
has s2lso been studied.

e

-”000-.-
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