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CHAPTER X
INTRODUCTION



INTRODUCTION

The discovery of recoil-free emission and absorption of
1

gamma rays by M8ssbauner™ has led to a rapidly expanding new field
of investigation which has produced a great deal of information
during the last few years on several disciplines. This phenomenon
which has now become known as the "MBssbaner Effect” has proved to
be a powerful and unigque teol for studies on diverse problems,
such as measurement of gravitational red shift in an accelerated
nyn.cz. determination of muclear -omha", estimation of
isomeric life u-u' and of internal magnetic fidd-c". study of

8 and of quadrupole and Zeeman splittings’*®

11,12

chemical bonding
and investigation of several other problems The present
thesis deals with the studies on the use of Mdssbauer spectra to
give information on the cation oxidation states and the site
distribution in mixed oxide and sulphide systems containing iron
with spinel structure where the cations can have a variable

valency and ean occupy more than one possible non-equivalent site.

As a background for the study the sections immediately
followving briefly discuss various thecoretical and experimental
aspects that are important for the understanding of the resulte

represented in the thesis.

[N



NUCLEAR RESONANCE ABSORPTION OF GAMMA RAYS
(The M8ssbaner Effect)

There is a great unity in physies. The phenomenon of
resonance which is familiar to us from many common accoustic and
electrical phenomena has its analogy in opties and in the scattering
and absorption of gamma rays., Accoustic resonance has been known
since the times of Galileo; optical resonance was observed in 1004
by R, W. Wood; but it was not until the remarkable experiments of
M8ssbauer in 1958 that it was possible to observe gamsa ray

resonance with the same ease and clarity.

Several excellent accounts of the detailed theory of

the M8ssbauer Effect have been published elsevhere!l-14

and therefore,
no attempt to reproduce this work will be made. !owever, a short
deseription of the general principles of the phenomenon will be

given together with some of its applications which will be useful

in the later discussions.

When an isolated atom of mass m emits gamma radiation
characteristic of its daughter atom, the atom recoils with the

conservation of momentum., The reeoil energy R, is given by the

expression:
2 p* & o
- - Y . L] - - . . . .
Re * nv om ;2 (1a)

j
wvhere v is the velocity of the recoil and E, is the energy of the

i
emitted gamma ray. Since R is very small as compared to E, and B‘!‘

T2



the transition energy, we can write the expression (1a) as

R = - PR ¢ 1))

Conservation of energy demands that

gr.n;e,n AT |

To have resomance absorption, the emergy of the incident gamma ray

must be greater than the resonance energy by the same amount R,

5,-3;-11 e e e e e (3)

The maxima for the emitter and the absorber are separated by 2R,

If 2R <", where [ is the natural line width, the two maxima overlap
as happens in the optical transitions and hence resonance absorption
takes place. Since R is proportional to the square of the transition
energy in expression (1b), R increases by an extremely large amount

in going from optical region (~1 ev) of the spectrum to the gamma
radiation ( ~ 10 kev) no overlap tokes place and hence there is no

resomance absorption, The two casesase illustrated in Fig,1(a) and ~

1(b).
FIG. 1(a) FIG. 1(b)
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Table I gives the value of recoil energy as compared to the
transition energy for the electromagnetic transition in the vieible

and the gamma ray regions.

Any excited state is characterized by excitation
energy and by the natural width, The widthT™ of the excited state
or a resonance line is related to the life-time of the excited
state by the lleisenberg's uncertainty prineciple.

Nt = %-- 1.05:10'2701';::.0 R ()
where h is the Planck's constant, t, the life time (average

life) of the excited state.

for t = 10"" see (Fe')
l"'-4.6x10-90.v. oaoooo-o..(b)

If the resonance excitation probability is taken as unity, when
the exact resonance energy (&r) is given to the system, then the
resonance excitation probability ¥W(E) at any energy E is given by

the Dreit-Wigner dispersion Iomlaw.

1

()

The above equation also gives the energy dopoﬁdmo of the cross

W(E) =

000-0000(6)

section g~ for the resonance absorption of gamma rays

O’.(B)-O’a-w(n) --oonoo.oo(?)
where Jo is the maximum resonance cross section given by

21 + 1 i

2 e L 8
T 1 2wx Te ot %

o =
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Isomeric Transition

Visible Sodium Gamma ray
D line " emission
25 5al19 £
A (om) 5.80 x 107° - - =
Energy (e.ve) 2.1 14.4x10°  23.8x10° 137 x 10°
By (euv.) 1.13x1078 1.0x10™°  2,6x10° 6.6 x 1070
[ (ewv.) 6.6 x10~° 4.55x10~°  2.4x10~°  4.6x 107
1 6 6

By .. 1.71x10™ 4.2 x10%° 2.8 x10%° 1.4 x 10°

=
) 3 x 10° ax10'? 8 x1l -
=

S



where 211}.2 is the wavelength at the resonance, I. and I‘ are the
spins of the excited state and ground state respectively, «< is the

internal conversion coefficient.

The nuclei, like atoms and molecules are not at rest but
in constant thermal motion which has the effeet of the broadening
the emission or absorption lines due to the Doppler Effect. The
Doppler broadening of the gamma radiation should be treated by
taking inte aceount the appropriate velocity distribution. In the
case of a gas one can use Maxwell dutrihutionm. then the spectrum
assumes the Deppler width, D = :!(mer)é vhere k is the Boltzmamn
constant and T is the absolute temperature. The energy distribution
remains centered about the energy, E = Fy + R but becomes Gaussian,
This treatment holds only when" /(' D. In order to observe resonance,

the condition now becomes D> 2R,

Before the llubmr.'o" discovery in 1958, several
attempts were made to compensate the loss in energy of the gamma ray
due to recoil, Gamma ray resonance scattering was observed by

1?. Hoonm used ultracentrifuge

thermal excitation of the source
to compensate for the recoil. Swann and llotmr” attempted to make
use of the recoil from a preceding decay to give an appropriate
velocity to the source. Leamer and Himm considered the possibi-
lity of chosing a proper energy (and angle) in Compton scattering.
Due to a large value of the Doppler width in these experiments, it
was not possible to observe hyperfine splittings of the order of

the natural line width [”



MBssbauer Diseovery

In 1958, R, L, \llubnu'l reported his investigation

of the nuclear resomance scattering of the 129 kev gamma ray

1 191

from Irlg » formed in the decay of 0s° . Dven at the room
temperature, the emission and absorption spectra overlap, In
order to determine the background of his apparatus, he cooled

19 and the Iridium foil absorber to

both the source of 0Os
liquid air temperature., He observed a deerease in the counting
rate of the detector, when he expected an increase in the
counting rate. He explained this apparently paradoxical resalt
by referring to the paper of hﬂm, in which the effect of
lattice binding on the capture cross section of slow neutrons
has been discussed., When the emitting and the absorbing nuelei
are embedded in a solid at low temperature, then there is a
considerable probability that the recoil momentum of the gamma
ray will be tdien up by the erystal as a whole and therefore
equation (1b) which has been derived for an isolated mucleus is
no longer valid, The mass m of the nucleus should be replaced by
the mass M of the whole crystal. The recoil emergy then will be

smaller by the order of the Avogadro's number, bringing about an

overlap of the emission anl absorption lines.



In the Debye approximation, the fraction {f of the

gamma rays emitted or absorbed without energy loss is gim12

by

‘-.-a ® e & o o o o o o0 (9)
whe
" . e / o
Ve 3 — i ’(3—) Z—dx ...,(10)
kob 4 °n e -1
0
2
here, il Rae —= ,0 i
where, recoil energy ? p 18

the Debye temperature.

It is clear from the equation (10) that the

probability of recoilless process increases as the value of
T

%

R aul( ) decreases,

M3ssbauer further showed that the resonance can be
destroyed by moving the source with respect to the absorber. This
changes the energy of the emitted gamma ray which no longer matches

with the transition energy of the excited level in the absorber, A

plot of transmission intensity of the gamma ray versus the relative



velocity of the source or absorber is called the Missbauer Spectrum
(Pig. 2). The main parts of the equipment needed for studies on
MBssbauver Effeet are, the source of gamma ray, absorber containing

Fe®! and the gamma ray detector (Fig.3).

Q0
z
0
¥}
u
v
{ N FiG.2
)
o
")
+
3
0 R
U o
—VE +VE.
VELociTy (MM /SEC)
SOURCE ABSORBER. DETECTOR.
& * > d
\%
FIG.3

MBssbauer Effect has been observed for 32 elements so

far and it has been predicted for a further 17, approximately half

the elements in the periodic table, Some of the isotopes on which studies of

M8ssbauer Effect have been conducted in greater detail are Anlw, Dyml.
h_mo: mua. r.b'l' xxm. Ir"i, s‘no. ,.125. hxoo' '132. x.129'

an. Out of all these the largest amount of work has been done
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on Fed7 and $n11%, The present thesis deals with a MBssbauer study

of the compounds containing hm.

The Effect Iro
The decay scheme of Co>! is shown below in Fig.(4).
E Ckev)
837 t )
278 7
E.C.
kgt 701 kev.
B 99-84 Y,
136:4+ 34
136 -4 -
7% 919,
V4o 4 3/2— Tl/ = 10 sEc.
14 « 4
-
© L 2 STABLE Fe®7
1T 57
FIG. 4. THE. DECAY SCHEME OF Co
Pe® has many properties (Table 2) which make it very

useful for M3ssbauer Effect studies., Seme of the properties of Po“

of interest are:

(1) The recoil emergy for the 14.4 kev gamma transition
is small, of the order of, R °Z 1.9 x 10 e.v.

(2) A single line Ce®! seurse ean be prepared in a number

of suitable host lattices.

P>
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TABLE II

PROPERTIFS OF Pe®!

First excited
Ground state shuts References
Fnergy (kev) 0 14,36 21
Spin and parity 3 3/2” 21
Magne tic moment (nm) 0.0903 =0.1549 22
Quadrupole moment (barns) 0 0.29 23
0.41 -3 24
Recoil energy (e.v.) 0 1.9 x 10
Internal conversion
coefficient - 9.020.4 »
Natural line-width - 4.6 x 10~
(Qo'.)
Radius of the mucleus 1.00 0.998 26

(arb. units)

(SN



(3) The natural line-width is very narrow, permitting
high resolution experiments, [~ /BO;:: 10712,

(4) The Debye temperature for iron is 400+30°K, so that
K02 3.5 x 10> e.v. Thus there is a substantial recoilless emission

probability even at room temperature, f = 0.8,

(8) Co®' has comparatively long life time (270 days) so

that one can use one source for a sufficiently long time,

(6) Since iron and its compounds are available in many
different states, e.g. ferromagnetic, antiferromagnetic, paramagnetic,
ferroelectric and antiferroelectric, the MBssbauer studies can be

conducted under different conditions,

(7) Quadrupole interaction study is less complicated in
iron compounds since its ground state has no quadrupole moment.

(8) It has a relatively high eross-section for resonant

absorption, 00 = 2,2 x 10-18 0-2.

Applications of the MBasbauer Effect

The importance of the MBssbauer Hffect in solid-state
studies is due to the hyperfine interactions between the nuclear
energy levels in the MBssbauer muclei and the extrammclear electrons,
giving rise to isomer shift,{ , the quadrupole splitting,  , and the

hyperfine Zeeman splitting which are described in brief.

Isomer
The shift of the centre of resonance spectrum from zereo

veloeity of an arbitrarily chosen radiation source is known as the

=



[RES

isomer shift (Pig. 2). The isomer shift obtained with any one source

can be converted with respect to any other source by a suitable correction
factor. Table 3 prepared by Hnrbor” gives the values of the correction
factors for different sources. . Similar tables have been prepared by
other wﬂ:ou”. However, it should be pointed out that two sources
prepared by the same person and by the same method give slightly
different values of the isomer shift and a person working in this

field has to find out his own correction for his source by comparing

the values of isomer shifts obtained by him for standard absorbers,

like K, Fe(CN), 3H0, Na, [r.(cu)u (m):\ 20,0, 310 stainless steel

absorber, etec,

IAESD

ISOMER SHIFTS OF SODIUM NITROPRUSSIDE WITH RESPECT

T0 SEVERAL Co®' HOST MATRICES

57 Isomer shift
Co  source
mn/sec
Pt - ,607
Ca -0.483
rd «0,.442
Fe -0,348
-0,351
310 88, Vacromium -0,182
302 88 «0,176

Cr =(,075




The isomer shift arises because of the effect of chemical
environment of the mucleus on the energy of the nuclear levels,
The mucleus is not & point charge but has a finite volume which
is different in the excited and the ground state. For a pair of
resonant atoms, denoted by a given source-absorber pair, the

isomer shift is given by the oqnnttoun.

§ a2 gt ‘ Y (0) !2 - | \V (0) ]2 r
i 'absorber | ' source i

o, veeveees (12)

= Const zfaUW(o), J cesenees (12)

'l”“. )f -l'.n-rm R R YY) (13)

Ze is the charge and r is the radius of the mucleus, and ‘ V(o) |2

is the total electron density at the mmcleus,

If the charge density in the excited state is smaller than
that in the ground state,then the isomer-shift would deecrease with an
increase of clectron density at the nucleus, as with the case of iron
where the excited state is smaller than the ground mm”. In Snno
is mnlw”, hence the isomer shift would increase with an increase
in electron density at the mucleus. The importance of the sign of

0§ in the direction of isomer shift was clearly shown by the work

of mmmu”. Iodine has two M3ssbauer nuclei, xﬂ’l for which

2E o —ve and I'® for which the exeited state is larger than the
ground state 2{ +ve . In one and the same chemical compound of

Iodine (u.anzxo,), the electron density at the nucleus is some, but

2r
r

-
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the isomer shifts have been found to be in opposite dimtimm.

A series of MBssbauer experiments done with high epin
compounds of iron in different valency states show a systematic
behaviour with respect to isomer -utts"”"“. Characteristic
values of isomer shifts are obtained for different oxidation
states, as given in Table (4) and illustrated graphically
in Fig. (8).

For covalent compounds, things are more complicated, since
covalency cannot be adéquately represented by a single parameter,
We should take into account the relative importance of s, p and 4,
wave functions in the bonding, as well as, the extent to which the
electrons are delocalized to the ligands. For low spin iron

compounds, { tends to be rather independent of the oxidation state.

Quadrupole Splitting

A mucleus with a spin 17} has a quadrupole moment, Q, and
this can align itself either with or across an eleetric field
gradient, (FFG) q. A state with spin I would be split into (I+})

substates (Fig. 6). In the case of ,.57 and Snuo, the exeited

My
r* 3L
‘ L
s e A EqQ
3/2 Eg=*3/2
/2
J\J/‘

\’I\T + |/2

ISOMER. QUADRUPOLE.
SHIFT SPLITTING

|/2

FIG. 6.



state with I = 3/2 would be split up into two sub-levels leading
to a pair of lines instead of onme line in the M3ssbauer spectrum,
The separation between these two lines Fig. (7) is termed as the
quadrupole splitting, becaunse it arises due to the interaction
of quadrupole moment of the excited state with the EFG,

z
0 o
E _
gl
o| o Biferrocenyl
o at 20° K va
< L
| 15-Crs 087 |"'AEQ
zc 1 A s i A ' i 1

~0:4 O.% O0:2-=0:1 -0 404 02 O3+0-4
verocity Cem/sEC)

Fig. 7. madrupole splitting in P057. Data on biferrocenyl from
Wertheim (21).

The Hamiltonian deseribing the quadrupole coupling is
derived by Abramm and we shall simply quote the result,

H - .‘_;.‘égm '[3 15 -1 (1.1)}, '\\(if - 13)....(14)

38

where Ix and I_ are step-up and step-down operators” , the

y
electric field gradient eq = »fvz » Gasymmetry parameter
oz :
‘V\ = Biv'z - 3-9_!2 / Df-!z » and Q the quadrupole moment
Ox 2Y )/ s
with spin I,

For an axially symmetric field gradient, the emergy shifts

are given by 2 g -
A'q'%l‘ﬁ'x.—x) [a my -1 (ru?J sansanas LID)

No quadrupole splitting would be observed for muclei with

spin 0 or §, as the temm 4I(2I-1) vanishes in the expression (15),

(‘ e Th-2
tol%/)s¢

(S



In a chemical compound the (EFG) can be due to (i) incom-
pletely filled (non-spherical symmetric) electron shells or (ii) asy-

mmetric distribution of the charges on the ligand atoms,

In the case of ferric ion,(which is a spherical 3d5.) 65
state is spherically symmetric, and therefore should not give
rigse to any guadrupole splitting. In many cases a small splitting
may be observed due to factor (ii). 1In the calculation of field
gradient for ferric ion one has to take into account the lattice
sum, The t.iut order distortion of ferric core by the lattice is
given by Sternheimer>® correction (1_), so that the field

gradient for ferric substance is

q=(1 -\/.) Unttice “*oerrrererrerens (16)

In contrast the lower order state of ferrous ion is (ad°).
l’D‘, which may be pictured as the spherical ferric like core plus
an unpaired 3d valence electron., The ionic contribution to field
gradient is due to both the factors (i) and (ii). (i) Valence
electron | and other due to lattice contribution Ypattice’
Therefore, the field gradient in the ferrous substances is approxi-

mately given by

0= (1 =Yg Garrioe * (1= 1) Qg eeveres (17)

where (1 = R) is Sternheimer correction?’,

e ion shows a small quadrupole splitting upto

High spin Fe
0,6 m/sec* 42, High spin Fe* salts show relatively large
quadrupole splitting (from 1.7 mm/sec to 3.6 mn/sec) and these

have relatively large temperature dependence due to the presence
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of the sixth d electron which can oceupy different levels in
erystal field at different temperatures. Quadrupole splitting

3+

and related data for the Fe* and hgf&mro summarized in Table (5),

i ine tie Splitt

If a MBssbauer nucleus is placed in a magnetic field, which
arises cither internally (as in ferromagnetic material like
Pe-metal) or is generated by an external deviee, the degeneracy
of the level with spin I, is further lifted and it will be split
into (2I+1) levels.

The splitting of the excited state (I = 3/2) is given by

the Hamiltonian>t

}(.’--..Bnﬂlz (I EE RN NN NN (!8)
and that of the ground state

M g = -‘.(_))n H I’ seessscsccsscecene (19)

where /1 is the magnetic field, ()’n is the muclear magneton, 8g and
g, are the nuelear g factors for the ground and execited states
respectively, The direction of spin alignment is taken to be 2
axis. In the presence of EFG tensor, the equation (18) would

be replaced by

Hoex =~ l.ﬁ. HI +})fq S EeEeaah sanesniaiD Y

The 3/2 state in Fo! will split into 4 levels and the ground

state with spin 4 will eplit into two levels, Transitions between

these levels are governed by the selection rules. For a magnetie



dipole transitions (u‘) Am=0, 4 1, there would be six possible

transitions Fig. (8) (see also Fig, 185),

My

+3/2

+'/2
I

A\
3/2 /2

_3/2

-
Iz _/——< R Y\

1ISOMER. SHIFT MAGNE. TIC
DIPOLE.
SPLIT TING:

FIG.8 ! MAGNETIC HYPERFINE SPLITTING OF THE
GROUND AND FIRST EXCITED STATE OF

Fes7

In the case of an axially symmetric FFG tensor with the
symuetry axis at an angle ® with respeet to magnetiec axis, the
energy levels in Fom of an excited state, with quadrupole

moment Q are given bya"

(| &

B g8, Hmy + (<1) ;:_ﬂ 300-2:—] oo (20)

it eq/uH<<1,

The quadrupole splitting, in such a case may be expressed

12
as

€, - 5: A [a-’-x(xox)] (3cos™ - 1 stxn’ 9 Cos ap)...(ze)



where @ and #§ are the polar angles defining the direction of
magnetic field H with the crystal axes.
If I =« 3/2 ulle- 0, then

2
Gae = € - 8 (3cos®=1) eennrernnnees (23)

The M3ssbauer parameters, 5 » (- ond H can be determined
experimentally from the following rolntionshipo“'“.

The isomer shift 5. in the hyperfine split spectrum is

given by,

8 - 's—"* 82 8 6 Pesecssssnvsne (2‘)

The quadrupole splitting C_ , can be determinel from the relation,

G =1 e’ -_sl¢se‘- 27 % cecserescess (28)

and the effective magnetic field H, can be determined from

He - :.“ i x -;; esecscsscsee (%)
i - (8gS5) + (5,-8)) ceereneeenes (27)

2‘. /%ﬂ

Be 575 o S85=85 e (28)

8/5n 8 (5n

where, S1 , 82 . 83 » 84 . Sb and 88 are the positions of the

six maxima in the MUssbauer spectrum shown in Fig, (L’)),ﬁ'l is the

Bohr -mton./uo is the magnetic moment of the ground state, and

&, and g

respectively,

are the g factors for the excited and ground states

MBssbauer I'ffeet studies have,therefore, been used to study

47,48,49

magnetic parameters, the magnitude and dtmtionw of the

i~

il



effective magnetic field at the nucleus, as well as the direction

of the EFGI8L

HISTORICAL ACCOUNT OF SPINELS
Spinel the name originally given to the mineral magnesium-
aluminate v.n,o‘. has now come to represent a class of compounds
isomorphous with w,o‘. The detailed study on this structure

was carried out by Dragg > and Nishikawa®>.

The general formula of a spinel can be written as,
uzx‘, where X is an anion, A and B are cations, Many com-
pounds with spinel structure have been reported in literature>”,
most of them are oxidie spinels (“3-). but a few non-oxidie

58 56 58 a_u 58

. N s 2
spinels with X =« ¥ , €1 , oN° , 8% | se and Te

have also been reported.

In an ideal spinel structure the anions form a cubic close
packing Pig. (9) in which the cations partly occupy the tetrahedral
and octahedral interstices. In a unit cell there are 32 octahedral
and 64 tetrahedral interstices, of which 16 octahedral and 8 tetra-
hedral interstices are occupied by the metal ions., The tetrahedral
and octahedral positions in the spinel structure are ealled the A
sites and B sites respectively, It is a common practice to denote
the octabedrally surrounded catioms within the brackets, as:

-
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The unit eell of an ideal spinel structure is shown
in Fig, (10). The non-ideal spinel structure is derived by
moving the four anions around the tetrahedral site in a [111]
direction away from the nearest tetrahedral ion. The deviation
from the ideal structure can be measured by the value of anion
parameter, called the (u) parameter. For the ideal spinel
structure u = 0,375; in practice it is found to have a slightly

larger value. This denotes larger A-sites and smaller I-sites.

Each cation on the A-site in the spinel structure is
surrounded by four anions and each cation in Desite is surrounded
by eix anions, Each anion in the spinel structure is surrounded
by one A and three B cations (Fig. 11). For a small deviation
from the ideal spinel structure, the distance AX is a (u - $)/3
and the distance BX is a (% - u), where 'a‘' denotes the cell edge
of the spinel unit cell, The angle AXB is about 125° and the
BXB about 00°, The BB distanee is } ay/2 , and the AA distance
is } a\/3 . This indieates that the IB distance is considerably
shorter than the AA distance, which is connected with the faect that
the anion octahedra surrounding the B cations share edges, whereas
the anion tetrahedra surrounding the A cations do not have any
contact, In a spinel structure with lattice cell cube edge of
o = 8,40 i. the distance between the two cations at different
sites as well as at s@me sites are of the order of59

A-A separation = 3,65 X
A-B separation = 3,48 R

o
B~B separation « 2,97 A

——



UNIT CELL OF AN IDEAL SPINEL
SHOWING ONLY TWO OCTANTS.
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TAHLE 6

THE GOLDSCIMIDT RADII FOR METALLIC IONS FOUND TO OCCUR IN OXIDIC SPINELS

Goldschmidt Goldschmidt
Ion Radius Ion Radius
w )
* - atd 0,66
14* 0.78 et 0,64
ca* 1.01 wn>* 0,70
Ag* 1.13 ) R 0.67
wg>* 0.78 Ga>* 0,62
ca* 1.06 rn>* 0,68
wn>* 0.91 > 0.93
Peo* 0.83 Tt 0,69
co>* 0.82 0.68
N> 0.78 wt 0.52
ca 0.85 et 0.44
2 0.82 sa® 0.74
ca* 1.03 4o>* 0.62
a® 0.57 " i 0.63
3+

Ti 0.69




These distances are of the nearest neighbours in each
case, The distances b.otvoon the anions and the A and B sites
are,

X-A separation = 1,9 R

L]
X=-B separation = 2,1 A

A large number of cations have been found experimentally
in the spinel structure. A table of such cations prepared by
Gorter™” is reproduced in Table (). It will be observed that
the radii of all these ions lie between 0,44 and approximately

]
1.04 A, with the exception of Agl*.

Several ions with the radii between the above limits were
not found originally in the oxidie spinels, among which were all
pentavalent ions. As a result of more recent investigatious,

Gorter's list is no longer complete because a number of pentavalent
61 62 63

ions, e.g. vbo , Sbs’ and Nb“ have already been established

to occur in the spinel structure,

Some compounds have a structure which can be deseribed as
a tetragonal or orthorhombic distortion of spinel structure. This
has been attributed to two causes ', (1) The Jahn-Teller effect"*

and (2) The superstructure fomtion“'“.

Cation Distribution

The most interesting property of the spinel type compounds
is the distribution of cations among the two possible sites, viz,,
tetrahedral and octahedral ones. The distribution of the cations,
e.ge for a 2-3 spinels Me llo; X4 may be



(1) "Normal® Me [Ih; ]X“ i.e., one Me ion in the tetra=
\ B
hedral site and two Me ions in the oetahedral sites. e.g. 7n Fe, 0‘,

is normal: ?.n[ha]o o
(ii) "Inverse" Mo [ M'J X, i.e., one Me' ion in the
octahedral position and the other )lo' ion in the tetrahedral

position, e.g. in m.zo‘ the distribution is inverse: PQ[NH’Q} 0,.

(1ii) Intermediate, the distribution of eations between normal
and inverse, which may be denoted by the general formla

X

1,
Ve n.[n.‘ ve,, 1%, .

1ex 1+x ]

e.g. In ¥nFe 0 and M(l'o 0 the distributions are intermediate,

274

““o.s"'o.z["“o.z"x.s] 0 o2t ¥y 17,0 ["‘o 0711 ]° i el

It is known that some cations have pronounced preference for

certain coordination numbers and this influences the cation distri-

bution in the spinel structure, Vorvoy“, Hoilmnnos and Romei jn

made a systematic study of cation distribution and deduced a site
preference sequence of the ions for the tetrahedral or octahedral

sites wiz,

a) Zn2 Cdz’ G.s’ 3’, Go“ ions have strong preference

for the tetrahedral site.

b) Cra’, Nlm. 'l‘i", Sn“, Mns‘, ions have strong preference

for the octahedral site.

P ) k s 2’ c°20

strong preference for either the tetrahedral or the octahedral sites

2+ 3-0. Al:”

, Mn™", TFe ions do not show any

in the spinel structure,

Ry

i
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MeClure " and Dunitz and Orgel'® made use of the erystal
field theory to obtain the quantitative information on the relative
stability of the "Normal" and "Inverse" spinels. On the basis of
purely electrostatic arguments of the crystal field theory, they
calculated the stabilization energy for the tetrahedral and octa-
hedral coordination in terms of the erystal field stabilization
parameter Dq (The erystal field splitting is demoted by 10 Dq).
Covalent bonding is undoubtedly significant in these compounds,
and part of the stabilization would be due to the covalent effects
in addition to the crystal field effects. DNut this can be automa-
tically taken into account in the caleculation of stabilization
energy if the value of 10 Dg is derived from the spectroscopic
data. The cation distribution can then be predicted depending only
on the value of this parameter and mot on its origin, Both Dunitz
and Orgel as well as McClure have calculated the value of the
stabilization energies in terms of 10 Dq for the transition metal
ions in a crystal field., We reproduce the table due to IicClm'o"o
where in the last column are given the values of octahedral site

preference energies -~ Table (7).

The theoretical results based on the erystal field theory
have heen found to predict the correct cation distribution in many
cases but there have been also a few notable disagreement between the
predictions and the experimental results. Iullcrn extended the
concept of the octahedral site preference energy in a spinel structure
to include the Madelung and short-ranged terms in addition to the
crystal field terms. The value of octahedral site preference energy

for different ions as given by Miller are reproduced in Table 8,



TAHE S
OCTAHEDRAL SITE_PREFEIENCE ENERGIES FOR CATIONS

values of P are in k cal/g atomic weight

Ion P Ion P

Lt -3.6 zn** -31.6
cu’ -8,6 ca** -29,1
ag' -19,6 a* 2,8
ug™ =5.0 43¢ -21,9
ca** -30,7 2t -11.8
wn** -14,7 cr +16.6
Fe** 0.9 > + 3.1
co™* -10.5 Feoo* -13.3
" 9.0 Ga>* -18.4
ca** -0.1 > -40.2




Ce
[N

Miller obtained a reasonably good correlation between the experi-

mental and the theoretical wvalues,

REVIEW OF THE LITERATURE ON THE MUSSBAUER SPECTRA
OF SPINEL TYPE COMPOUNDS

Bauminger et ﬂ.“ were among the earliest investigators
who used the MBssbauer Fffect for studies on cation distribution,
In the hyperfine split spectra of Yttrium iron and dysprosium iron
garnets, they observed a series of doublets and explained these

3+ ions at the tetra-

results as due to two hyperfine split spectra of Fe
hedral and the octahedral sites in the garmet strueture, . From the
distances hetween the position of the peaks, they determined the
values of effective magnetic fields at the iron nuclei on the
tetrahedral and octahedral sites in the Yttrium iron and dysprosium

garnets to be 3.9 x 10500 and 4,85 x 105 oe respectively at 25°C,

Yamadaya et g'.’a studied the M8ssbauer spectra of CuPoao 4
in both the tetragonal and the cubic phases, A quadrupole split
spectrum was observed in both cases. An abrupt change in the
magnitude of quadrupole splitting at 90°C was explained due to
the transition from tetragenal to cubic phase. Mizoguchi and
Tanaka'® studied the crystal distortion in the germanium substituted
copper ferrite by M#ssbauer Fffect. No difference in quadrupole
splitting was observed in tetragonal and cubic phases in contrast
to the observation of Yamadaya et al in Cnl-‘.204. M3ssbauer spectra
of the system hxp.s-xol were studied by same wrkou-w. They

deduced an effective magnetic field of 425 k@e and an isomer shift



of 0,40 mm/sec with respect to stainless steel from the hyperfine

split MBssbauer spectrum of )h?ozo‘.

is characteristic of Poa’ ion indicating that manganese is present

The observed isomer shift

in the 2+ state., In the paramagnetic state the specimens exhibited
quadrupole splitting, There was no difference in the quadrupole
splitting in tetragonal and cubic phases. The same sthers '
further investigated the spinel type oxides, Znhzo 40 FeCrNi0O 4
E‘QNIAIO4 and wuao‘ in their paramagnetic state. A quadrupole
splitting was observed in all the cases with the exception of
muzo‘. The observed quadrupole splitting in m.ao 4 YO8 explained
due to a trigonal field at the octahedral site in the spinel strue-
ture, The quadrupole splitting in PoNiAlo‘ and FcCrNiO" was
attributed to the heterogeneous nature of the neighbouring sites.
The Mdssbauer spectrum of FoAlaO 4 showed a single resonance peak
with §=0.98 mn/see with respect to stainless steel at 25°C which
is characteristic of spin free Poz" compounds, llouit.or" studied
the spectra of FeCrg0,, FeAl,0, and Fo, Vo 0, (0 <x<1)

system., He observed a single line spectrum for Pono‘ but a
hyperfine spectrum for F02VD 4’ A single line M8ssbauer spectrum
with a large line width (<~ 1 mm/sec) was observed for FeCr,0, at
208°%K, while a quadrupole split spectrum was observed for F‘oAle4
in contrast to the results of Mizoguehi and ‘l'nndm76. Mathur et 9_}_.78'79
reported a single line spectrum with a large line width for 17'0(21-204
and a quadrupole split spectrum for Gar.204. w‘2°4 and Cd10204.
The large line width in the speetrum of 13'0(71'204 was attributed to

a local distortion at the A sites., This was confirmed later by the

detailed work of Tanaka et _al.m. The quadrupole splitting in

9 9
o



Gol’ao‘, ZnFe,0, and Cdl'ozo‘ observed by Mathur et al was attributed
to the non-cubic B sites in the spinel structure. llouitoral’sa
studied the MBssbauer spectra of the inverse spinels Po[l‘l?o]()‘

and Gn[l’o(h]o‘ and the normal spinel Ge "'a]°4 and found a quadru-
pole splitting in all the three cases, The MBssbauer studies of
Nt in FeAl, 0, and n.o.wr.o'ano‘ were undertaken by Omo et _9_1_.83.
The observed quadrupole splitting is in agreement with the results
of Rouh.or” but in disagreement with the results of Mizoguchi and
‘l'uldun. Ono and his cmrkou“ also studied the MBssbauer spec-
trus of natural spinel MgAl,0, containing 2.4% Fe'' ions. The
observed quadrupole splitting was attributed to the field of symmetry
lower than cubie. Shtrikman et _a}_.85 studied the MBssbauer spectfa
of Gol'oao‘ at different temperatures and calculated the value of

trigonal field at D sites in 0070204.

Bouminger ot alt® and Tto et al>" and Ono et al.%7 studied
the low temperature order-disorder transition in magnetite (P0304).
The effective magmetic fields (H ,.) at b sites due to Fe ' and Fo
ions were found to be 510 koe and 450 koe respectively, The values
of H_,, due to Pe°* ions at A and b sites were 405+20 koe and
470420 koe and the value of e qQ to be 0.2 mm/sec and 0.1 mn/see

respectively, Several vorkou‘s'as'”'w

have studied the MBssbauer
spectrum of NiFe,0,. 1 ., was found to be 475:20 koe at liquid air
temperature by Bauminger et g?' and Werthein ° and 532420 koe at
0°K by Hrynkiewiez et al-0. The isomer shift of 0,50 mn/sec with
respect to stainless steel indicates that the iron is present in
trivalent state. The absence of quadrupole splitting was attributed

to the cubic symmetry of the hmion in NiFe, 0, by Hrynkiewicz et _gl?o

Ce
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Kelly ot al.*® studied the MBssbauer spectra of 1ithium forrite

(Ld g% 0 ) in the ordered and disordered states. The effective
0.5 2,84

magnetic fields at !057 nucleus in the two states were found to be

508+ 20 kOe and 5104 20 kOe respectively, Ritter’: found H .. at

eff
;:5. h:‘a. cr‘:‘a 0, to have the same value of
L ] L]

504s 4 ke at 88°K. The work of Hrynkiewies ot al.”® and Dezsi

A and B gites in Li

et 81.”% and Somele ot a1.%% showed that the Mesbaner parameters
for coroao‘ in its ferrimagnetic state are similar to those of
Nlhgo‘. In the paramagnetic state, a well defined doublet was
observed in the MBssbauer spectrum, indicating the presence of
quadrupole interaction, while in the ferrimagnetic state, the
symmetric hyperfine splitting indicated the absence of quadrupole
interaction. Hrynkiewiez et al.”® and Tanaka ot a1.”® studied

the M3sshauer spectrum of nmao 4 in the ferrimagnetic state and
found an effective magnetie field of 516220 ke at 0°K with no
quadrupole splitting. Tanaka et al.’® studied the MBssbauer
spectrus of u-r.’o‘ in the paramagnetic state and observed a
quadrupole splitting, Belov ot al.”* studied the MBssbauer effect
in Mn- and Mg-Mn-ferrites. It was shown that the s electrons
density at the nucleus is same in all the compounds studied by them,
Bvans and Hafner’® studied the MBasbauer spectrua of CuFe,0, in
tetragonal and cubic phases., The effective magnetic fields at

A and B sites were found to be 478:5 kOe and 51445 kOe respectively
in the tetragomal phase. In the cubic phase the hyperfine spectra
due to A and B sites were not resolvable,
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MiSSBAUMR SPRCTROMETER

Different types of velocity drives may be used to provide a
well defined relative velocity between the souree and the absorber.

These may be divided into two main classes.

(i) A purely meehanical deive in which the moving part
follows the motion of the revolving cam which is shaped to give a
desired linear displacement,

(ii) An electromechanical deive in which a transducer,
frequently consisting of a loudspeaker system, is fed with a suitable
driving voltage., It picks up a signal proportional to the veloeity,
The Missbauer spectrum is directly read on a multi-chammnel pulse
height analyser,

The results reported in this thesis have been taken on a
velocity drive of type (i),

The main components of the M#sshauer spectrometer ave

1) A velocity drive to provide a relative velocity between
the source and the absorber,

2) A radiocactive source emitting the gemma rays,

3) An absorber containing the isotope under study.

4) A gomma ray detecting system,

Veloecity Speet

Fig. (12) shows the schematic diagram of the apparatus.
A 15 W synchronous motor with reduction gear system ean give any of
the three speeds of 3, 30 and 300 r.p.m. It was mounted on a

vibration-proof separate table, The cam with its follower and the

po—
{

-’



L —=— |
‘:g: ] ~~_ MERCURY SWITCHES

i

|
=]

@ @
w @ w 14
. - w —J w
< = < =
s ‘\\\\\\\\'1(((“(((CEEQ g : P 8 5 F

: mn%mm ANEARLANANN
STAND

T g e ik phind

STANDS! | : HV. L.V. DT_G
SYNCHRONOUS MOTOR SUPPLY SUPPLY y
| C 1 C 7
ST TTTTASTIITITTITRN 20URCE SCINTILLATION
—
X

p{F—=%

FOLLOWER ABSORBER AMPLIFIER SINGLE CHANNEL
ANALYSER

REDUCTION GEAR UNIT

Fig. 12:SCHEMATIC DIAGRAM OF THE MOSSBAUER APPARATUS




gamna ray detector were fixed on another vibration-proof table in
order to avoid the vibrations from the motor. The motor is connected
by means of a belt pulley arrangement to a spindel carrying a cam

at one end and a set of mercury switches on the other end, 0057 source
is mounted on the cam follower, The source can be moved with respect
to the absorber with velocities up to 3.6 em/seec, in steps of

0,006 cm/sec or its multiples, by a suitable change of the combi-

nation of the gears.

The gamma rays from Com are detected by means of a 1 mm
thick NaI (T1 activated) erystal coupled to a /ICA=6810- A photo=
mltiplier tube, The output from the detector is fed into a single
channel pulse height selector whose window is set on the 14.4 kev

photopeak,

The mercury switches are so synchronised that when the
source is moving towards the absorber (+ve velocity) or when it is
moving away from the absorber (-we velocity), the output from the
pulse~height selector is fed into two different scalers. Two other
scalers comnected in parallels with the first two and running on a
50=cycles pulse determine the time for which the output is measured,

The absorber is mounted between the source and the gamna ray detector,

If it is desired to keep the souree stationary and move
only the absorber, them absorber is mounted on the cam follower and

placed between the source and detector, shown in Fig. (13).
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Preparation of the source and absorbers

The source used was 6057 on copper backing, 1 mec carrier-
free 0057 was electroplated onto a spectroscopically pure copper
foil 0,05 mm thick, It was then amnealed in hydrogen atmosphere
at 800°C for 1 hour and then in vacuum of 10-6- Hg at 800°C for
another hour. The source was then mounted in a perspex holder

which can be fixed to the cam follower,

The absorbers were prepared by spreading the powder
material between two thin aluminium or mica sheets of 1 em radius
sandwitched between two brass rings. The thickness of the absorber
was so adjusted that it contained ~ 8 mg/cnz of natural iren or

0.18 lg/ol2 of !“057.

Preparation of the CothoOl source

200/nc of carrier-free C»57 solution in the form of 00012

was added to a powdered sample of CoMnFoOc It was then annéaled in

air at 950% for 1 hour, so that Com forms a part of the lattice of

Collnl"004 by diffusion, This sample was then mounted in a brass—holder

and used as such as source of Com.

Preparation of the Enriched KlP‘o QCNQG.%O

5 mgs of enriched iron (~ 92% ,,.67) was dissolved into

minimum quantity of concentrated HCl, in an atmosphere of nitrogen
gas which was purified free from oxygen., This solution was evaporated
to dryness in a paraffin bath maintained at 120°C in order to remove
the excess ICl1, It was then dissolved in water and then a freshly

prepared potassiun—cyanide solution wu. added to it drop by drop

—
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until the precipitate which was formed dissolved in excess of KCN
solution, Potassium ferrocyanide was separated from the solution
by the addition of excess of absolute alcohol and centrifuging.
The residue was dissolved in a mininum quantity of water then
reprecipitated by the addition of alecohol. It was dried in a

vacuum oven at room temperature.

An absorber of K4PC(CN)°.3520 was prepared from the

above sample so that Pom thickness was 0,8 m/cnz.

Calibration of the spectrometer

All the gears used in the gear hox were calibrated and
found to give the experimental value of the spee! of rotation

within 0,4% of the expected value in every case.

The equipment was standardized by taking the MBssbauer
spectra of absorbers made of powdered potassium ferrocyanide and
310-stainless steel foil,

The M3ssbauer spectra for these two ahbsorbers were obtained
with Com source on Cu backing, This source gave single line
resonance spectra for K"PQ(CN)G.aHzo and 310-stainless steel with
the centroid shifted to =0,2640,04 mm/sec and =0,32+0.04 m/see
respectively, from zero velocity (Fig., 14). These experimental
values of the isomer shifts (in Table 9) are in agreement with the
available dat:' in literature on potassium ferrocyanide and stainless
steel® absorbers. The line width for K Pe(CN).3H,0 absorber

(64 u/u2 thick) and stainless steel foil (0,002" thick) was found
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TAILE 10

Comparison of the experimental values of
the positions of the six lines in the
hyperfine Missbauer spectrum of iron with
those calculated from the data of Hanna,
Preston and Hoborloo.

Source: CoM/Cu at 25°C

Absorber: Iren foil 19 m/o-2
thick enriched to
92% FeB7 at 25°C

Values calculated

No,  APSOTPln  yrom the data of S
Hanna et al. alues
mm/sec m/sec
1 i, - 3/2* - 5,47 - 5,4640,04
3 } - -
2 4, —_— E, 3.24 3.26:_0.0‘
1
3 ,1_,’ — 1 - 1,01 - 1,08+ 0,04
4 S + 0,67 + 0.64» 0,04
1
5 S + 2,90 + 2,90+ 0,04
6 59/ + 5,13 + 5,14+ 0,04




23S/ AW
£ by 4 s . EN
6+ Bt Lt 94 64 P4+ E+ T4 14 O g Ca. €< P~ S=- 9= Lo B €~
T o TR GG it R { DK™ ERGER WP b A0 [ BRRTLY RS BEIRRE GINGT B P

2S¢ 1V

lnm_on_i\..mo OL Q3HDIYN3 1104 NOWl 130S V 40 ANYLDO3dS dNVESSQW

Oolv

4 - oLy
-4 OE€Ev
4 Oovv
4 Osv
<4 O9

> oLy

- osv
= o6v
4 00S
Ools

1

ocs

SLNNOD

ONOD3S d3d




to be 0,36+0.04 mu/sec and 0,4440.04 mm/sec respectively at 25°C,
The isomer shifts obtained with our source can be converted to those
obtained with & source on stainless steel or on iron by adding

0.3440,04 mn/sec and 0,17:+0.04 mn/sec respectively.

The performance of the M3ssbauer spectrometer was further
checked by running a hyperfine split spectrum of a soft iron foil
of thickness 19 mg/em” and enriched to 02% with respect to Fel'.

The positions of the six peaks (Figure 15) are given in
Table (10) and found to be in agreement. With the results calculated
from the data of Hanna gg.‘ assuning the isomer shift of soft iron
£0i1 to be =0.17s0.04 mn/sec with respect to Co>'/Cu. It would be
observed that the line widths obtained by us are larger than those
reported in the literature due to the effect of saturation. A thinner
absorber (which was not available) would have shown smaller line
width as found by other workers,

Cryostat and the Furnace

The M8ssbauer experiments were performed at lower tempera-
ture by keeping the sample absorber in the cryostat shown in Fig. 16
which is self-explanatory., The sample was placed inside a brass
ring which was fixed to the metal part of the glass to metal tube.
The space between the double walled flask, made of pyrex glass, was
evacuated to 104- of Hg and then kept in vacuum by closing the
stop-cock 8 . A copper-constantan thermocouple soft soldered to the

sample holder, measures the temperature of the sample. The sample
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attained the temperature of the liquid nitrogen in the flask, 10
minutes after the liquid nitrogen was poured in. Thin perspex
windows (~ 0,2 mm thick) were used so that the absorption of
14.4 kev Y-ray was less than 2%, The flask was kept filled with
liquid nitrogen or solid carbon dioxide during the course of the
experiment,

Furnace

A MBsshauer experiment at temperature higher than room
temperature and upto 600°C were conducted by putting the sample
in the furnace shown in Fig.(17). The furnace was made of a brass
eylinder, the centre of which was drilled hallow for keeping the
sample under study., A chromel-alumel thermocouple wire, fixed
to the sample holder, measures the temperature. The furnace was
heated by nichrome wire winding around the eircumference of the
brass eylinder. The whole assembly was placed inside a closed
aluminium box with suitable thermal insulation, and two windows
of 0.00036" thin aluminium foil, on the level within the sample.
A stabilized power supply (stability better than 0,1%) and a
variac were used to keep the temperature of the furnace at any

desired value upto 600°C within an accuracy of #2°C,

Preparation of the spinel type compounds

Spinel type oxides and sulphides containing iron were
prepared by the following general method.

An appropriate amount of the metal oxides were mixed
with aleohol in an agate mortar and ground until they appear

homogeneous. The mixture was then dried. A pellet of =1 cm
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diameter was prepared from it under a pressure of 3000 te 5000 p.s.i.
The pellet was then heated at desired temperature for am appropriate
time so that the solidesolid reaction may take place. The formation
of the compounds was checked in every case from the x-ray powder

patterns.,

The x-ray data are summarised in Appendix (1). 1In order to
establish equilibrium cation distribution, the samples were annealed
at or above 1000°C and then cooled to room temperature at the rate of
30°C per hour,

170(21'204

PoCrgo‘ was prepared by two different methods.

1) A mixture of 3(21'203 and r.aoa was mixed and heated in
air at 1250°C for 4 hours, in order to form a solid solution with
the composition ch /2Cr3 /303. This was then ground in an agate
mortar and mixed with iron powder in the molar ratio of 4 x [Po!/20r3/203]
and 1 x [Po} powder., The pellet was heated for 12 hours at 950°C
in a silica tube evacuated to a vacuum of 10-6- of Hg. The product
thus obtained was ground, pelleted and heated again in vacuum for
12 hours at 1000°C, It was then cooled frem 1000°C to room tempera-

ture at the rate of 30°C per hour,

2) In the second method, a mixture of l"ozoa,Craoa and Fe
powder in the ratio of 1:3:1, was ground with alcohol, dried, pelleted
and heated at 1000°C in a silica tube evacuated to a pressure of
10‘°m of Hg for 18 hours., The sample was reground, repelleted and

heated again in vacuum for a further period of 12 hours when a single
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phase consisting of !?oCl'204 was obtained, The X-ray powder pattern

taken on a Mo-K ( radiation shows a single phase cubic spinel structure
o

with lattice parameter ‘a' = 8,366 A (Table 11) is in good agreement

o
with the reported value of 8,37 A 7.

GeF020 4

This ferrite was prepared by heating powdered Fozoa. 6002
and Fe in the ratio of 2:3:2, The mixture was thoroughly ground
in the presence of alecohol by an agate mortar and pestle. The
mixture was dried, pelleted under a pressure of 3000 p.s.i. The
pellet was heated in an evacuated silica tube at 1000°C for 18 hours.
The produet was recrushed, repelleted and heated once more for 12
hours at samp temperature. The material was cooled to room tempera-
ture at the rate of 30°C per hour, The X-ray powder pattern taken
on a MoK« radiation shows a single phase with lattice parameter
a = 8,4108 A (Table 12) in good agreement with the reported value®
of 8.411 A.

FoCrgs 4

The mlpboﬁro-ito 1“.(21'254 was prepared by heating a mixture
of powdered iron, chromium and sulphur in a silica tube evacuated
to a pressure of 10-6- of Hg., The temperature was slowly increased
up to 400°C and heated at that temperature for 6 hours. The product
which was a solid mass, was ground, repelleted and heated at 850°C
for another 12 hours., It was finally ground, pelleted and heated
again at 1000°C for 48 hours. The product when examined by X-ray

powder pattern showed a single phase cubic spinel structure with
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o
the lattice parameter 'a' equal to 0,983 A (Table 13), This value

°
agrees with that of 9,98 A ~ reported in literature,

l’elnzs 4

Feln,S, was prepared by heating iron powder with sulphur
R2%4

powder and small pieces of indium metal in the atomiec ratio of
1:4:2 in an evacuated silica tube at 400°C for 48 hours, The
product was broken into pieces, ground to fine powder, pelleted
and heated at 950°C for 48 hours again to complete the reaction,
The value of the 'a' parameter for this cubie spinel was found to

o L)
be 10,582 A (Table 14) in agreement with reported value of 10,59 A 1°,

CdPozo 4

@Fozo‘ was prepared by heating a mixture of Fozoa and Cd0
in equimeolar ratio., The powder was thoroughly ground in the presence
of alecohol by an agate mortar and pestle. The mixture was dried and
pelleted under a pressure of 3000 p.s.i. and heated in air at 1200°C
for 12 hours. The product was recrushed, repelleted and heated for
another 12 hours at the same temperature. The erystallographic 'a’
paraneter for this cubie spinel was found to be 8,600 A (Table 15)

o
which is in agreement with the literature value of 8,704 A u.

an’020 4

Mozo 4 V08 prepared by heating a equimolar mixture of the
powdered r.zoa and Zn0, The mixture was ground in presence of
aleohol, dried, pelleted and heated im air at 1200°C for 12 hours.
The resulting product was recrushed, repelleted and heated once

more at 1200°C for the same period. The Y~ray powder pattern
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indicated the presence of a single phase cubie spinel, the 'a’
parameter of which was found to be 8.411i (Table 18) in agreement
with the reported value of 8,416 A in literature'l.

Zolin, 57°1,5%

The ferrite with the above composition was prepared by
heating a pellet made of an intimate mixture of Zn0, unooa and
choa in the ratio of 4:2:3, at 1200°C for 6 hours in air. The
product thus obtained was recrushed, repelleted and heated at the
same temperature for another 4 hours, It was then cooled to room
temperature at the rate of 30°C per hour., The ‘'a' parameter of
the cubie spinel was found to be 8,507 A (Table 17) which is in

agreement with the literature valuom.

ZnMnFe0 4

It was prepared by heating in air at 1200°C a mixture of
the powdered 7n0, uncoa and r.eoa in the ratio of 2:2:1 for 12
hours. The spinel has tetragenal structure. The value of ¢/a

was found to be equal to 1,057 (Table 18).

CoMnFed 4

Specimen of Co!h!'oo‘ was synthesized by firing a mixture
of reagent grade 00003. ma and 1’0203 in the ratio of 2:2:1 in
air at 1200°C for 6 hours. A further heating for 4 hours gave the
single phase cubic epinel with 'a' parameter equal to 8,409 X

(Table 19) in agreement with the literature value'2,



FeCrNiO‘ and Fm‘

r.c:-mo4 was prepared by heating a powdered mixture of
NiO, craoa and l'o203 enriched to 92§ 1'057. in the ratio of 2:1:1,
at 1300°C for 24 hours,

Pow4 was made by heating a powdered mixture of Cu0,
un203 and r.zos in the ratio of 2:1:1 at 950°C for 55 hours,

The values of the 'a' parameters for P.crmo4 and I“dln(!n()4
° o
were found to be 8,299 A and 8,336 A respectively (Tables 20 and 21)

and are comparable to earlier reported valnnm’“.

FeAl 20 4

l'oAle‘ was prepared in two ways.
1) A solid solution with composition Pol/gAla/zf)a was

prepared by heating 3 parts of ugoa with 1 part of Fe 0 This

27°3°
solid solution was mixed with one part of Fe powder and heated.

‘2) An intimate mixture of Fe,0,, Al,0, and Fe powder
was heated,

Pellets were prepared for both the above samples and then
heated in an atmosphere of a mixture of equimolar H2 and 002 gases
at 1300°C for 4 hours. The samples were ground, pelleted and then
reheated for the same period at 1300°C, The samples were then
sealed in separate evacuated silica tubes, annealed at 1000°C for
4 hours and cooled to room temperature at the rate of 30°C/hour
to establish equilibrium cation distribution, The value of
ecrystallographic 'a' parameter for hoth the samples was found to

be 8,098 A (Table 22), This may be compared with the earlier

e

(A
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reported values 8.1050.002'%, 8.125+0.0021® and 8.14s0.001%7,

X-Ray Analysis

X~-ray powder patterns were taken on a Debye-Scherrer cameras
having diameters 57,30 mn and 140,0 mm and Mo=K ( A = 0,709 A)
radiation filtered through zirconium foil, The @ values were
computed from the measured distances between the various diffraction
lines, The interplanar spacings 'd' were obtaine! from the ublnw
for the conversion of X-ray diffraction angles to interplanar
spacings, For cubic spinels, the lattice parameter 'a' was calcu-
lated for different hkl indices from the equation

d&l-m e eoese s (1)

For tetragonal spinels, the 'a' and '¢' parameters were
calculated from the following formmla
nla® 12 Y

1
" + 000-0'00(2'
dzurl a’ 02

by the method of successive refinement. For convenience of com=
parison with a true cubic spinel, the tetragonal cells have been

converted into bLigger unit cells with o'- ¢ and a.- a/2 .

X~lay intensity calculations from powder pattern of szo‘

X-Ray intensity calculations were ecarried out by means of
the formala

2 2
i 1+Cos 208
T = ’P"“| ! <smzoc”o ) i e wm i)

where Phkl is the structure factor, n, the number of fanilies of



planes with the same spacing dﬂxl (multiplicity factor) and the term
within the brackets is the combined Lorentz and polarization factor

for each reflections,

The effects of the absorption factor and the temperature
on the ¥-ray intensity are small, These factors act in opposite
dirootionaw for large value of 8, and hence have not been considered

here. The reliability factor R, was defined by means of the equation

Z Teal - Iob-&

R - « o o o 0 (*)
]lob-z
These factors were calculated for different degree of inversion ()

of the spinel, viz. ) = 0.18, 0,20, 0,25 and 0,30 (Table 23).

The intensities of the reflections were recorded by the
"Lirepho 2" phetoelectric recording photometer. The areas under the
recorded peaks were determined and their values are given in Table
(23) relative to the area under the peak for 311 reflection, which

is taken as 100,
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RESULTS AND DISCUSSION

The identification of cation oxidation state and the site
distribution in mixed oxide and sulphide systems is difficult if
the cations exhibit variable valency and ean occupy more than one
non-equivalent site. 'hen the metal ions ean oecur in different
state of valencies the chemical analysis can only give the average
state of valency. In several cases, e.g. in spinels containing
a number of metal ions of the first t@ition series, the ionie
distribution cannot be determined by x-rays unambiguously in view
of the small differences in their scattering power. In such
cases, the Missbauer effect studies may he used to identify the
cation oxidation state and the site di.trlbuuoni’a. Several
investigators have studied the MBssbauer spectra of different
spinel type compounds and have obtained a great deal of information
(ef. section on "Literature lleview" in Chapter I) which otherwise
would not be possible to obtain by other methods. In order to
correetly interpret the M3ssbauer spectra of spinel type compounds
containing cations of variable valemey and capable of being present
at both the available sites, it is desirable to first stud§ the
M8ssbauer spectra of these spinel type compounds which contain
cations in a known and fixed oxidation state and at only one of
the two possible sites at a time, For M8ssbauer studies, we have
therefore, prepare! a mumber of model compounds (Table 24) with

the spinel structure containing iron such that each one of them



IAHE 24

CATION DISTRIBUTION IN MODEL CUBIC SPINEL TYPE COMPUUNDS

Spinel Cation Cation distribution lyﬁ::ry Reference
iron
PeCr,0, Fo* Bt [cr:’} 0, Tetrahedral 3
PeCr,S, Foo* [c;-g’ ] 8, Totrahedral 6,15
GePo,0, Fo* oo"[r.:’] 0, Octahedral 18
PelngS,  Fe™' n>* [roa‘n"’] S,  Octahedral 23
CaPe,,  Pe* ca”’[r.g’] 0, Octahedral 24
nPe 0, Feo an"[ F.:’J 0, Octahedral 25,28
PeCPNiO,  Po h"[cr"‘mﬂ 0,  Tetrahedral 35,3
FeinCud,  Fe Fe>* [m"c-"“] 0, Tetrahedral 37




either contains a Fo’* or Poa‘ ion and at only one of the two

sites, viz, tetrahedral (A) or octahedral (B) site.

In part (1) we discuss the M#ssbauer spectra of the
spinels containing Pe2* ions, while in part (2) we shall discuss

the M8ssbauer spectra of spinels containing enly Poa‘

ions. On
the basis of the results obtained on these model compounds we
have attempted to identify the site distribution in FoAl20 4

in which iron is present at both the tetrahedral and octahedral
sites. The cation distribution have alse been determined from
the intensity calculation of the various reflections in the x-ray
powder pattern of this spinel. The results obtained by two
different methods have been found to be in agreement. These are
discussed in part (3). Part (4) deals with a study of the

charge distribution in the mixed spinels 7“0.5"1.504'
and counr-o4 where the metal ions Fe, Co and Mn can exist in a

“nMnFe0 ”

number of oxidation states.

Part (1)

i ions at the tetrahedral (A) sites: le [Cr2]04 & Fe[(trf,:)s4

(a) Fe

The MBsshauer spectra of ferrous chromite Fe [Crz] 04 t-

Fe [Crz] 0‘ is a normal cubic spinel at room tempera-

tnroaand therefore all the P‘02’ ions are present at the tetra-

hedral (A) sites and all the cr®* ions are present at the octa-
hedral (B) sites. The u parameter is reported to be 0.388"5.
It is paramagnetic at room temperature and its Curie temperature

has been found to be 90;5'!‘ e Xeray diffraction studies have



shown that Fe [Crz] 0 4 undergoes tetragonal distortion at

temperature below -&)'(23

and the degree of distortion (¢/a<1)
increases with the decrease of temperature (Fig.18), This dis-

tortion has been attributed to cooperative Jahn-Teller Rﬂoeta.

The M8ssbauer -poct.n of this sample were obtained at
different temperatures from -194°C to 150°C, and results are
sumaarised in Table (25). The spectrum of r.{ cer 0, at room
temperature (Fig.19) consists of a single resonance peak with
an isomer shift of 0,9640,04 mn/sec characteristic of high spin
Poz‘ compounds, This value of isomer shift also agrees with
the value of 0,9130,08 ma/see at 205°K, reported by Rossiter:
and is nearly equal to the isomer shifts obtained for other
cubic spinels Fe [ '2}0‘7 and PoAlaO‘8 containing l"cz’ ions at
(A) sites only. Since the tetrahedral eite in the spinel structure
has a eubic point symmetry, one woudld expect the MBssbauer spectrum
of r.[ Crz] 0, at roon temperature to o single line spectrun.
However, at room temperature, the line-width observed by us’’®
and also by Rossiter' is =~ 1 mn/see. This value is an order of
magnitude larger than that expected., Hossiter attributed this
large line width to the presence of -~ 20% unreacted oxide in his
compound, However, the X-ray diffraction pattern of our sample
showed no lines other than those of the spinel and hence the large
line width at room temperature is due to some other reason, The
line width decreased to 0,80+40.04 mm/sec when the absorber was

heated to 100°C and thereafter it remains constant up to 150°C.

61
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FIG. 19 ! THE MOSSBAUER SPECTRA OF %
FeCr. O4 AT ROOM TEMPERATURE & AT -194°C
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It therefore indicates that the observed large line width at
room temperature is due to the presence of quadrupole splitting.

It therefore shows that the degeneracy of dxz_yz and d.2
states is lifted due to a local distortion around the A sites. The
population of these two levels (Fig.20) would be determined by the
Doltzmann factor, exp (= W/kT) , where W is the energy separation
between the dxt _'2 and d-a states, The increase of temperature
either removes the distortion or brings about an equal population
of the two e states if the energy separation W is small, The
charge distribution would then have cubic symmetry and hence the
electric field gradient (EFG) at the Pe** meleus weuld be zero,
Such a local distortion at room temperature around the A sites
was not detected by x~-ray diffraction studies since it can observe
only the effects of long range order or disorder. Subsequent to
our work, Tanaka et al'! have also confirmed by MBssbauer studies
the distortion of tetrahedral symmetry around A site in Fe [ c:-a] 0,
above the transition temperature at which the tetragonal distertion
has been reported by Frme-boa on the basis of x-ray diffraction
studies, Tanaka et al. have explained this result on the basis
of a model in which '.20 ion is present in a tetragona]l symmetry
even above the distortion temperature. MHowever, the direection of
its tetragonal axis reorients dynamically with a frequency through
the three equivalent axes x, y and z maintaining the mean cubie
structure of the whole erystal as determined by X-ray diffraction.
The principal axis of the EFG at the nucleus changes its direction

with a fnqnmy\?‘ » given by the equation

(Vo)
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\)n-ﬂ)ocxp<%) oooo-oooo(l)

where ) is the frequency of the lattice vibrations and has the
value o2 ~ 103 ¢/s to 1013 ¢/s. ‘henV, is much larger than the

quadrupole frequenecy \)q defined by
‘\)- T oooo-oooo(g)

where (C is the quadrupole splitting observed 'h-:\)n-o. the
splitting due to quadrupole interaction would vanish and one would

get a single line spectrum,

The observed isomer shift for Po[Crzjo‘ at room
temperature is 0,9640,04 mm/sec which is smaller than that found
for the pure ionie compound like FeF, !>, It indicates a small
amount of covalent transfer of oxygen electrons into the 4s orbitals
of the ferrous ion on the tetrahedral site of the spinel. The 4s
electron contribution has been estimated to be nearly 15 per cent

from the diagram given by Walker et 5153.

The decrease of isomer shift with increasing the
temperature can be explained as due to the second order Doppler
-MN“. The temperature dependence of the isomer shift was
found to be 4.8 x 10™* mm/see/deg or -;7" (?)- -1.8 x 10"“/(!0;

which is of the same order of magnitude as the theoretical value of
the "Second Order Doppler Shift" arising from the lattice vibrations,
If we take specific heat at constant volume CL = 3R them the

temperature coefficient must approach the theoretical limit:



C
e -2 A
ﬂc' Me

(5] [

- -2,44 x 10"“/«103 K

The MBssbauer spectrum at liquid nitrogen temperature
shows a well separated doublet with a quadrupole splitting of
2,6840,04 mn/sec (Fig.19). r.[c:dg is known to underge

tetragonal distortion” due to cooperative Jahn-Teller Effect

below -80°C, This would produce a net EFG at ’.20 ion macleus

and henee would give rise to the quadrupole interaction,

l'o[Crﬂs!x-
Po[Crz_ks‘ is a "normal” cubic spinel at room tempera-

6,1

ture 8, therefore all the Fe>' ions are present at the (A) sites

and all the Or®® fems are present at the (B) sites. The neutron
diffraction data“ also show that the degree of inversion for
Pc[Cr,.;\B‘ is zero, It is paramagnetic at room temperature and

becomes ferrimagnetic below t%'lo'“'

In a perfectly tetrahedrally symmetric enviromment of
1'02‘ ion, the two o' states are degenerate, and hence equally
populated by the sixth d electron. Such an equal mixture of
the two states has cubic symmetry and hence the MBssbauer spectrum
of Po{CrAS‘ should show a single resonance line. It does show
a single line M8ssbauer spectrum Fig., (21) with an isomer shift
of 0.7240,04 mm/sec with respeet to stainless steel at 25°C,

) J
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The MBssbauer spectrum at -=80°C is shown in Pig. (21) and the
MBssbauer parameters are swmarized in Table (25). The observed
line width 0,4820,04 mm/wec at room temperature is almost equal
to the line width obtained for 0,002" thick 310-stainless steel
foil with Co®'/Cu source.

It confirms that the spinel r.[cr,]s‘ is cubie and
there is no local distortion around the (A) sites as has been
oburﬂ in Fe LCrAQ + The observed isomer shift is much smaller
than that found for l"o{(:rz}o" and other oxidic spinels with hz‘
ions at (A) sites only indiecating that the spinel ro[crels‘ is more
covalent than the oxidic spinels., This is due to the greater pola-
rising power of the sulphide radical as compared to oxide radical.
The 48 electron contribution has been estimated to be nearly 25%
from the diagram of Walker et _g.“

2+

(b) Pe“ ions at the B) sites: Ge[Fez}O4 & In[FeIn]S4

The M8ssbauer spectra of Go[(l‘oﬂo‘:-

———

Go[!'oz—jo‘ is a "normal® cubic spinell®, Ge** jons are

present at tetrahedral (A) sites and the ’.20 ions are present at
the octahedral (B) sites in o{r.a]o‘. The u parameter has been

18

reported to be 0,376, It is a paramagnetic at room temperature

and becomes antiferromagnetic at about 10'!“.

The M8ssbauner spectra of GOLPQJO‘ obtained at different
3
temperatures from 79°K to 373°%K are shown in Fig, (22) and data
are sumaarized in Table (26). At room temperature the spectrum
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TAHLE 26

THE MOSSBAUER PARAMETERS FOR 60?.20‘ AND P.Inz54

(€% /cu Source at 208°K)

<
-

Absorber Isomer shift Quadrupole

Spinel ature relative to stainless splitti
°K) steel -/u:’

(ma/s0e)
373 1.17+0.04 2,8640,04
o.&ro,;\o‘ 208 1.2040.04 2.8040.04
- =)

79 1,15+0,04 2,78+0,04

xn{roxn"m 79 0.9040,04 3.1240.04




consists of a 'oil defined doublet with an isomer shift of
1.2040,04 mm/sec with respect to stainless steel and a quadru-
pole splitting of 2.8040,04 mm/sec or e2qQ = 32,48+0.46 Me/see.
It therefore indicates that there is nnz':loctrle field gradient
at the Fe>' nucleus on the (B) site. This was later confirmed
by the work of Ressiter and Shtikman ' who also studied the
MBssbauer spectra of o.[n,]o‘. The value of quadrupole
splitting was found to be independent of temperature from

373°%K to TO°K,

In an octahedrally symmetric enviromment the three
t.‘ states are degenerate and hence equally populated by the
sixth electron of the d° ions., Such a mixture of three states
would have cubic symmetry and therefore there would be no electric
field gradient (EFG) at the ironm mucleus on the (B) site., However
our results do show an EFG at the B site. The value of u para-

meter for Go[l’odo‘ is 0,375, the value for an ideal spinel.

Though the six nearest oxygen ions around the B
site are in perfect octahedral enviromment the cubic symmetry of
the B site, as pointed out by Smit et al.>> is destroyed by
the next nearest uiglibour- which produce a trigonal field at the
B site resulting in quadrupole interactions. The trigonal field
has its axis in one of the three <{ 111 > directions. It lifts

the degeneracy of the triply degenerate t, states which are

2g
split into a lower singlet and upper doublet (Fig. 23). It

may be noted that the temperature independent value of the

68
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69

quadrupole splitting in the temperature interval 79°K-373°%K,

indicates that the energy separation between d xz' d"

and the d - state is very large. It also indicates the absence

states

of any significant lattice distortion on cooling from room

temperature to liquid nitrogen temperature.

Recently Shirikman et _g,.’n have calculated the
value of the emergy separation .\ due to the trigomal field
in Go[l’ogjo‘ from the temperature dependence of the quadrupole
splitting from 300°K to 1000°%X, They found the value of /\ to
be 1650+50°K.

The isomer shift of 1,2040,04 mm/sec for s.[ro,]o
9,10 )

4
is characteristic of spin free Foz’ ions and

is comparable to that reported for other ferrous oonpound-"m.
This value of isomer shift is larger than that found for Fo[Crg]o‘

found by us

indicating that the ferrous iom in the former is less covalent.
It may be due to presence of Ge™* ion on the A site which forms
covalent -pa bonds with oxygen resulting in a deerease of the

electron density at the ’.20 ion nucleus on the B site.

The MBssbauer spectrum of In [Poln] 84:-

ln[l'oln] 8‘ is an "1mru"” cubic spinel at room
temperature, in which all the h” ions are present at the B
sites and the !na’ ions are equally distributed among the A and

B sites, The u parameter has been reported to be 0.387”-
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At roem temperature, xn%.xn}s 4 showed little resonance
absorption but at 79°K, we obtained a good MBssbauer spectrum
(Fig. 24) with an isomer shift of 0,90+0.04 mm/sec (Table 26) with
respect to stainless steel and a quadrupole splitting of 3,1240.04 mn/sec.
The quadrupole splitting arises,as explained earlier, due to trigonal
field present at the B site in the spinel structure. The presence
of quadrupole splitting shows that the Poz* ions are not present at
A sites, because in that case, the MBssbauer spectrum would have

given a single spectrum as observed in the case of Po[Cre]Oc

The isomer shift of 0,90+40.04 mm/sec at 79°K is smaller
than that found for GQ{P.AO‘ at T9"K beesuse sulphur forms more

covalent bonds than oxygen.

Part (2)
(a) Fe>* lons at the Octahedral (B) sites:

The MBssbauer spectra of c«![hﬂo" and Zn[Fe,| 0, :

Cadmium ferrite”” and zine ferrite>>’2® are “normal®
cubiec spinels at room temperature and hence all the Fe~ ions
are present at the B sites in both the spinels, The u parameters
tor ca[Pe,)0, and z;.[r.,]o‘ have been reported>’ to be 0,386 and
0,380 respectively. Both these spinels are paramagnetic at room
temperature, 7inc ferrite undergoes antiferromagnetie transition
below ’.‘28.20.30. but no magnetie transition has been reported for
cadmium ferrite so far,

The MBssbaer spectra of ca[r.z]% and Zn[h2]04 (Pig.25)
show quadrupek splitting of 0,80 mm/see and 0,38 mn/see respectively

at room temperature., The corresponding isomer shifts are
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TARE 27

MOSSBAUER DATA FOR car.io 4 AND Woggi

(Co“/& source at 208°K)

Absorber Isomer shift

(*x) stainless steel splitting
(m/sec) (mm/see)

208 0.4840.04 0.8040.04

ca[r.z]o‘

L

79 0.53+0.04 0.6440.04
208 0.4240.04 0.3840.04

Zn[roa}04

79 0.42:0.04 0.3240.04




0,48 and 0,42 mm/sec (Table 27) with respect to stainless steel.
The M3ssbauer parameters are summarized in Table (27). Goldanskii
et g:.” and Mizoguchi et g.’ have also found evidence for the
presence of EFG in Zn[roalo . Goldanskii was not able to get

a doublet but he obtained rather large line width in the
M8ssbauer spectrum of Zn[’oz}ov due probably to the intrinsie
large line width of his source,

an. Cd” and !‘oa’ ions have electronic configurations
which do not cause Jahn-Teller distortion. 1Iron in its trivalent
state (33°) has 635/9_ ground state, which has mo angular
momentum and is spherically symmetric so that there would not be
any EFG due to valence electrons and hence the observed quadrupole
splitting in Cd[hzjo‘ and Zn[l"oz]04 should be due to the EFG
arising from the asymmetry in the crystal lattice. As explained
earlier, in the case of 60{1’02}04 and In[hln]Sv the observed
quadrupole splitting is due to the presence of the trigonal field
with its axis in < 111 > direction at the B site in the spinel
structures. The value of EFG q at the B site can be estimated by
the point charge model taking the trigonal axis as the principal
axis in the < 111 > direction. The electric field gradient may

be expressed as

RS AT <5

where z, and (r,, 0‘.) ave the charge and radical coordinates of

the i“ ion in the lattice, and the sum is over all ions in the

T2



-0
i« J

lattice.

o
For Cd[l’oa})‘. ‘a' the lattice parameter is 8,690 A and

the oxygen parameter u = 0.3““. The value of q would then be

For
1°% nearest 6 02" jons : q = =2.197 x 10> cm®
2“ nearest 6 Poa’ ions ¢ q = 46,16 x 1023 -3
3™ nearest 6 Ca% fons : q = -2.32 x 10% emd
4*® noarest 802 foms: q = -0.183 x 102 cu
The point charge model gives q = 1.46 x 10> cm ° if we take

into consideration the contribution up to the fourth nearest
neighbours of the Pe’* ion. If we take Q = + 0,41 x 10~2% cm® 32
for the 3/2 state in 7% and a Sternbeimer antishielding factor
(1 -\/J - 10.14 33 for the Pe®* ion, the value of quadrupole

splitting (- would be
€ = ey 0 (179 0
= 0,9144 mm/sec

The calculated value is in very good agreement with the
experimental value of the quadrupole splitting, A similar
caleulation for Zn[hzlo‘ gives the value of (- = 1,773 mn/sec

if u is taken to be 0.3802%'%7, The calculated value of

( = 1,098 ma/see, if u is taken to be 0.385°%'35, the
calculated value of the quadrupole splitting is an erder of
magnitude larger than the experimental value. This discrepaney

may be due to the uncertainty in the value of u parameter for

7n [r-ﬂ 04
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The observed quadrupole splitting for cd{roﬂ% 1s
larger than that for Zn[!‘oﬂo‘ due to the presence at tin A sites
of caa’ ions which are 25 per cent larger than an* jons., In
order to ma“-f;od.u larger Ca>* ions at the A sites, the tetra-
hedra composed of the nearest four oxygen ions expand by moving
the anions in rnlq direction away from the nearest A site from
their ideal po.ui;n but preserving the cubic symmetry (Fig. 11).
This would be reflected in the larger wvalue of u parameter for
Cd[?o,‘;}()‘ as compared to that for Zn{hzlo . At the same time,
the -1; nearest oxygen ions which are 1n.f.ho octahedral position
around the B site would deviate from the cubic symmetry. This
would therefore account for the larger quadrupole splitting
observed in Cd[ha]o‘ as compared to that in 23(!'02]0 4 The
larger the size of the cation on the A site as compared to the
cation on the B site the greater would be the departure from
the ideal spinel structure. The Goldschmidt radii of Ge'*, 7n>*

L]
2% are 0.44, 0.82 and 1.03 A respectively. The u parameter

18,27

and Cd

the value for an ideal
24

of c.\'r.,}% has a value of 0.375

spinel structure, because the Go“ is smaller than the Fe
L ]

(0,72 A). The u parameter for h{hz\o‘ is 0.3&)21 and for

Cd\!ozjo‘ it is 0,3802"

It would be observed that the quadrupole splitting
in both the Zn{helo‘ and Cd[l'bz]o‘ decreases with the decrease
of temperature. This would indicate that the contraction of the
cations at the A sites is larger than those at the B sites, when
the ca{ro,ﬂo‘ and Zn (h"']o‘ are cooled to liquid nitrogen



temperature, These two spinels on cooling to liguid nitrokon
temperature therefore approach closer to the ideal spinel structure,
The percentage change in quadrupole splitting on cooling is larger
in 0d[Fe,|0, than in z-[r.,'ko . The EFG at the B site of the spinel
ltmt;ro arises due to ki) departure of six nearest oxygen neigh-
bours from their octahedral symmetry, (ii) trigonal field due to
the next nearest neighbours. Whereas in 00\_!'.2\0‘ for which u
parameter has the value 0,375, the contrtbnt-ion due to the first
factor is absent, in Cd[h;ﬁ% and Zn\'h‘j 040 the EFG is contributed
by both the factors. The comparatively large guadrupole splitting
observed in the case of 00\?02]0‘ than in the case of ca[r.a]o 4 and
Znih;\o‘ is due to the presence of ferrous ionm in GQKPQAO‘ since
l’oz’ ion is a more sensitive probe for the electric field graidient
than the ferric ion,
() P o ns at the al (A Lo

The MBssbauver spectra of Po[CrNi;l04 and Fe \__thn]O‘ t=
3+

The "iaverse" cubic spinel Fe|cri|0,°*'* contains Pe

ions at the A sites only., It is paramagnetic above 328°C with a
Curie point of 325°C°", below which it is ferrimagnetic. The
"inverse" cubic spinel Fo[m]04 is also ferrimagnetic at room
temperature with Curie point of 210’03 T and on the basis of the
relative site preference energies (Table 8) it is expected that

I+

the Fe'  ions would be present at the A sites only,

The MBssbauer spectra of FoLCrN£}04 were taken at eicht
different temperatures from 79°K to 738°K and the results are

o



summarized in Table (28). In the ferrimagnetic state a hyperfine

split spectrum with no quadrupole splitting was obtained. Though

the spectrum in Fig., (26) shows a small asymmetry in line width

and intensity, between the right and left half of the spectrum, further
tests on a mumber of hyperfine split spectra at different tempera-
tures indicate that the effect is largely instrumental. The isomer
shift of 0,4240.04 mm/sec at 208°K with respect to stainless steel

is characteristic of high spin ferric compounds. The change in

isomer shift with temperature (Table 28) may be attributed to the

second order Doppler Eﬂut“. The observed temperature coefficient

of {‘- (‘S-%) --1,8x10°1® per °K was comparable to the
(.
theoretical vulu? of the second order Doppler shift arising from

the lattice vibrations (page6l).

The M#ssbauer spectrum in the paramagnetic state showed
a pair of lines of equal intensity and may be interpreted as the
quadrupole splitting. The nature of the spectrum in the paramagnetic
state does not change with the increase of temperature. At 738°K
the value of quadrupole splitting was found to be 0,4440.04 mm/sec
with an isomer shift of 0,18+0.04 mm/sec. Mizoguchi and Tanaka®
have also taken the MBssbauer spectrum of this spinel in tlu para-
magnetie state. Their wvalues of the isomer shift and the guadru-

pole splitting are in good agreement with ow values.

The observed quadrupole splitting in the paramagnetic
state of this spinel indicates the presence of an EFG at the A
sites, As explained earlier the A sites in the spinel have a
cubic point symmetry. With an increase in size of cation on the
A site, the tetrahedron composed of the first nearest four oxygen
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TANLE 28
SUMMARY OF THE EXPERIMENTAL RESULTS FROM THE MOSSBAUER SPECTRA

oF r.cauol
(c."/o. source at 298°K)

Isomer shift Effective
Tt:“::::“ relative to Quadrapole Rffn:::o magnetic
‘(" ) stainless splitting m field in
°K steel kOe at
() (mm/sec) (k0e) (0°K)
738 0.10;0.04 0.“:0004 -
718 0;19"_0.0‘ 0.40;0.04 -
688 0.31:0.“ o.“:ooo‘ bt
830 0,29+0,04 0,00+0,04 300+4
520420
400 0.36+0.04 0,00+0.04 405+4
208 0.42:0,04 0,00+0,04 A55+4
193 0.,48+0.04 0,02+0,04 4874

) 0.5040.04 0.0040.04

&
I




ions expands preserving its cubic symmetry. This would be observed
in the inerease in the value of u parameter (page 74 ). The a°
electronic configuration of ferric ion camnot give rise to any FFG,
Therefore the cause for the existence of FFG may be sought in the
asymmetry of the next nearest neighbours of the A site. FEach A
site is surrounded by twelve B sites which in the present case
would be occupied by Ma’ and Cra‘ ions, There are a number of
ways in which these divalent and trivalent ions can be distributed
on these twelve B sites and the EFG on the A site would be
different for each such arrangement., The asymmetric charge
distribution associated with the random distribution of the
divalent and the trivalent ions on the B sites surrounding each

A site would therefore produce a net EFG at the A site giving

rise to a qundn:xp:é"o“ e.!l“ M3ssbauer spectrum. Cox et 5,[.38

also found a well *donblot in the M8ssbauer spectrum of the para-
magnetie state of cubie HM’ which was attributed to the
coexistence of the trivalemt Pe ' ions and univalent Li* ions

3+

on the neighbouring equivalent sites around Fe" ions.

The presence of the quadrupole splitting in the
spectrum above the Curie point and its absence in the spectrum
‘in the ferrimagnetic state, give us apparently contradictory
results regarding the presence of IFG at the A site in Fe [Crllg 0‘.
Hrynkiewiez et n.” have reported the M3ssbauer spectra of the
cubic spinels NiFe,0,, cmzo‘. MnFe 0, and u;r.ao4 in their
ferrimagnetic state. They also found a hyperfine split spectrum
with no quadrupole splitting, and explained this behaviour due to the

cubic surrounding of Poa' ion, a conclusion which we now know

QO



Lo be incorrect. The observed doublet in the M8ssbauer spectrum
of the Fe ErNi} 04 in the paramagnetic state indicates the presence
of an EFG at the A site. The quadrupole splitting (-, in the
presence of an axially symmetric electric field gradient temsor
with the symmetry axis at an angle 8 with respect to the magnetiec
axis is given by the equti-9f22, see page 21),

For I = 3/2 and 'V\'- 0, this equation may be written as:

Q-‘—:‘Q(ac“"‘od) el AN

If the magnetic field H is inclined at an angle O-Con-%/g.. to
the symmetry axis of the EFG, the quantity within the bracket
would become zero, and hence the value of (_— would also be zero,
The hyperfine spectrum in the ferrimagnetic state therefore would
not show any quadrupole splitting even in the presence of the EFG,
If the MBssbauer spectra of the spinels studied by Hrynkiewicz
et 2139 are thken in their paramagnetic state, one would observe
quadrupole splitting even though the spectra in the ferrimagnetic
state show the absence of quadrupole interaction. Confirmatory
evidence is provided by the observed quadrupole splitting in the
MBssbauer spectra of Ih!‘oz():" and CoF020441 in the paramagnetic

state.

The effective fields acting on the Poa’ nuclei at A
sites in Fe [c:-mj 0 4 in the ferrimagnetic state were calculated
from the separation of the lines in the hyperfine split spectrum
are given in Table (28). On extrapolation to 0°K, (Fig. 27) a
value of 520420 ke was obtained, This value may be compared

with the average value of the effective magnetic ﬁold” of

79
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520420 kOe at 0°K in NiFe,0, and 546220 kOe at 0°K in CoFe,0,,
3+

where the Fe' ions are equally distributed on the A and B sites.
It, therefore, appears that the value of Heff due to the '.3+
ion does not depend markedly on the nature of the A and B sites

in the spinel structure.

The ferrimagnetic-paramagnetic transition temperature
was also determined by monitoring the counting rate of the 14.4 kev
peak at a velocity of +0,12 mm/sec with an increase of temperature
of the absorber. A plot of count rate versus temperature shown in
Fig. (28), indicates a transition in the counting rate at 330°C+2°C.
This is in good agreement with the reported value of 325°C.

The M8ssbauer spectra of the spinel F‘o('lﬂh]o‘ were
obtained in the ferrimagnetic and also in the paramagnetic states
Fig. (29). The MBssbauer parameters are given in Table (20). In the
paramagnetic state this spinel shows a well defined doublet with a
quadrupole splitting of 0.50+40.04 mm/sec at 727°K and an isomer
shift of 0.,1040.04 ma/sec with respect to stainless steel. The
Mdssbauer spectrum in the ferrimagnetic state (Fig. 20) at 208°K
has an isomer shift of 0,46+0.04 mm/sec, but mo quadrupole splitting.
The absence of quadrupole splitting in the ferrimagnetic state and its
presence in the paramagnetic state is due to the aligmment of the
magnetic field M, at an angle & = 54°44' to the symmetry axis of the
EFG, as already explained earlier in the case of Fo[CrNiJO‘.

The effective magnotic field H_,, due to the Fo ' melei

at A site in PQ[MIJ 0, was estimated to be 530420 kOe at 0°K, a

value comparnble to that found for Fo(CrNiJ 0 4 and by Hyynkiewiez et gl.s

3+

for a number of spinels containing Fe ' ions.

OO
N/
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TABLE 29

SUMMARY OF THE EXPERIMENTAL RESULTS FROM THE MOSSPAUER
SPECTRA OF Fe MnCu 0,

(co® /Cu source at 298°K)

Adosibis Isomer shift Quadrupole Effecti ve Effective
relative to splitting magnetie
Temperature magnetic
stainless field in
°K) (mm/sec) field
steel (k0e) kOe at
(wm/sec) (0°x)
1" 0.10&000‘ 0.50;0.0‘ -
406 0.42+0,04 0.,036+0.04 42644
2908 0,46+0,04 0.02+0,04 46744 530420
193 0.50+0,04 0,00+0,04 49044
79 0,48+0,04 0.,03540,04 52244
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Part 3

Mssbaner and X-ray diffraction studies on the cation
distribution in P¢A120 P

OQur earlier stulies on the MBssbauer spectra in the para-

magnetic state of the spinel type compounds containing either l’oz’

or 1'03’ ions and at only one of the two possible sites in the spinel
structure have shown that:

(1) The MBssbauer spectrum of a normal cubie spinel like Poz’[(:rgﬂ Se
should show a single resonance absorption line because the Poa’

ions are present only at the A sites which have a cubic point symmetry.

(2) The MBssbauer spectra of cubic spinels like Ge Po:‘j 0, and
2

Cdz'tl"o:’Jo‘ which contain either Fe  or Foa‘ ions at the B gites

only show a quadrupole splitting. This is due to the trigonal field

“l

at the B sites in the spinel structure and arises on account of the
asymmetry of the next nearest neighbours of the B site,

(3) Inverse cubic spinels like r."’[cr"mz’} 0, econtaining

ions at A sites only also show a guadrupole split spectrum, This is
due to the EFG produced by the asymmetric charge distribution on the
twelve B neighbours of each A site.

It therefore follows that the M8ssbauer spectrum of a par-
tirlly inverse or completely inverse spinel with irom at both the A and
the B sites would be the resultant of two quadrupole split aspectra,
due to reasons (2) and (3) given above. If the value of the EFG at
the A sites is different from that at the B sites, the quadrupole
splittings of the two component spectra would be different. In such

cases it may be possible to resolve the M8ssbauer spectrum of an



inverse spinel into two separate quadrupole split MBssbauer spectra.

hz'kl:’o‘ is expected to be a partially inverse spinel
and hence its ionic distribution may be represented as
Pof:! M;“ [ Poi’ Alaz:,JO‘ where x is called the degree of
inversion and has a value between 0 and 1, The cation distribution
in this spinel can be determined with a reasonable accuracy by Xe-ray
diffraction since the X-ray scattering power of ’.20 ions and Als‘
ions are very different., It would then be possible to compare the

cation distribution in r.nzo‘ determined by two different techniques.

FcAle‘ was first reported to be a normal cubic spinel by
Barth and Posnjok® and Romeijn®, Dunitz and Orgel®® as well as
lloCluro“ calculated the stabilization energies for the tetrahedral and
octahedral ccordination in termms of the crystal field stabilization
parameter 10 Dq,' MeClure has given the value of the octahedral site
preference energies for the various transition metal ions and these
have been reproduced in Table (7) (pege23). Miller®® extended the
concept of the octahedral site preference energy in a spinel structure
to include the Madelung and short-ranged terms in addition to the
erystal field terms, The values of the octahelral site preference
energies for different ions, as given by Miller, are reproduced in
Table (8) (page20). A perusal of Table (8) would show that a spinel
like r.crzs‘ would have nmommal cation’ distribution because the
Cra‘ ions have a strong preference for the octahedral B sites as
compared to the Pom ions, The octahedral site preference energy for

3+

the In"" ion is more megative (=40.2 k cal/g) than that for the Fe '

2+

ion (=9.9 k cal/g) and hence it will replace all the Fe-' ions from

N

2



the tetrahedral A sites as found in the imverse spinel In [Felns,.
Though the octahedral site preference energy for the Poz’ ion is
more negative tham that for A1°*, yet these values do mot differ
very mach, anl hence there is a possibility that some of the Poz’
ions would be found at B sites in wuzo N giving ;t a partially

inverse cation distribution as observed in c.uzo‘f‘

The MBsebauer spectrum of r.u'o‘ has been studied by a
number of workers who have obtained conflicting results, Mizoguchi
and ‘hnﬁ.. observed a single resonance line spectrum with an 1-0-.1"
shift of 0.98 mm/sec relative to stainless steel. This indicates
that the spinel had a normal cation distribution as found in r.c:,sr
The MBssbauer spectrum of FeAl,0, obtained by Rossiter’ showed a
quadrupole splitting of 1.6040.06 mm/sec with an isomer shift of
1,08+0,06 mn/sec. His value of isomer shift is in agreement
with that of Mizeguchi and 'lunlua. A distinet asymmetry in the
intensity of the two lines of the doublet obtained by Rossiter was
indicated from his spectrum which has been reproduced in Fig.(30).
Ono et gf"“ measured the M3ssbauer spectra of Fedl,0, at 600°K,
200°K and 20°K, They observed two well resolved lines of equal
intensity. AK 20°%K they found an additional peak which they attri-
buted to the presence of ’.30 impurity. The value of isomer shift
was not given by these amthors but the value of quadrupole splitting
has been estimated to be~ 1.5 ma/sec at 208°K. The earlier results

on the MSssbauer spectrum of FeAl,0, are summarized in Table (30).

o0
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TABLE 30

THE MOSSBAUER PARAMETERS FOR r.nao‘

Isomer shift Quadrupole

Prepared N with respect splitting Referense
Sehattan to stainless steel
(sm/sec) (mm/see)
H, + 00, 0.98 at 203°K 0 Mizoguehi and Tanska®
2.5 C0+1 €O, 1,0840.06 at 205K  1,6030,00 Rossiter'
00, + 1, - 1.5 (esti- Omo ot a1%7+48
208K mated
from
graph)
1(»201!2 This work
(B) ~ 1.4 ~ 2,8

at 208°K




(
(=]

The MBssbauer speectrum of the sample of FcAlao‘ prepared

by us is shown in Fig., (31), It consists of three resonance peaks
at 0, 1,46 anl 2,56 -/ne, with respect to 0057/&1 source. The
black dots represent the experimental points. The MBsshauer
spectrum of ngo‘ obtained by Rossiter (Fig.30) appears very
similar to the M8ssbauer spectrum of cur sample up to a Doppler velo-
city of 2.4 -/uo, with the exception that it is displaced by
~ $0.3 mn/see. This is due to the difference in the backing of the
0081 sources used in these investigations., It appears to us that
if Nossiter had taken the data beyond 2,7 mm/sec he would have
obtained a spectrum similar to ours,

The MBssbauer spectrum in Fig,(31) was resolved graphi-
cally into two separate quadrupole split speectra as shown by the
contimnous and the dotted limes., The outer pair: of lines give a
quadrupele splitting of ~ 2.8 mm/sec and an isomer shift of ~1.4 mm/sec

2¢

which can be attributed to the Fe~ ions at the B sites., This value

‘.
The imner doublet with a quadrupole splitting of — 1.4 mn/sec and an

of quadrupole splitting is equal to the value observed in Go{hz}o

isomr-shift of ~1.,1 mn/sec arises due to the Fe>' ions at the A
sites. A small difference in the values of isomer shifts due to Fe>*
ions at the A sites and B si tes may be due to an uncertainty in the
resolution of the spectrum by curve fitting., The value of quadrupole
splitting found in partially inverse Ml204 is larger than the value
of quadrupole splitting in another inverse spinel Fe {c:m]ofo due to
the fact that the Po“ ion is a more sensitive probe for the EFG than

the Pe>* ion.



87

If we assume that the Lamb-MBssbauer factors for the ,.20

ions at the A and the B sites of M’O‘ are equal, them it is possible
to determine the degree of imversion x in Fe, Al [ro{ua_ 404 by
comparing the area under the two resolved MBssbauner spectra. The

value of x has been found to be 23%,

The cation distribution was also determined by X-ray
diffraction method, The X-ray powder diffraction pattern of ruuao M
is shown in Fig.(32) along with its photometer reading. By comparing
the observed intensities of the reflection for different planes in
the X-ray diffraction pattern of r.uzo‘. with those calculated for
different degrees of inversion., The caleulated intensities for
xe0,16, 0,20, 0,256 and 0,30 are given in Table (23) along with the
values of the observed intensities. The u parameter was taken as
0.3885 “°, The value of reliability fastor
WHLNELN

Z ‘ Iobl i
was found to be minimm (0.088) for x = 0,25, The degree of
inversion found by X-ray di fffaction method is in ud agreement with
that found from the MBssbauer spectroscopy. Roth“ has reported
the degree of inversion in r.nzo‘ to be 184 from his neutron diffra-
ction experiments, Different methods of preparation of M.O‘ and
may produce small differences in the degree of inversion. This may
explain the difference in the value of x reported by Roth from neutron
diffraction and that found by us by Xeray diffraction and MBssbauer

spectroscopy.
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Part 4
ZnlingFeo_y04
Charge distribution in the mixed oxide spimels: Coln Fe, 0, &

The MBssbauner experiments on high spin compounds of irom in
different valency states show a systematic behaviour with respect to
the isomer shift. Characteristic wvalues of isomer shift are obtained

for different oxidation states of iron as given in Table (4) (pageis).

The MBssbauer study can therefore be used to give information
to identify the cation dxidation state in mixed oxide systems where the
metal ions can have variable valenecy. This chapter deals with the
determination of charge distribution in the mixed oxides w.o‘
and Cobho‘. where Co, Fe and Mn ean exist in different oxidation
states,

(A) Zniin !o! ol:

The magnetic and erystallographiec properties of the system
7niin Fe, 0, wore studied by Blasse™’°! in great detail. These
systens are paramagnetic at room temperature and have a spinel strue-
ture., There are two possibilities of the charge distribution in this
system, viz,

(1) 2a™m>re*0,
oF (34) u"h“n'“o‘

Bongers®> found that the Mn is tetravalemt and Co and Nj

are divalent in the spinels z-[bco]o‘ and u[mh]o‘. The resistivity
of these samples (~20%\ em for 0/x<2 ani 10% em for xe2)
and the occurrence of tetragonal dt-tmlu” for x> 0,6 indicate

that the combination Fe '~ Mn>* is more stable than the alternative



TAHLE 31

THE MOSSBAUER RESULTS FOR wﬁm lehl’oo‘

(Co"/cn source at 208°K)

Absorber :;:::':h:."’ Quadrupole
Spinel temperature stainless steel splitting
(*x) (mm/nec) (mm/sec)
z%.b“l.b‘u 208 0,4740,04 0.3440.04
193 0.60+0,04 0.3640,04
z-v.r.o4 298 0,47+0,04 0.,50+0,04

103 0.5740.04 0.58+0.04
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combination of ’.20_. h“ in this system, The tetragonal distortion

shows the presence of the Jahan-Teller ion Iha’. However the curie
conatant for ﬂ'hz_’o‘ is much lower thamithe spin - only value for

3+ 3+

Mn" —¥Fe combination and nearer to the curie o.onntnt calculated

for Pe>* and Mn** pair.

In order to identify the correct charge distribution,
Z*O.Bhl.boi and w.o‘ were used as absorbers in the MBssbauer
experiment with a moving co"/cn source, The M8ssbauer spectra are
shown in the Fig, (33) and data are summarized in Table (31), It
would be observed that both the spectra showed symmetrical doublet,
A quadrupole splitting of 0,34 mm/sec and an isomer shift of
0.47 mn/sec relative to stainless steel was obtained for Znin,  Fe, .0,.
The corresponding values of the quadrupole splitting and the isomer
shift for the tetragonally distorted ZmMnFe0, were 0,50 mm/sec and
0,47 mm/see respectively, These isomer shifts are characteristie of
high-spin ferriec compounds and hence the true charge distribution is
represented by (i) 7nun”*Pe’*0,,

(») ColaF'e0 .1

Blasse®! investigated the erystallographic and magnetie
properties of the system Colh.hHO « This system has cubic spinel
structure for values of x upto 1 and is tetragenally distorted (c/a>1)
for x71.,5. The curie temperature decreases with an increase in the
value of x, Cm‘ is ferrimogretic at room temperature with a curie
temperature of 450°K,

Determination of charge distribution in (:o)ln!'oo4 is compli-

cated and has not been attempted so far because all the cations present

v



TA

THE MOSSBAUFR RESULTS FOR CoMnFe0

4

Source and its Isomer shift Quadrupole
temperature Absorber relative to splitti
(°K) stainless steel -/u:’
(mm/see)
Co®'/Cu at 208 CoMaPe, at 0,27+ 0.04 0.3840,04
848°K
ColMaFe0,:Ce®! K, Fe(CN),.3H,0
4 4Fe(N)g. 30,
at 208°%K
550 «o=- 0,12+ 0,04 0,32+¢0,04
663 ~do- 0,08+ 0.04 0.26+0.04
773 «do= -ooo‘z_’o.o‘ 0.24:.0.0‘

Note: The isomer shift has been converted with respect to stainless

steel by subtracting 0,08 mm/sec from the values obtained with

respect to potassium ferrocyanide absorber.

91
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can have different valencies (Co: 2 and 3, Mn: 2, 3 & 4 and Fe:2 and 3),
The large resistivity of CoMnPed, (10%\ om) indicates that it does
not contain ions of the same element with different oxidation states.
There are thus four possible ways of charge distribution in this
spinel, viz,
(1) co®*un>*re0,

(1) co®ua**re™o,

(111) co*un*re™o,

(iv) Coa’lhg‘ha’o‘

The MBssbauer spectrum of Colhho‘ was taken in its para-
magnetie state in order to avoid the effects of muclear 7eeman spli-
tting., The spectrum taken at B48% is shown in Fig. (34). It gives
an isomer shift of 0,2740,04 mm/sec with respect to stainless steel
and a quadrupole splitting of 0.38 mm/sec. This value of imomer
shift is characteristic of spin free ’.30 ions and hence rules out
the charge distribution indicated in (ii) and (iii). In order teo
choose between the charge distribution represented by (i) and (iv),
Mbssbauer studies were undertaken with Co’' doped CoMnFed, as a source
and x‘r.(cn)o.sszo as the moving absorber. The M8ssbauner spectra
were token with the source at 550°, 0663° and 773°K and the
K‘PQ(CN)B.SBRO absorber at 208°K, The absorber was prepared from
Fe metal enriched to 92% 7¢57 and was 0.8 q/c:-a thick, The spectra
are shown in Fig,.(35) and the data are summarized in Table (32). A
gquadrupole split spectrum was obtained in every case. At 550°K the
value of the isomer shift was 0.12 mm/sec with respeet to stainless
steel with a temperature coefficient g% - = 7.22 x 10" %m/see/ K

in the temperature interval 550 == 773K, If it is assumed that the
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temperature coefficient in the 550°K to 208°K range is the same, the
value of the isomer shift at 208°K would be 0.30 mm/see with respeet
to stainless steel. This value of isomer shift is characteristic

of high spin Fe>* compounds and hence can arise only from the decay

34

of Co" in cou-r.oc Cobalt is thus present in the trivalent state

and the charge distribution in CoMnFe0, is presented by (iv).

In the electron capture decay of muclei various highly
ionized atomic states are produced due to the Auger pmcouu. The
MBssbauer experiment would show these highly charged states if the
time required to reach electronic equilibrium following the Auger

process is of the erder of 10.1 sec, the life time of the isomerie

transition in l‘o".

Several 'orkouuw have reported the simultaneous obser-
vation of 42 and 43 oxidation states of iron if COM decays in a
medium of high dieleetric constant, Our results show the presence
of only +3 oxidation state indicating that the higher charge states
produced due to Auger Effect are neutralized to stable +3 oxidation
state in a time shorter than the life time ( 10~ see) of the

MBssbauner transition.
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SU AR

This thesis deals with the use of the MB8ssbauer Iffect
to obtain useful information on the cation oxidation state and
site distribution in mixdd oxide or sulphide systems with spinel
structure, especially those containing cations of variable valency

which can oceupy more than one possible site,

A number of model cubie spinel type compounds were
prepared and their M8ssbauer spectra studied, These spinels were
8o chosen that they contained either a Poz‘ ion or hs‘ ion and at
only one of the two possible sites viz., tetrahedral (A) or octa-
hedral (B) sites. These are:

-

1) Normal spinels: Fe [ch'gJo4 and Fe [»Cer‘S

4 which have

2+

Fe™ ions at only A sites,

2) Normal spinels o.(ng]o‘ and Inverse spinel In [roni] .
which contain hz’ ions only at (B) sites. -

3) Tnverse spinels Fe|CeNil0, ani Fe MaCa 0, which
contain ha’ ions at the A m..; onl;. J

4) Normal spinels cair.a}% and anroz]% in which Pe>*
ions are at the B sites, |

MBssbauer spectrum of Fc(Crgﬂ‘;s at 25°C shows a single

J

resonance absorption peak with an isomer shift of 0,72+0.04 mm/see
and line-width of 0,48+0.04¢ mm/sec. On the other hand, the
MBssbauer spectrum at 25°C of FQ[ACrz-!04 which also contains ’.20

ions at A sites only, shows a rnons;nc absorption peak with an
isomer shift of 0,9640.04 mm/sec but a line-width of 1,04+0.04 mm/sec

which is an order of magnitude larger than that of Fe [Crzws‘. The



9%
line width of the resonance line in the M8ssbauer spectra of
Fe|Cry|0, decreases to 0.8030,04 my/sec when the absorber is
luntodlto 100°C and thereafter it remains constant upto 180°C,

The fact that the line width decreases with the increase of tem=-
perature, shows that the degeneracy of the d :a -y’ and a_a

states is lifted due to a local distortion around the A sites,

which has not been determined by Xe-ray diffraction sinee the

latter can only detect the effect of long range order. The
M8ssbaner spectrum at =194°C has a well separated doublet with

a quadrupole splitting of 2,68+0,04 mn/sec. This can be attributed
to the tetragonal distortion of the lattice on aceount of Jahn-Teller
Effect.

The MUssbauer spectra at 79°K of rwi?oai04 and In{k‘dn‘}s .
the two spinels which contain Poa' ions at the B sites show a qua-
drupole splitting of 2,78+0,04 and 3,1240.04 mm/sec respectively,

In an octahedrally symmetric enviromment, the three t, states are

degenerate and hence equally populated by sixth elec::a of d‘

ion. Sieh a mixture of three d states would have cubic symmetry and
should not give rise to quadrupole splitting. The observed quadru=
pele splitting in the spectra of these compounds has been explained
due to the presence of a trigonal field at the B sites of the aspinel
structure.

Cd[Po;lo‘ and Zn[l‘oaj)o‘ are "normal” cubic spinels in which
ha’ ions are present at the B sites only. Their M8ssbauer spectra
at 79°K show quadrupole splitting of 0.64+0,04 mm/sec and 0,3240.04 mn/sec
respectively, cdz‘ and ,.80 ions have electronic configuration
which do not cause Jahn-Teller distortion. As pointed out earlier

in the case of GQ[F%} " the observed quadrupole splittings in



C

{Fcz 0, and Zn '.8J°4 are due to the presence of the trigonal
field at the B sites of the spinel structure. The comparatively
larger quadrupole splitting observed for Ooli’ochio‘ than for
cal ve, o and 7a| P 204 is due to the presence of Fe2* fon which
is a more sensitive probe for the electric nold gradient than the

3+

Fe" ions, The guadrupole splitting for Cd Po 0 found to be

274
larger than thet for zn[ Fey|0,. This has been explained due to the
presence at A sites of cda’"ton- which are 25% larger in size than
2’ ions, The guadrupole splitting in both these spinels decreases
with the deerease of temperature indicating that these two com-
pounds on cooling to liguid nitrogen temperature approach closer
to the ideal spinel structure.

The inverse cubic spinels FQ{LCrNt }0‘ and ?o:{

MaCu 0,

which contain Fe>* ions at the (A) sites only are ferrimagnetic

at room temperature, The MBssbauer spectra of these two spinels

in their paramagnetic state have a well defined doublet with quadru-
pole splitting of 0,44+0.04 mm/sec at 738°K and 0.50+0.04 mm/seec

at T27°K respectively. Their corresponding isomer shifts of
0.18+0.04 and 0,1040,04 mn/sec respectively lie in the region of spin
free Pos' compounds, The db electronic configuration of the Poa’
ion and the cubie point symmetry of the A sites cannot give rise to
any EFG, The observed quadrupole splitting has been attributed to
a FEFG at the A sites on accoumt of asymmetric charge distribution
associated with the random distribution of trivalent and divalent
ions on the neighbouring twelve (B) sites, which surround each (A)
site. In the ferrimagnetic state, these spinels show a six-finger

pattern with no quadrupole splitting. The quadrupole splitting ,



in the presence of axially symmetric EFG temsor with the symmetry

axis at an angle &, with respect to the magnetic axis is given by

Ca ?.;f%_—‘)- 3w’ 1(1.1):1 /Qc«“o-1>

For I = 3/2,

Cw '—:39 (3 Cos® - 1
If the magnetic field H is inelined at an angle &= Co.‘i\/%
to the symmetry axis of the EFG, the hyperfine spectrum in the
ferrimagnetic state would not show any quadrupole splitting, The
effective magnetic ficlds in r.[cnu}o‘ and r.[uno.]o‘ have been
found to be 507+4 kOe and 522+¢4 kOe at 79°K which on extrapolation
to 0K give a value of 520420 kOe and 530:+k0Oe respectively,

These results from the M38ssbauner spectra of the above model
cubic spinele have been used to detemmine the degree of inversion
in r.uzo . The cation diltributiol; in r.nao‘ is expected to be
partially inverse. The Missbauer spectrum at 208°K of hAlzo“
shows three resomance peaks which can be resolved into two quadru-
pole split spectra with quadrupole splittings of 1,40+0.04 and
2.8040,04 mn/see, due to the Fe"' ions on A sites and B sites
respectively. Assuming the Lamb-MBssbauer factor teo be equal
for the hz’ ion at the A and B sites of F.uzo‘, the percentage
of Fe°* 1oms at the B sites have been caleulated to be 23%., The
cation distribution was also determined by comparing the calculated
and the observed intensities of the diffraction lines in the X-ray
powder pattern, It was found that 25% of Fe>* ions are present at
the B sites, in agreement with the results obtained from the

MBssbauer studies,

120
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M8ssbauer studies were also undertaken to determine the charge
distribution in the spinels zuu.o‘ and Co)hho‘. in which the
valencies of the cations have so far not been unambiguously established,
since the elements Fe, Co and Mn can exist in a mumber of oxidation
states, The charge distribution in Znh!oo‘ may he expressed in two
possible ways:
(1) z*w**re™o,
(141) ™™ re™0,

The resistivity data and the value of lattice constants in the system

I+
Zdh‘l’oa_'ﬂ‘ indicate that the Fe

than the ’.20_ h“ pair, On the other hand, the value of the curie

— ‘-30 combination is more stable

constant calculated for the combination Ma** — Fe* than the Mn>* — re>*
combination, The Mbssbauner speetra of an absorber made of anh!oo‘.

has an isomer shift of 0,47+0.04 ma/sec and a quadrupole splitting

of 0,50+0.04 mn/sec, the MBssbauer parumeters characteristic of

spin-free Fo>*ions, and hence it can be said without doubt that in

the spinel zm‘. Fe and Mn are in their trivalent states,

Determination of charge distribution in Co¥MnFe0 4 is more compli-
cated and has not been attempted so far because all the three cations
can have different valencies (Mn: 2 or 3 and 4, Fe: 2 and 3, Co: 2
and 3).

There are four possible ways of charge distribution in this spinel:
(1) Co®n*re>*0;
(11) co®ua**re®o,
(111) co® > re0,

(iv) o> un2*Fe>*0 N



>
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P

The M8ssbauer spectrum of cau'go‘ absorber at 548°K gives an
isomer shift of 0,27+0,04 mn/sec and quadrupole splitting of
0.38+0,04 mn/sec, The value of isomer shift is characteristic of

3+

spin free Fo© ions, and hence the charge distributiom indicated

in (i) and (iii) can be ruled out, Farther information on the

charge distribution was obtained by using 0087

doped ColinPe0, as

a source and x‘r.(m)‘.sn,o absorber in M8ssbauer experiments,

An isomer shift of 0,12 ma/sec at 550°K and a quadrupole splitting

of 0,32 mm/sec can arise only if Co>! is in 3° state inm CoPeitn0 .
3+, 2+ 34

Hence the charge distribution should be Co” Mn“ Fe" 0 4

The MBssbauer spectra were cbtained on a constant velocity
drive in which the source can be moved with respect to a stationary
absorber with veloeities upto 3.6 em/sec in steps of 0,0036 cn/see
or its maltiple, co” source was prepared on Cu backing., The
spinels were prepared by solide-solid reaction,
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ITAHLE 1) .
X~RAY DIFFRACTION RESULTS FOR FeCry0,

Ring Intensity Indices d p:::::r \;:lr:o
No. I hk1 G of 'a’ in
A
1 M 111 4,840 8,380
2 M 200 4,185 8,370
3 S 220 2,950 8,350
4 V.S, 113 2,530 8,370
8 V.¥, 222 2,408 8,350
6 M 400 2,095 8,370
7 V.W, 331 1.924 8,370
8 W 420 1.8069 8,360 8.366
9 M 115,333 1,613 8,370
10 S 440 1.484 8,380
11 V.¥W, 620 1,323 8,360
12 w 336 1,278 8,388
13 V.¥, 444 1.210 8,370
14 V.V.W, 642 1.120 8.370
18 W 553,731 1,090 8,360
16 V.V.W, 800 1,047 8,370

V.S, Very strong

S Strong
M Medium
w Weak

V.W, Very weak
V.V.W, Very very weak



IAHE )2
X-RAY DIFFRACTION RESULTS FOR GeFe,0,

Ring Intemsity  Indices . m:“ -t
No. I hkl ‘al in x of :a'
in A

1 8 220 2.9856 8.410
2 V.8, 113 2,548 8,420
3 M 400 2,006 8,384
4 W 422 1.716 8.410
) 8 115,333 1,620 8.410
6 V.8, 440 1.488 8.410

7 V.V.W, 620 1.328 8.400 8.4106
8 w 622 1.270 8.428
9 V.V, 842 1.124 8,410
10 M, S, 553,731 1.0948 8.410
11 V.V, 800 1,083 8.424
12 V.%, 822 0,993 8.410
13 M.S, 555,751 0.977 8.390
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X=-RAY DIFFRACTION RESULTS FOR l'oCras

TARLE 13

4

—————

iung Intensity Indices . Lattice Average
No 1 k1 i B
‘a' in A °
in A
1 M, S, 111 5,763 9,985
2 8 220 34530 0.990
3 V.S, 113 3.008 9,976
4 8 400 2,498 9,994
5 w 422 2,040 9,999
(] M, 8, 115,333 1.920 9.980
7 M, S, 440 1,761 0,960
8 V.¥W, 620 1,580 0.999
9 V.W, 622 1,506 0,978 9,983
10 VoW, 414 1,439 9,960
11 V.Vo ¥, 711,651 1,390 0.926
12 V.¥, 583,731 1,304 10,000
13 W 800 1,260 10,080
i4 w 733 1.22 0,990
18 V.V.¥W, 822 1,169 9,920
16 VoW, 840 1.120 10,000
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TABLE 14
X-RAY DIFFRACTION RESULTS FOR FeIn,S,

Ring Intensity Indices . Lattice Average
No. I bkl parensier ::“,‘:,
‘a' in A N
in A
1 .S, 220 3.739 10,580
2 V.8. 113 3,190 10,590
3 M8, 400 2,633 10,532
4 W 422 2,163 10,580
] M.S8. 115,333 2,036 10,585
6 M8, 440 1,869 10,578
7 V.V, ¥, 620 1,669 10,585
8 \AD 335 1.615 10,590 10,582
9 V.¥, 444 1,830 10,598
10 VoW, 642 1,419 10,620
11 W 563,731 1,378 10,580
12 | J 800 1,324 10,592
13 VeV ¥, 822 1.247 10,590
14 v 555,751 1,222 10.585
18 w 840 1,182 10,590
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TAHE 15

X=-RAY DIFFRACTION RESULTS FOR (2(!’0104

NMag mesly  Istsas a m.m it 2
No. 1 bl ot e © 'at in
A

1 8 220 3,076  8.699

2 V.S, 113 2,630 8,721

3 w 400 2.178  8.712

4 v 33t 2,000 8,716

5 .S, 422 1,774  8.690

8 s 115,333 1,706  8.680

7 v.S. 440 1,540 8,707 8.699
8 W 620 1,375 8,600

9 M8, 622 1,310  8.690

10 V.V, 642 1,160  8.690

1 .S, 853, 731 1,130  8.685

12 W 800 1,086 8,601

13 v 822 1,026 8,700
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TAILE 16

X~-RAY DIFFRACTION RESULTS FOR an'ozo‘

Ring Intensity Indices 4 ::2::“. ::1':‘: P
No. I bkl ‘a' in 'a' in
A A
1 w 111 4,885 8,415
2 S 220 2,978 8.416
3 V.8, 113 2,534 8,405
4 M, S, 400 2,008 8,392
b M, S, 422 1,719 8,420
6 M. S, 115,333 1,620 8,415 8.411
7 8 440 1,485 8,398
8 V.V, ¥, 620 1,330 8,420
9 L] 335 1,283 8,408
10 V. ¥, 842 1,128 8,425
11 V. W, 553,731 1,006 8.420
12 V. W, 800 1.051 8.412
13 L] 751 0,970 8,408

C S



TADLE 17

X-RAY DIFFRACTION RESULTS FOR !ﬂlo.!l'o! !04

Ring Y Tuiteove a :::::or :::::‘:t
No. I hil 'a: in ':' in
A A

1 V.V.W, 200 4,245 8,490

2 M.S, 220 2,999 8,490

3 s 222 2,453 8,495

4 V.¥, 422 1,738 8,500

8 W 115,333 1,635 8,500

6 M8, 531 1,450 8,550 8,507
7 V.V,W, 731,553 1,108 8,490

8 W 800 1.070 8,560

L V.W, 733 1.039 8.495

10 w 662 0.962 8,500




TARLE 18

X-RAY DIFFRACTION RESULTS FOR ZnMnFe0

4

Intensity  Indices 1-5 -‘-5 Lattice
1 k1 d‘“ d sl parameters
w 101 0.0448 0.0444
.S, 112 0.1150 0.1161
s. 211 0.1666 0,672 ©'w ¢ = 8.540 A
o
V... 204 0.3450 0.3420 *=08.7134
"- 8.079 K
W 303 0.3990 0.30901 )
© w 1,057
W 224 0.462 0.4641 '
V.V.¥. 305 0.621 0.6184




TARE 19

X~BAY DIFFRACTION RESULTS FOR ColinFe0,

Lattice Average
Ring Intensity Indices a oo s g o™
No. I hicl ‘a' in ‘a' in
o o
A A
1 w 111 4,856 8.420
2 M.8, 220 2,970 8.400
3 ) 113 2,534 8.406
4 w 400 2,008 8.302
5 V., 422 1,710 8,410
8.409
6 W 116,333 1,620 8.410
7 VoW, 440 1.485 8,410
8 W 642 1.124 8.410
] v 553,731 1,005 8,410
10 V.V. ¥, 800 1.064 8.432
i1 w 751,558 0,908 8,400




X=RAY DIFFRACTION RESULTS FOR PoCerO‘

TAILE 20

Ring Intensity Indices Lattice Average
e S ol
A A
1 W 111 4,807 8.328
2 V.V.W, 200 4,149 8,208
3 .8, 220 2,940 8,300
4 8 143 2,495 8,280
5 V.V.W, 222 2,308 8,300
6 M. 8, 400 2,080 8,320
7 V.V.W, 420 1,855 8,208
8 W 422 1,694 8,29 8,298
9 M. 8, 115,333 1,598 8,280
10 S 410 1,469 8.310
11 W 620 1,310 8.300
12 w 338 1.260 8,278
13 V.V. ¥, 444 1,200 8,320
14 V.V.W, 711,551 1,160 8,280
15 V.V.W, 642 1,109 8,310

P

b

-

2



X~RAY DIFFIACTION RESULTS FOR FeMnCu0

TAME 21

4

g ety Tmiees Mt e
No. I hil 'a; in 'a: in
A A
1 VoW, 111 4,830 8.370
2 M, S, 220 2,960 8,370
3 8 311 2,510 8,333
4 V.¥. 400 2,088 8.340
5 V.¥W. 422 1,699 8,330 8,336
6 w 115,333 1,600 8,320
K M, 8, 440 1,469 8.308
8 V.V.¥, 531 1,405 8,315
9 M. 8, 622 1.260 8,360
10 w 553,731 1,084 8.340
11 W 751,555 0,989 8,318

i1

B



TARE 22

X-RAY DIFFRACTION RESULTS FOR rmzo‘

[,

P
» ol

Lattice Average
iiing Intensity Indices parameter value of
No. 1 k1l d '2' in ':\' in
A A
1 8 220 2,865 8,103
2 V.S, 113 2,448 8,117
3 V. W, 400 2,032 8.128
4 V.V.W, 331 1,862 8.116
5 M 422 1,681 8.088
6 8 115,333 1.558 8,080
1 S 410 1,431 8.003
8 V.V, 620 1,283 8,113
0 w 335 1,235 8,097 8,006
10 VoW, 642 1,082 8,006
1 W 731,553 1,055 8,103
12 V,V.¥%, 800 1,018 8,120
13 V. V.¥, 822 0,9532 8,083
14 w 751,558 0,0346 8,094
15 w 0231 0.8506 8,110

16 w 844 0,8268 8.110




X~-RAY INTENSITIES FROM !’oAlaO‘ POWDER PATTERN

TAME 23

o o
(X-ray) = 0,70926 A; a= 8,008 A; u = 0,3885

B cal cal cal cal

hil obs for for for for
A =0.18 I =0,20 Y =0,28 W =0,30

220 67.70 68,25 66,70 64,50 60.40
113 100,00 100,00 100,00 100.00 100,00
400 26,80 17.30 18.60 22,00 23,80
a3 3.92 5,28 3.74 3.82 2,92
224 25,80 26,30 25,40 24,90 22,20
115,333 55,90 57.90 57.50 58,28 56,60
440 82,90 74,50 76,60 77.00 76,00
620 11,00 0.86 9.90 9.38 8.60
335,226 23,80 18,08 19,58 18,90 18,60
642 13,30 14.20 14,60 13.30 12,70
731,663 14,10 25,30 26,00 26,20 26,20
800 11.80 9.30 9,88 0.80 9,50
Reliability
factor
= 2| Toar~Tobsl  o0.116 0,098 0.086 0,090

Z\ Iolu\

s

(V) 4
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Structure Factor of Cubic Spinels

bkl r&l (Structure factor)
111 a/21, -812,4+16/2 £,% (Cos”27cu + Sin’ 2%u)
220 8 ‘A + 32 lo>( (!ol2 47lu
an 422, + 812, +16/2 £,X (Cos” 21Tu Cos 61u - Sin® 2N u
8in 6[Tua)
3
222 16 ‘B + 32 fo Sin” 47T
400 81, - 16 £+ 32 £, XCos BT u
331 4/22, =812, 4162 2, (Cos” 61Tu Cos 21u + sin® 61
8in 27Tu)
422 8 £, + 32 2,x Cos 8u Cos® 47u
511 4/21, +812,+16/2 2 <Co| 1071U_Cos> 27u + Sin 10/ u
8in® 2/vu)
333 4 /22, +812,+16/22 Cos’ 6/u~Sin’ 67 u)
440 82, +16 £, + 32 2 Cos” 87u.
531 4. /212, -812,4+16 /212 (Cos 2Au Cos 67u Cos 10/Tu
- Sin 2AU.8in 6/ u Sin 104X u)
442 32 £,Y 8in” 87u  Sin 4rTu
620 8 £, + 32 £, Cos 127Tu Cos 41Tu
533 4./21, +812,+16/2 2, (Cos 10/Ku Cos” 67 + Sin 107w
Sin® 67\ u)
622 16 £, - 32 £, X Sin 12%u Sin® 47u
e 81, - 16 £, + 32 £, Cos® 87u
71 4/2, =82, +16,/2 1, Cos’ 2Xu Cos 147u - Sin" 2Au
Sin 14" u)
551 4./32, ~82,+16/2 £, (Cos® 20Wu Cos 2 + Sin° 107w
8in 27Tu)

642 Bleaz ROXCM 127Tu Cos 8Tu Cos 4ilu



731

733

644
822
751

911

753

031

where

_'!l 11;

4./22, +812,+ 16./2 1, (Cos 2Tu Cos 67u Cos 1411 u +
SwmzruSin 6Tu Sin 147 u)
4/22,+812,+18/2 2, (Cos® 10Tu Cos 6Tu = Sin® 107 u
Sin 67Ta)

8 ‘A + 16 fB" 32 ‘0 Cos 167 n

4./2 2, -8 2, +16,/2 £, (Cos 14w Cos” 61Tu - Sin 14Tu
$in® 6 7ra)

32 £,% Sin 127w Sin® 87w

82, + 32 £,x Cos” 12TTu

4/22, +8 £, +16/2 2, (Cos 1471 Cos 101Tu Cos 2T7m
- 8in 1477w Sin 107w Sin 2Vw)

4.2 £, +812,+ 10J£ro (Cos® 10Tru + Sin® 10 \Tu)
16 £, + 32 £,% Sin” 127w Sin 4TTu
8 tA - 16 !B + 32 foX Cos 16TTu Cos 8Tm

4/22, -8¢2 +16/2 (Cos 18Tu Cos® 2TTw + Sin 18T
sin’ 2Ta)

4/22, -812;+16,/2 £, (Cos 14Tu Cos 10Tru Cos 67w
+ Sin 14Tu Sin 10Au Sin 6T u)

32 fox 8in 16TTu S8in 8TTa Sin 4Tu
82, + 32 £ XCos” 21Tu Cos 8TTu

4\/3’2‘ +81,416/2 2 X (Cos 18TTu Cos 16Tru Cos 2TTu
- Sin 18Tru Sin 167Tu Sin 2T7/w)

82, +16 £, + 32 £,X Cos 16Tu Cos” 81Tu

t, '= Atomic seattering factor of atom on A sites
f' = Atomic scattering factor of atom on B sites

‘0 = Atomic scattering factor of oxygen



Calculation of interatomic distance in cubic spinel.

Uy =0 = @ = -% +352

($+8) 3
a/2
VT

gK
:

@i

¥, a/3

Yoot = Moot

where a = cell edge, (= u - 3/8



