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Abstract

We have performed a systematic study on the effect of Zn substitution on the structural and magnetic properties of crystalline
zinc-substituted cobalt ferrite nanoparticles, Zn,Co,_,Fe,0, with x = 0, 0.25, 0.5, 0.75, and 1, prepared by hydrothermal
method. The structural and magnetic properties of these nanoparticles were investigated by XRD, TEM, FTIR, and VSM. All
the ferrite nanoparticles were prepared with sizes smaller than 20 nm, thus lying within the range of single-domain regime.
The results of Rietveld refinement revealed that all prepared nanoparticles were cubic and single phase, and the increase
in Zn concentration resulted in an increase in the lattice constant, x-ray density, and the average bond length on tetrahedral
sites. The TEM measurements showed that the nanoparticles were monodisperse and spherical in shape. All FTIR spectra of
the prepared ferrites showed two dominant absorption bands, thus confirming the formation of single-phase spinel structure
with two sub-lattices: tetrahedral (A-site) and octahedral (B-site). The room temperature M versus H magnetization meas-
urements revealed that the ferrite nanoparticles were ferromagnetic for x = 0 and superparamagnetic for x > 0.25. At 10 K,
all ferrite nanoparticles showed ferrimagnetic behavior that is weakened by Zn substitution. The saturation magnetization
and the first anisotropy constant were observed to decrease with increasing Zn concentration. The zero field cooled and field
cooled magnetization data revealed that both superparamagnetic and spin-glass like states may coexist together depending
on amount of Zn concentration and temperature.
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1 Introduction

Magnetic ferrites are a group of materials that contain iron
oxide as a major constituent. They have been investigated
intensively during the past few decades as they can be uti-
lized in several applications such as permanent magnets,
chemical sensors, high density recording systems, micro-
wave devices, and biomedical applications [1-5].
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Spinel ferrites, a class of magnetic ferrites, crystallize
into a cubic spinel type structure with a space group Fd3m
and have the general molecular formula AB,O,, where A**
and B>* are the divalent and trivalent cations, respectively
[6]. The unit cell of spinel structure is composed of eight
formula units [AB,0O,]g, allowing 56 ions to be incorpo-
rated in the large unit cell [7]. The structural and magnetic
properties of spinel ferrites depend on several factors such
as synthesis method, chemical composition, and cations dis-
tribution between the tetrahedral (A sites) and octahedral
(B sites). The last factor plays a major role in determining
the magnetic properties of these ferrites, resulting in a wide
range of possible distributions of cations between the A and
B sites [8].

Among various types of spinel ferrites, cobalt ferrite
CoFe,0, is of a particular importance as it exhibits some
exceptional physical and chemical properties, such as high
coercivity, large magnetic anisotropy, moderate saturation
magnetization, high resistivity, and good mechanical and
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chemical stabilities [9, 10]. Ideal cobalt ferrite has an inverse
spinel structure, where all Co cations occupy the octahe-
dral site and the Fe cations are equally distributed in both
tetrahedral and octahedral sites that can be represented by
the formula (Fe**),,[Co**Fe®*]30,. The magnetic proper-
ties of cobalt ferrites can be tuned by controlled substitu-
tion. Replacing the magnetic Co ions, for example, by the
non-magnetic Zn ions in a controlled manner can drasti-
cally change the magnetic properties of the cobalt ferrite
nanoparticles.

There are several synthesis methods used to fabricate
magnetic ferrite nanoparticles, such as the sol-gel method
[11], the co-precipitation method [12], the ceramic technique
[13], the hydrolysis method [14], the hydrothermal method
[15], and the mechanical alloying method [16].

One of the most interesting magnetic properties of ferrite
nanoparticles is the size dependence of their ferrimagnetism.
As particle size decreases to typically 40 nm, the particle
can not be broken into domains, and hence remains with a
single domain [17]. Based on the variation of coercivity as a
function of particle size at RT and 10 K, it was also reported
that a single-domain size limit of cobalt ferrite nanoparticles
prepared by coprecipitation method was found around 40 nm
[18]. Since it is very difficult to produce particles with nar-
row size distribution, determining the critical single-domain
size of ferrite nanoparticles is not an easy task and is rarely
discussed in the literature. Further reduction of the size of
the particle to below 20 nm leads to the transformation from
ferrimagnetic state to superparamagnetic state at specific
temperature called the blocking temperature (7). In this
superparamagnetic regime and even at very low tempera-
tures, the thermal fluctuations energy can easily overcome
the magnetic anisotropy energy barrier of the nanoparticle,
and hence randomize its magnetic moment, resulting in los-
ing ferrimagnetism of the nanoparticle. The coexistence of
both superparamagnetic and single-domain nanoparticles
would affect the coercivity values and further complicates
the estimation of the critical single-domain size, making it
an approximate one.

Most of previous works done on cobalt ferrites and their
doped families were in the multi-domain regime in which a
typical size of synthesized nanoparticles was bigger than 40
nm, and hence negligible size dependence of their magnetic
properties [19]. This is because fabrication of ultra small
and monodisperse nanoparticles is considered a challenge
in this field. On the other hand, most studies conducted on
ferrite systems lying in the single-domain regime investi-
gated and described the possible existence of either super-
paramagnetism or spin-glass behavior and addressed these
two phenomena as a separate topics. The intention behind
the present work is to investigate the possible coexistence
of both superparamagnetism and spin-glass behavior in
zinc-substituted cobalt ferrite nanoparticles prepared by
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hydrothermal method. The main goal is to produce ultra
small and monodisperse nanoaprticles that lie within the
single-domain regime and to make a detailed systematic
study on their structural and magnetic properties. Having a
reproducible recipe of making these stable ferrite nanopar-
ticles in the single-domain regime and understanding their
magnetic properties is an important issue toward utilizing
them in several applications, mainly in data storage, mag-
netic recording, and biomedical applications [20-22].

2 Materials and methods

Cobalt (I) nitrate hexahydrate Co(NOj), - 6H,O (Reagent
grade, 98%), zinc nitrate hexahydrate Zn(NO;), - 6H,0
(Laboratory reagent, 98%), Iron (III) nitrate nonhydrate
Fe(NO;); - 9H,0 (Analytical reagent, > 98%), Sodium
hydroxide NaOH (Reagent grade, > 98%), HPLC plus DI
water, Ethanol absolute anhydrous (ACS reagent) were used
as starting materials without further processing. All chemi-
cals were bought from Sigma-Aldrich. We used different
amounts of the starting materials according to the required
stoichiometric proportions of the Zn,Co,_,Fe,O, with x =
0, 0.25, 0.5, 0.75, and 1. In this work, we followed the rec-
ipe of Amanda et al. for hydrothermal synthesis with smart
modification [23]. In this work, 10 mmol of Fe(III) nitrate,
5 mmol of a mixture of cobalt nitrate and zinc nitrate, were
dissolved in 140 mL of DI water and magnetically stirred at
500 rpm for 10 min. Then a precipitating agent solution of
60 mmol of NaOH dissolved in 20 mL DI water was added
drop wise into the above cationic solution under vigorous
magnetic stirring (~ 1500 rpm ). The molarity of nitrates
was kept below 0.12 mol/L in order to get nearly monodis-
perse nanocrystals.

The final solution was allowed to stir at ~ 1500 rpm for
15 minutes. The solution was then transferred to a 200 mL
Teflon-lined stainless steel autoclave, subsequently sealed,
placed in a vacuum oven, and heated to 190 °C for 12 h, after
which the autoclave was taken outside the vacuum oven and
left to cool down naturally to room temperature. The result-
ing product was washed twice with ethanol and three times
with DI water, where after each washing step the nanopar-
ticles were collected by a strong magnet. Then, the nano-
particles were dispersed in 15 mL of DI water, isolated by
centrifugation at 4800 rpm, dried in a vacuum oven at 105 °C
for 24 h, and finally crushed using mortar and pestle, thereby
yielding ~ 1.1 g of each sample. Finally, the nanoparticles
were annealed at 700 °C for 6 h. Annealing at 700 °C is
sufficient enough to enhance the crystallinity and magnetic
properties of the ferrites being prepared. Higher anneal-
ing temperatures, however, have been avoided as they may
induce particle growth beyond the limit of single-domain
size and therefore lowers the coercivity.
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The prepared nanoparticles were characterized by vari-
ous techniques. The X-ray diffraction (XRD) measurements
were performed using Rigaku Ultima IV with CuK, radia-
tion (4 = 1.5406 A) diffractometer, in the range of 20 = 16°
—70°, with a scanning rate of 2° per minute. The structural
analysis including Rietveld refinement of XRD patterns was
performed using the FullProf program. The morphology
and microstructure of the ferrite nanoparticles were char-
acterized using JEOL 1200 transmission electron micro-
scope (TEM). The Fourier-transform infrared spectroscopy
(FTIR) was utilized to obtain the infrared spectra of samples
using a Bruker Vertex 70 FTIR spectrometer in the range
of 370-900 cm~!. Magnetic measurements were collected
using Quantum Design Physical Property Measurement
System (PPMS), that is equipped with Vibrating Sample
Magnetometer (VSM), in the temperature range 10-300 K
and in a vertical magnetic field up to 25 kOe.

3 Results and discussion
3.1 X-ray diffraction and structural analysis

XRD patterns for the Zn Co,_ Fe,0, ferrites with x = 0,
0.25, 0.5, 0.75, and 1 are shown in Fig. 1. All peaks were
indexed according to the space group Fd3m with planes :
(111), (220), (311), (222), (400), (422), (511), and (440),
thus confirming the single phase nature of cubic spinel struc-
ture, without any impurity phases. All diffraction peaks are
well matched with the standard powder diffraction data of
spinel ferrites of CoFe,O, (PDF # 22-1086) and ZnFe,0,
(PDF # 73-1963) that are shown as a vertical black bars at
the bottom of the figure. The broad XRD lines indicate that
these particles are in the nanosize range.

Intensity (a.u)
;
~

20 30 40 50 60 70
26 (degree)
Fig. 1 (Color online) XRD patterns of the Zn Co,_,Fe,0, ferrites

with x = 0, 0.25, 0.5, 0.75, and 1. Bragg reflections are represented
by a vertical black bars at the bottom

All XRD patterns were analyzed using the FullProf soft-
ware by employing Rietveld refinement technique [24]. The
refinement process was performed as follows. Specimen
displacement, background, and scale factor were refined
first. Next, unit cell dimensions, atomic coordinates, and
profile parameters were refined. After each refinement trial,
the Rietveld fitting quality was checked using the reliability
R-factors (expected Ry, , profile R and weighted profile
R,,,) that must reach their minimum values and the good-
ness of fit (GoF = Ryp / Rexp)z) that must approach one from
above. Before starting Rietveld refinement, cations and ani-
ons positions, and site occupancy (for both tetrahedral site
(8a) and octahedral site (16d)) were determined carefully. In
general, there are two choices for the origin of the unit cell
in spinel ferrites [25]. The first choice is to have the origin
placed at the tetrahedral A-site cation (with point symmetry
of = 43 m). The second choice is to have the origin placed
at an octahedral vacancy (with point symmetry of = 3 m).
In this work, we followed the second choice. Assuming that
an inverse spinel structure for cobalt ferrites and a normal
spinel structure for zinc ferrites, [25-27], all cations were
distributed between the tetrahedral and octahedral sites
so as to preserve the stoichiometric composition of the
Zn Co,_,Fe,0, ferrites. Table 1 summarizes the Wyckoff
positions, atomic coordinates (x, y, z), and site occupancy
(sof) used in the Rietveld refinement of the Zn,Co,_,Fe,0,
ferrites.

Figure 2 shows a typical Rietveld refinement for the
Zn,Co,_,Fe,0, ferrites with x = 0.5. As shown in the fig-
ure, there is an excellent agreement between the observed
data and the calculated one. The outcomes of the refinement
for this sample as well as for the other samples are sum-
marized in Table 2. The main four refined quantities were
the oxygen positional parameter u, the experimental lattice
parameter d,, the d,;,-spacing, and the full width at half
maximum (FWHM). These quantities were used to calculate
the x-ray density d,, the theoretical lattice parameter ay,,
the crystallite size D, and the bond lengths at the tetrahe-
dral R, and octahedral Ry sites. The ideal value of u is 0.25
A, assuming that the oxygen anions form a perfect cubic
closed packing (CCP) lattice and the origin of the unit cell is
placed at an octahedral vacancy [25]. However, in real spinel
ferrites, oxygen anions are slightly shifted away from their
ideal CCP positions resulting in remarkable implications on
bond lengths and angles. As shown in Table 2, the value of
u changes from 0.2564 Aforx=0, representing pure cobalt
ferrite (CoFe,0,), to 0.2731 Aforx=1, representing pure
zinc ferrite (ZnFe,0,). These measured values of u are con-
sistent with reported values of 0.2556 A and 0.2582 A for
CoFe,0, [27] and ZnFe, O, [28], respectively.

The estimated experimental lattice constant (dey,), as
shown in Fig. 3a, is observed to increase from 8.371 A to
8.426 A with the increase in Zn concentration in all samples.
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Table 1 Wyckoff positions (Tetrahedral site (8a), Octahedral
site(16d), Oxygen site(32e)), atomic coordinates (x, y, z), and site
occupancy (sof) used in Rietveld refinement of the Zn Co,_ Fe,0,
ferrites

X Atom (8a) (16d) (32e) sof
xyz xyz XyzZ
0 Co - - - 1/2 1/2 1/2 — - - 05
Fe - - - 1/2 1/2 1/2 — - - 05
Fe 1/8 1/8 1/8 — - - = - - 1
O - - - - - - 1/4 1/4 1/4 1
0.25 Co - - - 1/2 1/2 1/2 — - - 0375
Fe - - - 1/2 1/2 1/2 — - - 0.625
Fe 1/8 1/8 1/8 — - - - - - 075
O - - - - - - 1/4 1/4 1/4 1
Zn 1/8 1/8 1/8 — - - - - - 025
0.5 Co - - - 1/2 1/2 1/2 — - - 025
Fe - - - 1/2 1/2 1/2 — - - 075
Fe 1/8 1/8 1/8 — - - - - - 05
O - - - - - - 1/4 1/4 1/4 1
Zn 1/8 1/8 1/8 — - - - - - 05
0.75 Co - - - 1/2 172 1/2 — - - 0.125
Fe - - - 1/2 172 1/2 — - - 0.875
Fe 1/8 1/8 1/8 — - - - - - 025
O - - - - - - 1/4 1/4 1/41
Zn 1/8 1/8 1/8 — - - - - - 075
1 Fe - - - 1/2 1/2 1/)2 — - - 1
O - - - - - - 1/4 1/4 1/41
Zn 1/8 1/8 1/8 — - - - - - 1
Zn, o, fe0, o= T observed
e —— Difference

| Bragg positions

Intensity (a.u)

20 30 40 50 60 70
20 (degree)

Fig.2 (Color online) Rietveld refined XRD pattern of the
Zn Co,_,Fe,0, ferrites with x = 0.5. The figure includes experi-
mental data (black circles), calculated data (red line), the difference
between experimental and calculated data (blue line), and Bragg
reflections (vertical bars)

@ Springer

Table2 Results of Rietveld refinement of all XRD patterns of the
Zn Co,_,Fe,0, ferrites with x = 0, 0.25, 0.5, 0.75, and 1. Average
crystallite size D, x-ray density d,, R-factors (Rexp, Rp, pr) and
goodness of fit (GoF), cell parameter @ , oxygen position parameter u,
tetrahedral bond length R, , and octahedral bond length Ry

X 0 0.25 0.5 0.75 1

D (nm) 17.4 144 144 12.3 15.0

d (g/cm®) 5.31 5.34 5.34 5.36 5.35

Residual factors (%)

R, 1.261  1.307 1.312 1482 1.537

R, 1.036  1.075 1.096 1.223 1.368

R, 1.303  1.364 1.378 1.548 1.720

GoF (1% 1.07 1.09 1.10 1.09 1.25

Cell parameters (;A)

Aihy 8.3829 8.4084 8.4055 8.4004 8.457

exp 8.3706 8.3765 8.3942 8.4019 8.4263

u 0.2564 0.2667 0.2691 0.2698 0.2731

R, 1.9051 2.0559 2.0951 2.1072 2.1615

Ry 2.0405 1.9642 1.9514 1.9484 1.9316
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Fig.3 (Color online) The behavior of some Rietveld refined quanti-
ties as a function of Zn concentration: a lattice constant, b the aver-
age bond lengths of R, and Ry, ¢ the x-ray density, and d the crystal-
lite size
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The replacement of Co* ions of radius (0.76 A) with Zn>*
ions of bigger radius (0.81 A) leads to increase in the lattice
constant, consistent with Vegards law [29]. These measured
values of a,, for the two end samples agree with reported
results of 8.373 A [30] for CoFe,0, and 8.430 A [31] for
ZnFe,0, , respectively. The lattice constant can also be cal-
culated from ay,, = dyy; V h? + k? + I2. The lattice constant
was calculated using the d,,, plane as high angle diffraction
peaks give better estimate than those low angle ones.

The average bond lengths at the tetrahedral (R, ) and octa-
hedral (Rp) sites can be calculated using the relations [8]

Ry =aey V3 (u = 0.125) (1

Ry =aexy V2 (3> — 2u + 0.375) @)

The refined values of R, and Ry with Zn concentration are
shown in Fig. 3b. The R, is observed to increase with Zn
concentration. This is due to the substitution of Fe** ions
with radius (0.66 A) at the tetrahedral A-site by the larger
radius (0.81 A) Zn”* jons. On the other hand, the Ry is
observed to decrease with Zn concentration. This is due to
the substitution of Co?* ions with radius (0.76 A) at the
octahedral B-site by the smaller radius (0.66 1&) Fe** jons
that migrate from the A site to the B site. This behavior of
R, and Ry should be linked to the behavior of the parameter
u. As u changes, the anion sublattice expands or contracts
until the volumes of the A- and B-sites match the radii of the
constituent cations [25].
The x-ray density d, was calculated using the relation

d, = ZM/Nd* 3)

where Z is the number of molecules per unit cell (Z = 8), M
is molecular weight, N is Avogadro’s number, and a’is vol-
ume of the unit cell. The refined values of d, for all samples
are shown in Table 2 and plotted in Fig. 3c as a function of
Zn concentration. As can be seen from the figure, the density
is observed to increase with Zn concentration for nanoparti-
cles with x =0, 0.25, 0.5, and 0.75. This is attributed to the
heavier weight of a zinc atom as compared to that of cobalt
atom. However, for the x = 1 (ZnFe,0,) nanoparticles, the
density decreases to 5.35 g/cm®. This is can be understood by
realizing that the density is directly proportional to the mass
of the Zn atom and inversely proportional to the volume of
the unit cell. Therefore, the significant increase in the size of
the unit cell, due to the increase in the lattice constant, can
not be compensated by the increase in the mass of Zn atom.

The crystallite size D was evaluated by the Scherrer
equation

_ Ka
a pcos@ )

where K = 0.89, 4 is the wavelength of the x-ray radiation
(A = 1.5406 A), 6 is the diffraction angle of the most intense
peak (311) and g is its full width at half maximum (FWHM)
in radian. The calculated values of D for all ferrite nano-
particles are shown in Table 2 and plotted in Fig. 3d as a
function of Zn concentration. It is clear that all prepared fer-
rite nanoparticles have sizes lying within the single-domain
regime, i.e., below 40 nm. The size of the nanoparticles is
observed to slightly decrease with Zn concentration. This
may be explained by looking at the electronic configuration
of Co**(3d”) that has more tendency to interact with ligands
and oxygen anions, as compared to Zn>*(3d'), which has a
complete electronic configuration [32].

3.2 TEM analysis

Figure 4 shows TEM images and particle size distributions
for the Zn,Co,_,Fe,0, spinel ferrites with x =0, 0.25, 0.5,
0.75, and 1 taken at high magnification of 250,000. As can
be seen from the figure, the nanoparticles are roughly spheri-
cal in shape, indicating that the followed recipe was success-
ful in producing monodisperse spherical nanoparticles. As
shown in the figure, the estimated average particle size of all
ferrite nanoparticles obtained from TEM measurements is
nearly twice the average crystallite size obtained from XRD
measurements (see Table 2). Similar behavior was observed
for the same system synthesized by coprecipitation method,
where the average particle size was found almost three times
larger than the average crystallite size [31]. Such difference
is expected as with XRD one measures the average crystal-
lite size, whereas with TEM one measures the average parti-
cle size which can be made of several crystallites, this is why
particle size has to be always bigger than crystallite size.

3.3 FTIR analysis

Figure 5 shows the recorded FTIR spectra for Zn, Co,_,Fe,0,
ferrites in the wave number range of 370-900 cm~!. For fer-
rites with spinel type structure, it is expected to have four
modes of vibrations occurring in the v; (650—-550 cm™!),
Vv, (525—-990 cm™!) , v (380—-335cm™!) and
v, (300—-200 cm™~!) regions [33] . As can be seen from the
figure, two main metal-oxygen bands are seen at frequencies
~ 556 and 410 cm™". The higher frequency band is caused by
the stretching vibrations of metal-oxygen bond in the tetra-
hedral (A sites). The lower frequency one is caused by the
metal-oxygen vibrations in the octahedral (B sites). These
absorption bands confirm the formation of single-phase spi-
nel structure with two sub-lattices : tetrahedral and octahe-
dral [19, 34]. As seen in the figure, all ferrite samples show
shoulder peaks in the tetrahedral region occurring ~ 615
cm™!, indicating that the tetrahedral site is always occupied
by more than one cation. It can therefore be deduced that the
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Fig.4 (Color online) TEM images and particle size distributions for
the Zn,Co,_,Fe,0, spinel ferrites with x = 0, 0.25, 0.5, 0.75, and 1
taken at high magnification of 250,000

synthesized ferrite nanoparticles are most likely mixed spi-
nel-type structures. The high frequency peak is observed to
shift to low frequency regions; 556, 556, 553, 549, 532 cm™!
as a function of Zn concentration. This is consistent with the
increase in the value of the bond length at the tetrahedral
site, R,, observed in XRD analysis (see Table 1). In addi-
tion, the absorption bandwidth of the high-frequency peak is
observed to decrease slightly with increasing concentration
of Zn, indicating that the absorption of infrared radiation
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Fig.5 (Color online) FTIR absorption bands for the Zn Co,_,Fe,0,
spinel ferrites with x = 0, 0.25, 0.5, 0.75, and 1 measured in the wave
number range of 370-4000cm™!

becomes more selective when cobalt is substituted by zinc.
The v; and v, absorption bands could not be observed as
they are located in the far-infrared region, which is beyond
the measuring range of the FTIR machine used in recording
the FTIR spectra.

3.4 Magnetic properties

Two types of magnetic measurements were taken system-
atically on Zn, Co,_,Fe,0, ferrite nanoparticles. The first
is recording the magnetization versus magnetic field at two
temperatures 300 K and 10 K. The second is recording the
magnetization versus temperature in the presence of small
applied magnetic field (100 Oe) in order to generate the zero
field cooled (ZFC) and the field cooled (FC) magnetization
curves.

Figure 6 shows magnetization curves of the
Zn Co,_,Fe,0, ferrites with x = 0, 0.25, 0.5, 0.75, and 1,
measured at 300 K and 10 K, in which the magnetic field
was swept from —25 kOe to 25 kOe. As shown in the figure,
the hysteresis behavior of the parent ferrite (CoFe,0,) is
affected by the successive addition of Zn ions, resulting in
reduction of both saturation magnetization and coercivity.
Such a decrease in coercivity is expected as the magnetic Co
ions are continuously replaced by the non-magnetic Zn ions.
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Fig.6 (Color online) Magnetization curves of the Zn Co,_,Fe,0,
ferrites with x = 0, 0.25, 0.5, 0.75, and 1, measured at 300 K and 10
K. The figure in the bottom right corner represents the variation of
the coercive field (at 10 K) with Zn concentration

Actually, it is quite evident that at room temperature, the
substitution process produced a change from ferrimagnetism
to superparamagnetism as x evolved from O to 1. Further-
more and based on the shape of the hysteresis loops, one can
see the existence of either ferrimagnetic or superparamag-
netic phases depending on the amount of Zn concentration.
At room temperature, the x = O parent cobalt ferrite nano-
particles exhibit ferromagnetic behavior with well-defined
saturation magnetization (M, ~ 70 emu/g), coercivity
(Hc ~ 800 Oe), and remanence (M, ~ 24 emu/g). For all
other room temperature ferrite nanoparticles with x > 0.25,
the corresponding M—H curves show superparamagnetic
behavior that is demonstrated by the sigmoidal shape of
their corresponding M—H curves with nearly zero hysteresis.
However, at 10 K, all ferrite nanoparticles showed ferrimag-
netic behavior that is weakened by Zn substitution. This is
evident from the reduction in the coercivity from ~ 16.5 kOe
for x = 0 to ~ 0.4 kOe for x = 1 as shown in the bottom right
corner of Fig. 6.

It is clear from Fig. 6 that the magnetization is not satu-
rated using the maximum applied field of 25 kOe. There-
fore, we utilized the law of approach (LA) to saturation to
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Fig.7 (Color online) Room temperature magnetization curves of the
Zn Co,_,Fe,0, ferrites with x = 0, 0.25, 0.5, 0.75, and 1, fitted to LA
model. The figure in the bottom right corner represents the variation
of saturation magnetization (M) and first anisotropy constant (K)
with Zn concentration

determine the saturation magnetization (M) and the first
anisotropy constant (K;). The LA approach describes the
magnetic field dependence of magnetization near saturation
and it is usually valid at fields much higher than the coercive
field (H > H,) [35]. The magnetization near the saturation
is given by [35]

b
M=Ms(l—m)+1<H )
2
where b = = %, M is the magnetization, M is the satura-
105 4202 S

tion magnetization, H is the applied magnetic field, y, is the
magnetic permeability of free space, and K| is the first ani-
sotropy constant (also called the cubic anisotropy constant).
The last term, kH, is known as the forced magnetization
which represents the linear increase in the spontaneous mag-
netization at high fields. We observed that this term was
necessary to fit the obtained data. Figure 7 shows room tem-
perature magnetization curves of the Zn,Co,_,Fe,O, ferrites
with x =0, 0.25, 0.5, 0.75, and 1, fitted to the LA model. As
shown in the figure, the LA model describes well the mag-
netization at high fields, therefore our fit was restricted to
magnetization data taken from 10 to 25 kOe. The obtained
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values of M, and K, from the fit as well as the values of H,
and M| are summarized in Table 3. The variation of M, and
K, with Zn concentration is shown in the bottom right corner
of Fig. 7. Both M, and K| slightly increase fromx=0tox =
0.25, and then decrease for all particles with x > 0.25 (as
discussed latter). The measured values of M, and H, at 300
K for x = 0 are close to the room temperature (RT) reported
values of 74.5 emu/g and 0.85 kOe, respectively [23]. The
measured values of K, for x = 0 and x = 1 are close to the
RT reported values of 3.8 x 10° and 0.2 x 10° erg/cm? for
CoFe,0, [36] and ZnFe,0, [37], respectively. It is evident
from Table 3 that when x changes from 0.5 to 0.75, the M,
value has fallen sharply from ~ 47 emu/g to ~ 6 emu/g.
Similar behavior was observed in the Zn,Co,_, Fe, O, ferrites
synthesized by sol-gel method and annealed between 500 °C
and 900 °C, where the M, value dropped from ~ 50 emu/g
to ~ 10 emu/g when x changed from 0.5 to 0.75 [34]. The
LA model was applied only to room temperature magnetiza-
tion data. Applying this model to low temperature data,
mainly at 10 K, does not give reasonable results due to
higher value of coercive field compared with that at room
temperature, thereby making the validity condition
(H > H,) is not fulfilled [35].

The distribution of cations between the tetrahe-
dral (A-site) and octahedral (B-site) plays an important
role in determining magnetic properties of spinel fer-
rites. The distribution of cations can be expressed as
(Zn* Fe(31+_ ) A[Co(zlf o Fe(31++x)]B O:™. Based on Neel’s two
sublattice model of ferrimagnetism [31], the magnetic
moments of ions at the A and B sites are aligned antipar-
allel to each other and the expected net magnetic moment
per formula unit reads ng(x) = My(x) — M, (x), where My (x)
and M, (x) are the B and A sublattice magnetic moments in
ug. Using the ionic magnetic moments of Fe**, Co?", and
Zn*as5 Up, 3ug, and Oug, respectively, the obtained values
of the expected magnetic moments read 3 pg, 4.75 pg, 5.8
Mg, 8.25 ug, and 10 ug, for the corresponding Zn concen-
trations of 0, 0.25, 0.5, 0.75, and 1, respectively. It is clear
from these values that the magnetic moment (and hence

Table3 Coercivity (H,), remanent magnetization (M,), satura-
tion magnetization (M), and first anisotropy constant (K;) of the
Zn Co,_,Fe,0, ferrites with x = 0, 0.25, 0.5, 0.75, and 1 measured at
room temperature

x H, M, M, K,

(kOe) (emu/g) (emu/g) (erg/lem?)
0 0.77 24.1 68.1 3.3x10°
0.25 0.19 5.8 70.1 3.4 x10°
0.5 0.02 1.1 47.2 2.2x10°
0.75 0.01 0.02 6.4 0.6 x 10°
1 0 0 2.8 0.3 x 10°

@ Springer

magnetization) increases as a function of Zn concentration,
in agreement with the observed magnetization increase from
x=0to x=0.25. The Zn** ions prefer to occupy the A
sites, so as x increases from 0 to 0.25, more Fe>* ions are
migrated to the B sites, resulting in a decrease in the mag-
netic moment of the A sites and an increase in the magnetic
moment of the B sites [34]. Hence, the overall magnetization
increases. On the other hand, the measured magnetization
of the x > 0.25 ferrites is observed to gradually decrease
with further increase in Zn concentration, indicating that the
Neel’s model is unable to describe the decrease in magneti-
zation of the x > 0.25 ferrite samples. Similar behavior has
also been observed in previously studied Zn Co,_,Fe, O, fer-
rites [31, 34, 38]. The decrease in magnetization for x > 0.25
is attributed to the possible existence of non-collinear spin
arrangement in the system, which can be explained on the
basis of the three-sublattice model suggested by Yafet and
Kittel [38]. With further increase of Zn>* ions, more Fe**
ions are migrated to the B sites, resulting in an increase in
the B-B super-exchange interactions. The enhanced B—B
interactions result in the formation of random spin canting
on the B sites, which in turn decreases the net magnetic
moment (and hence net magnetization).

The ZFC-FC Magnetization curves were obtained by
the well-known procedure described in reference [39].
Figure 8 shows the ZFC-FC Magnetization curves of the
Zn,Co,_,Fe,0, ferrites with x = 0, 0.25, 0.5, 0.75, and 1
measured under an applied small magnetic field of 100 Oe.
It is clear from the figure that the parent cobalt ferrite is
in a single ferromagnetic phase over the whole tempera-
tures range. This is consistent with the corresponding M—H
curves taken at 300 K and 10 K (see Fig. 6). The ZFC-FC
Magnetization curves of the parent ferrite can be understood
as follows. When the nanoparticle is cooled in zero field,
its magnetization aligns with the direction of the easy axis
and can not be changed further due to the existence of the
magnetic anisotropy energy barrier that is being enhanced
with reducing temperature. Since the orientations of the easy
axes of the nanoparticles are random, the net magnetization
approaches zero at very low temperatures. Now, when the
nanoparticles are warmed up to 300 K in the presence of
the field, they will gain a thermal energy sufficient to switch
their magnetizations from the easy axes to the direction of
the applied field, leading to an increase in the overall mag-
netization of the sample, as shown in the x = 0 ZFC portion
of Fig. 8. For the FC measurements and as temperature is
reduced, the magnetic moment of each nanoparticle will
tend to align with the easy axis that is closest to the applied
field direction, and will remain locked in that direction. As
can be seen, the shape of the FC curve is rather flat, which
is a signature of spin-glass like behavior resulting from non-
negligible dipole-dipole interactions between the ferromag-
netic nanoparticles [40—-42].
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Fig.8 (Color online) ZFC-FC Magnetization curves of the

Zn Co,_,Fe,0, ferrites with x = 0, 0.25, 0.5, 0.75, and 1, measured
with an applied magnetic field of 100 Oe

The ZFC branches of the x = 0.25 and x = 0.5 ferrite
nanoparticles are almost similar to the corresponding ZFC
branch of the x = 0 one. However, the FC branch of the x =
0.25 ferrite nanoparticles shows a continuous increase with
reducing temperature with no tendency to reach saturation,
indicating that the ferrite nanoparticles are non-interacting
and superparamagnetic in this temperature range [42]. The
FC branch of the x = 0.5 ferrite nanoparticles also shows
a continuous increase with reducing temperature down to
around 80 K, indicating that the ferrite nanoparticles are
non-interacting and superparamagnetic from 300 K down
to 80 K. Below 80 K, the FC curve starts to saturate indicat-
ing the formation of spin-glass layer on the surface of the
nanoparticles.

As shown in Fig. 8, the ZFC curve of x = 0.75 fer-
rite nanoparticles shows a peak around 150 K. This peak
results from both superparamagnetic behavior (with
blocking temperature Ty) and spin-glass like behavior
(with freezing temperature 7,). Here, it is impossible to
distinguish 7y from 7}, as they are overlapped. However,
the superparamagnetic behavior is evident by the Curies

law-like behavior above Ty. By further increasing the tem-
perature above T, the thermal energy exceeds the mag-
netic anisotropy energy, and hence the nanoparticles will
gain sufficient thermal energy that is able to randomize
their moments, resulting in reducing the overall magneti-
zation of these ferrites with increasing temperature and
therefore becomes superparamagnetic. On the other hand,
the FC curve tends to attain saturation below Ty signifying
spin-glass like behavior in these nanoparticles. Apparently,
the nanoparticles are ferrimagnetic dressed with spin-glass
behavior below T and superparamagnetic above Tg. This,
however, is consistent with the corresponding M—H curves
taken at 300 K and 10 K (see Fig. 6). To further confirm
the superparamagnetic nature of these nanoparticles above
Ty, we calculated the critical size (D) for a spherical nano-
particle to enter the superparamagnetic regime from above
using [43]

6ky T\ />
D=2 <ﬂ> (6)
K

where K is the magnetic anisotropy energy. For the
x = 0.75 ferrite nanoparticles and using 73 = 150 K and
K = K, = 0.6 x 10° erg/cm®. The obtained value of 4D is
~ 11.8 nm, which is typically the same value obtained from
XRD analysis (see Table 2), indicating that the prepared
x = 0.75 ferrite naoparticles are indeed superparamagnetic
above Tfp.

The x = 1 ferrite nanoparticles are superparamag-
netic by default at room temperature. This is consistent
with the corresponding room temperature M—H curve
that has almost zero coercivity and zero remanence. For
T < Ty ~ 100 K, the nanoparticles show weak ferrimag-
netic behavior with small coercivity as evidenced form
the corresponding M—H curve at 10 K (see Fig. 6). It is
well known that bulk ZnFe, O, ferrite is antiferromagnetic
material below Neel’s temperature (T = 9 K) and is para-
magnetic above it. However, when particle size reduces to
a certain range, it shows ferrimagnetic/supeparamgnetic
behavior which is evident from the corresponding M—-H
magnetization curve at 10 K and the low temperature por-
tion of the ZFC magnetization curve shown in Fig. 8. The
weak variation in the FC curve below 75 is also an indi-
cation of the presence of spin-glass like behavior due to
dipole-dipole interactions between the ferrite nanoparti-
cles. For pure zinc ferrite nanoparticles (x = 1), the meas-
ured value of (T ~ 100 K) is almost twice that reported in
[32] and four times bigger than that reported in [44]. Such
discrepancy in the measured values of Ty for zinc ferrite is
due to that the blocking temperature is sensitive to several
factors such as synthesis method, annealing temperature,
and size distribution.
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4 Conclusion

Zn,Co,_,Fe,0, ferrite nanoparticles with x = 0, 0.25, 0.5,
0.75, and 1 were successfully synthesized via hydrothermal
method with sizes smaller than 20 nm. XRD results showed
that all the synthesized ferrites were cubic and single phase,
and the increase in Zn concentration resulted in an increase
in the lattice constant from 8.3706 A for x = 0 (CoFe,0,)
to 8.4263 A for x = 1 (ZnFe,0,). The x-ray density was
observed to increase with increasing Zn concentration from
5.31 g/em® for x = 0 to 5.36 g/cm? for x = 0.75 and then
decease to 5.35 g/cm? for x = 1. The TEM measurements
showed that the nanoparticles were monodisperse and
spherical in shape. The FTIR results confirmed the forma-
tion of single phase spinel structure with two sub-lattices :
tetrahedral and octahedral. The introduction of Zn ions into
the parent cobalt ferrite caused remarkable changes in the
magnetic properties. The room temperature M—H magneti-
zation measurements revealed that the ferrite nanoparticles
were ferromagnetic for x = 0 and superparamagnetic for
x > 0.25. At 10 K, all ferrite nanoparticles showed ferri-
magnetic behavior that is weakened by Zn substitution. The
saturation magnetization (M) was observed to decrease with
increasing Zn concentration and the first anisotropy constant
(K,) was observed to decrease from 3.3 x 10° erg/cm? for x =
0 t0 0.3 x 10° erg/cm? for x = 1. The ZFC-FC magnetization
data revealed that both superparamagnetic and spin-glass
like states may coexist together depending on amount of Zn
concentration and temperature. We believe that understand-
ing of origins and mechanisms of superparamagnetism and
spin-glass behavior in these nanoprticles is expected to have
a broad impact on utilizing them in several applications,
mainly in data storage, magnetic recording, and biomedical
applications.
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