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Influence of Bi**-doping on Magnetic and Méssbauer Properties of Spinel Cobalt Ferrite

Shyam K. Gore,®° Rajaram S. Mane, ®* Mu. Naushad,® Santosh S. Jadhav,” Manohar K. Zate,? Z. A. Alothman,’

Biz K. N. Hui,®”"

The influence of Bi**-doping on the magnetic and the Mossbauer properties of cobalt ferrite (CoFe,O,), where Fe** ions are replaced by
Bi*" ions for CoBi,Fe,.0, ferrites where x = 0.0, 0.05, 0.1, 0.15 and 0.2, has been investigated. The structural and morphological
properties of undoped and doped ferrites, synthesized chemically through self ignited sol-gel method, are initially screened using X-ray
diffraction, scanning electron microscopy and Fourier transform infrared spectroscopy measurements. The changes in magnetic moment
of ions, their coupling with neighboring ions and also cation exchange interaction are confirmed from Mossbauer spectroscopy analysis.
The effect of Bi**-doping on the magnetic properties of CoFe,0, ferrite is examined from the vibrating sample magnetometry spectra.
Saturation magnetization and coercivity values are initially increased and then decreased with Bi**-doping. Obtained results with
improved saturation magnetization (from 26.36 to 44.96 emu g%, coercivity (from 1457 to 1863 Oe) and remanence magnetization
(from 14.48 to 24.63 emu g*) on 0.1-0.15 mol Bi**-doping of CoBiFe,.,0, demonstrate their usefulness in magnetic recording and

memory devices.
1. Introduction

Magnetic particles have attracted considerable research interest in
recent years due their wide range of applications in magnetic
recording, microwave absorption, contrast agent, oxygen
evolution, and energy storage devices.'® The materials research
dealing with structural, chemical and physical properties
belonging to the spinel type structure with general chemical
formula M?*0.M,**O5 where M?* = Co, Ni, Zn, Cu, Fe and M** =
Al, Cr, Mn, Fe, V etc,, is at the front line. The spinels occur as
natural minerals® few examples of spinels with striking features
include MgAl,O,, FeAl,O,, Fe;0,4 etc. The spinel with the metal
ion Fe>* present in largest mole-wise concentration is ferrite,
generally demonstrates ferrimagnetic nature. The structure and
crystal chemistry of spinels have comprehensively been
addressed in the literature.” The unit cell of spinel structure
contains thirty-two closely packed oxygen atoms. The oxygen
form a face centered, cubic close packed structure where eight
cation occupy tetrahedral A-site and sixteen octahedral site.? The
occupancy of cation depends on the ionic radii, sizes of
interstices, temperature, valency, and electrostatic energy.® In
ferrite, Fe® ions control the magnetic characteristics by
fluctuating their appearance as divalent (Fe?*) or trivalent (Fe*")
ions. For special applications as like the case where large
magnetic moment is needed, the divalent ions substitute for Fe**
ions. The substitution of trivalent ions such as Cr¥*, Al**, Gd**,
Ce® for Fe** are generally used in either magnetic or electrical
applications.’%*®
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In spinel ferrite, an additional non-magnetic ions such as AI** on
octahedral site reduces saturation magnetization by increasing the
resistivity.'* The magnetic and dielectric properties of these
ferrites depend upon cation distribution and the exchange
interaction among the cations in the two sub-lattices. The
octahedral sites are larger than tetrahedral sites. Therefore, ions of
smaller ionic radii can enter into tetrahedral site and larger ions
enter into octahedral site. Some exceptions are found for Zn%,
Cd?* having larger ionic radius compared to Fe** ions enter into
octahedral site. More easily diamagnetic In** of higher ionic
radius enters the tetrahedral A- site by replacing Fe** in spinel
ferrite.’>” Among the different spinel ferrite, cobalt ferrite pay
special attention because recently it have been intensively
investigated for magnetortheological behavior for smart
material,*® photoluminescence properties,’® microwave absorbing
properties®® and superparamagnetic properties.”* Cobalt ferrite
(CoFe,0,) is versatile hard ferrite of wide range of applications in
various fields due to its strong magneto-crystalline anisotropy,?
high coercivity, high saturation magnetization,?* and chemical
stability.?> Synthesis and magnetic properties of Cd, Mg, Zn, and
Al, etc.-doped ferrites are reported in literature.®®® It is
anticipated that Bi** can also enter into both tetrahedral and
octahedral sites by forming CoBi,Fe,.,O,. Replacing Fe®** with
Bi*" would be fascinating because Bi** is non-magnetic which
can promote the saturation magnetization and can reduce the
magnetic anisotropy.*

In this paper, we report synthesis of Bi**-doped CoFe,0, ferrites
using sol-gel self combustion method. Changes in structural,
morphological, magnetic and Mossbhauer properties of CoFe,0O,
on Bi*"-doping, in place of Fe**, are investigated. Bi*"-doping
influences significantly on the magnetic properties of CoFe,O,4 by
varying value of saturation magnetization (M), coercivity (H.),
remanence magnetization (M;) and remanence ratio (R) etc.

2. Experimental details

The synthesis of CoBiyFe, 04 (0 < x < 0.2) ferrites was carried
out in the presence of citrate and nitrate using sol-gel self
combustion method.* All high purity AR grade (99.99%)
chemicals such as cobalt nitrate (Co(NO3),.6H,0), bismuth
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nitrate (Bi(NO3),.5H,0), ferric nitrate (Fe(NO5)3.9H,0) and citric
acid (CgHgO,H,0) (sd-fine India) were used as received without
purification. All reagents were weighted in stoichiometric
proportions where metal nitrate to citrate ratio was 1:3. The
cobalt and ferric nitrate were added in de-ionized water, bismuth
nitrate was dissolved in concentrated hydrochloric acid. All
solutions of nitrate salts were mixed together in a beaker of 1000
ml capacity. An aqueous solution of citric acid was mixed with
metal nitrate solution as chelating agent at initial pH ~3. The pH
of resulting solution was increased with an addition of
ammonium hydroxide solution to ~7.%2 The beaker of solution
was kept onto a hot plate while continuous stirring at 90°C. While
evaporation; the solution changed to viscous and finally thick
viscous gel. Subject to removal of all water molecules from the
mixture, the gel was automatically ignited and burnt with glowing
flints yielding ash. The decomposition reaction was continued
until the whole citrate complex was consumed. The time required
to complete the ignition was about one minute; yielding the black
colored ash. We carried out these reactions for different
concentrations (x = 0.0 to 0.2) of Bi*-doping so as to have
CoBi,Fe,. 0, ferrites. The as-prepared ferrites with different ‘x’
values were heat treated separately at 500°C for 4h to get
impurity-free desired products. The phase-purity and crystal
structure of these ferrites were examined through X-ray
diffraction spectra, obtained on X-ray Rigaku—denki (Japan)
diffractometer (D/MAX2500) with Cu-Ka radiation (A =1.5418
A) in the 26 range from 20 to 70° with scanning rate 10°/min. The
morphologies of as-developed ferrites were confirmed from the
help of digital photo-images scanned on scanning electron
microscopy (SEM) Hitachi S-4200. In later case, elemental
proportions were corroborated from the energy dispersive X-ray
(EDX) analysis. Fourier transformed infrared spectroscopy
(FTIR; Shimadzu, Model 8400s) transmittance spectra were
obtained in the wave number range of 4000-400 cm™. The
magnetic measurements of CoBi,Fe, 0, ferrites were operated
with a vibrating sample magnetometer (VSM; Lake Shore, Model
7404) at room temperature. The Mossbauer spectra were recorded
at room temperature using *Co/Rh y-ray source. The velocity
scale was calibrated relative to °’Fe in Rh. Recoil spectra analysis
software was used for the qualitative evaluation of the Mossbhauer
spectra.

3. Results and discussion

3.1 Structural elucidation and morphological evolution studies

The XRD patterns of CoBiFe,.O, ferrites obtained for 0.0, 0.05,
0.1, 0.15 and 0.2 ‘x’ values of Bi** —doping levels are shown in
Fig. 1. XRD spectra confirm diffraction peaks of cubic spinel
cobalt ferrite when ‘x’ is within 0 < x < 0.15; which is in close
agreement with 22-1086% JCPDS and also with literature.>*
Whereas, as Bi**-doping is increased i.e. when x = 0.2, additional
peaks correspond to Bi,O; (JCPDS card number 22-0515) are
evolved. Presence of smaller and intense peaks in all XRD
patterns is an indication of higher crystallinity, suggesting both
doped and undoped ferrites were polycrystalline. The formation
of secondary phase is due to electronic configuration and ionic
radius of the trivalent Bi**. The Bi®* of an ionic radius of ~1.03 A,
higher than that of Fe** (0.67 A), occupies tetrahedral or
octahedral sites more easily. Therefore, an excess substitution of
Bi*" leads to the formation of the secondary phase®. The micro-
strain developed by substitution of Bi®* decreases the lattice
symmetry during the formation process and crystal imperfection.
Distortion of strain induced peak broadening is related to micro-
strain which is given by ¢ = B¢/tand. Crystallite size depends on
es diffraction angle 6, Scherrer equation follows 1/cosé and

Williamson Hall method follows tané. The crystallite and micro-
strain both occur together due to the reflection broadening.
Depending on different & positions, the separation of size and
strain broadening analysis was carried out using Williamson Hall

70 method.*® In this method, the XRD peak broadening is divided in

two parts in accordance with Brg = Bsize + Pstrain €quation. The
actual sample peak broadening is obtained by correcting the
experimental peak broadening as B? = Bp? —Pgr? where Bp is
observed full-width at half maxima (FWHM) with the sample and

s Br is FWHM of the peak of well-crystallites standard reference

material. Therefore, original equation can be modified as;

094
Bt =+ 4etan @ 1

B cos@ = %1 + 4¢&sin @ 2
where B- FWHM, ¢- strain, A- wavelength of X- ray, t- crystallite

80 Size.

It is assumed that strain is in all crystallographic direction 3 cosé
(Y- axis) is plotted with respect to 4 cosé (X-axis). The micro-
strain and crystallite size are calculated from the slope and Y
axis-intercept of the fitted line, respectively. Fig. 2a shows the

85 produced strain in CoBi,Fe, O, ferrites. It is observed that the

slope for pure CoFe,O, is positive, indicating an existence of a
small micro-strain in the lattice. The slopes for x = 0.05, 0.1, 0.15
CoFe,0, products are negative; the amount of micro-strain must
be very small. Slope for x = 0.2 ferrite is more positive,

9 demonstrating larger micro-strain than CoFe,O,. This could be

due to fact that the variation of Fe** between tetrahedral (A- site)
and octahedral (B- site) increases since relatively bigger Bi*
enter into the matrix of CoFe,O, more easily. Variation of lattice
constant ‘a’ with Bi® -doping in CoFe,O, is shown in (Fig. 2b)

s Where lattice constant increases with Bi®* substitution. The

increase in lattice constant with Bi** addition is related to
difference in ionic radii of Fe** and Bi®*". The larger ionic radius
of Bi** (1.03 A) can replace smaller Fe** (0.67 A) more easily
which eventually increases the lattice constant could be due to

w0 swelling of unit cell dimension.” In the present system, increase

in lattice constant with Bi®*'-doping obeys Vegard’s law,*®
suggesting Bi**-doping is responsible for changing the structure
of CoFe,O,. Presence of vacant lattice site at given composition
is determined by a comparison of bulk density with the X-ray

w05 density. The X-ray density values are increased linearly with the

Bi**-doping (Fig. 2 b).* %

Intensity (arb. unit)

Non sitered x ~ 0]

30 40 50 60 70|

2 0 (degree)

Fig. 1 The XRD patterns of CoBi,Fe,.,O, (x = 0.0, 0.05, 0.1, 0.15

uo and 0.2) ferrites sintered in air at 500°C and non sintered for

x=0.2.
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Morphologies of CoBi,Fe,, O, ferrites were observed from
digital SEM images. Fig. 3 (a-e) presents SEM images of
CoBiFe,. O, ferrites for various ‘x’ values asa=0, b =0.05, ¢ =
0.1,d =0.15 and e = 0.20. Flat morphology with few air-voids is
s seen for CoFe,O, ferrite (Fig. 3a). All crystallites are well-
connected to one another in a relatively compact structure form.
Valley and/or over growth are also noticed. Fig. 3b is the SEM
image when ‘x’ is 0.05. Regular and polished crystallites are
changed to irregular, rough and loose-type. For ‘x” = 0.1 mol of
1 Bi®*, CoFe,0, is agglomerated-type with some overgrowth which
then is turned to flakes-type when ‘x’ is 0.15 mol of Bi**. For
x’= 0.2 mol of Bi**, morphology is round-shape and scattered-
type however, sphere-size is smaller than pristine CoFe,O, (Fig.
2e). In short, surface of CoFe,O,4 has been changed substantially
15 with Bi**-doping from 0 to 0.2 mol. In ferrite structural, magnetic
and electrical variation depends on exchange interactions of
cation between octahedral and tetrahedral sites. In this study
morphology changes with doping because substitution of Bi®*
enters tetrahedral (A) site and also octahedral [B] site for more
20 Bi®" concentration. Both tetrahedral and octahedral sites modify
by Bi®" causes change in the morphology with increasing grain
growth*.,
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Fig. 2 (a) Williamson-Hall plots for CoBi,Fe,.O, ferrites, (b)
variation of lattice constant ‘a’ and X- ray density ‘dx’with Bi
content ‘x’.

30 3.2 Elemental analysis

The EDX analysis of CoBisFe, O, (0 < x < 0.2) ferrites was
carried out for quantifying doping levels of Bi** in CoFe,0,. Fig.
4 shows the EDX spectrums of CoFe,0, doped for various Bi**
concentrations i.e. 0, 0.05, 0.10, 0.15 and 0.20. The O, Fe, Co,

35 and Bi are major elements detected in ferrites except Bi in first i.e.

CoFe,0,, indicating synthesized ferrites were pure in phase and
Bi**-doping is successfully achieved. The estimated atomic
percentages of O, Fe, Co, and Bi in pristine and doped CoFe,0,
ferrites are given in Table 1. The concentration of Co?" is
40 constant; indicating its proportion in ferrite structure is not
responsible for both structural and morphological changes.
However, the concentration of Bi is increased, demonstrating for
Bi**-doping with Fe** in CoFe,O, without disturbing Co?*.

3.3 Fourier transforms infrared analysis
s The FTIR spectra of CoBi,Fe,.,O, ferrites obtained for 0.0, 0.05,

0.10, 0.15 and 0.20 ‘x’ values were recorded in range of 4000-
400 cm™ (Fig. 5). The FTIR bands are assigned to vibrations of

ions in crystal lattice and used for knowing the local symmetry in
solids. The FTIR absorption bands are evolved due to vibrations
s of oxygen ions with metal cations.*? Spinel ferrites reveal two
metal-oxygen bands in FTIR spectra. The characteristics M-O
absorption bands appeared at around 425-409 cm™ (assigned to v,)
and another at around 595-574 cm™ (assigned to v,) are attributed
to the presence of octahedral and tetrahedral sites, respectively.*®

ss Table 1 Atomic percentage of O, Fe, Co and Bi in CoBiyFe, O,
ferrites.

Bi3+
(mol) ‘x’ (0] Fe Co Bi Total
0.0 44,71 34.7 20.59 0 100
0.05 48.29 3223 1859 0.89 100
0.10 36.95 39.81 219 1.34 100
0.15 39.56 3738 2071 235 100
0.20 42.43 3485 1941 3.3 100

e Fig. 3 The SEM images of CoBi,Fe,.0, ferrites for x = 0.0, 0.05,
0.1,0.15and 0.2.

li

Fig. 4 EDX spectra of CoBi,Fe,.O, ferrites for x = 0.0, 0.05, 0.1,
0.15and 0.2.

es 3.4 Mossbauer study
The 5’Fe Mossbauer spectra recorded at 300K for x = 0.0, 0.1,

and 0.2 and fitted using available computer software is shown in
Fig. 6. Mosshauer spectra exhibit normal magnetic sextet,* due

This journal is © The Royal Society of Chemistry [year]
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to Fe>* on tetrahedral (A) site and other due to Fe®* at octahedral
[B] sites.

Fig. 5 FTIR spectra of CoBixFe,.O4 ferrites for x = 0.0, 0.05, 0.1, 0.15
s and 0.2.

The presence of a six line pattern in all spectra has confirmed
magnetically ordered ferrite products.”® Isomer shift (§),
quadrupole splitting (A), and hyperfine field (H;) corresponding
to tetrahedral (A) site and octahedral [B] site were obtained by
10 curve-fitting process (WinNormos software).*® The & value at
both (A) and [B] sites is same for x = 0.0 and 0.1, indicating the
s-electron distribution of Fe** ions could be insensitive to the Bi®*
content. The & value at (A) site is increased for x = 0.2, while at
[B] site it is decreased with increasing non-magnetic Bi** content,
15 which can be explained through the bonding nature of Fe** with
Co? and Bi*" at both sites.*” With increasing x’, Bi** can occupy
both tetrahedral (A) and octahedral [B] sites. More number of
Bi** can place in octahedral [B] site for x = 0.2 i.e. less migration
of Fe®" from (A) site to [B] site, the population of Fe®" at (A) site
20 can be increased while at [B] site it can be decreased.'’ lons on
[B] site with larger ionic radii and ions on (A) site with smaller
ionic radii are responsible for the orbital overlapping. There is
increased overlapping on [B] site and decreased overlapping on
(A) site for smaller doping of Bi®* ions. Due to which the & value
25 is decreased on [B] site and increased on (A) site. The Hs at the
iron nucleus is proportional to saturation magnetization and is
influenced by magnetic moment of ions and coupling with
neighboring ions. In most of the cases, the Hs at the Fe** on [B]
site is largest in the absence of non-magnetic neighboring ion and
% begins to decrease with increase of non-magnetic ion
concentration.*® Table 2 depicts decrease in H; with Bi** ion
concentration which is attributed to supertransferred hyperfine
field components; strongly influenced by the superexchange
coupling with neighboring ions and magnetic moments of these
s ions. Tetrahedral (A) site is occupied when Bi**-doping is
increased, metal ions on octahedral [B] site create strong super-
exchange interaction with neighboring (A) site ions, which is, in
fact, a common behavior in spinel ferrites. It is observed that the
value of H; is decreased at both (A) site and [B] site with
w0 increasing non-magnetic Bi®" concentration. Probability of the
Fe** to find a Bi®" as nearest neighbor may cause decrease in H.
The Q value is an indication of the degree of deviation from cubic
symmetric structure. The Q values of all CoBi,Fe,.,O, ferrites are
given in Table 2. There is no obvious variation in Q value,
s indicating Fe®*, Co?* and Bi®" symmetry is unchanged between
Fe** and their surrounding with addition of Bi** in the system.

3.5 Magnetic study

The variation of magnetization, M (emu/g) with applied magnetic

field, H for CoBi,Fe,. O, ferrites at room temperature is shown in
so Fig. 7. The magnetization curves demonstrate the change in

magnetic behavior of CoFe,0, with the Bi**-doping,

corroborating incubation of Bi** into CoFe,0, matrix. All ferrites

possess the ferrimagnetic behavior at room temperature. The M;,
H., M, and R (=M,/My) values for doped and undoped CoFe,0,

ss ferrites were calculated from the magnetization curves. The M,
value is increased with Bi**-doping level up to 0.10 and is then
decreased when x > 0.15. This can be explained by the fact that
the ferrites follow Neel’s two sub-lattices model.*

OO

TRV Y V]
NV Y W

1O

Verlocity fraen I»)

60 Fig. 6 Mdssbauer spectra of CoBi,Fe, O, ferrites for x = 0.0, 0.1,
and 0.2.

According to Neel’s model, the magnetic moment per formula
unit is given by ng = Mg—-M, where Mg and M, are the [B] and
(A) sub-lattice magnetic moments in pp.

s Table 2 IS, Q and Hy; values for (A) and [B] sites and ng values,
obtained from Mossbauer spectra.

Bi** 1S4 ISg Qa Qe Hwa  His
(mol) (mm/s) (mm/s) (kOe)  (kOe)
o
0.0 0.27 029 -0.008 -0.008 521 543
0.1 0.27 029 -0.008 -0.008 501 522
0.2 029 027 -0.008 -0.008 501 517

The Neel’s magnetic moment was calculated by taking ionic
magnetic moment of Co?* (3pg), Fe** (5pg) and Bi®* (Oug). *° The
70 magnetization depends on cation distribution in (A) and [B] sites.
The M; is increased with increasing doping of Bi®', suggesting
addition of non-magnetic Bi®* preferred tetrahedral (A) site by
replacing Fe** from (A) site to [B] site through diluting the
magnetic moment of (A) site. The net magnetization, being
75 difference between [B] and (A) sub-lattice, is increased due to
increase in Fe®* on [B] site. When substitution of Bi®* is
increased, Bi** prefers both tetrahedral (A) site and octahedral
[B] site and there may be less migration of Fe** from (A) site to
[B] site which eventually decrease the magnetic moment of [B]
g Site and thereby M;; can be the main reason for decreasing
magnetization for x > 0.15. The H, value is increased up to x =
0.05 and then is decreased for more values of °x’, mainly
depending upon the size of crystallite, domain structure and
anisotropy of crystal structure. Initially coercive field is
g5 increased for x = 0.05 because of formation of nanocrystalline
structure and incorporation of Bi** into CoFe,O, whereas, for x >
0.05, it is minimized due to decrease in anisotropy. This
determines the difficulty of the magnetization direction away
from its stable alignment with the preferred axis can find one of
o the influencing factors for magnitude of coercivity. The H, is

4 | Journal Name, [year], [vol], 00-80
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decreased from 2446G to 1793G with Bi**-doping could be due
an anisotropy change. Figure R is the characteristic parameter of
the magnetic material. High R value is needed for magnetic
recording and memory devices,** and provides an information
s with which the direction of magnetization reorients to nearest
easy axis magnetization direction after the magnetic field is
switched off. Lower value of the R, in the present case, is an
indication of isotropic nature of CoBi.Fe, O, ferrites. It is
observed that the values of R are in range of 0.55 to 0.57,
10 showing increasing trend with Bi** doping.

Table 3 M, H¢, M, and R values of Bi-doped CoFe,0, ferrites.

Bi** M H, M, R=
X’ (emugl) (OCe) (emugl MJM,
0 26.36 1457 14.48 0.55
0.05 37.55 2446 21.54 0.57
0.1 44,96 1863 24,63 0.55
0.15 37.01 1860 21.19 0.57
0.2 20.6 1793 11.53 0.56

60,
40
20

0

20

Magnetization (emu/g)

-0

~{l)
~SO00)

4000 0 4000 SO00

Applied Field (Oe)

Fig 6 Magnetic hysteresis loops of CoBi,Fe,.,O, ferrites.
15 4. Conclusions

We have successfully synthesized CoBiyFe,, O, ferrites for
various ‘x’ values from 0.0 to 0.2 using sol-gel self-combustion
method followed by air-annealing at 500°C for 4 h. The XRD
spectra have confirmed the formation of face-centered cubic
spinel cobalt ferrite and moreover, the morphology is a function
of Bi**"doping level. The lattice parameter and X-ray density are
increased with Bi** i.e. with ‘x’. Systematic increment of Bi®*
doping level is confirmed from the EDX measurement.
Ferrimagnetism in doped and undoped CoFe,O, ferrites is
supported by the Mossbauer spectra. The isomer shift is increased
at (A) site while decreased at [B] site. Up to x = 0.1 there is
decrease in the hyperfine field which again is increased for x =
0.2. The quadrupole splitting for entire system shows no obvious
variation. In magnetic study, saturation magnetization is
increased with Bi**-doping up to x = 0.1 and then is again
decreased for x > 0.15. The coercive field is increased up to x =
0.05 and then decreased with Bi®*'-doping level and finally,
remanent ratio is in range of 0.55 to 0.57. These results
corroborate favorable change in magnetic behavior of CoFe,0O,
when doped with Bi*" in different proportions and find
potentiality in magnetic recording and memory devices.
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