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ARTICLE INFOQ ABSTRACT

Int present work, CoFe.xGd04 naneparticles with compositions x = 0.0, 0,02, 0.04, 0.06, 0.08 and 0.1
were successfully synthesized by a sol-gel auto-combustion route sintered at 700 °C for 5 b, The effect of
Gd** substitution on structural, morphological, magnetic and dielectric properties has been investigated.
The ¥-ray diffraction with Rietveld refinement reveals that Gd-substituted Co-ferrites are preparad in a
single-phase cubic spinel structure. Fourier transform infrared and Raman spectra confirm the single-
phase formation of cubic spinel structure. I is observed that the lattice constants decrease from
83776 (o 8.3711 A with the substitution of Gd composition from x = 0.0 to 0.1. This is because of the
distortion of the lattice structure with the intreduction of Gd3* fons, The crystallite size calculated from
" X-ray diffraction decreases from 29 to 19 nm with Gd3+ compesition which confirms the formation of
ranocrystalline samples, These values are good agreement with. crystallite size calculated by the Wil-
liamson Hall method. The disteibution of cations among the octahedral B and tétrahedral A-site was
estimated by the computational method. Field emission scanning efectron microscopy (FE-SEM) also
confirmed the nanostructural nature in the range of 200—300 nm. Energy dispersive analysis (EDAX)
proves chemical purity and stoichiometry. Fourier transformi infrared spectra show. the main vibration
band of spinel siructure, Gd-doped Co-ferrite shows the characteristics Raman active modes of spinel
structure, Magnetic study reveals that saturation magnetization decreases from 77.37 to. 5138 emug
with an increase of Gd composition in cobalt ferrites. It is observed that the coercivity of samples is
increased from 976 to 1281 Oe with Gd substitution. Dielectric properties measured from LCR-Q meter
exhibits the Maxwell-Wagner model.
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close-packed face~centered cubic structure [3,4]. Among these |
ferrites, CoFe04 was widely studied in the last decade due to its

The research of the ddpe[:l ferrites is more attracted in recent
years because of their wide applications in various technologies.
Spinel ferrites with chiemical formula MFe;04 (Where, M = Nj, Co,

" “Zn, etc.) have superior properties like optical, electrical and mag-

netic, thercfore, they are technologically and scientifically impor-
tant [1.2]. In MFe;O4 structure, metal cation M occupies tetrahedral
(A] site, Fe occupies octahedral (B) site and oxygen anions form a
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properties. like high Curie temperature, high electrical resistivity;
bigh coefcivity, high mechanical and chemical stability, high
magnetocrystalline anisotropy and moderate saturation magneti-
zation }5,G], These properties give extensive technological appli-
cations such as recording media, drog delivery systems, catalysis,
sensors, and microwave devices [7~18). CoFe;Oy crystallizes in

“spinel cubic structure with space group Fd-3m in nanoparticles and

itcrystallizes in inverse $pinel in case of bull samples. In the case of
the spinel structure, divalent cobalt ions {Co?™) occupy at both
octahedral and tetrahedral sites and its occupancy depends on
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synthesis technique and conditions, The magnetic parameter de-
pends on super-exchange coupling between different ions occupied
at octahedral and tetrahedral sites [11,12].

The physical and chemical properties of cobalt ferrites can be
tuned by substituting different cations at the tetrahedral or octa-
hedral sites. There are so many works of literature are available on
the substitution effect of divalent, trivalent and tetravalent ions other
than rare earth on cobalt ferrites [13—15]. The structural disorder,
lattice strain and other properties of cobalt ferrite can be altered by

" the substitution of rare earth (RE) meta! ions like Gd®*, Nd**, Sm*+,
Ho?*, and Y3+, etc, Introduction of rare earth {RE) metal ions into the
cobalt ferrites give excellent magnetic properties which are suitable
for memory storage devices and recording media. Rare-earth
element has 4f unpaired electrons and iron has 3 d unpaired elec-
trons, therefore, the substitution of RE** induces RE3*-Fe**
action which turns out the magnetic, structural, spectral and
electrical properties. Moreover, the nature of cation distribution,
rnorphology of particles, ionic size, chemical compositions and
preparation methods affect the properties of cobalt ferrite. There are
several number of chemical and physical techniques developed for
the preparation of ferrites e.g., sol—gel method, ball milling, hydro-
‘thermal, ceramic method, organic precursor and co-precipitation

method, etc. [2,16—18]. In the last decade, the sol-gel auto-com-

bustion technique is extensively used for the preparation of ali types
of ferrites because reagents are mixed at the molecular level and
therefore there is good control of stoichiometry, purity, homogene-
ity, and morphology. Besides, this method is simple, low cost and
required low sintering temperature for the final product of ferrite
samples as compared to.other methods [19).

Literatures on the substitution effect of RE trivalent ion on the
properties of cobalt ferrites are available. Manisha Dhiman et al.
synthesized RE {RE = Eu, Gd, and Dy) substituted cobalt ferrites and
abserved that saturation magnetization decreases with the sub-
stitution of RE>* ions in cobalt férrites [20]. €. Murugesan et al.
prepared Gd-substituted cobalt Ferrite and reported that dielectric
constant increases with introducing Gd [21]. ER. Mariosi et al.

developed a series on La-substituted cobalt ferrite and found that-

lattice constant increases with an increase in lanthanum substitu-
tion. They also observed from Raman spectra, that the crystalline
structure shows a significant effect of lanthanum substitution [22].

By inspiring from these works, we have been synthesized a se-
ries CoFep xGdyxO4 (% = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1} by sol-gel
auto-combustion techinique, Therefore, in this worly, we reported
‘the structural, morphological, dielectric and magnetic properties of

Gd-substituted cobalt ferrites for better understanding and desired

applications.
2. Experimental procedure
2.1, Sample preparation

The nanocrystalline samples of CoFes.,Gd,04 (X = 0.0, 0.02,
0.04, 0.06, 0,08 and 0.1) for all the comiposition have been syn-
thesized via sol-gel auto-cembustion technique. The AR: grade
cobalt nitrate [Co(NO3)z-6Hz0] (Sigma-Aldrich, 99.9%), ferric ni-
trate  [Fe(NO3)3-9H;0] (Acros, 99.9%), gadoliniurh nitrate
[GA(NCs)3-6H20] and citric acid monohydrate (Acros, 99.9%) as a

chelating agent were used for the synthesis of CoFey Gdx04.

{x = 0.0,0.02, 0.04, 0.06, 0.08 and 0.1) material. The liquid ammonia
(NH3) is used to maintain the pH value of precurser solutions.

The required amount of the starting materials; nitrates and citric .

acid wete dissolved separately in different beakers in few amounts
of distilled water. The molar ratio of metal nitrate to citric acid was
taken as 1:3. The separate dissolution of the starting material was
completed in 2 h. All these solutions were mixed in a beaker after

inter-

complete dissolution in separate beakers. This solution was '~
continuously miked by the magnetic stirrer and placed on the hot -

plate having a temperature of 90 °C for the evaporation up to the
gel formation. Once the gel is forined, these were diied at about
250 °C for the combustion of gel and converted into ash. The brown

 colored powder was formed after the auto-combustion process
known as a precursor. The end products of all the compaosition. of -
this series were prepared in a similar manner. T g sample powder

was pressed uniaxial to obtain pellets of dimension 3 x 10 mmin‘a
hydraulic machine by applying 5-ton pressure. All the sample
powders and pellets were annealed at 700 °C for 5 h to obtain the
final product of nanocrystalline CoFez »GdyO4 (x= 0.0, 0.02, 0.04,
0.06, 0.08 and 0.1) spinel ferrites. The reaction of formation of Gd-

substituted cobalt ferrite from the starting materials is as follow,

Co(NO3)2-6H20 + (2-x)Fe (NO3z)3-9H20 + x
Gd(NO3)3-6H20 + 8CgHgO7-Hz0 — CoFey.

xGdx0y4 + HNO3 T + HaO1 + COzt . . (1)

2.2, Characterization

To identify the phase and microstructure of the samples, XRD

" pattern was recorded with the help of X-rays (A = 0.154 nm)} by

Bruker X-ray diffractometer within the range of diffracting angle
10—-80°, Rietveld refinement of XRD data was carried out by the
Full-prof program by calibrating different parameters, FE-SEM
(MIRA-3 LMH, JEOL JSM-6360} was used to study marphology,

grain size, and shape of the prepared samples. The stoichiometry

and elemental composition of optimized samples were determined
by EDAX (INCA Ozxford, attached to the FE-SEM), Vibrating sample
magnetometer (VSM) was used to record the hysteresis loops and

study the magnetic properties at 2 T. Dielectric properties were =

studied with the help of LCR-Q meter,
3. Result and discussion
3.1. Structural annlys:s
The XRD patternt for all the sarnples of a serles CoFez_chlx04

(x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1} are shown in Fig. 1. Pattern
reveled that all the samples crystallize in spinel cubic structure.

0); (6 2 0); (5.3 3) and (6 2 2) are well matched with standard
CoFep04 (JCPDS no.: 03—0864). The XRD pattern does not show any
impurity phases in the prepared samples of Gd-substituted Co-

ferrite. This ensures that prepared samples are formed in single .

phase and Gd comprehensively disselved in the Co-ferrite.
Values of the fattice parameter (o) were calculated by the
combination of interplanar spacing (d) and reflection planes (h k1)

"using the follawing equation [23]:

_‘ "2.222"' |
m\/4sin2§(h +12+ P) o 2)

The calculated values of fattice parameters with Gd composition

© are listed inn Tabie 1. The value of lattice constant for pure CoFez04 is

8.3776 A which is similar to previous literature [24], The effective

ionic radii are related to the coordination number and the coordi--

nation number of the cations at B-site of spinel ferrite is 6 (23], The
effective ionic radii of Gd®* and Fe* ions with coordination
number 6 are 0,938 A and 0.645 A respectively [26]. In this series,
stnaller Fe** ions are replaced by larger GA* ions and therefore, it

T

with space group Fd-3m. All the reflection planes observed in XRD
patterns; (111); (220} (311;(222%(400) (422);(511): (44 -
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Fig. 1. XRD pattern of CoFes. G0y (x = 0.0, 002 0.04, 0.06, 003 and 0.1}
nanopartlcles ’ )

is .e)ﬁpected to increase latticé constant with the substitution of Gd

composition. From ¥ig. 2 (a), it is observed that the lattice constants
decrease from 8.3776 to 8.3711 A with the substitution of G
composition from x = 0.0 to 0.1, Larger size gadolinium substitution
will distort lattice of Co-ferrites which decrease the lattice constant.
The decreasing trend of lattice constant with the substitution of

. Gd 3+ jons in Co-fertites is also observed in previous literature by
-R5, Yadav and et al.[27].

From most the intense peak (311} of the XRD pattem, the

_ crystallite smes of the Gd-substituted Co-ferrites were determmed
= hy the Debye-Scherer equation [28]

ki o
“Feosf . ' : (3)

- ‘'Where } is a wavelength- of incident X-ray, B is full width at half

maximum intensity, and K is'a shape factor that has value 0,9. The
variation of the crystallite size of Co-ferrite with Gd composition is
shown in Fig. 2 (a). Itis observed that crystallite size decreases from

-'29.43 to 18,60 nm when Gd ¢oncentration increases from x = 0.0 to

x=0.1This range {29~19 nm) of the crystallite size of synthesnzed

" samples ensires. that the Gd-substituted sample formed in nano-
crystalline nature Values of X-rdy density were determined by the

equation; dy = NXV [29], where M is the molecular weight of the
respective composition, Na is the Avogadre's number and V is unit
cell volume. The values of Bulk density (dp) were estimated by the
Archimedes prmmp]e [3¢]. Variation of X-ray density and bulk
density with Gd composition are shown tn 1. 2 (b), which exhibits
that both X-ray and bulk densities are directly proportional to the

- Table.1
< Lattice parameter (a), crystalllte size {dj;a), Xeray density (d,‘), bulk density (da) and .
_ porosity {P) of CoFcz 1G04 (x = 0.0, 0.02, 0.04, 0.06, 0.08 and 0.1) nanoparticles,

“Composition (x) - a(A) ©  dyg(nm)  dy (g cm“3} da{gcm™)  P{%)
00 ' 83776 2043 . 5300 2947 44.41
002 83749 2646 2.352 3014 43.68
304 83742 2197 5399 3.057 4337 .
006 83739 2016 544G 3.096 43.15
0.03 33727 13.80 5494 3.235 41,12

D.1 83711 1860 5.543 3.285 40,73

conceritration of Gd in Co- femtes Since X—ray density depends on
the molecular weight of respective sample and molecular weight of .

: CoFez.dexO4 (x=0.0,0.02, 0,04, 0.05, 0.08 and 0.1) are observed to

increase from 234.62 g/mol to 244,76 gfmol, Hence, the values of

*'the ‘dx’ increase with the mcreasmg Gd concentlatlon in Co-
~ ferrites.

The percentage porosity of the prepared samplée ‘was calculated
with the he!p of bulk density and X—ray dens:ty by the' equatlon
131]: o -

lef—%' e : @)

'The estimated values of percentage porosity are tabulated in
Table 1. It is observed that percentage porosity decreases with the
substitution of Gd in Co-ferrites. This is due to the increase in Xeray
density because por051ty is mverse]y pmpomonal to the anay
dens:ty

111 Rierveld refinement

The XRD pattern (black solid circles), R:etveld refinement (red
solid lines), Bragg positions (bars) and, the difference between.
observed and calculated data (bottem) of Gd-substituted Co-fer-
rites are shown in Fig. 3. The peaks observed in the pattern are well

Jindexed according to PDF 22—1086 which confirming the formatioin
.of a cubic spinel-type structure with space group Fd-3m. The

absence of any extra peak in the pattern exhibit the formation of

. single-phase Gd-substituted Co-ferrite and incorporation of Gd in

CoFe;04 lattice. The Rietveld refinement parameters like expected
R factor (Rexp), weighted profile R-factor {Ryip), goodness of fit (%)
and, lattice constants are tabulated in Table Z..The fitting of
observed XRD data is investigated by goodness of fit (%) and low
values of y confirm the goodness of refinement. 1t is noticed that .
lattice ‘canstant decreases from 83805 to 83724 A with Gd
composition in Co-ferrite from x = 0.0 to 0,1. It is expected that
lattice constant should be increased because of the difference be-
tween the ionic radii of Gd>* (0.938 A) and Fe** (0.645 A) but lattice
CoFep0y is distorted with Gd Lomposition, Also, due to the presence
of point defects or vacancies of Fe®* ions in the samples during

'sintering and synthesis decrease the lattice constants. Therefore,

the lattice constant is decreased with Gd comiposition in cobalt
ferrite. Similar decreasing trends of lattice coristant are reported in
the literature [32]. The variations of the peak position-with 2 are
shown in Fig. 4. It is found that position of peak (311} is slightly
shifted towards a higher angle with Gd composition in cobalt fer-
rites which indicates the lattice distortion due te the introduction
of Gd** fons in Co-ferrites. This distortion in the lattice is respon-
sible for the discrepancy of ionic radii of host and substituted jons.
Bond lengths and bond angles have been determined with the
help of the EXPGUI program using Rietveld refined parameters [33].
Distances from O anions to cations at the (A) and [Bj sites (dag and
dgo), and distance frem the cations at the (A) sites to those at the [B]
sites (dag) are listed in Table 2. It is observed that dap bond length
increased whereas the dgo bond angle decreased by small margin
with G&* ions in Cp-ferrite. This indicates that tetrahedra are’
expanding with maintaining their original symmaetry [2_3] £.0-A-0
is angle between anion and cation at A-site, / p—g~g i$ angle be-
tween.anion and eation at B-site, £ a-g—p is angle between anicn

" and cations at A and B-site varied with the substation of Gd ions,

This is attributed to the change in dlstnbutwn of cations in A and B~

7 site [34]

3.1.2. Williamson-Hall ana!ys:s
To study geometric properties of prepared samples strain
induced in the samples and their crystallite sizes were determined -
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Fig. 3. Rietveld refined XRD patterns of CoFep Gd,0; (x = 0.0, 0.02, 0.04, 5,06, 0.08 and 0.1) nanaparticles,
Table 2 : .

Structural parameters obtained from Rietveld Refinement, apie lattice constant obtained by Ristveld method, Roxp is capected values, Rwp is diserepancy factor, %2 is
goodness fit, and day is distances from the O anion to the cations at the tetrahedral (A)-site, deg distances from the O anion to the cations at the octahedral-(B) site, dag s the
distance from the cations at the (A) sites to those at the |B] sites, £ o-s.0is angle between anion and cation at A-site, 2 .50 is angte between anien and cation at B-site, £ g.pis
angle between anion and cations at A and B-site, tyom is the crystallite size and e is strain obtained from the Williamson-Hall - uniform deformation model.

Comiposition (%) agiec (A)  Rexp Rwp % dao (A} dwold)  daefA) Loao {7} Loao ) Zans(®)  towl{mm) | ex 1078

00 83805 718  8IB 120  1.0959 19959 34744 10947 91.95 123.89 2000 7.52

0.02 8.3775 7217 813 129 20 19870 34731 100.47 8851 - 125,26 2535 5.68

0.04 8.3768 715 798 125 20124 1.9861 34728 10947 88.03 12435 2229 459

0.06 83759 760 787  126- 20136 1.9851 34725 10047 86.02 127.47 21.36 398"

0.03 83731 680 720 109 20130 19845 34713 10047 93.17 122,11 10.86 268

0.10 83724 699 748 114 20142 19836 34710 10947 93.51 12176 18.02 2,06
with the help of Williamsen-Hall assuming uniform deformation
model (UDM). The strain induced in prepared samples during ee g {5)

4tan f

synthesis and sintering process is determined by the relation [35].

T



P
\.

#

ot

L

~ Fig. 4. Enlarged view of XR

CoFe, Gd O, -
e
et
W
B
feaed
|7/
c
7]
. B
' T T ¥ T T T T
35.0 35.2 35.4 386 358 380
26 (degree)

D pattern of CoFé>-4Gd,04 (% = 0.0, 002, 0.04, 0,06, 0.08
and 01) nanopaticles. . - . ; ) .

5

" The total broadening of the peak is a combined effect: of

‘broadening due'tp strain and broadening due to crystallite size,

B=B.+fp : (6}
" From equations (3}, (5) and (6)
- K | o
5-2.45 tap ? +D—c“6§"g- . l (7)
Rewriting above equation
fcosf=4esinf -+ L2 (8}

b ‘

The graph (Fig. 5} of 4sinf {on X-axis) versus Bcosf (on Y-axis)
was plotted to determine strain induced in the samples and its
crystallite size. The slope of the line of fit indicates the strain
whereds y-intercept of that line of fit gives the crystallite size of the

sample, For a]l the samples of the Gd-substituted cobalt ferrite have

positive slopes which exhibit that tensile sfrain induced in the
samples, The values of crystallite size and strain which extracted
from the line fit are shown in Table 2. The values of crystallite size
and lattice strain are decreased with increasing of Gd®+ ions in Co-
ferrite. The substitution of larger jonic radius Gd3+ (0.938 AYions in

- place of smaller ionic radius Fe®* (0.645 A) ions produces strain
- 'which prevents the erystal growth. Also, it is noticed that the width

of the peak inereases with the substitution of Gd which exhibits the
decrease of crystailinity of tie sample. Since rare earth metal ion
Gd3* fons. preferred to occupy at octahedral sites because of jts
larger size. Because of the larger size of Gd®* ion, bond enthalpy of

' Gd**— 0%~ is Jarger than the bond enthalpy of Fe**— 0%~ There-

fore, more energy is required for Gd** ion to occupy at the

* Iy = |FifyPeLp .

AB. Kadam et al. / Journal of Aloys and Compounds 840 (2020) 155669 o 5

octahedral site. This change in. enthalpy is responsible for the
decrease of crystallization and therefore, crystallite size as well as
lattice constant decreases with Gd compesition. Furtherimore, Gd3+
ions reside at grain boundary due to the partial substitution which
also lowers the crystallization. The values of crystallite size are lying
within the range of 29-19 nin which reflects the nanocrystalline
nature of the prepared samples. The value of lattice strain is
decreased from 7.52 to 2.06 with Gd comiposition from x = 0.0 to

- X =01 in Co-ferrite. The strain produced in samples is directly

proportional to the fattice constant of the samples [36]. This change
In tensile strain gives the evidence of a decrease of lattce canstant

“with Gd campgsition in Co-ferrites. .

3.1.3. Cotion distribution - :

Bertaut method was used to determine the cation distribution at
octahedral {B] and tetrahedral (A} sites from XRD data [37]: In this
method' calculated relative intensity of selected planes was

" compared with observed relative intensity. The planes were

selected by using the relation, -

[Obs.  fcal.

i thil s
Jobs. T Jcak: . L . (9}
b Then

where, Icand If85-are the calculated and observed intensities for
planes (hkl) respectively, The planes of the XRD pattern are selected
in such a way that the intensity of planes should i) nearly inde-
pendent on parameters of oxygen ii) change with substitution of
the cation in opposite manmer iii) not differ significantly {38]. In this
paper, planes (220), (422} and (400) were selected to compare the
intensity' ratio lzzpflqopy and Ti4az)flia00). These planes are pre-
sumed to sensitive for the distribution of cation, In this study, ab-

- sorption and ‘temperature factor. are mot considered in the

calculation because of intensity independent on these Fictors [39].

.The planes of the XRD pattern were selectell according to. the

relation called agreement factor (R).

JObs. ICﬂf.
= |hil_ _ kKl (1 0)
[Obs.  pCal, i
wkr Chikl .

The value of the agreement (R) factor should be minimum as
possible, The intensity of thiese planes does not depend on the
parameters of oxygen. The intensity of planes has been determined
by the following equation suggested by Buerger [40],

Coan

Where Lp is the Lbrentz polarization facto}. P is the mu]tip]icity

~factor and F is the structure factor The structure factors of the

required planés are calculated by using the relations [41}.

Faz0 =8F, (12)
Fupn = 8F, (13)
Fazp =8Fg — 2R, - 4F) (14}

where F, = concentration of A-site cation x atomic scattering factor
(fa) Fo = concentration of B-site cation x Atomic scattering factor
(fp) and Fo = atomic scattering factor of oxygen (fo), - ]

The values of atomic scattering factors f,, fy and f,, multiplicity
factors {P) and Lorentz polarization factors (Lp) of corresponding

N ions or atoms were taken from the literature [41]. Since the relative.

intensity of the plane in the XRD pattern is determined by the
position of cation in a unit cell. Therefore, positions of the cations in
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Fig. 5. UDM plot for CoFezGd0a (x = 0.0, 0.02, 0.04, (.06, 0.08 and 0.1) nancparticles.

the unit cell are generally determined by trial and error process
because there is no method to determine the position of cation
- from intensity directly. All the values of required planes were
substituted in equation {11} and intensities of those planes were
calculated by assuming some fraction of cations at A and B-site, The
calculated relative intensities were compared with observed rela-
tive intensities. This process was repeated by varying the concen-
tration of cations at A and B-site until the agreement factor
becomes minimum. '
+ The estimated cation distribution, intensity ratios and agree-
ment factors are listed in Table 3, It is noted that Co* and Fe** ions
are preferred to occupy both at octahedral B-site (with 67%) and
tetrahedral A-site (with 33%] for pure cobalt ferrite sample. The
substitution of Gd** jons in cebalt ferrite is strongly preferred to
oceupy. at ectahedral B-site only. It is known that the size of the
octahedral B-site is larger than the size of the tetrahedral A-site
which results in larger radius Gd>+ jons occupy only at octahedral
B-site. It {s observed that Co®* ions are transferred from octahedral
B-site to tetrahedral A-site with the substitution of GA>* ions by
redistributing the cations among the octahedra] and tetrahedral
site [42]. It is found that the occupancy of Co®* ions increases and
Fe* jons decreases at the tetrahedral site with substitution of Gd
composition in cobalt ferrites, This result is similar to other resulits
reéported By the researcher 43,44}, ‘
In order to see more insight on-structure of unit cell, ionjc radii
of octahedral site {rg) and tetratiedral site {ra) were calculated from
the relations {45],

rA; [f.;(Cé)“) (Coz““) + f (F93+) (Fe3+)] A (15)

L) () () oY)
r(Ga‘3+)] A ¥ 6)

Where f; is concentration of cations r(Co?+) = 0.745 A, r(Fe3*) =

0.645 A, r(Gd*) = 0.938 A. The values of r and rj calciilated from
above equations are tabulated in Table 4. It is found that fonic radius
of tetrahedral site increases with Gd>* ions in cobalt Ferrite. This
increment of ionic radius is due to the transformation of Co®* ions

from B to A-site. The values of jonic radius of octahedral site is =
decreased for x = 0.02, after that it is increased with Gd composi- -

tion. This increment of ionic radius i is due to larger size Gd3+ ion
substituted in place of smaller Fe** ions,

] ‘The anion parameter or Oxygen positional - parameter (u} can be
calculated using the above discussed data by the equation {45]:

1

u=(rA+R(])a*}/'73:+Z (17)

It is assumed that 0~ jons are situated at faces of a unit cell with

the center of the symmetry (g 2 %) and origin at A-site. From this

”
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Table 3

Cation dlstrlbutlon and mtensnty ratio calculatlons for CoFez0d.05 [x 0.0, 0.02, 0.04, 0.06, 008 ‘and 0 1)

Agreement Factor

Cnmposttlonfx) " catibn Distribution ) .Intens:ty ratios ) .
Assite B-site (220}400}. (422/400) (z200400) (422/400)
- _ obs, ;'_c,al. o Obs. Cal o
09 - (CoossFeasy) [CousrFer.sa] 16276 14081 04508 048 02195 ~00180
002 : (CopeFend) €C0u.4Fe1 55Ceopz] 1.7466 14301 0.4907 04364 03165 00043
604 {Cong3Fen37) [CdorPersoGilogs] - 1.7271 13907 '0.5340 04732 03364 0.0608
0.06 o {CoossFeoss) [ConusFersgGlpog] 1.6633 13506 0.5297 04595 03127 0.0701
1008 -~ (CopgrFeos) [Coa33Fes s9Gdoss} 19119 13123 06153 - 04466 °  0.5996 0.1687
0.10 " (CoozFens) -{Cog.sFe; 5Gelg1] 16724 12779 Q4350 - 03045 0.1232

0.3582

Tible 4 ' .
Values ionic radii (fa and rg) radii of fetrahedral-A and octahedral-B site of Oxygen

. parameterw and jump féngth (La ancl Ls) for CoFez . 0d.0y (% = 0,0, 0. 02 .04, 0.06,

08 and 01),
_ Composition 1 {A) b u(d) LA(‘A) Lz (A)
0.0 . 06814 06818 | 03375 13628 - 2963
0.02 - C07070 - 06719 0.3886 1627 2,562
po4 . 07099 0.6734 0.3887 3626° 2961
0os . . - 07118 06753 03888 3626 2961
g8 07137 06773 03838 3626 72,950 -
- 03889 3625 2960 -

010 . 07165 0.6783

K data it is clear that anion parametfﬂ u =3 =10:375 for ideal FCC
structure of a unit-cell. Buit it is observed that {Table 4) this anjon

parameter- is slightly larger than the ideal in.case Gd-substituted

~Co-~ferrites. This deviation indicates the distortion of lattice due to
oxygen iops to accommodate the cations at A and B-sites. The -

values of anion parameter are listed in Table 4, The values of anion
parameter are slightly increased with the Gd** ions in Co-ferrite,
The jump lengths; La and Ly between the ions at A and B-site

‘were calculated by the relations [47]

L= A (8)
la\/_' _—
s (19)

observed that botl Ly and. Lz decreases very slightly with Gd
composition in Co-ferrite, This is due to the latnce constant de-'
creases w1th Gd composntion .

3.2. FE-SEM and EDS analysis

~ To see the morphology of prebare.d_ sariples, FE-SEM irﬁageé.-
“'were taken out for selected samples, g, ¢ shows the FE-SEM

phetograph of CoFey04, CoFeq,04Gdp.ea0y, and CoFeygGdy ;04 sam-

" ples. The range of grain size observed from FE-SEM images is within

200—300 nen. It js found that most of the grains are spherical in
shape but they are agglomerated due to the magnetic interaction

" between the grains, This agglomeration gives evidence ef high
" reactivity and solubility of composition. The degree of agglomers- -
tion js decreased with the substitution of Gd in Co-ferrites and it |
thight be due to the decrease in magnetic interaction. It is alsc .
- observed that the substitution of Gd affects the size of grains. Grain

size co]lectively'depends on various factors like sintering temper-
ature, porosﬂ:y and grain boundary [48), Grain size decreases with

mcreasmg the Gd composition and this may be due to the density of |

sample increases with Gd composition,

The values of jump lengths Ly and Lp are tabulated in Table 4. It is -

The elemental composition and their proportion of the selected
sainples of Gd-doped Co-ferrites (x = 0.0, x = 0.06 and x = 0:1) has

- been confirmed by energy d:sperswe analysis {EDAX) with the help
.‘of FE-SEM and spectra are shown in Fig. 7. EDAX . spectra show

pealss of the elements; Co. Fe, D, Gd and no impurity peak in it
which is the proof of formation pure phase of Gd-doped Co-ferrites.
The compositional percentages of Co, Fe, O and Gd in the sainple
were studied by EDAX spectra and it is found that all elemerits are
in go_od sto_ichiornetric proportions with an error of 2—3¥%,

33 Fr IR studies

The FF-IR transmittance spectra of CoFez_dexCL; (x = D 0, 0.02,
0.04; 0.06, 0.08 and 0.1) nanopowder measured at room tempera-
ture are shown in Fig, 8. FT-IR transmittance spectra show one
road band around 547 eod~! wavenuinber, This band is attributed
to-the vibration of metal-oxygen {Fe—0) bonds at the tetrabedral
site. This band in all the composition of Gd in Co-ferrites indicates
the formation of spine] ferrite structure. The band observed around
547 cm~Y for x = 0.0 is slightly shifted towards the higher wave-
number which assigned to perturbation occurrinig between metal-

. oxygen bond due to the substitution of Gd in Co-ferrite. One
another band is observed around 2361 cm " for all the composition

of Gd .and this band is attributed to aromatic and aliphatic C—H
stretching bond [%1]. These results are ¢onsistent with the XRD
result that showed a structural transition W|th the substitution of
Gd in Co-ferrite. .

34. Ra-mdn anilysis

Raman analysis is used to _s‘tudy‘lattice' distortion, magnetic
ordering, and structure transition in the ferrites nanoparticles,

| . Room temperature measured Raman spectra of Gd-substituted Co-

ferrite samples are shown in Fig. 8. According to group theory,
spinel str ucture has 39 normal mode of vibration [2 1}, out of which,
Arg (1} (675~ 688 cm™t), Az (2) (647-649 em™Y), Tz (1) (516
522 cm™') and Ty (2) (476-481 ¢cm™'} are shown in Fig. 9. We have

" observed singly degenerate symmetric mode Ay (1) around

675 cm™! and this band is due to the symmetric stretching vibra~
tion bond at the tetrahedral (A) site while Arg (2) around 647 cm™!
is related to Co—0 bonds. The mode Tag (1) at 516 cm™! is associated

'with an anti-symmetric bending ¢f oxygen of Fe—0 bond whereas;
- Tag (2) around 476 em~! is related te asymmetric stretching of

oxygen of Co/GdfFe—0 [32] The presence of these bands is asso-
ciated with the spinel structure of ferrite and which also confirms
the formation of single-phase Gd-substituted Co-ferrite. The posi-
tions of bands observed from the Kaman spectra are given.in
Tabie 3. From Fig, 9 and Talde 5, it is observed that mest of the peaks
are slightly shifting towards the higher wavenumber with Gd
composition. This behavior shows that the substitution of Gd will
distort the lattice due to the migration of cations amaong tetrahedral
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Fig, B. FE-SEM images of CoFe; «Gdy0y (x = 0.0, 0.06 and 0.1} nanopartictes,

& 1
Full Bogle 784 ofg Cprson U008 -

Fig. 7. Energy dispersive X-ray spe:tfoscupy spectra of CoFez G Os (% = b.gO, 0.06 apd

0.1} nanaparticles,

and octahedral sites, This result confirms the complete incorpora-
tion Gd>* in Co-ferrite and it is consistent with the result explained
in the XRD analysis with cation distribution.

3.5. Magnetic properties

The VSM was used to study the magnétic properties of CoFes.
xGdx04 {(x = 0.0, 002, 0.04, 0.06, (.08 and 0.1) samples by
applying the magnetic field up to 1.5 . The hysteresis loops of all
the samples are shown in Fig, 18, It is ubserved from the hysteresis
loop; all samples have moderate soft ferromagnetic nature. The
values of saturation magnetization (Ms), coercivity (Hc) and
temanence magnetization (Mr} determined from the hysteresis
loop are shown in Table &, Variation of saturation magnetization
and coercivity of the samples with Gd composition are shown in

Fig. 11. Values of saturation magnetization are decreased from 77.37

to 51.38 emu/g with an increase of Gd composition in cobalt fer-
rites. Spinel ferrite consists of three super-exchange interactions;
A-B interaction, A-A interaction and B—B interaction and among

;

g7
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* Fig. 9. Raman spectra of CoFey.,Gd,04 (x = 00, 0.04 and 0.08) nanoparticles.

Raman peaks of CoFez..Gda04 (x = 0.0, 0.04 and 0.08) nanoparticles.

Compasition (x) Raman Shifi (cm™1)

Ry Ag(2) Tzo(1) Togl2)
09 : | 688 647 516 - 479
004 : B76 648 521 481
675 522

0.08 ) 476

these interactions A-B-interaction is stronger than the other two

interaction [49]. Sincé the ionic radius of Gd>* ion is greater than
other cations in cobalt ferrites, therefore, Gd®* ion is preferred to
occupy octahedral [B] sites. At room temperature, Gd>* is non-

- magnetic; therefore, the number of non-magnetic atoms in-

creases at B-site. Hence, the magnetic moment is decreased at B-
site. The resultant magnetic moment is the difference between the

" magnetic moment at B and A-sites ie. M = Mg ~ M, and conse-

quently reduce the resultant magnetization [50]. Hence, the value

" of *Ms' is decreased with Gd®* concentration in cobalt ferrites.
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Fig, 10, Magnetic hysteresis loops of CoFey G0y nanoparticles. '

Table 6- ’ :

Saturation magnetization (Ms), Coercivity (Hc), Remanence magnetization (R) and
observed and calculated magnetic moments {npExp and ngCal.) of CoFey.,Gd,0,
{x =00, 002, 0.04, 0.06, 0.08 and 0.1) nanoparticles.

Composition (x) Ms (emu/g) He (Oe) R 0 ()
] . npExp, ngCal,
0.0 - 7737 576 3899 - 325 432
002 - 7240 1002 3421 307 - 544
0,04 67.05 - 1087 2876 287 . 560
- 006 61.09 1192 , A6t 2.63 572
0.08 53.18 1244 19.52 253 584
0.1 o 51.38 1281 12.58 225 6
B0 T ¥ T T T T I T T .
1. . ta0a
75 !
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Fig. 11, Vasjation of saturation magnetization (M) and coercivity (H:) with Gd

concentration.

Magnetic properties are collectively depends on grain size, cation

-distribution, super-exchange interaction, and crystalite size, CoFes.

2G04 has the canted magnetic structure for content Fe is less than
2. Fe*t fons occupy both at (A) and [B] site and therefore itinerant
electrons can exchange between Fe** cations. In traditional super-
exchange (SE) and double exchange (DE) interaction models,
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oxygen anions are assumed to be 02", It is observed that spinel .

ferrite also contains. negative menovalent oxygen ions; 0!~ ions
(with the electronic configuration 2s?2p®) [51,52]. This 0"~ ion'can
have a 2p hole or 2p electron that affects the magnetic and electric
properties through SE and DE models. Since the crystallite size and
grain size of samples is decreased with an increase of Gd. The
decrease in crystallite size and grain size gives larger dead magnetic

. area which lowers the magnetization. This result is similar tv Nb-
substituted cobalt ferrites {53].

-From Fig. 11, it is observed that the coercivity of samp]es is
increased from 976 to 1281 Oe with Gd substitution. In general, the
coercivity of the samples is inversely propertional to crystallite and
grain size, Therefore, the increase of coercivity with Gd-
substitution may be due to the decrease of crystallite and grain
size. Substitution of Gd could enhance the magnetoelastic and
magnetocrystalline anisotropies due to a larger ionic radius and
resulting in an.increase in 'Hc', The value of remanence magneti-
zation is decreasing with Gd composition. The experimental value
of Bobr magneton number ‘ng’ of the samples is determmed using
the value of 'M' from the relation [M]

MWXMS

5585 20

Ng=
Where My is molecular weight and 5585 is the miagnetic factor., It is
observed from Table G, that the value of Bohr magneton number
decreases from 3.25 to 2,25 with the increase in Gd composition
from x = 0.0 to x = 0.1 This is might be due to the decrease in A-B
super-exchange magnetic interaction, The magnetic moment per
formula unit (ng) based on Neels two sub-lattice mode] were
calculated by equation, ng = Mg ~ M,, where, M and M are the
magnetic moments (A) and [B] site sub-lattices. The ionic magnetic
moments of Co®*, Fe¥*, and Gd** are 3 tg, 5 yg, and 7 pp respec-
tively. The values of calculated magneton riumbers are tabulated in
- Tabie &. It is observed that the experimental values of the magneton

number are disagreement with Neel's magnetic mement. This is-

due to the canted magnetic moment and presence of a canted spin
structure at octahedral [B] site [$5].

3.6. Dielectric properties

The sample powder of CoFeyGdx04 (X = 0.0, 0,02, 0.04, 0.06,
0.08 and 0.1} were pressed uniaxial to obtain pellets of diameter
10 mm and thickness 4 mm. The surfaces of pellets were coated for
good Ohmic contact. Values of dielectric constant with applied
frequency are calculated from the formula [56];

cd

g L
S | (21)

Where C is capacitance, d is the thickness of pellet, € is the .

permittivity of the free space, and A is the cross-sectional area of
the pellet. Fiz. 12 shows the variation of dielectric constant with
applied frequency for all the composition of Gd. It is observed that
dielectric constant decreases with applied frequency and shows
dispersion at a fower frequency. This might be due to the process of

polarization in cobalt ferrite like that of the conducting process. It is

found that the process of polarization decreases with frequency
and becomes constant at a higher frequency. Above certain higher
frequency, the exchange of electron between ferrous and ferric ion
does not follow the AC field The decrease of dielectric constant
with the increase of frequency might be due to the interfacial po-
larization explained by Maxwell-Wagner [57,58]. According to the
Maxwell-Wagner model, ferrites are made up of two conducting
layers. The larger number of grains occurs in the first layer and the

500

306

200

Diglectric constant (s

100

Logf

Fig. 12. Variation of dielectric constant with applied freqﬁency of CoFeq,GdyOu.

second layer behaves as poor condictor. These grain boundaries-are
more effective at lower frequency and therefore value of dielectric
constant is high at lower frequency. Grain boundary becomes
‘dominant at higher frequency due to this value dielectric constant

is low at higher frequency. In ferrite samples, huppmg of electrons

takes place following iens, -

FeH + e~ = Fe?tGd™ 4 e #?Cd2+ E

Co?t e~ Co?t

It is observed that the substitution of Gd in cobalt ferrites de-
creases the value of dielectric constant. At 100 Hz, dielectric con-
stant increases from 248 to 475 with increasing Gd composition

from x = 0.0 to x = 0.1, Substitutions of Gd distort the lattice of

cobalt ferrite and Co®* ions move towards the tetrabhedral site, At
the same time, an equal number of Fe?* moves from tetrahedral to
octahedral site and exchange of electron between ferrous and ferric

jons increases which increase dielectric constant; A similar result is . .

observed in previous literature for Gd-substituted cobalt ferrites
f21]. '

4, Conclusions

The nanocrystalline Gd-substituted cobalt ferrites have been

prepared successfully by the technique of sol-gel auto-combustion, -

Plaries in XRD and Rietveld XRD exhibit the evolution of Gd-
substituted Co-ferrite with a single phase. It is noticed that the

. lattice constant decreased with the substitution of Gd composition

which reveals that Gd distorts the lattice structure of cobalt ferrites.

Values of crystallite and grain size exhibit the formation of nano- -

crystalline samples. The values of crystallite size and [attice strain
estimated from Williamson-Hall effect are decreased with
increasing of Gd* fons in Co-ferrite. The decreasing trend of
crystallite and grain size is consistent with magnetic parameters.

Rietveld refinement and cation distribution revel that substitution

of Gd** ions in cobalt ferrite is strongly preferred to occupy at
octahedral B-site only. The Co®* ions are transferred from octahe-
dral B-site to tetrahedral A-site with the substitution of Gd®* ions

by redistributing the cations among the octahedral and tetfahedral -

site. The presence of the octahedral and tetrahedral bands in ETIR
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and Raman speqlra also confirmed the phase of spinel ferrite. The
band related 1o spinel ferrite is slightly shifted towards the Liigher
wavenumber which assigned to perturbation cccwring befween

'metai-oxygeu bond dye to the substitution of Gd in Co-ferrite,
" Values of saturation magnetization, remanence mmagnetization,
- and Bolr magneton number are decreased with the increase of Gd

composition in cobalt ferrites due to the wedkening of A-B super-
exchange interaction with Gd®* ions. The valyes of coercivity in-
crease with Gd composition due to the crystallographic anisotropy
with Gd composition. All the samples of Gd-substituted cobalt

ferrite follow the Maxwell--Wagner model, Dielectric constant in-

crease with increasing Gd composition is attributed to an increase
of densification and transformation of some Fe** jons. Samples
exhibit excellent properties like high crystallization, moderate soft
magnetic behavior, and dielectric properties which have promising

. applications for rnagneto—optlcal communication, and microwave
- dev1ces .
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