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Ferrite nanoparticles of IV ip,35Mng 35Zng 3Fey_, Ce, Oy ferrite system were produced using sol-gel
auto i':ombuStion‘technique. X-ray diffraction analysis confirms the single phase cubic spinel
structure of the samples with space group Fd-3m. Replacement of Fe®* ions by Ce** ions.
", increases the lattice parameter 8.4105 A to 8.4193. Average crystallite size obtained from Scherrer
method varies from 21.73nm to 22.71nm with replacement of Fe3" ions by Ce®" jons, Wik
limnson-Hall and strain-size plot analysis confirms the nanocrystalline nature of the samples and
“the micro-strain induced in the cubic crystals is of tensile type. Cation distribution suggests that
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Zn?* ions occupy tetrahedral — A-site while Ni2* fons oceupy octahedral — B-site. Majority of
the Mn?" ions prefer A-site and majority of the Qe ions replace Fe'* ions at octahedral — B-
site, High resolution transmission images confirm the homogeneity and nanoparticle nature of the
samples. Two mein characteristics absorption bands corresponding to spine stracture are ob-
served in the Fourier transmission infra-red spectra within the wavenwmber range of 350-
600cm . Stiffness constant, Young’s modulus, rigidity modulus, bulk modulus and Debye
temperature were estimated using FTIR data. Debye temperature obtained from the Waldron
equation varies from 876K to 692K with the addition of Ce3* ions. Higher valies of elastic
“moduli are suitable for industrial applications due to increased mechanical strength.

Keywords: Ferrites; micro-strain; cation distribution; TEM; elastic properties.

1. Introduction

Mixed Ni-Zn and Mn-Zn ferrites have been exten- -

sively investigated from their applica#ion point of
view in various technological fields.*” Variety of

applications led the ferrite materials as one of the’

important materials. They possess in the field of
science and technology. " Both Ni-Zn and Mn—Zn

ferrites are known for their soft magnetic properties.

They possess high electrical resistance (~ 107 Q.cmy)
as well as high permeability in radio frequency (RF)

region and low losses of eddy currents within the-

- frequency range 10-500 MHz.*~! In the recent past,
several researchers have reported the micro-struc-
ture, cation distribution, morphological, magnetic

. and electrical properties of Ni-Mn—Zn ferrites doped
by various divalent and trivalent metal ions '~ 11-12
Magnetic behavior of ferrites has been paid consid-
erable attention due to their improvement in the
overall magnetic properties.'*'® Improvements in
structural and magnetic and electrical properties of
the ferrites at nanoscale dimension still have the top

priority in order to fabricate the micro-devices at
low cost.’” The physical and chemical properties of
spinel ferrites can easily be tuned by adding ap-
propriate amount of dopant and by changing the
synthesis route and sintering conditions. Replace-
ment of Fe3* jons in spinel ferrite by fractional
amount of rare earth ions alters the structural,
magnetic and electrical properties. Rare earth ions
with higher ionic radii than Fe%" ions have limited
solubility in the spinel lattice.'® Introduction of rare
earth ions in spinel ferrites easily induces the in-
creasing ionic radii, micro-strain and controlled
magnetic properties.. Strong spin—orbit coupling of
unpaired 4f electrons in rare earth ions enhances the

electric and magnetic propertics of the ferrites.!

Furthermore, the most significant factor for the

modification of structural and magnetic parameters
is the replacement of Fe®' ions by rare earth ele-
_ments having relatively larger ionic radii.”’ Litera-
ture reports suggest that enhanced electrical and .

magnetic properties of Ce**-doped spinel ferrites

- have significant, applications in different areas such

as biomedical, sensing and core-switching.' 754442

. Below the critical size, fexromagnetic materials

are single domain particles and show high satura~-

tion magnetization. Hence, the type of cation im-
purity is added, its site occupancy and size of the
crystallites extensively influence the electrical and

magnetic properties of ferrites.” A spinel ferrite f'

possesses cubic crystal geometry belonging to t'h_e

space group -Fd-3m. Occupancy of divalent cation

such as Mg?*, Mn?*, Zn?t, Ni*t, Co?+ and Cu?t
. g H 3 . b)

" over both tetrahedral — A and oétahedra.l — Bsites
is termed as mixed (random) spinel ferrites. Ni-Mn— -

Zn ferrites also fall under this category.' It is a
challenging job to predict the possible site occu-
pancies of metal cations in multi-ionic mixed fer-

rites. Site preferences by metal cations towards
tetrahedral — A and octahedral — B sites are also-
governed by synthesis approaches and synthesis

conditions.” Several synthesis approaches have

been developed in order to control the particle size

at nanosca_le dimension and to achieve the desired
properties.”” " Despite the several synthesis tech-

niques, sol-gel auto-combustion technique produces:
- nanoparticles. with promising control on size and -

shape of particles. This synthesis approach is able to

produce the homogeneous nanosized particles at low B
temperature and low cost. The main objective of

this investigation is to investigate the micro-struc-

tural, site occupancy, surface morphology and me- -

chanical properties of Nij 55 Mng 35Zng sFe,_, Ce, Oy.
All the ferrite nanoparticles were obtained via
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Table 1,

Site Qccupancy, Surface Morphology and Mechonical Propeities .

_.Motecular mass of Ni 55 My 357np 5Fey_,Ce, O,

Molax mass (g/mol e!emenf)

Comp. ‘&’

Total (g/mel compound)

Ni Mn Zn Fe Ce 0
0D 205 19.2 10614 111694 0,000 . 63.996 235.077
© 0025, 205 19.2 19614 110298  2.603 63,096 236.284
L0050 205 192 19.614 108802 . 5206 63.996 937,491
S0075 . 205 192 19614 107505 7.809  63.006 238,698
205 192 10.412 (

01 .- '19.614

106.109-

63,996 239.905 .

sol—gel techmque by usitig- the metal nitrates of

. constituent elements as precursors.

N .

2, Expenmental ‘
: Polycrystalline, nanoparticles of ng 35Mng 35Zn0 3=

Fe,. mOe 0; (z=.0.0, 0.025,0.050,0.075 and 0.1)
were syni;hesmed using sol-gel auto-ignition

process.. High' purity  (>98.5%) metal nitrates

Ni(NOy); - Hi30p, Mn(NOy)s - Hy305, Zn(NOy), -
]:{12051 FG(N03) ng()g and OE(N03} HISOQ

~were used as initial materials. Table 1 represents the

molar mass of the reagents used in the synthesis.

" Double dlstllled demonized water was used to dis-

'\_"“Tsolve the startmg materials with their stoichiomet- -
‘ric proportion. The mixed solution was continuously
“stirred by maintaining the constant temperature of

90°(. Citric acid was mixed in the nitrates solution
with the ratio of 1:3 of mietal nitrate to citrate. The

. pH of the solution was kept constant at 7 by slowly

adding the liquid ammonia. in the solution. Con-
tinuous stirring at constaitt pH a.nd temperature for

" 2-31 converts the solution in' to viscous gel. After
“ half an hour, the’ dark brown gel was burnt by self- o

ighition proeess and converted into brown ash. )
The grinded ash powders were sintered at 900°C for
6h in order to obtain the final products. The as-

- prepared samples were investigated by X-ray dif-
-fractmn (XRD) technique, trapsmission electron

wicroscopy (TEM) and Fourier Transform Infrared
Spectroscopy. Powder XRD techmique was adopted
to obtain the XRD patterns at room temperature

‘within the 20 range of 20-80°. Cu-k, radiation

having the 1ncldent wavelength A = 1.5406 A were

" sed. High resolufion transmission electron micrp-

graphs were recorded by using 200kV TEM
model- (Philips - CM-200). Room temperature
Founer transform infrared spectra of all the samples

were recorded on- the disc shaped samples in the -
- wave number range of 350-4000¢m~! by using

_ the infrared spectrometer (Model 783,' Perkin
* Elmer).

‘3. Results and Discussion
Powder XRD patterns of Nlo 35Mn03 Ty 3~

Fey_Ce, 04  (z = 0.0,0:025,0.050, 0.075, 1. 0) are
shown in Fig. 1. For all the samples, Bragg’s lines
were observed near the angular positions 30.03,
35.34, 36.97, 42.95, 53.28, 56.80, 62.37 and 73. 77,
Bragg’s positions show minor shifting towards lower
26 angles with the substitution of Ce3t ions. All
Bragg’s lines are well indexed by the planes (220),
(311), (222), (400), (422), (333), (440, (620), (533)
and (622) Indexed peaks confirm the single phase
‘cubic crystal geometry of the samples. Absence of
any un-indexed peak confirms the phase purity of
the samples. All XRD lines are matched well with

- the results from international database (COD card

No. 90-900-6895, Space group: Fd-3m). Sharp and
intensive peaks confirm the crystallinity of the -
samples. Lattlce constant ‘a’ of each sample was
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Fig. I. Roor temperature powder Keray diffraction patterns

" of Nigs Mg 35 ZngsFes_, Ce, Oy
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Table 2. "Lattice parameter (a), Crystallite size (1) and lattice strain (g) of NipysMny 5570, 3Fey._,Ce, O,

. Scherrer method

W-H Method sqp Metjhod . Y

‘=’ C ot (A) “4p_g’ (um) “w_pn’ (nm) g% 104 ‘ggp’ (nan) gx10%
0.0 8.4105 21.73 2413 2.52 24.46 1.36
0.025 8.4135 21.78 24.34 - 268 2488 1.86
0.050 3.4142 21.89 24.75 3.05 25.17 243
0.075 8.4185 22.24 25.23° 3.38 25.79 o 291
0.1 8.4193 22.71 26.47 3.96 26.33 317

estimated by using the relation discussed else-
- where.”® The addition of Ce®+ ions increases the
lattice constant from 8.4105 A to 8.4193 A (Table 2)
obeying Vegard’s law.? The expansion in crystal
lattice is completely related to the replacement of
smaller Fe®* ioris (1omc radii 0.67A) by the com-
paratively larger Ce®t ions (iomic radii 1.01 A).1"
Phase purity of the doped samples confirmed that
the Ce®+ ions are successtully entered in the Ni-
Mn~Zn-Fe-Q crystal lattice. Comparatively larger
ionic radii of Ce®* ions expand the lattice spacing.

By using Bragg’s positions and peak broadenings
(FWHM) in Debye—Scherrer equation, the average

crystallite size of all the samples was estimated® as-

follows: 7
i
BrCosfp’

- It can be seen from Table 2 that the average crys-
tallite size obtained from above equation increases
from 21.73mm to 22.71nm with the increasing
concentration of Ce®* ions. The error occurred due
to the colnbiged'effect of physical and instrumerital
line broadenings can.be minimized by employing the
following relation®!:

'ﬁ%m‘r = - ﬁ%lst? (2)

where Bor.. 15 the corrected line broadening while
Gpry. and O, are the physical and instrumental

)

lp.g =

2
16) Phy

line broadenings. Point defects; grain boundary

widths, triple junctions and stacking faults develop
the strain inside the crystal lattice,* The Scherrer
equation focuses mainly on the crystallite size effect
on the line broadening. Micro-strain indueed in thie
crystal lattice is not considered in Scherrer equation.
- Williamson—Hall analysis is one of the popular
methods which considers both size and strain effect
on line broadening.*>*' The physical line broaden-
ing of the diffraction peaks is the combined effect of

" size and strain. Hence, the strain can be obtained by
using the. following relation®;

= Sre_ (3)
dtand’ -
where ¢ represents the strain induced and g, is the
resultant peak broadening. The resultant broaden- -
ing can be obtained from the summation of line
broadening due to crystallite size and micro-strain
induced.”® By considering the size and strain
, broademngs, Scherrer equation can be modlﬁed as

follows“ ‘ :

+ 4eSind,

B Cosfl = ; - (4)
Wl :

_where K is Scherrer constant, A is the wavelength
of incident X-ray’s, tyw_y is the crystallite size, ﬁhkl ‘
“is the full width of diffraction peak at its maxi-
mum height and ¢ is the peak position. Equatlon
(4) can be referred as W—H equation which gives -
the more precise values of crystallite size and
micro-strain induced in the crystal lattice. Fig-
ure I represents the W-H plots drawn between -
BraCosl and 4Sind. Slopes of linesrly fitted lines
give the micro-strain indilced in the crystal lattice
while Y-intercept gives the values of crystallite
size. Crystallite size' (w_y) obtained from W-H
analysis is found in the range 24.13-26.47nm and
fairly matches with the Scherrer method. Lattice
strain induced in the crystal lattice increases from
2.52 x 10* to 3.96 x 10~* with the addition of
Ce3* jons and the values are represented in
Table 2. Positive strain values indicating the
tensile type of induced strain and its variation are.
analogues with the lattice lengths variation.™ The
crystal lattices are expected to extend infinity in
all directions which is not feasible for the crystals
with finite size. W—H analysis is based on isotropic =
nature of line broadening which indicates that the
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| ‘plot method is another method which gives the -

Site Occupancy, Sﬁrface Morphology and Mechaonical Properties
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diffraction domams are also isotropic.*” Size- strain

K "'better information of size and strain. This method

- gives less we1ghtage for higher angle reflections

* . where the accuracy is relatively lower. Lorent&s

function and Gaussian’ function are assymed to
- describe the size and strain profile, respectively, in
sSSP method Whlch can be gwen by the iollowmg, .
v relation’ '

H);

(dhklﬁhklcosg}z = ——**(dhkzﬁnucosg) (2) 2,7 (5)

where dhu and Py are the corresponding values of
.1nterp1aner spacing and FWHM for selected plane.

Figure 3. shows the variation of (di,BuaCost)

. Wersus (dhmﬂmCose)z for all the samples of Ce-

~ doped Nl—Mn—Zn ferrites. Slopes of linearly fitted

straight lines give the values of crystallites size

and Y-intercept gives lattice strains (Table.2). -

" Values' of crystallite .size . and lattice strain

“obtained from SSP method are in good agreement

with the Scherrer and W-H methods.

Physlcal propertles of ferrites Wlf;h spinel struc-
hture are strongly susceptible to.the type of cations -
and their preferences towards tetrahedral — A and
octahedral — B sites. In order to understand the

. electrical and magnetic behavior of spinel ferrites,

knowledge of site preference is vety ess_en’ui::vn.l."'li In
this investigation, cation distribution is based .on
the considerations that, (i) due to inverse structure
Ni?* jons prefers B-site, (ii) normal Zn?* jons pre-

. fers A-site and (i#i) due to large ionic radii Ce3* jons

“replaces Fe®* ions at octahedral site. Among the .
“several spectroseopic techniques available for cation
distribution, XRD technique is used widely in which
knowledge of peak intensity describes the cation
distribution.*® -According to this method, few pairs
of intensity peaks were selected which are sansﬂnve
to cation distribution.4*

Obs
I h,kl - I higl

N

Where g and IS L are tlie' observed and calculated
intensity values selected planes. The intensity pairs

(6) .
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Fig. 3. S8P plots of Nijg5Mny 3570y sFey_  Ce, Oy,

were selected in order to achieve the best informa-
tion of cation occupancy over tetrahedral — A and
octahedral -~ B sites. Only those peaks were se-

lected whose intensities are not dependent on oxy--

" gen parameter and changes in opposite direction

with the cation distribution.?* For these investi- .

gated samples, the cation distribution was obtained
~ by considering the intensity ratios (220/400), (400/
422) and (220/422) which are assumed to be sensi-
tive for site occupancies. The relative integrated

intensity (fny) can be obtained by uqmg the fol-

lowing relation:
L = | Fya |- P+ Ly, (7)

where Fyy, is the structure factor, P is the multi-
- plicity factor and L, is the Lorentz-polarization
factor. Literature Values of atomic scattering factors
of various ions were used for intensity calculations, "
To obtain more accurate comparison between ob-
served and calculated intensities, a suitable correc-
" tion in the principle is necessary because the
- observed intensities are obtained at room

temperature and calculated intensities are valid at

0 K.*% However, due to high melting point, thermal
variations of spinel atoms at room temperature

- show negligible difference to that at 0 K. ‘
. Cation distribution, as obtained from above
method, is given in Table 3. It can beseen that the
observed and calculated intensity ratios Iny/ Ty0r -

" Tigo/ Lips and Ipgy/ I fairly match with each other

with minimum values of agreement factor. Cation
distribition suggests that the Zn®* jons occupy
tetrahedral — A-site while Ni2* ions prefer octa-

“hedral — B-site. Most of the Mn?* ions prefer the
A-site and only a small fraction occupies B-site. .
Nearly 80% Ce®* ions replaces Fe®* ions at octa- -

- hedral — B-site and the remaining 20% replaces at’

tetrahedral — A-site.
‘Figure <(a) shows the variation of mean ionic

radii (r4 and rp) of the tetrahedral — A and octa-

hedral — B sites, respectively, by using the equa-
tions taken from literature.*” Figure 4(a) implies
that the introduction of Ce3t ions increases the
mean. ionic radii “r,” from 0.792 to 0.801 A and

2150050-6
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tfunction of Ce3* dopant “z
parameter “ay,” increases from .8.667 0A t08.7302 A
which is in good agreement with the variation of

Sate Occupancv, Surface Morphalogy and Mechanical Propemes

‘ Ta.ble 3. Catlon dlstributlon and mtenslty ratlo caleulations for Nig a5 Mug,aszllu_3Fe2_m-CewO4.

Intensity ratios

Cation c_l:s.tnb_utml_l ‘

_ . Asite B-Site (220/400) (400/422) ~  (220/422)
U _ Mn Zn Qe Fe  Ni Mn Ce Fe Obs Cal.  Obs.. Cal. Obs. Cal.
00 03 03 00 . 04 035 006 00 16 L4d2 1434 2009 2012 2898  2.88
0025 0.3 0.3 0.005 0.395 - .35 0.05 002 158 1432 1423 2017 2027 2889  2:884
0.050. (0.3-‘ 0.3 0.01 0.39  0.35 . 0.05 0.04 1.45‘6 1428 1412 2012 2038 2.873 2.877.
007 B3 03 0015 0385 035 005 006 154 1.409 .1.400 2037 2.051 2.870  2.872
01 03 03 goz 038 0.35- 010:5 0.08 152 1392 1.390 2.065 2.064 286t 2.868

] Totrahedrai - A . | - Thearetical Lat )

| oo moii?h:;r:T B;;;e Rl R 8741 T Givaenpostions parare L0.408

o comof / 0726 , /,, :
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o ooresd LT / : -0.723 S / © loded
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= : A ) = & .__,_.._p-07‘u : =
0794 s S ANIINE S T : 0400
‘ / P 8884 /" :
©opzoed ;./ S -0.714 ‘ < :
: TR B E
are] ¥ 7 | Lo 86| - 0-598
| 00w 00z 0050 0875 0100 0f0o 0625 0050 0076 0160
. Ce* Content %' ' ©'Ce™ rontent '
{a) (b)

*Fig. 4. (a) variation of medn jonic radii at tetrahedral —A (1 4} and octahedral — B {r5) stte, (b) variation of theorettca,l lattice

coristant {ag;,) and dxygen positional parameter (i) for Nig 4 Mnglss Zn[, aFdy_ a,Cem(l;

II“TB” from (_).711.5& to 0‘.'729 A This increé,sing be-

havior of mean ionic radii is relaged to the higher

ionic radii of Ce®* ion which replaces Fe®t jons

hamng relat;wely smaller ionte radii. Theoretical.

' ‘lattice constant “au," and oxygen positional pa- -
rameter “u” for all the composition were computed
"by using the followmg relatlons

¢

4‘;

o= 8[ rat Ry- CRT S| ICS
U= [Z + (ra + 1?0)”\/'5—«3], -(9)

where “r," and “rg" are the mean ionic radii of

tetrahedral — A and octahedral — B sites, respec-

tively, and Ro is the radius of oxygen lon. Figure

4(b) represents the variation of theoretical lattice

constant  “ay” and. oxygen parameter “v” as a
1} H

Theoretical lattice

calculated - lattice parameter. Oxygen positional

parameter “u”. increases with the addition of Ce3+
jons in Ni-Mn-Zn-Fe-O lattice. This increase in
oxygen parameter may be assomated to the shifting
of origin towards tetrahedral — A-site due to the
dilution of Fe®* ions at octabedral — B-site which
causes the distortion in the crystal lattice.%”
~ Close morphology and -particle size of the Ce3+
~doped Ni-Mn—Zn ferrites were studied by using
high resolution TEM. TEM images of the samples
x = 0.0, (.05 and 0.1 are represented in Figs. 5(a)}-
5(c), respectively. Figure 5(d) shows the SEAD
pattern of the sample z = 0.05. TEM images clearly
show the particles are in spherical shape with almost
uniform size. Particle size distribution was esti-
mated by using the software Image J. Inset of
Figs. 5(a)-5(c) shows the particle size distributions -
histograms. Particle size increases from 22.8nm to
'26.1 nm with the increasing percéntage of Ce>* ions.
Results obtained from TEM analysis are closely
congistent with XRD analysis. Bright spotted rings
observed in the SEAD pattern confirm the poly-
crystalline nature of the samples.
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Fig. 5.
Nig, 351\’1115 35 Zng sFe; 95Cen s Oy,

Figure 6(a) represents the Tourier transform in-
frared spectra of all the samples recorded in the
wavenumber-range of 350-4000cm~! and Fig. 6(b)
shows the expanded view in the range of
350-800 cm~!. Absorption bands observed near the
wavenumber range 3440 cm™?, 1590cm~! and
1380 ! representing the stretching and bending
vibrations of absorbed water.”® Characteristic
absorption bands (metal-oxygen) of spinel crystals

TEM images of NipagMnggsZngsPe, oCe,04 (2) xw()D (b) x=0.05, (¢} x=01 :md(d) _SEAD pattern of

are observed in the rtange 350-800cm! 555

The two distinct -bands observed: in the range -

350-800 cm ! are assigned to the M-O vibrations of

. tetrahedral — A and octahedral — B sites.>* Metal - -
cabions at tetrahedral site vibrates along the line
joining to neighboring oxygen ions, while ascations

at octahedral site vibrates in plerpen‘dicula'r direc-
tion to the line joining to oxygen ion.*” The high-

frequency band (v;) corresponds to tle tetrahedral - -

1 x=00 {a)
A0} e X = 0.025
e X = 6,050
= 3% ——x=0075
& agd -~ -X=0.1
@ - :
2 254
[
?'é 204
£ 154
T
=

(b ——X~0.0

X = 0.025
s X = 0.050
——X =075

1) T T
4000 3500 3000 2500 20[30 16800 1000

Wavenurrber (em™)

Fig. 6. f{a):
Nig g5 Mrig 352139 35y Cey O

FTIR spectra and (b) FTIR spectra expanded for

500 750 ' 800 450

" Wavenumber (cni') .

the region 350 “to 800cm-! for the series
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— A-site is observed in the range 565-580 cm " and

the low-frequency band () correspondmg to oc-
- tahedral — B-site is. observed in the range 370-

385 cn~!. The band positions ¥, and v, are listed in

“octahedral — B sites are given in Table 4.

Flastic constants, and modulus define’ the

strength of the materials at different strain condi- -

Site Oceupancy, Surface Morphology and Mechanical Pfqpem'es

where V,, is ‘mean wave velocity, Vg =V/V3 is
transyerse wave velocity and V; =+/(Ci1/p) is the
longitudinal wave velocity. ' ‘

‘Table 4. The addition of Ce?* ions shifts the band ~ Rigidity modulus: -
~ positions shghtly towards higher frequency region ‘ G =pV2 - “(12)
i :

-which implies that Ce3* ions.are incorporated in the L : - .
crystal lattice at both tetrahedral — A and octa. - Lolsson’s ratio: - : ‘
hedral — B sites. Force constants “K;™ and “K," ' 3B —92G

) for tetrahedral -— A and octahedral — I3 sites were =m (13)
computed by usmg the. relations suggested by . : ‘

© . Waldron.> Molecular weights obtained from cation  Young’s modulus: ;

distribution and force constants of tetrahedral — A, - (1 + O-)QG (114-)

Table 4 represents the values of force constants K¢ O
Ky, elastic mioduli (B, E and G) and Poissoir’s ratio -

tions and hence have a prime importance in indus- (o) computed by using above relations. The con-

. trial- applications.  Force constants and  stant value of Poisson’s ration (0’“‘035) repre-
. Ncrystallogfaphig parameters were used to estimate  senting the 1sot10plc elastic behavier is in good
( the elastic parameters of Ce®*-doped Ni-Mn—Zn agreement with the literature values of spinel fer-

rites. Literature reports suggest that the good elag- -
tic behavior can be achieved when Poisson’s ratio
must He in the range of —1-0.5.7*5! Values of var-
ious elastic moduli are in general associated to the
inter-ionic. bondings. Bhaskar and his co-worker
_ suggested that the enriched elastic parameters can
. . be obtained when the intei-ionic bonding is
| | (10) . strong.”® In' this study, values of bulk modulus,
o ' - Young’s modulus and rigidity modulus show in-
' creasing trend. with replacement of Fed+t ions by
Ce3* jons. Increasing behavior of various elastic -
* parameters may be attributed to the increasing

ferrite nanoparticles, Accotrding to Waldron,™ the
cubic crystalb, possessing isotropic nature, have the
stiffness constant C'yy = 2. Thus, for spinel fer-
- rites, bulk modulus is B = {Cy +2C1)/8 =CYy.
The stlffness constant and elastic moduli were cals
culated usmg ’rhe following relations™5%: v

(11y

Table 4, Ehstlc parameters of ng s Mng 352119‘3_1:“&2%09,,04.

0075 01

. . ‘- 0.0 0.025 . 0050
. ( o B My (gm/mnol) 764 7806 TB48 78.90 79.32
E S Mg (gm/mol) T157.44 15913 . 160.81 16250  164.18
C 1y {em1) 569.83  BTL.5T 57465 . 577.34  B70.36
vy {emL) 371.45  372.89 37472  379.52  383.57
Ky x 10% (dynes/cm) 192.10 19432 19748 20041  202.89
Kp x 10° (dynesfem) 11535 11749 11900 12498  128.27
Ky % 10% (dynes/em)  153.72 15591  158.69  162.3¢  165.58
Vi(m/s) - . 5900 5929 5967 6023 6068 - -
V, {m/s) 3406 3423 3445 | 3477 3503
. B{GPa) 118278 18530  188.60  192.84  196.66 .
G (GPa) 60.93 61.77 62.87 64.28 65.55
o : 035 - 0.35 0.36° - 0.35 0.35
E(GPa) 16450 166.77 - 169.74 17356 177.00 _ -
Vi, (mn/s) , 3782 3300 3825 ° 3860 3889 o
Op (K} (Waldron) = 676 679 682 - 687 . 692

2150059-9
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inter-ionic  bonding between the ions of
Nig ssMng,3572mg gFeq Ce Oy _

The relation, as suggested by Waldron, is used to
estimate the Debye temperature of the following
samples™:

RO
GD E’Uavga
where vy, = (1 + U2)/2 and (iC/kg) = 1.438.
Obtained values of Debye’s temperature from above
relation are given in Table 4. Debye temperature

increases from 676 K to 692 K with the introduction

(15)

of Ce?* jons in Ni-Mn—Zn—Fe—O crystals. This can

be explained on the basis of specific heat theory.*”®
Increased positive charge carriers with the increas-
ing concentration of Ce?" ions may increase the
Debye temperature.

4, Conclusions

Nanoparticles of Nig 3sMng 55 Zng sFey_, Ce,. O, spinel
ferrite system were successfully obtained using sol—-
- gel approach. XRD patterns reveal the single phase

cubicspinel structure of the samples with space group

- Fd-3m. Phase purity confirms the successful intro-
duction of Ce’t jons in Ni-Mn—Zn-Fe-O crystal
lattice. W—H analysis indicates that the tensile type
strain induced in the crystal lattice. Cation distri-
bution analysis suggests that the Zn?* ions occupy
tetrahedral — A-site while Ni%* ions prefer octahe-
dral— B-gite. Most of the Mn?+ ions prefer the A-site
. and only a small fraction occupies B-site and on the
other hand majority of the Ce3* ions prefer octahe-
dral — B-site. HR-TEM images confirm the nano-
scale dimension of particles with small
agglomeration. FTIR spectra show the main char-
acteristic absorption bands (metal-oxygen) of spinel
crystals are observed in the range 350-800 cm~!.
Stiffness constant and elastic moduli show increasing
behavior with the increasing concentration of Ce3t
~ ions. Increased mechanical strength makes these
materials suitable for industrial applieations.
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