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Nanosize nickel-substituted cobalt ferrites were prepared using the technology sol-gel with
participation of auto-combustion (SGA) and characterized by EDX and Mossbauer spectroscopy. Mossbauer
spectrum of CoFe204 powder at room temperature exhibited broad sextet and doublet, suggesting super-
paramagnetic nature of the sample. The subtituted samples showed only broad sextet, which is resolved
into two sub-sextets, corresponding to tetrahedrally and octahedrally coordinated Fe cations. Cation distri-
bution calculated using XRD and Mdossbauer data indicates a decrease in Fe3+[B]/Fe3+(A) ratio with in-

creasing nickel concentration.
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1. INTRODUCTION

The development of new nanomaterials that are
simultaneously economically viable and have tunable
physical properties has become one of the most im-
portant researches. Among the various ferrite
materials, cobalt ferrites CoFe204 are of paramount
importance due to their excellent chemical stability,
good mechanical hardness, high coercivity, moderate
saturation magnetization, a positive anisotropy
constant, and a high magnetostriction [1]. These are
the most widely used magnetic materials in high
frequency applications [2].

The structure of inverse spinel allows the
incorporation of different metallic ions, which can
considerably influence the magnetic and electrical
properties. Interesting magnetic properties originate
mainly from the magnetic interactions between cations
that are situated in the tetrahedral (A) and the
octahedral [B] sites. The substitution affects the
distribution of the Fe3+ ions in the A and B sites,
thereby, changing the structure of cobalt ferrites from
inverse spinel to mixed spinel, resulting in a
corresponding change in the magnetic properties [3].

The properties of the ferrites are found to be
strongly dependent on the method of preparation,
reaction conditions, composition of ferrites and the
cation distribution. Various preparation techniques like
sol-gel method, co-precipitation method, ball milling,
micro emulsion processing, etc. have been developed in
order to obtain substituted cobalt ferrites with tunable
physical properties. By using different types of cations,
the cation distribution of the ferrites may undergo a
change leading to the development of materials with
new properties. Therefore, the knowledge of the cation
distribution plays an important role in the
development of new materials which may be useful in
the industry.

The properties Ni-Co ferrites make them very
promising candidates for a variety of applications in
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biomedical technologies [4, 5]. From the application
point of view, the magnetic character of the
nanoparticles depends crucially on size, shape, purity
and magnetic stability of these nanoparticles. These
particles should be single domain, of pure phase,
suitable coercivity, moderate magnetization and stable
blocking effects. In biomedical applications, the
nanoparticles are used as drug carriers to the areas of
the body where conventional drug delivery systems
may not work [6]. For this purpose the nanoparticles
used should be magnetically in superparamagnetic
unblocked state with relatively low blocking
temperature and coercivity.

Therefore, the aim of present paper is study the
impact of Ni2* ions substitution on chemical
composition and magnetic properties of CoFe204
prepared by the SGA technology [7].

2. EXPERIMENTS

The ferrites with the general formula NixCoixFe204
(x=0.0,0.1,0.2,0.3,0.4 and 0.5) have been prepared
by SGA technique. The X-ray diffraction (XRD)
patterns were recorded at room temperature using
CuKa radiation. The scanning was done in the 26
range from 15 ° to 60 °. After completing the process
auto-combustion was obtained one phase of ferrite
powders which corresponded to the cubic structure of
spinel space group Fd3m. The average size of coherent
scattering regions of powders was in the range 39 —
62 nm [8].

Mossbauer absorption spectra of Ni-Co powders
were obtained at room temperature on a spectrometer
MS-1104Em. As a source of yquanta, >7Co with an ac-
tivity of 100 mCi in a chromic matrix was used.
Gamma quanta were registered by means of a
scintillation counter with a Nal crystal as a sensitive
element. The resolution of experimental Mossbauer
spectra into components was carried out by applying
the wuniversal program UnivemMS-7; namely, the
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spectra were approximated by sums of analytical
functions describing separate components in the
experimental spectrum. Isomeric shifts were calibrated
with respect to metallic a-Fe.

The atomic weight composition (%) of the
constituent elements in the as-prepared samples was
carried out by energy dispersive X-ray spectroscopy
(EDX) performed on the EXPERT 3L atomic
composition analyzer.

3. RESULTS AND DISCUSSION
3.1 Moéssbauer Spectroscopy

The typical Méssbauer spectrum of obtained powder of
CoFe204 is shown in Fig. 1(a) which indicates a doublet
and two sextets attributed to tetrahedral and octahedral
site. The doublet can be attributed to the part of the
sample in paramagnetic or superparamagnetic state. The
sextets belonging to A and B sites have been assigned on
the basis of the values of hyperfine magnetic field (Hp) at
the nucleus and isomer shift (I;). The typical Mossbauer
spectra of substituted samples are shown in Fig. 1(b-d).
All Ni-Co ferrite samples exhibit well resolved and
magnetically normal Zeeman split sextets with
asymmetric lines attributed to the presence of iron ions at
both tetrahedral and octahedral sites which indicates the
ferrimagnetic nature of the synthesized materials with
mixed spinel structure.

However, a slight broadness in Zeeman lines is ob-
served as evident from Fig. 1. The broadening of lines
could be attributed to slight changes in the magnetic
environment surrounding Fe3* ions in the same sub
lattice; such changes in environment of Fe3* ions would
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Fig. 1 — Mossbauer spectra of NixCo1 - Fe204
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lead to a change in the magnetic field and consequently
results in some appreciable broadening of the Zeeman
lines [9]. In addition, the changes in the magnetic envi-
ronment would affect isomer shift values Is slightly,
displacing the sextets with respect to one another and
cause general broadening of these lines.

A summary of the various hyperfine interaction pa-
rameters is presented in Table 1 and obtained results
are in close agreement with the studies reported earlier
for spinel ferrites [10, 11]. The isomer shift results from
the electrostatic interaction between the charge distri-
bution of the nucleus and s-electrons with finite proba-
bility being found in the region of the nucleus. Data of
the Table 1 show that the isomer shift (A) and [B] val-
ues have random trend, indicating that s-electron
charge distribution of Fe3* is not much influenced by
Niz* substitution. In general, most of the ferrites have
higher values of hyperfine magnetic field and isomer
shift correspond to B-site sextet and the lower values of
the same correspond to A-site sextet. However, in stud-
ied ferrites higher values of hyperfine magnetic field
(509-516 kOe) and isomer shift (0.35-0.40 mm/s) corre-
spond to A-site sextet and the lower values of Hur (489-
492 kOe) and Is (0.25-0.28 mm/s) correspond to
B-site sextet. The same behavior of the above parame-
ters was recorded by the author Singhal et al [12] in
the Ni-Co ferrites prepared using aerosol route. The
obtained values of the isomer shift for the A and B sites
are consistent with the high spin state of Fe3* ions in
the spinel environment and the values of the hyperfine
fields are typical for the CoFe204 spinel structure.
There is no significant change observed in the hyper-
fine field of all the compositions.
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Table 1 - Méssbauer hyperfine parameters at 300 K of Ni.Co: - xFe204

X sSeli:kt:"a I, mm/s (@, mm/s |G, mm/s |Hys, kOe | A, % Cation distribution OMgss. | Oxray
Sextet [B] 0.27 -0.05 0.45 491 69
0.0 |Sextet (A) | 0.38 0.04 0.45 509 29 (Coo.41Feo59)[Coo59Fe1,41104 | 2.38 | 2.39
Doublet 0.25 2.37 0.27 2
01 Sextet [B] 0.26 -0.01 0.42 490 69 (Coo,3sFeoe2)[ 2.22 |2.18
) Sextet (A) 0.36 0.00 0.50 510 31 Nio,10C00,52Fe1,38] O4
0.2 Sextet [B] 0.28 0.00 0.48 492 67 (Coo,34Feoe6)[ 2.03 | 2.03
) Sextet (A) 0.40 0.03 0.46 516 33 Nio,20C00,46Fe1,34] O4
03 Sextet [B] 0.27 0.00 0.48 492 65 (Coo,30Feo,70)[ 1.86 | 1.82
" |Sextet (A) 0.37 0.00 0.37 515 35 Nio,30Co0.40Fe1,30] O4
0.4 Sextet [B] 0.27 0.01 0.44 491 62 (Coo,24Feo,76)[ 1.63 | 1.67
) Sextet (A) 0.35 -0.07 0.38 514 38 Nio,40Co0,36Fe1,24] O4
05 Sextet [B] 0.25 0.01 0.41 489 59 (Coo,18Feo,s2)[ 1.44 | 1.53
) Sextet (A) 0.37 -0.01 0.50 512 41 Nio,50C00,32Fe1,18] O4
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Fig. 2 — EDX spectra of Ni.Co:-.Fe204 samples
The values of quadrupole splitting @s (refer Table 1) Fe®[B]
for hyperfine spectra of all the samples have found to = FeT(A) 1)

be negligibly small and can be attributed to the fact
that overall cubic symmetry is not much altered
between Fe3* ions and their surroundings by
substitution with Ni ions in cobalt ferrite. The relative
area (A, %) under the resonance curve of the sub-
spectra deduced from the measurements is helpful to
conceive the Co, Ni and Fe site occupancy in sub-lattice
sites. The relative peak-area of B-site decreases with
the incorporation of Ni. Therefore the ratio decreases
from 2.38 to 1.44 on increasing the nickel
concentration.

The CoFe204 nanoparticles are well-known to have
only partially inverse spinel structure, represented as
(CoyFe1.y)[Co1yFe1+y]O4. This so-called degree of inver-
sion depends on temperature and method of prepara-
tion. For sample Nio.5Coo.5Fe204 the overlapped sextets
do not allow to compute the degree of inversion with an
high accuracy, therefore the parameter § calculated by
the data of the Mossbauer spectroscopy (1.44) some-
what lower than §obtained by X-ray analysis (1.53).

The slight decrease in the degree of inversion is ob-
served with increasing concentration of Ni2* ions that
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Table 2 — Atomic weight composition of the constituent elements of NiCo1 - xFe204 ferrites
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Theoretical Experimental

x| Element Wt, % At, % Wt, % At, %
(0] 27.28 57.14 29.71 60.04

0.0 Fe 47.60 28.57 45.95 26.61
Co 25.12 14.29 24.34 13.35

(0] 27.28 57.14 29.69 60.01

01 Fe 47.61 28.57 45.92 26.60
’ Co 22.61 12.86 21.76 11.94

Ni 2.50 1.43 2.63 1.45

(0] 27.28 57.14 29.70 60.03

0.2 Fe 47.61 28.57 45.50 26.35
’ Co 20.10 11.43 19.42 10.66

Ni 5.01 2.86 5.38 2.96

(0] 27.29 57.14 29.69 60.01

03 Fe 47.62 28.57 45.30 26.24
' Co 17.59 10.00 17.00 9.33

Ni 7.50 4.29 8.01 4.42

(0] 27.29 57.14 29.70 60.03

0.4 Fe 47.62 28.57 44.95 26.03
' Co 15.08 8.57 14.54 7.98

Ni 10.01 5.72 10.81 5.96

(6] 27.29 57.14 29.72 60.06

05 Fe 47.63 28.57 44.37 25.69
: Co 12.57 7.15 11.97 6.57

Ni 12.51 7.14 13.94 7.68

is in good agreement with published results by other
authors [12]. This tendency can be well-explained by
the higher stabilization energy of the Ni2+ ions in the
octahedral sites than of Co2* ions [13]. The cation dis-
tribution was also calculated using the intensity ratio
of the two sextets, also given in Table 1. The cation
distribution [8] obtained from the X-ray intensity data
agrees fairly well with the cation distribution estimat-
ed from Mossbauer data.

3.2 EDX Spectroscopy

In order to confirm the chemical composition and
stoichiometric proportion of the samples, an EDX spec-
troscopy study was carried out. The EDX analysis for
the NixCo1xFe204 ferrite powders is shown in Fig. 2. Tt
is found that for CoFe204 the content is 24.34 wt % and
13.35 at %. As it was expected, the Co2* concentration
is the highest for x = 0 (un-doped). As the Ni2+ substi-
tution increases, the percentage of Co2* decreases. As
shown by EDX analysis the contents of the metals in
the resulting spinel ferrites are close to the theoretical
values. It is showed that the theoretically expected
stoichiometric molar amounts of various elements of
the samples are compared with the values obtained by
the EDX analysis (Table 2). The elements of each sam-
ple Ni-Co nanoferrites were obtained by EDX spectros-
copy in the paper [14].

4. CONCLUSION

The NixCo1 - xFe204 ferrites were synthesized by the
SGA-technology at low temperature. The effect of Ni
substitution on the chemical composition and magnetic
properties of CoFe20s4 were studied. The Mossbauer
spectra at room temperature of all samples showed two
well-resolved magnetic patterns corresponding to the
tetrahedral A-sites and octahedral B-sites. For CoFe204
the Moéssbauer spectrum indicates a doublet which can
be attributed to the minor part of the sample in para-
magnetic or superparamagnetic state. The magnetic
hyperfine fields and the site occupancy of Fe ions are
used to calculate the hyperfine magnetic field flux as a
function of the Ni concentration. The cation distribu-
tions that are estimated from the area under resonance
curve of each site fairly well with the cation distribu-
tions obtained from the X-ray intensity data agrees. All
the samples possess partially inverse spinel structure.

Further, there is a very little change in the value of
isomer shift for all the samples. This implies that the s-
electron density is not much altered by the increase of
Ni contents. The value of quadrupole splitting for all
the investigated samples is negligibly small which
shows that the overall symmetry of Fe3* surroundings
is not disturbed with the doping of Ni contents in the
nickel ferrite matrix.
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MecbayepiBcebki mociaimrenns Ni-samimenux gpepurie Ko0aIbTY
B.C. Bymrogal, L.II. Apemiiil, B.K. Ocradiiiaykl2, B.B. Moknax2, A.B. I'py0’ax?2

L IBH3 «IIpurapnamcokuil Hayionanvhull yHigepcumem imerni Bacuns Cmegparnuray
eya. Illesuenka, 57, 76025 Isano-Opankiscvk, Yrpaina
2 Tnemumym memanogizuru im. I.B. Kyporomosa, HAHY, 6ynweap Axkad. Bepradcvkozo, 36, 03680 Kuis, Yrkpaina

Hauopoamipui Ni—-Co depurn onep:kaHo 3a TEXHOJIOTIEH 30Jb-TeJib 3a yuacti aBroropinas (3['A) 1 mocui-
JPKEHO 3a JI0IIOMOTOK0 eHeproiuciepciiinoi X-npomeHeBoi Ta MecbayepiBebkoi crerrpockomil. MecbayepiBcbkuii
crrexrp mopomky CoFezO4 mipy KiMHATHIN TeMIrepaTypi MICTUTD IMTUPOKHI CEKCTET 1 Ay0JIeT, 10 CBIIUYMTE IIPO
cymeprapaMarHiTHy Tpupony 3paska. CIiekTpu 3aMileHux 3pasKiB MICTATH TIBKHU ITUPOKUA CEKCTeT, SKUN
CRJIQMIAETHCA 3 JIBOX IMIJICEKCTETIB, IO BIIIOBIIAIOTH TETPAeIPAILHO Ta OKTaepabHO KOOPJIUHOBAHWM KAaTio-
HaMm Fe. Poamomin xaTioHiB, po3paxoBaHUil 3a TaHUMHU X-IIPOMEHERBOI qudpakririi Ta MecOayepiBChbKoi CIIEKTPOC-
KOTI1, CBITUUTE PO 3MeHIneHHsA BiHoenus Fe3 +[B]/Fe3+(A) 3 miaBuineHHsaM KOHIIEHTPAITIT HIKeJTIO.

Kirouosi cinosa: Oepur, Hanouacruuru, Mecbayepiscbki cuexkrpu, Eneprogucnepciiina X-ipomenesa crie-
KTPOCKOITIS.

Meccbayaporckue uccienosanusa Ni-saMmemeHHbIX G eppuUTOB KOOaIbTa
B.C. Bymxosal, U.I1. Apemuii!, B.K. Ocracdmuitayk!2, B.B. Moknax2, A.B. ['pyObax?2

1 I'BH3 «I[IpurkapnamcKuii HauuoHAIbHbLLIL YHUsepcumem umenu Bacunus Cmeghanurar,
ya. Illesuenko, 57, 76025 Heano-Opankosck, Ykpaura
2 Unemumym memanogiszuxu um. I.B. Kypowmosa, HAHY, 6ynveap Axad. Bepradckozo, 36, 03680 Kues, Ykpaura

Hauopasmepusie Ni-Co deppuThl OJIyUeHO 10 TEXHOJOTHH 30J1b-TeJIb ¢ yuactreMm aBroropenus (3'A) u
HICCJIEJIOBAHO C IIOMOIIBI0 9HEPTOJUCIIEPCUOHHON X-JIyueBoi B MecchayapoBCKOM criekTpockonnu. Meccbaya-
poBckuii criexrp nopouika CoFe2O4 mpy KOMHATHOM TeMIlepaType COJepIKUT IIUPOKUI CEKCTET U JIy6JiIer, 9To
CBHIETEJILCTBYET O CyllepliapaMarHuTHOM mpupojge obpasita. CIerTpsl 3aMeNIeHHBIX 00pasloB ComepskaT
TOJIBKO LIMPOKUN CEKCTET, KOTOPBIM COCTOUT M3 JIBYX IOJICEKCTETOB, YTO OTBEYAIT TETPAEJPaIbHO M OKTa-
eIpaJIbHO KOOPAMHUPOBAHHEIM KaTHoHaM Fe. Pacnperesnenve kaTwoHOB, pacCYMTAHHOE IO JAHHBIM X-
JIydeBOM AUPAKIUU U MeccOayIpPOBCKOM CIIEKTPOCKOIINY, CBULETEIBCTBYET 00 YMEHBIIEHUN OTHOIIEHUS
Fe3+[B]/Fe3+(A) ¢ yBemueHreM KOHIIEHTPAIINY HUKEJIS.

Kirouessie cinosa: @eppur, Hanouacruier, MeccbayapoBckue crieKTphl, JHEProAUCIIEPCUOHHAS X -JIydeBast
CIIEKTPOCKOIINSI.
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