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Abstract
Spinel cobalt-nickel ferrite nanoparticles, having a particle size of around 40 nm, were
produced by undergoing a succession of synthesis routes comprised of chemical co-
precipitation, hydrothermal treatment (HT), and etching in hydrochloric acid (ET) of
concentration 2.0 mol/L. The room temperature high-field Mössbauer spectra were
analyzed in detail and significant spin canting associated with Fe3+ ions at both A- and
B-sites were observed for both the HT and ET samples in the presence of external
magnetic field of 5 T. The effect of etching on various Mössbauer parameters such as
the hyperfine field distribution, isomer shift, quadrupole splitting and the linewidth was
noted. The A site and B site canting angles of the HT sample were respectively 17° and
22°, while canting angle of approximately 13° was observed for both A and B sites in the
ET sample.
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1 Introduction

Recent progress in nanotechnology has initiated renewed interest in polycrystalline ferrites
which are relatively inexpensive and have extensive applications in electronics and telecom-
munication industries because of their intriguing structural and magnetic properties [1]. The
magnetic properties of nanoparticles can differ in many respects from those of their corre-
sponding bulk materials [2]. They mainly depend on the magnetic interactions between cations
with magnetic moments situated on tetrahedral (A-site) and octahedral (B-site) sites [3]. To
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probe the magnetic properties of these materials, Mössbauer spectroscopy has been proven as
one of the most sensitive techniques in terms of energy (and hence frequency) resolution.

Spin canting is one of the most important aspects in understanding magnetism in ferrites
[2–5]. Spin structures in nanoparticles of ferrimagnetic materials may deviate locally in a
nontrivial way from ideal collinear spin structures. For instance, magnetic frustration due to the
reduced numbers of magnetic neighbors at the particle surface or around defects in the interior
can lead to spin canting and hence a reduced magnetization. For many applications of
magnetic nanoparticles, a large saturation magnetization is desirable, and it is therefore
important to control and minimize spin canting. In very small magnetic particles, the magne-
tization direction is not fixed but fluctuates at finite temperatures and the magnetization may
spontaneously be reversed (superparamagnetic relaxation) above the blocking temperature.
Near the surface, the low local symmetry can result in a large contribution to the local magnetic
anisotropy, which can influence the spin orientations. Both in nanoparticles and in bulk
materials, defects in the interior, such as diamagnetic substitution or cation vacancies, can
also lead to noncollinearity. Moreover, exchange interaction between surface atoms of neigh-
boring particles can have a profound influence on the magnetic properties because this can
affect both the superparamagnetic relaxation and the spin structure [2]. Spin canting has been
observed in a variety of spinels and it is still not clear whether spin canting in nanometer-sized
particles occurs only at the surface but also in the inner core of these particles. Somewhat
different experimental results point to their dependence on sample preparation [6]. A possible
way of measuring the amount of canted spins is Mössbauer spectroscopy with a large applied
external field, in which the bulk ions’ spins, but not the surface ions’ spins align.

In this paper we report results of a study on nanoparticles of cobalt-nickel ferrite. Cobalt-
nickel ferrite crystallizes to the spinel structure, which is a cubic lattice of closed-packed
oxygen ions, in which the tetrahedral (A) and octahedral (B) sites are occupied by Co2+, Ni2+

or Fe3+ cations. It exhibits ferrimagnetism. The X-ray diffraction patterns confirm the forma-
tion of single phase cubic spinel structure with space group Fd-3 m for all the samples [7].
From magnetization studies, the saturation magnetization (Ms) of the HT particles was found
to be 52 Am2/kg and for ET particles it was 60.7 Am2/kg at room temperature. This is close to
the reported value of 55 Am2/kg for the bulk NiFe2O4 sample, although much less than the Ms

of CoFe2O4 (80.5 Am2/kg) [8]. Another interesting characteristic was the presence of signif-
icant amount of coercivity. The coercive field (Hc) was 359 kA/m and 445 kA/m for HT and
ET samples respectively. Hc is inversely related to Ms through Brown’s relation [3]. According
to this relation as Hc increases, Ms. decreases which holds for the materials with cubic
magneto-crystalline anisotropy. Our experimental results however were not in accordance
with the aforesaid relation.

To increase knowledge of local magnetic behavior, zero-field and in-field Mössbauer
measurements at room temperature were carried out in the present work on nanoscale particles
prepared by undergoing a succession of synthesis routes comprised of chemical co-precipita-
tion, hydrothermal treatment (HT), and etching in hydrochloric acid (ET) of concentration
2.0 mol/L.

2 Experimental details

Co-Ni ferrite nanoparticles were prepared employing three synthesis routes in succession: co-
precipitation, hydrothermal treatment and etching in HCl. In a typical synthesis method,
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0.02 mol of FeCl3.H2O, 0.005 mol of CoCl2, and 0.003 mol of NiCl2 (Wako Pure Chemical
Industries, Ltd., 99.0% purity) were dissolved in 20 mL of distilled water, to obtain a 2.5 times
molar ratio of Fe3+ against (Co2+ + Ni2+). The solution containing Fe3+, Co2+ and Ni2+ was
added to an aqueous solution of 0.228 mol of NaOH to prepare co-precipitant while stirring
with a magnetic stirrer at room temperature. The suspension containing the co-precipitant
composed of Fe3+, Co2+ and Ni2+ ions was then treated hydrothermally using an autoclave at
180 °C for 2 h to grow the Co-Ni spinel ferrite particles. After the hydrothermal treatment, the
suspension containing the Co-Ni spinel ferrite particles was washed with pure water until a
neutral pH was reached. The particles in this state contained not only particles grown by the
hydrothermal treatment but also very fine particles. Thereafter, the hydrothermally treated
particles were etched in 40 mL of HCl solution diluted with water at concentration of 2.0 mol/L
for 2 h to remove the fine particles by dissolution.

The XRD patterns corresponded to a single phase of cubic spinel cobalt-nickel ferrite while
the particle size obtained from transmission electron microscopy (TEM) yielded a mean value
of 40 nm for both HT and ET samples [7].

The 57Fe Mössbauer spectra of the studied materials were measured at room temperature
employing a constant acceleration spectrometer equipped with a 57Co(Rh) source. For
Mössbauer measurements at 5 T and room temperature, the sample was clamped to the finger
of a liquid helium flow cryostat and placed in the bore of a superconducting magnet
(Spectromag (SM4000)) such that the field direction coincided with the γ-ray beam. Spectra
were taken in constant acceleration mode, and analyzed using least mean square fits. Isomer
shifts are quoted relative to α-Fe. Mössbauer spectra were analyzed with the MossWinn
software, using Lorentzian doublets and sextets.

3 Results and discussion

To clarify the effect of etching on the samples, zero-field and high-field Mössbauer spectra at
300 K were measured (Fig. 1) for the HT and ET samples.

Spectra were best fitted with two magnetic sextets. In Fig. 1, the dots represent the
experimental data and solid lines through the data points are the least square fitted lines.
Because part of the hyperfine magnetic field (HMF) is supertransferred from neighboring
magnetic cations, Fe3+ cations with proximity to the particle surface are expected to have
reduced HMF values [9]. The resulting HMF values for the HT sample were 43 and 49 T, and
for the ET sample they were 50 and 48 T. It was not possible to assign these fields to either
sublattice with any degree of certainty.

To separate the signals from the two sublattices and to probe the magnetic state, Mössbauer
measurements were made at room temperature in a 5 T external field directed along the γ-ray.
The two distinct sextets from the A sites and B sites can be seen in Fig. 2. A total field of 53 T
for the A-site and a total field of 45 T for the B-site was found for both HT and ET samples.
The presence of the second and fifth peaks (Δm= 0) provides unambiguous evidence for the
existence of localized spin canting. The relative intensity of these peaks indicates that the spin
canting is greater in the B sites in the HTsample and it is more intense in the HTsample than in
the ET sample. There was an increase in magnetic hyperfine field upon application of the
external magnetic field for one of the sextets, which indicates that the iron spins are oriented
antiparallel to the applied field; this was assigned to iron in tetrahedral A sites. The other sextet
revealed nearly unchanged hyperfine splitting upon application of field (Table 1). This is also a
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clear indication for strong spin canting [5]. This second sub-spectra is considered to be
associated with iron occupying the octahedral B-sites.

It is well known that the ratio of areas under lines 2 and 5 with respect to those under lines 3
and 4 is given by A2,5/A3,4 = 4 sin2θ/(1 + cos2θ), where p = A2,5/A3,4 and θ is the angle between
the directions of the γ-ray and applied field [5]. For the HT sample, the intensity of lines 2 and
5 of the A-site component gave a p value of 0.18, whereas the relative areas of lines 2 and 5 for
the B-site component gave a value of p = 0.30, corresponding to an average canting angle of

Fig. 1 Mössbauer spectra at room temperature of HT and ET samples. The black dots indicate experimental data
while the green and blue lines are the calculated sub spectra and the solid red line is their sum

Fig. 2 Mössbauer spectra at room temperature at 5 T for the (a) HT and (b) ET samples. The black dots indicate
experimental data while the green and blue lines are the calculated sub spectra and the solid red line is their sum
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17° and 22° for respectively the A and B-site spins. For the ET sample, the A and B-site
components both gave p values of 0.1, corresponding to an average canting angle of approx-
imately 13° for the A and B-site spins. These results show that there is essentially the same
canting in A-sites as in B-sites (Table 1). The canting can affect all A and B-site ions or be
restricted to a fraction of the spins with large canting angles, but the data can explain at least
qualitatively the increased value of the saturation magnetization with etching as a result of the
decrease of the canting component. The significant amount of canting present in both samples
is reasonably expected in a highly magneto anisotropic cobalt-nickel ferrite system.

The canting phenomena was also investigated by considering the cation distribution of
these particles. For spinels having ferrimagnetic order, the areal fraction of the A sextet (fA)
and the B sextet (fB) represents the fraction of Fe3+ cations on A sites and B sites, respectively.
The calculated fA and fB values correspond to 30% of Fe3+ cations occupying the A sites and
70% Fe3+ cations occupying the B sites in the HT sample. For the ET sample, 37% of Fe3+

cations occupy the A sites and 63% Fe3+ cations occupy the B sites. In the present work the
ratio of recoilless fraction at A-(fA) and B-(fB) sites, fB/fA, is assumed to be 0.94 at room
temperature at 5 T [10]. For determining the cation distribution from in-field Mössbauer
spectra the area ratio of tetrahedral to octahedral spectra i.e. (aA)/(aB) is calculated, which is
then directly related to the ratio of the number of iron ions present at A- and B-sites
respectively [11]. The degree of inversion, γ, defined as the fraction of tetrahedral sites
occupied by Fe3+ cations, is 0.55 and 0.72 respectively for the HT and ET samples.

Taking into consideration the relative strength of preference of B-site occupation of Ni2+

cations, and on the premise that all of the Fe3+, Co2+, and Ni2+ metal ions, with the molar
ratio 20:5:3, were used to form the spinel ferrite, the cation distributions for the HT sample
and ETsample were assumed to be respectively (Fe0.55Co0.45)A[Co0.04Ni0.3Fe1.6 0.06]BO4 and
(Fe0.72Co0.28)A[Co0.22Ni0.3Fe1.4 0.08]BO4. Here, indicates vacancy. Vacancies are usually
observed on B sites, as commonly known [9]. For the ET system, the intensity of the
outermost A-site peak increases, while the B-site peak remains the same for both samples.
Coupled with the degree of inversion value, we can assume that less Co2+ ions are occupying
the A-site than in the HT sample. However, although the Ni2+ ions have a strong preference
for the B-site, it cannot be said conclusively that they do not occupy the A-site at all. Indeed,
the increase in intensity of the outermost A-site in the ET sample with regard to the HT
sample may indicate that there is a transfer of both Ni2+ ions as well as Co2+ ions from A to
B-site with the advent of etching [3].

Consequently, this cation distribution yields a magnetic moment of 4.6 μB for the HT
sample and a value of 3.8 μB in a state of collinear ferrimagnetic order. The experimental value
from magnetization measurements yields a value of 2.13 μB for the HT sample, and a value of
2.48 μB for the ET sample. The experimental value is expected to be lower if there is local

Table 1 Canting angle (θ), area under curve (a), relative area ratios a(A)/a(B), line width (LW), isomer shift (IS),
quadrupole splitting (QS), effective hyperfine field (Heff), average hyperfine field (H) obtained by fitting the high
field Mössbauer spectra at room temperature

Sample Subspectrum θ Area aA/aB LW IS QS Heff (T) H (T)

HT A
B

17
22

30.1
69.9

0.4 1.20
0.65

0.16
0.24

−0.025
0.039

53.3
44.8

48.3
49.8

ET A
B

13
13

36.8
63.2

0.6 0.71
1.02

0.19
0.27

−0.047
0.042

53.3
45.1

48.3
50.1
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canting involved, especially at the majority B sites. Our results thus confirm separately the
existence of spin canting as well as its decrease with etching.

The line width changes only slightly between HT and ET samples, reflecting the changes in
tetrahedral and octahedral environments of Fe3+ ions present at A- and B-sites. The B-site line
width is found to be larger than for the A-site. Spin canting by itself has no influence on the
value of magnetic hyperfine field (HMF). The HMF in an applied magnetic field of 5 T is
around 53 T for 57Fe ions occupying A-sites having moments antiparallel to applied field. The
HMF values near to 45 T correspond to 57Fe ions in octahedral sites; HMF corresponding to B-
site iron ions are in good agreement with values found earlier [12].

The molecular weight of the ferrite sample was calculated and the magnetic moments (nB)
of the HT and ET sample were obtained using the saturation magnetization values derived
from magnetization data. To see the extent of canting in the considered ferrites we further
calculated the average B-site canting angles (θ) based on the values of these magnetic
moments: nB =MB cosθ - MA, where the respective octahedral (B-) and tetrahedral (A-)
sub-lattice magnetizations MB and MA are deduced from the cation distribution. For the HT
and ET samples, the θ values were respectively 45° and 33°. Certainly, the average canting
angles of the B-site spin moments, determined using magnetization data and the canting angles
of B-site Fe3+ spin moments calculated through the Mössbauer resonance (Table 1) are fairly
different. This difference in the values of canting angles can be attributed to the different
measurement techniques used, the magnetization study being a macroscopic and Mössbauer
spectroscopy a microscopic technique.

The increase in the spin-canting component seems to go along with a decrease of the
relative area of both sublattice components, site A and site B [4]. One may speculate that the
larger surface to volume ratio in the HT sample leads to a larger number of surface ions, and
thus a larger relative area of the spin-canting component in the Mössbauer spectrum.

4 Summary

The in-field Mössbauer spectroscopy reveals the noncollinear spin arrangement in these
materials. From an analysis of the Mössbauer spectra, it can be concluded that the present
system exhibits a partial inverse spinel structure. The area of the spin-canting component is
higher in the HT sample than in the ET sample. Magnetic frustration due to the reduced
numbers of magnetic neighbors at the particle surface may be responsible for the spin canting.
However, since the particle sizes are approximately the same and the canting does not
disappear completely with the removal of the fine particles observed by transmission electron
microscopy existing in the HT sample, this strongly suggests that the canting is not only a
surface effect but also occurs around defects in the interior of the particles. This was also
investigated by considering the cation distribution of these particles, which also strongly
suggests the presence of defects or voids in these spinel structures.
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