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Magnetic nanoparticles of NigsCogsFe,04 (size: 18 £3 nm) have been synthesized by chemical co-
precipitation route. Coercivity (Hc) of the particles shows an increasing behavior with decreasing
temperature and observes deviation from the Kneller's law for ferromagnetic nanostructures. Exchange
bias effect (Hex) shows an exponential increase with decreasing temperatures followed by a sharp fall
below ~5K. The saturation magnetization (M;) follows modified Bloch’s law in the high temperature
range (100-300 K), while below 100 K it shows a decreasing trend with decreasing temperature followed
by slow increase in M; at very low temperatures. Blocking behavior shows a decreasing trend in blocking
temperature (T;,) of the system as the applied field in M(T) measurements is increased. The results have
been discussed in terms of the variation of anisotropy with temperature, modified spin-wave theory
predictions, interparticle interactions, and the presence of spin glass (SG) like phase at the surface of
Nip5Coo5Fe;04 nanoparticles.
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1. Introduction

In single domain nanoparticles the anisotropy determines the
spin alignment along the easy axis of magnetization in the sys-
tem. In such nanoparticle system the thermal fluctuations cause
the spins to undergo Brownian-like motion about their easy axes
with finite probability that can flip these spins along these axes in
the system. The relaxation time (7) is the average time a spin takes
to jump from one easy axis to the other. In the absence of external
magnetic field at finite temperature (T) the barrier is the same in
either direction and t is defined by [1]:

KoV >
kB T

T = Tg exp ( (1)
where 7, is a constant called the relaxation or the attempt time
of the system, kg is the Boltzmann constant, K¢ is the anisotropy
constant, and V is the volume of the nanoparticles. The behavior of
a ferromagnet depends strongly on the size of nanoparticles and
may differ distinctly for different samples of the same material. It
is expected that the experimental measurements sometimes give
different results with various equipments of different experimental
times (Texp). Therefore, it is necessary to compare the experimental
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time with relaxation time of the system, and if 7> texp, then the
system is said to be in the blocked or ferromagnetic state. On the
other hand, if T < Texp the spins many flip forth and back during the
measurement time and the system behaves like a paramagnet. The
average magnetization is given by Langevin function [2]:
nwH

M) « L (k.TT) @)

The behavior is the same as that of a typical paramagnetic sys-
tem, with no hysteresis but some M that is achieved when all the
particles are aligned along the field direction. Each particle in this
size regime behaves like a huge atom with spin number of 103 or
10% instead of the order of 1 as in the conventional paramagnets.
This phenomenon of the loss of ferromagnetism in small particles
is known as superparamagnetism. In Eq. (1) the dependence of t
is strongly on V/T therefore the transition from the stable ferro-
magnetism to superparamagnetism shifts to smaller sizes when
temperature of the system is decreased. The temperature at which
such transition occurs (i.e. T=Texp) is called superparamagnetic
blocking temperature (T},) defined by [2]:

__ KeV
kg In(t/70)

T (3)

For T>T,, the particles would appear as superparamagnetic
while for T<T, the particles with same sizes will show stable
ferromagnetic behavior and are said to be blocked at one of the
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minimum. Such phenomenon in nanoparticles is very important
from the application point of view when high or low blocking tem-
peratures are required for their specific applications.

In literature ferrite nanoparticles are reported to be synthesized
by a number of techniques [3-6]. In the present work we have
used chemical coprecipitation route to synthesize Nig5CogsFe;04
nanoparticles with sizes of ~18 nm. Their temperature dependent
magnetic characterization has been performed in detail from 300
down to 2K and the results have been explained with reference
to the finite size effects, surface spin disorder, and the interpar-
ticle interactions in Nig5Cog 5Fe; 04 nanoparticles. This is the first
detailed study of this kind for this particular concentration of nickel
doped cobalt ferrite nanoparticles.

2. Experimental details
2.1. Materials

The chemical used for synthesis of Nig5CogsFe;04 nanoparti-
cles include iron chloride, cobalt chloride, nickel chloride, double
distilled de-ionized water, sodium hydroxide, and oleic acid.

2.2. Synthesis procedure

Fig. 1 shows the block diagram of coprecipitation process fol-
lowed for synthesis of Nig5Cog5Fe;04 nanoparticles. 25 ml of 0.4
molar (M) iron chloride and 0.2 M cobalt- and nickel-chloride solu-
tions (each of 12.5 ml) were prepared stoichiometrically in double
distilled de-ionized water. 25 ml of 3 M sodium hydroxide solution
was slowly added to the mixture of above solutions drop-wise and
pH of the reaction was constantly monitored. The reactants (com-
bined solution of 75 ml) were vigorously stirred until a pH of ~12
was achieved. A specific amount (2-3 drops for 75 ml solution) of
oleic acid was added as the surfactant. The reaction was carried out
at ~80°C under vigorous stirring for 1 h. Since this is an endother-
mic reaction therefore the heating at 80°C is required to start
the coprecipitation process [3]. After the reaction the product was
cooled to room temperature and washed twice with distilled water
and ethanol to remove the excess surfactant form the prepared
nanoparticles. The sample was centrifuged for 15min and then
dried overnight at 80°C. The acquired substance was grinded into
the fine powders and annealed at 600 °C for 6 hrs to get the desired
nanoparticles. Structural analysis of the particles was carried out
by X-ray diffraction (XRD) and transmission electron microscopy
(TEM). Further details of synthesis procedure for Co- and Ni-ferrite
nanoparticles are reported in our previous articles [7,8].
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Fig. 1. Schematic diagram of coprecipitation process for synthesis of Ni doped
CoFe,04 nanoparticles.

3. Results and discussions

Fig. 2(a) shows the XRD pattern of the cubic Nig5CogsFe;04
nanoparticles according to JCPDF cards. These cards (742081 and
791744) are shown in the inset of XRD figure for the reference
purpose. The XRD pattern confirms the polycrystalline Ni-Co fer-
rite nanoparticles. From the XRD line broadening of the strongest
(311)peakthe crystallite size was calculated using Debye-Scherrer
equation. TEM analysis shown in Fig. 2(b) confirms the particle
size of 18 +£3 nm. The crystallite size obtained from XRD analy-
sis is 16 nm, which is smaller than the particle size obtained from
TEM analysis. We have correlated magnetization data with parti-
cle size rather than crystallite size. The average particle-size and
size-distribution was analyzed by TEM characterization shown in
Fig. 2(b). The size distribution was calculated by finding the fre-
quency of particular size selected in the TEM images and then
plotted particle-size versus frequency as shown in the inset his-
togram of Fig. 2(b). The size-distribution is symmetric and follows
the Gaussian distribution with an average size of about 18 nm. From
TEM image shown in Fig. 2(b) some particles are seen separated
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Fig. 2. (a) X-ray diffraction pattern and (b) transmission electron micrograph (TEM) of NigsCogsFe;04 nanoparticles. The insets show the SAED and EDS results and the

histogram for size distribution in the samples.
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Fig. 3. MH loops of Nigs5CogsFe;04 nanoparticles taken at 2, 5, 10, 20, 30, 50, 100,
150, 200, 250, and 300 K with maximum field of 30 kOe.

from each other however some agglomerated particles are also
present in the samples. Possible reason for the agglomeration is
the high temperature heat treatment that evaporates the surfac-
tant material and aggregates the nanoparticles with each other.
The selected areas electron diffraction (SAED) pattern of the sam-
ples shown in the inset of Fig. 2(b) confirms the crystalline nature
of nanoparticles while the energy dispersive spectroscopy (EDS)
results shown in the inset table indicate the quantitative (weight
and atomic percent) presence of various elements constituting the
nanoparticles.

Magnetic characterization of Nig 5 Cog 5Fe,04 nanoparticles was
performed by SQUID magnetometer from 2 to 300 K. Fig. 3 shows
the M(H) loops at 2, 10, 30, 100, 15, 200, 250, and 300 K with max-
imum field of 30 kOe. The hysteresis loops at 2, 5, 10, 20, 30, 50,
and 100K are “bee-waist” type as shown in Fig. 3. If we compare
this data with individual Ni- and Co-ferrite M(H) loops reported in
our previous articles [7,8] which show normal hysteresis behav-
iors. We conclude that the two different magnetic phases, i.e. soft
Ni-ferrite phase and hard Co-ferrite phase are responsible for the
bee-waist type behavior in the samples due to their different coer-
civities [9,10]. This shows that our nanoparticles are composed of
a mixture of two different phases of Ni- and Co-ferrite rather than
single homogeneous phase.

The coercivity (Hc) values deducted from the M(H) curves at
different temperatures are tabulated in Table 1 and plotted in
Fig. 4. It is seen that H¢ increases monotonically as T decreases and
below ~30K the increase in Hc becomes very fast. This behavior
can be understood by considering the effect of thermal fluctua-
tions of the blocked moments across the anisotropy barriers. For
an assembly of non-interacting single domain magnetic nanopar-
ticles with uniaxial anisotropy the Hc in the temperature range

Table 1
Coercivity, exchange bias and saturation magnetization of the nanoparticles at dif-
ferent temperatures.

T(K) Hc (Oe) Hex (Oe) Ms (emu/g)
2 10,864 176 103.55
5 9925 311 103.55
10 9005 187 103.45
20 8366 108 103.45
30 7855 85 103.52
50 6978 54 103.86
100 5275 2 105.01
150 3648 0 105.05
200 2334 0 103.19
250 1477 0 99.82
300 1028 0 95.50
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Fig. 4. Temperature depend coercivity of nanoparticles. The red line shows the fit
curve according to modified Kneller’s law.

(0-Tg) can be written in the form of a simple model (Kneller’s law)
as [11,12]:

HC:Ho(l _TlB)a (4)

where H, is the zero-temperature coercivity and « is a constant
equal to 0.5. In Fig. 4 the red line is the fit curve according to the
above relation with modified value of o~ 0.455 smaller than 0.5
used in the above relation (Eq. (4)). The equation with smaller o
value is known as the modified Kneller’s law. From this curve the
zero-temperature coercivity comes out to be ~12kOe while the
coercivity at 2K is ~10.9 kOe. The deviation of the data from the
normal Kneller’s law (Eq. (4)) is explained on the basis of core—shell
model and the effect of interparticle dipole-dipole magnetic inter-
actions in the samples. It is to be noticed that the samples were
annealed at 600 °C at which the surfactant (oleic acid) is expected
to be evaporated and the particles are no more coated and expected
to be in direct contact with each other. Therefore, the role of inter-
particle interactions is more likely to be there while performing
magnetic characterization of the samples. In case of core-shell
nanoparticles the core spins are ferromagnetically or ferrimagnet-
ically aligned while the shell spins are tilted or in the randomized
state because of the broken exchange bonds at the surface of the
particles. This gives the shell-spins to freeze into their random
states at reduced temperatures and giving no good response to
the external field. In case of smaller nanoparticles (i.e. 18 nm in
our case) this effect becomes more pronounced as compared to
larger particles. This resultantly weakens the temperature response
of Hc in this case. However, the dominant role of deviating from
the Kneller’s law is the interparticle interactions in our case. If
we notice in Fig. 2(b) it is seen that the nanoparticles are aggre-
gated, which canlead to the strong interparticle interactions among
the nanoparticles while taking the magnetic data of the samples.
In this case, apart from the anisotropy energy (Ea) of individual
nanoparticle, there is some contribution from orientational mag-
netic interaction energy towards the total anisotropy energy of the
system that can lead the spins to flip across the anisotropy energy
barrier [13]. Thus the interparticle interactions play adominant role
in the samples and cause the deviation from the normal Kneller’s
law in these Nig 5Cog 5Fe;04 nanoparticles.

In the exchange bias studies the nanoparticles are cooled from
room temperature (T<T.) to a lower temperature (T<Ty) in the
presence of some field (FC measurements) and then hysteresis
loops are taken. The consequent horizontal shift in FC-M(H) loops is
termed as the exchange given by Hex = (Hcy — Hep)/2 where Heq and
Hc; are the absolute values of positive and the negative coercivi-
ties. Hex is resulting in a bi-layer system (core-shell structure in our
case) where an antiferromagnetic material with strong anisotropy
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Fig. 5. Dependence of exchange field on temperature for NigsCog sFe;04 nanopar-
ticles. The pronounced increase in Hex is evident in the temperature range 5-100 K.

(shell) is deposited on the top of a low anisotropy ferromagnetic
material (core). The values of Hex are calculated using above rela-
tion from 2 to 300 K under a cooling field of 5 kOe and then plotted
as function of temperature as shown in Fig. 5 and tabulated in
Table 1. It is seen that above 100K Hey is negligible, while below
100K Hex increases with decreasing temperature up to ~5K, and
finally a sharp fall is observed below this temperature. We antici-
pate that Hex arises due to the interaction between the core and
surface spins (shell) at the core-shell interface. In this case the
core spins are aligned ferrimagnetically while the situation at the
surface may be quite complex. In general the atomic coordination
number at the surface of nanoparticles is different from that of the
core and this variation causes disturbance in the crystal field that
destabilizes the magnetic order at the shell region. The spin align-
ments can take a multiplicity of forms [14] with several different
ground states and resulting the shell spins to act in the spin glass
(SG) like manner [15-17]. Therefore the particles behave like the
core-shell system similar to the metal-metal oxide nanoparticles
with oxide shell covering the metallic core of the nanoparticles
[18]. The core shell interaction at the interface gives rise to the
phenomenon of exchange bias effect in this system. The observed
temperature dependence of Hex can be explained on the basis of
phenomenological model where Hex has been estimated to vary as
[18]:

ex = _—int__ (5)

where E;; is the interfacial exchange energy, tgy is the thickness
of ferro- or ferri-magnetic core and Mgy is magnetization. Now
to interpret our data (Fig. 5) we assume that the decrease of Hex
above 100K may be the thermal fluctuations that destabilize the
core-shell interface spin interactions thereby weakening this effect
at higher temperatures. Below 100K the anisotropy of the system
increases as a result of thermal suppression in the system. The
enhancement of the anisotropy with decreasing temperature can
reinforce the spin interactions at the core-shell interface thereby
increasing Hex below 100 K. At very low temperatures, below ~5K
there is an increasing trend in magnetization of the samples (see
Fig. 6) and hence by the virtue of Eq. (5) Hex is going to decrease,
provided the interfacial energy of the system does not vary. The
apparentincrease in magnetization of the system at lower tempera-
tures shown in Fig. 6 could be the result of interparticle dipole-ipole
magnetic interactions in the samples that play dominant role at low
temperatures (below 5 K) when the thermal energy is suppressed.
In Fig. 6 it is evident that Mg increases with decreasing temperature
in accordance with Bloch’s law for ferromagnetic materials. These
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Fig. 6. Saturation magnetization as a function of temperature for NigpsCogsFe204
nanoparticles. The red line is the fit curve according to modified Bloch’s law for
saturation magnetization of the nanoparticles.

values at different temperatures are tabulated in Table 1. For a bulk
ferromagnetic/ferrimagnetic system the saturation magnetization
below the Curie temperature follows the Bloch’s law of the form
[19]:

M(T) = M(0) [1 - (TTO)Q} (6)

where (1/T,)% is called the Bloch constant that depends on the
structure of the material. M(T) is the temperature-dependent mag-
netization and « is the Bloch’s exponent with a value of 3/2. This
law is generally valid for bulk materials in the high temperature
range. However, at the nanoscale due the finite size effects the
thermal dependence of magnetization deviates from Bloch’s law as
the magnons with wavelength larger than the particle dimensions
cannot be excited and a threshold of thermal energy is required to
generate the spin waves in case of nanoparticles. Thus for nanopar-
ticles the spin wave structure is modified in the form of a power law
(T*)with Bloch’s exponent larger than its bulk value of 3/2, which is
called the modified Bloch’s law [20,21]. The value of « in the modi-
fied Bloch’s law has been experimentally determined by Auino et al.
[22]. They have found that for large size CuFe; 04 nanoparticles the
value of @ is 3/2 whereas for smaller nanoparticles this value is close
to 2. In our system (Fig. 6) this model is valid only in high temper-
ature range (300-100K) while below 100K there is a decreasing
trend in saturation magnetization of the system and the experi-
mental data show a deviation from this law. Thus the modified
spin-wave spectrum is applicable to these nanoparticles in the tem-
perature range 100-300 K. However, at low temperatures (<100 K)
the decrease in magnetization may be attributed to the SG like layer
at the surface of nanoparticles that prevents the core spins to align
along the field direction when the external field is applied. In Fig. 6
at very low temperatures <5K there is slight increasing trend in
magnetization that can be attributed to dipole-dipole interactions
in the sample as discussed earlier.

Finally, to explore the effect of external field on blocking temper-
ature (Ty,) various M(T) curves have been taken at different applied
fields. Fig. 7 shows T}, as a function of the field with inset of the fig-
ure shows FC and ZFC curves for one of the representative sample. It
is important to mention that Ty, is not the true superparamagnetic
blocking temperature of the nanoparticles in our case; however
it is proportional to the true blocking temperature of the system.
It is seen in the inset of Fig. 7 that the ZFC peak is broad. The
broad peak is due to the large size distribution or due to interpar-
ticle dipole-dipole interactions in the samples. Close examination
of Fig. 2(b) confirms the possibility of dipole-dipole interactions
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Fig. 7. Blocking temperature as a function of applied field. The inset of the figure
shows an M(T) curve for one of the representative sample.

as there are many aggregated particles present in the images. In
this study it is seen in Fig. 7 that the nanoparticles are in the
blocked ferromagnetic state (non-zero coercivity) at 300 K when
H is very small. The non-zero coercivity is either due to the pres-
ence of micro-scale particles or due to the large size-distribution
in the samples. The first possibility is excluded as there is no evi-
dence of micro-scale particles in TEM image shown in Fig. 2(b).
Therefore, the only possibility of non-zero coercivity (blocked par-
ticles) at room temperature is due to the size-distribution in the
samples. However, as discussed earlier, T}, is not the true super-
paramagnetic blocking temperature of the system where the zero
coercivity is achieved in the samples. Furthermore, it is seen that
as the applied field (H) is increased T, is shifted towards the lower
values which is in agreement with previous reports [23,24]. This
shows that as the applied field is increased the anisotropy energy
barrier is suppressed by an amount (wH) and the spin can easily
flip from one energy minimum to the other along the field direction
and becomes parallel to the applied field. In this case the anisotropy
energy is dominated by the thermal energy that lowers the blocking
temperature of the system. The real superparamagnetic blocking
temperature of the system can be obtained by extrapolating the H
to zero where Ty, is ~350 K, which indicates the blocking of the sys-
tem with H=0. Thus above this temperature the nanoparticles are
expected to behave in the superparamagnetic unblocked state. It is
worthy to mention that T, for 18 nm particles has not been reported
in the literature so far; however, it is important to know that the
interparticle interactions usually increase the overall anisotropy
of the samples. This results in the increase of superparamagnetic
blocking temperature of the system [13]. If we extrapolate our
data to very low field (H<1000e) in Fig. 7 we may not be able
to observe the superparamagnetic behavior of the samples and all
the nanoparticles would be in the blocked ferromagnetic state at
room temperature. This might be due to the minute interactions
which take place among the nanoparticles at low magnetic field.

4. Conclusion

In this article we have presented synthesis of Nig5Cog5Fe;04
nanoparticles of sizes 18 & 3 nm. Coercivity of the samples showed
an increasing behavior with decreasing temperature that has been
attributed to the enhanced anisotropy and interparticle interac-
tions at lower temperatures. Hex showed an exponential increase
<100K followed by a sharp fall at ~5K that has been attributed
to the enhanced anisotropy at reduced temperatures and to inter-
particle interactions in the samples. The saturation magnetization
followed the modified Bloch’s law is based on the modified spin-
wave spectrum that arises as a result of finite size effects. The
blocking temperature was found shift to lower values as the exter-
nal field was increased that has been attributed to the suppression
of anisotropy energy as compared to thermal energy that favors the
particles to behave in the unblocked state.
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