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HIGHLIGHTS

GRAPHICAL ABSTRACT

» NiyCo;_4Fe;04 (0 < x < 1) nano-
particles have been synthesized by
co-precipitation route.

» Coercivity has been studied as
a function particle size for various
nickel concentrations (x).

» Single domain limit (dsg;) for the
nanoparticles was found to vary
linearly with x.

» Blocking temperature and satura- i
tion magnetization show increasing
trends with increasing x.
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Magnetic properties

NixCoq_xFe204 (0 < x < 1) nanoparticles (sizes: 8—52 nm) were synthesized by chemical coprecipitation
route. Single domain limit (dsq;) for the nanoparticles, determined from the coercivity (Hc) versus
particle-size curves, was explored as a function of nickel concentration (x). The coercivity of the particles
attains a peak value at dsg), and it was found that coercivity decreases linearly with increasing nickel
concentration in the samples. The saturation magnetization (Ms) and blocking temperature (Ty,) of the
system show increasing trends with increasing cobalt concentration in the nanoparticles.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the recent years, nanostructured materials that exhibit
interesting optical, electrical, chemical, and magnetic properties
have attracted considerable attention [1-3]. These properties,
along-with their high chemical and physical stabilities, are of great
technological interest [4—6]. The magnetic character of nano-
particles depends crucially on the size, shape, purity, and magnetic
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stability of these materials. These nanoparticles should be in the
single-domain state with high coercivity and moderate magneti-
zation. The most significant properties of magnetic nanoparticles,
namely, magnetic saturation, coercivity, and magnetization, change
drastically as the size of the particle decreases within the nano-
metric range [7,8]. At the nanoscale, among various magnetic
materials, nickel-cobalt ferrite [NiyCo1-xFe;04 (0 < x < 1)] possesses
attractive magnetic properties for their use as a soft and hard
magnet and low-loss material at high frequencies. Owing to the
variation of surface-to-volume ratio of atoms at the nanoscale,
particle size plays a crucial role in determining the magnetic
properties of the atoms. There exists a certain critical particle size
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called the critical single domain size (dsq;) at which all the nano-
particles are in the single-domain blocked (ferromagnetic) state. At
this size the nanoparticles exhibit optimum magnetic properties
and are of great importance from their application point of view.

It is difficult to attain the precise control over the size and size
distribution with existing nanoparticle preparation techniques [9].
To overcome these difficulties we employed the coprecipitation
method for synthesizing the nanoparticles. In this method,
nanometer-sized reactors are used for synthesizing homogeneous
NixCo1_xFes04 (0 < x < 1) nanoparticles. The prepared particles are
coated with a surfactant [10,11] and then dispersed in a carrier
liquid (ethanol, methanol, ammonia) in order to protect their
oxidation in the presence of atmospheric oxygen. In this method,
the production rate of ferrite nanoparticles is high, and the control
over the size and size distribution is relatively easy. We report
synthesis of NiyCoj_xFe;0O4 (0 < x < 1) nanoparticles by the
chemical coprecipitation method and explore dsq; based on the
study of coercivity as function of particle size (d) and doping
concentration x. This is a detailed study reporting dsq; for this
particular series of ferrite nanoparticles.

2. Experimental details

We used nickel-, cobalt-, and ferric-chloride (each with purity of
99.99%, Aldrich), NaOH (GR, 28—30%), and oleic acid (Albright and
Wilson Asia Pvt. Ltd., Singapore) for synthesizing NiyCo;_xFe;04
(0 < x < 1) nanoparticles. Three molar (M) NaOH was mixed with
0.4 M ferric chloride and 0.2 M nickel- and cobalt-chloride. The pH
of the solution was maintained at 12. Few drops (3—4) of oleic acid
were added to the solution as the surfactant before starting the
reaction at 80 °C for approximately 50 min. The product was then
cooled to room temperature and washed with water and ethanol in
sequence to ensure the removal of uncreative water soluble ions
and extra surfactant molecules. The mixture was centrifuged for
10 min at 2000 rpm and then dried overnight at temperature of
80 °C. The acquired substance was then grinded into the fine
powders and then annealed for 6 h at 600—1000 °C. It has been
reported earlier that the particle size increases with increasing
annealing temperature [12]. In this work we have obtained larger
sizes by annealing the samples at high temperatures. High
temperature annealing generally decreases the lattice defects and
strains and causes coalescence of crystallites that results in the
increasing size of the nanoparticles [12,13].

The following reaction was followed
nanoparticles;

synthesizing the

xNiCl,-6H,0(aq) + (1 — x)

CoCl,-6H,0(aq) + FeClsz-6H,0(aq) + NaOH(aq) + Oleic
acid(l) — Oleic acid coated NiyCo1_xFe;04

(0 < x < 1)(s) + NaCl(aq) + oleic acid (1) [unused] + H,0(1)

The reaction kinetics mainly depend upon the nucleation and
growth processes. Particle size and size-distribution can be
controlled by controlling the relative rates of these two processes. If
the nucleation rate is high than the growth rate then smaller
particles with small size-distribution are obtained. On the other
hand if the growth rate is high than the nucleation rate then larger
particles with large size-distribution are achieved. During the
reaction these two processes are generally optimized by the
controlled addition of NaOH.

Structural characterization was performed by X-ray diffrac-
tometer (Model: X'Pert Philips, with Cu-Ka. 2 = 0.154056 nm) and
high-resolution transmission electron microscope (HRTEM, JEM-
3010). The average particle size was calculated from the line
broadening of the (311) peak of the XRD using the well-known

Debye—Scherrer equation [14]. The particle size was cross-
checked using the results of TEM and it was found in good agree-
ment with the XRD results. Particle-size distribution was deter-
mined from TEM analysis, which was found to be within a limit
of +9%.

Magnetic characterization was performed using vibrating
sample magnetometer (VSM, Model 7300 Lake Shore) with an
applied field of 4+10 kOe. The powder nanoparticles were
compressed to form hard pellets for the VSM measurements. No
further heat treatment of the pellet was carried out during
sample preparation for magnetic measurements, because high-
temperature heat treatment can affect (increase) the particle size.
Notably, the high-temperature (>600 °C) annealing carried out
during the synthesis process removed the surfactant from the
prepared particles. This decreases the inter-particle distance to the
extent where the nanoparticles could interact strongly through the
exchange and dipole—dipole magnetic interactions. In such cases, it
is important to include these contributions while characterizing the
magnetic results of the samples.

3. Results and discussion

TEM images of four samples (NiFe;O4, NiggCog2Fe204, NigC-
00.8Fey04, and CoFe;04) are shown in Fig. 1(a)—(d) with average
particle sizes of 12, 15, 25, and 28 nm. In these images, most
particles appear to have the spherical shape; however, some
elongated particles can also be seen in the samples. The particle
size was controlled by the relative rate of nucleation and growth
during the reaction. Whereas, during the annealing process the
particle size was controlled by the annealing temperature of the
samples. Smaller and uniformly distributed particles are obtained if
the nucleation rate is higher than the growth rate, whereas the high
annealing temperature causes an increase in the particle size due to
the coalescence, resulting in an increasing grain size of the samples
[12,13]. The energy dispersive spectroscopy (EDS) results of the
same samples (NiFe;O4, NiggCog2Fe204, Nig2CoggFes04, and
CoFe,04) obtained from TEM analysis are tabulated in the inset of
Fig. 1. The EDS data was taken using standard-less quantitative
analysis software. This software utilizes fundamental parameter
(FP) methods for quantitative analysis as the standards. This allows
the quantitative and qualitative analyses of the samples such as
metals, alloys, and oxides. The EDS results shown in Fig. 1 give the
qualitative composition of the samples as well as the presence of
Co, Ni, Fe, and oxygen in the nanoparticles. Fig. 1 confirms the
weight- and atomic-percentages of Ni and Co present in the
samples. These results can be used to calculate the nickel concen-
tration (x) in the samples which we were found be 1.0, 0.8, 0.6, 0.4,
0.2, and 0. Moreover, the EDS analysis shows that there are no
impurities present in the samples. Fig. 2 shows the XRD results of
four samples (NiFe;O4, NiggCog2Fe204, NigaCoggFe;04, and
CoFe,04); with all the peaks correspond to the inverse spinel
structure. These peaks are the result of pure-phase Ni- and Co-
ferrite, which can be indexed according to JCPDS cards (# 742081
for Ni-ferrite and # 791744 for Co-ferrite), thereby confirming their
pure phase and inverse spinel structure.

M(H) loops of the samples obtained at room temperature per-
formed under an applied field of +10 kOe are shown in Fig. 3. From
these loops, the coercivity values are calculated and plotted as
a function of particle size, as shown in Fig. 4. To extract the data for
Fig. 4 we have prepared a series of 6 different samples with same
composition and different particle sizes, and then performed their
XRD and M(H) analyses. These analyses for one of the samples (pure
CoFe,04) are shown in Fig. 5. In Fig. 4 it is seen that initially Hc
increases with d, attains certain maximum value at dsq;, and then
decreases with further increasing d. The initial increase of Hc with
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Fig. 1. TEM images of (a) 12-nm NiFe,04 (b) 15-nm Nig §C0g 2Fe,04 (c) 25-nm Nig »Cog gFe,04, and (d) 28-nm CoFe,04 nanoparticles synthesized by coprecipitation. The inset tables

show the corresponding EDS results of the nanoparticles.

increasing d, below the peak, is assigned to the departure from the
superparamagnetic state, i.e. from the unblocked to blocked
(ferrimagnetic) state [15]. This phenomenon occurs for the nano-
particles with smaller d when the thermal energy (kgT) dominates
the volume-dependent anisotropy energy (KegV) of the system.
Hence, in the lower d region, H¢ increases with increasing d,
because Coi_xNixFe204 (0 < x < 1) nanoparticles with larger d are
expected to exhibit the ferrimagnetic blocked state. At dgq; all the
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Fig. 2. XRD results of samples (NiFe,04, NipgCog2Fe;04, Nig,Cog gFe;04, and CoFe,04),
with particle size calculated from (311) peak using Debye—Scherrer equation.
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nanoparticles exhibit a typical (ferrimagnetic) blocking behavior,
which results in the coercivity attaining a peak value according to
the Stoner—Wohlfarth model for single-domain ferromagnetic
nanoparticles [16]. The decline in H¢ with increasing d, above the
peak, mainly occurs according to two different mechanisms. Firstly,
with increasing d, the particle size becomes sufficiently large such
that it can sustain the domain wall, and the magnetization reversal
occurs through the domain wall motion that lowers the coercivity
of the nanoparticles [17,18]. With further increasing d, this effect (of
multi-domain formation) becomes more pronounced, which
decreases Hc of the samples, and thus minimum Hc is achieved for
the larger nanoparticles. Secondly, we consider the varying role of
the surface and bulk anisotropies in larger nanoparticles. With
increasing d (above the peak), the role of the surface and its asso-
ciated anisotropy energy becomes more significant. It has been
reported earlier that for spherical nanoparticles, the effective
anisotropy constant (Kefr) varies with d as Kegf = Ky + (6/d)Ks [19,20].
If we assume a similar behavior for our nanoparticles, i.e. a decrease
in Kefr with increasing d, above the peak, it would result in the
decreasing Hc¢ of the samples that is consistent with our data (see
Fig. 4). At d = dsq) the value of Ker is maximum and the coercivity
attains a peak value, as shown in Fig. 4 consistent with the Stoner—
Wohlfarth model (Hec = 2K/Ms) as discussed above. For particles
below dsq;, the thermal energy is sufficient to overcome the
anisotropy energy (owing to the smaller particle’s volume),
enabling the easier reversal of moments and thus resulting in the
lower Hc values for smaller nanoparticles [21,22]. It is possible that
if d is further decreased, which is not the part of this study is; the
coercivity of the samples will become negligible. This is because at
that point, all the nanoparticles would be in the superparamagnetic
unblocked state owing to the smaller volume-dependent anisot-
ropy energy as compared to the thermal energy of the system.
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Fig. 3. Hysteresis loops for NiyCo;_,Fe;04 with x = 1.0, 0.8, 0.6, 0.4, 0.2, and 0 obtained at room temperature (300 K) under an applied field of 10 kOe.

Fig. 6(a) shows the variation of dsq; with the value of x, which
shows a decreasing trend of dgqj as x increases. These values along
with H¢ are presented in Table 1. The particles sizes used in this
study were determined from TEM images of the samples that were
in agreement with XRD results. The decreasing trends of dsq; with
increasing x are due to the fact that CoFe;04 is a hard magnetic
material with high anisotropy as compared to NiFe;04. Thus, for
lower Ni concentrations the high anisotropy CoFe;04 leads to the
higher dgq; values. As x increases, the overall anisotropy of the
particles decreases due to the increasing content of nickel with
smaller anisotropy compared to cobalt, which decreases the overall
dsqr of the nanoparticles.

The saturation magnetization (Ms) at 10 kOe is plotted as
a function of x (red line) in Fig. 6(b). The particle size for this
analysis was kept uniform (25 + 3 nm). It is known that Ni*2, Co*?,
Fe*3 ions have a magnetic moment of 2, 3ug, and 5ug respectively.
In NiyCoq_xFe;04 (0 < x < 1) nanoparticles Fet3 jons are equally
distributed in tetrahedral and octahedral sites, while Nit? and Co™?
ions are present at the octahedral sites, which makes them fully

inverse spinel ferrites [23,24]. This gives a net magnetic moment of
2pg per molecule for NiFe;04, [2(x) + 3(1—x)]up for NixCoq_xFez04,
and 3up for CoFe;04. Thus, the increasing x (and hence the
decreasing cobalt concentration) lowers the overall Ms of the
samples [25]. It is seen that Ms in case of NiyCoq_xFe;04 (0 <x < 1)
nanoparticles is appreciably smaller than the corresponding bulk
values for these materials. This is attributed to the surface effects in
nanoparticles or the presence of a dead/inert layer at the surface of
the nanoparticles, which prevents the core-spins aligning along the
field direction thereby causing a reduced Ms at the nanoscale
[12,26]. The blocking temperature (Ty) calculated from the M(T)
curves is plotted against x as shown in Fig. 6(b). One of the repre-
sentative M(T) curves for Nig 2Cog gFe204 is shown in the inset of the
figure. For a single nanoparticle the ferromagnetically aligned
magnetic moments fluctuate between their two energetically
degenerate ground states on a time scale given by [27];

T = roexp(Keffvp/KBT)
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Fig. 4. Room-temperature coercivity of samples [(a) NiFe;04, (b) NiggCog2Fe;04, (c) Nig.cCop.4Fe204, (d) Nig 4Cog sFe;04, (e) Nig2Cog gFe204, (f) CoFe;04] as a function of particle size.

Hc is calculated from the M(H) loops of the samples.

where 1, Kefr, and Vp are the relaxation time, anisotropy constant,
and volume of nanoparticles. The blocking temperature Ty, is the
temperature at which 7 Tm (the measurement time of the
instrument). For a finite temperature (T) greater than Ty the
nanoparticles behave in the superparamagnetic unblocked state.
On the other hand, for T less than T, the particles are in the
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ferromagnetic blocked state. Fig. 6(b) shows a decreasing behavior
of Ty with increasing x, which is consistent with the decreasing
anisotropy of the system, as the content of low-anisotropy material
(i.e., Ni) increases in the system. The lower anisotropy of the system
increases the probability of a jump across the anisotropy barrier,
and hence the blocking is shifted toward the lower temperatures. It
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Table 1
Coercivity and single domain limit for nickel-doped cobalt ferrite nanoparticles.
Hc (Oe) dsar (nm)

CoFe;04 1258 28
Ni0.2C00'3F8204 1035 25
Ni0_4C00_6F6204 830 21
Nig 6C00.4Fe204 612 18
NiggCogFe;04 405 15
NiFe,04 178 12

is seen in the inset of Fig. 6(b) that the ZFC peak is broad, which is
usually due to the large size distribution or due to the presence of
interparticle dipole—dipole interactions in the samples. Both
possibilities exist in our samples; however, the broadness of the
peak can be ascribed mainly to the contribution of exchange and
dipolar interactions in our case, as these nanoparticles are sintered
together (this can be observed in TEM images). Thus in this case, Ty,
corresponds to the overall blocking behavior of the nanoparticle
assembly as a whole, rather than the superparamagnetic blocking
temperature of the isolated (non-interacting) nanoparticles.
However, the actual superparamagnetic blocking temperature is
expected to be proportional to T, of the nanoparticles.

4. Conclusion

NiyCoq_xFe;04 (0 < x < 1) nanoparticles were synthesized by
chemical co-precipitation method, and various magnetic properties
of these particles were explored as a function of d and x. dsq; was
found to decrease with increasing x, which was attributed to the
overall decrease in the anisotropy of the system as the concentra-
tion of Ni increases in the samples. The decreasing trend of Ty, with
increasing x was assigned to the decrease of overall anisotropy of
the system as the concentration of the soft phase (i.e., Ni) increased
in the nanoparticles. Whereas, the decrease in Ms with increasing x
is due to Ni that has relatively low magnetic moment as compared
to that of cobalt.
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