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Abstract

Zinc ferrites, ZnFe2O4 and zinc ferrite nanoparticles substituted with indium and yttrium, Zn1�xInxFe2O4 and ZnYxFe2�xO4

(0rxr0.3), were synthesized by co-precipitation method. We have investigated the effect of composition on the cation distribution in

the spinel structure, and on the magnetic properties with a view to obtain magnetic ceramics with improved properties compared to their

bulk counter parts. The results of X–ray diffraction (XRD) and transmission electron microscopy (TEM) confirmed the nanoscale

dimensions and spinel structure of the samples. The estimated crystallite size lies within the range 4–10 nm. Additional experiments had

been conducted using a scanning mobility particle sizer spectrometer (SMPS) in order to measure the number size distribution of the

nanoparticles. Mössbauer spectroscopy was used to investigate the cation distribution between the tetrahedral and octahedral sites and

the formation of the partially inverse spinel. The study of the magnetic properties showed that the hysteresis loops do not saturate even

in the presence of high magnetic fields, confirming the superparamagnetic single domain nature of the samples. The particle size and

composition variations (e.g. addition of yttrium and indium) cause significant structural rearrangements which affect the magnetic

behavior of these materials.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc ferrites are important technological materials widely
used as photo catalysts, as regenerable absorbent materials
for hot gas desulphurization, as the magnetic cores in RF
devices, in sensors, in magnetic resonance imaging, etc.
[1–3]. Especially nanocrystalline zinc ferrites have attracted
a significant scientific interest because of their unique
properties such as chemical and thermal stability and
interesting magnetic properties strongly governed by the
particle size. Zinc ferrite adopts a spinel structure with
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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oxygen ions forming a cubic close packed structure with
the metal ions occupying 1/8 of the tetrahedral (A) and 1/2
of the octahedral (B) interstitial sites [4].
Bulk zinc ferrite has a normal spinel structure with the

diamagnetic Zn2þ ions in the tetrahedral sites and mag-
netic Fe3þ ions in the octahedral sites. Due to antiferro-
magnetic superexchange interactions between octahedrally
coordinated Fe3þ ions, bulk zinc ferrite is antiferromag-
netic at TN¼10 K. However, scaling to nanometer sizes
the magnetic structure of zinc ferrites changes significantly
with the redistribution of iron and zinc cations into
octahedral and tetrahedral sites. As a result, nanocrystal-
line zinc ferrite shows ferrimagnetic behavior. It has been
demonstrated that the properties of zinc ferrites are
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strongly influenced by the composition and microstructure
and can be modified controllably by varying the particle
size, the preparation method, the synthesis processing
parameters, type and concentration of dopants etc. [1,3,5,6].

Magnetic dilution due to substitution of diamagnetic atoms
gives rise to interesting magnetic features in spinel structure
compounds. The addition of trivalent ions such as Nd3þ ,
Cr3þ , Y3þ , In3þ etc., influence the structural, electrical and
magnetic properties of the nanocrystalline ferrites depending
on the amount of the used cations [2,7–11]. We have already
reported on the structural and electrical properties of yttrium
and indium doped zinc ferrites [12,13]. High resistivities and
low dielectric loss factors makes these ferrites particularly
useful for high frequency applications. However, the magnetic
properties of In3þ and Y3þ substituted nanocrystalline zinc
ferrites prepared by co-precipitation technique have not been
investigated in detail. In the light of lack investigations of
indium and yttrium doped zinc ferrites, the present study
reports the effect of doping on the parent spinel ferrite, aiming
to obtain materials with high performance magnetic proper-
ties, such as saturation magnetization, coercivity, etc.

2. Experimental

2.1. Synthesis of nanoparticles

The co-precipitation method was used for the prepara-
tion of zinc ferrite–based materials. The chemical reagents
used in the work are ferric nitrate (Fe(NO3)3 � 9H2O), zinc
nitrate (Zn(NO3)2 � 6H2O), indium chloride (InCl3),
yttrium chloride (YCl3) and sodium hydroxide (NaOH).
All chemicals have analytical purity and were used without
further purification. 0.2 M aqueous solutions of metal ions
are prepared separately. In order to obtain ZnFe2O4

nanoparticles, 50 ml of Fe3þ aqueous solution and 25 ml
of Zn2þ aqueous solution were mixed together. For the
preparation of Zn1�xInxFe2O4 and ZnYxFe2�xO4 (x=0,
0.15 and 0.3) nanoparticles, appropriate amounts of metal
ions solutions were mixed together in the required stoi-
chiometric ratio. These ferrite precursors were precipitated
from the mixture by the gradual adding of 5 M NaOH at
room temperature until the pH value reached 12. The co-
precipitation reaction was carried out at 80 1C for 60 min
under continuous stirring. The precipitates were separated
from the slurry by centrifuging and washed with distilled
water and absolute ethanol. The obtained powders were
dried at 120 1C for 24 h and finally dry-milled in a mortar.

2.2. Characterization techniques

Conventional powder X-ray diffraction was carried out
using a Siemens D500 diffractometer with CuKa radiation
(l=0.1506 nm) and a step size 0.03 1/15 s. The CellRef
program was used to extract the lattice parameters assum-
ing the cubic Fd3m space group. The average grain size
(dXRD) was estimated by the Scherrer equation using the
FWHM of the (311) line [14]. The specific surface area of
the as-synthesized nanopowders was measured by nitrogen
adsorption according to the Brunauer–Emmett–Teller
(BET) method using a Micrometrics, ASAP 2000 instru-
ment. Average particle size (dBET) was estimated from the
specific surface area assuming a spherical shape. Number
size distribution measurements were conducted using an
atomizer aerosol generator (ATM 220/226 Topas GmbH)
and a scanning mobility particle sizer spectrometer which
exhibits very high size resolution. The aerosol, diluted
with filtered air, entered a mixing chamber (total inner flow
1 l/min). A filtered secondary flow (10 l/min), forming a
loop, also entered the mixing chamber. The secondary
flow, before entered the chamber, passed through a
container filled with silicon in order to be dried. The
secondary flow causing the aerosol particles leaving the
chamber to be of uniform size and dried (RHo5%). The
dried particles are passed through a neutralizer (Kr-85
radioactive source) in order to acquire a reproducible and
known charge distribution. Then, the charged particles
entered the SMPS, consisting of an electrostatic classifier
(TSI 3080) and a condensation particle counter (CPC).
First, the classifier separated the particles by size according
to their electrical mobility. Then, particles which were size
selected in the electrostatic classifier are passed to the CPC
(CPC 3772, TSI) to measure the number concentration.
High resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED)
experiments were performed with a Philips CM20 TEM
operating at 200 KV, equipped with an energy-dispersive
X-ray spectroscopy probe (EDS). The 57Fe Mössbauer
spectra were recorded at 4.2 K on a conventional constant
acceleration spectrometer with a 57Co(Rh) source moving
at room temperature (RT). The isomer shift values are
quoted with respect to metallic iron at room temperature.
Magnetization measurements were carried out using a
Quantum Design SQUID magnetometer. Zero-field cooled
(ZFC) and field cooled (FC) measurements were obtained
in the temperature range 5oTo300 K in an applied
magnetic field of 100 Oe. Magnetization versus field
measurements (hysteresis loops) were carried out at 5 K
with fields ranging from �50 to 50 kOe.

3. Results and discussion

3.1. Structural properties and morphology

Fig. 1 shows the XRD patterns of the Zn1�xInxFe2O4

and ZnYxFe2�xO4 nanoparticles (x¼0, 0.15 and 0.3). All
the as-synthesized powders are crystalline and their Bragg
peaks can be indexed unambiguously assuming the spinel
phase (JCPDS card 22-1012). The diffraction peaks of all
samples are very broad indicating the small size of the
particles formed at the rather low temperature of 80 1C.
The average sizes of the nanoparticles calculated by the
Scherrer formula are listed in Table 1. Interestingly, the
influences of the dopants, Y3þ or In3þ , on the particle size
are quite different. The evolution of the Bragg peak



M. Milanović et al. / Ceramics International 39 (2013) 3235–3242 3237
broadening as a function of x for the indium and yttrium
doped zinc ferrite nanoparticles implies that the crystallite
size increases with yttrium content, but decreases with
indium content. Evidence that this behavior stems indeed
from the doping, comes from the observation that the
diffraction peaks of the Zn1�xInxFe2O4 and ZnYx-

Fe2�xO4 nanoparticles shift towards lower 2y values when
x increases, implying that the cell constant changes and
thus confirming that In3þ and Y3þ ions have entered into
the structure. Table 1 lists the change of the lattice
parameters. The trend towards increase of the doped zinc
ferrites’ lattice parameters can be understood on the basis
of the ionic radii [7,8,15,16]. The cell expands with
increasing x mainly as a result of the larger ionic radii of
the In3þ (0.091 nm) and Y3þ ions (0.095 nm) in compar-
ison with those of the host cations Fe3þ (0.067 nm) and
Zn2þ (0.065 nm). The indium ions are known to have an
initial preference for tetrahedral sites [8,9], while yttrium
prefers octahedral sites [7,]. The increase of the lattice
parameters, a, for the same ion concentration is more
pronounced in the nanoparticles with addition of indium
than with yttrium. However, it is important to note that
the distribution of the cations among the tetrahedral and
octahedral lattice sites of the spinel structure of nanopar-
ticles also contributes to the changes in the lattice para-
Fig. 1. XRD patterns of Zn1�xInxFe2O4 and ZnYxFe2�xO4 nanoparticles.

Table 1

Lattice constant a, specific surface area SBET, average partic

size estimated from BET, dBET of Zn1�xInxFe2O4 and ZnYx

Sample Content, x a (nm)

ZnFe2O4 0.845(2)

Zn1�xInxFe2O4 0.15 0.848(6)

0.3 0.849(4)

ZnYxFe2�xO4 0.15 0.846(2)

0.3 0.847(2)
meter. In fact, even for the undoped ZnFe2O4

nanoparticles the distribution of the cations over the
interstitial sites influences the lattice parameter: the cell
constant of the ZnFe2O4 nanoparticles is found to be
0.8452 nm, i.e. clearly larger than 0.8441 nm reported by
Sickafus et al. [4] for bulk ZnFe2O4. It is well known that
the finite size effects and surface effects in the nanoparticles
enhance the energy of the system and consequently enable the
(re)distribution of Zn2þ and Fe3þ ions [17–21]. Thus, the
larger lattice parameter of the stoichiometric ZnFe2O4 nano-
particles indicate that they have a different crystal structures in
terms of the cation distribution compared to the bulk material
[22].
The influence of the indium and yttrium content on the

particle size was also investigated by the BET method and
the results of the BET surface areas and particle sizes are
shown in Table 1. These results confirm the nanostructured
nature of doped samples. Increasing the indium content to
0.3 reduces the average particle size and consequently
values of the specific surface area increase. In the case of
the ZnYxFe2�xO4 nanoparticles, the specific surface area
decreases continuously with the addition of yttrium. These
results are in good agreement with the XRD results. The
small difference in particle size estimated from XRD and
BET measurements is most likely due to nanoparticle
agglomeration, which is to be expected as a result of the
wet-chemistry technique used for their preparation.
Fig. 2 shows the average number size distribution of

ZnFe2O4 nanoparticles. The data suggested mean particle
sizes from 29 nm to 35 nm, with more than 85% of the
nanoparticles to be in the range of 10–50 nm. The nano-
particle distribution fits a lognormal distribution. The aver-
age geometric mean diameter was found to be 2871.3 nm
with the average standard deviation sg¼1.5970.01 nm. To
examine any possible structural or other changes introduced
to the size of particles as a result of their treatment in an
aqueous slurry, an additional test was conducted. Suspen-
sions of variable ZnFe2O4 concentration were dispersed in
liquid, such that airborne particle (aerosol) concentrations of
at least one order of magnitude difference were created and
the size distribution of these different particle populations was
repeatedly measured. It was found that regardless of disper-
sion concentration, the size distributions were stable with
the same standard deviation (1.6) and the geometric mean
diameter showed a maximum variability of 4 nm (28–32 nm).
le size estimated from XRD, dXRD and average particle

Fe2�xO4 nanoparticles.

SBET (m2/g) dXRD (nm) dBET (nm)

220.3 4.1 5.2

232.6 2.9 4.8

240.4 2.2 4.5

155.9 6.6 7.3

136.2 7.3 8.0
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These results clearly indicate on particle agglomeration which
is in accordance with the TEM results shown in Fig. 3.

According to the TEM images in Fig. 3, the as-synthesized
nanoparticles are fairly uniform in size and shape. The high
resolution TEM images in Fig. 3b, d and e showing the
internal atomic lattice for nanocrystals and corresponding
SAED patterns confirm that these nanoparticles are crystal-
line, having a spinel structure. The lattice fringes in Fig. 3b
show an interplanar spacing of approximately 0.25 and
0.48 nm corresponding to (311) and (111) crystal planes of
the spinel phase. The more defined diffraction rings of
ZnY0.15Fe1.85O4 particles, Fig. 3c, indicate that the addition
of yttrium has a positive effect on particle crystallinity
compared to the pure ZnFe2O4, but also in comparison to
the Zn0.85In0.15Fe2O4 nanoparticles.
Fig. 2. Average number size distributions of ZnFe2O4 nanoparticles obtained

by SMPS at low (600 cm�3) and high (6000 cm�3) suspended particles’

number concentrations.

Fig. 3. TEM micrographs of nanoparticles: ZnFe2O4 (a,
3.2. Mössbauer spectroscopy

The Mössbauer spectra of the undoped and doped zinc
ferrites were recorded at T¼4.2 K. The spectra shown in
Fig. 4, could each be resolved into three well defined
magnetic sextets. The fitted Mössbauer parameters i.e.
magnetic hyperfine field (H), hyperfine field broadening
(DH), isomer shift (IS), quadrupole interaction (e), line
width (G/2) and spectral area (A) are shown in Table 2.
The presence of the six finger patterns in the spectra shows
the samples to be magnetically ordered with an absence of
thermal fluctuations of the magnetization at this tempera-
ture. The values of the isomer shift indicate that iron exists
in the high spin Fe3þ valence state [11]. The values of
quadrupole splitting are low indicating that the local
symmetry in indium and yttrium doped ferrites is close
to cubic [23–25]. The hyperfine field distributions used
to fit the spectra yielded peaks located at H�52 T and
�49 T, with a third component at H�46 T. In ferrites, the
B–site hyperfine field is generally larger than that of the A–
site, so the 52 T sextet is assigned to Fe3þ ions in the
octahedral site and the 49 T sextet to the Fe3þ ions
occupying the tetrahedral sites. The third sextet, H�46 T,
may also be attributed to a low field tail of octahedrally
coordinated Fe3þ ions [23], and is designated as compo-
nent B2 in Table 2. A degree of inversion in nanoparticles
has been suggested as the source of the magnetic field
distribution [17,26]. However, an accurate determination
of the cation distribution requires the presence of an
external magnetic field, where complete resolution of the
overlapping subpatterns due to Fe3þ in A and B sites can
be achieved. In any case, it is clear from the subspectral
b), ZnY0.15Fe1.85O4 (c,d) and Zn0.85In0.15Fe2O4 (e,f).
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intensities, Table 2, that there is a degree of inversion in
the occupancies of A and B sites, although, as previously
noted, the error in the estimate of the subspectral areas is
large due to the high degree of subspectral overlap. In
agreement with this data, Raman measurements on the
undoped and In–doped zinc ferrites [27] revealed site
Fig. 4. Mössbauer spectra taken at T¼4.2 K in zero field for ZnFe2O4,

ZnY0.15Fe1.85O4 and Zn0.85In0.15Fe2O4 nanoparticles.

Table 2

Fitted Mössbauer parameters: Hyperfine field, H, Hyperfi

interaction, e (¼e2qQ/8)(3cos2y�1), linewidth, G/2, and sp

Sample H (DH) (T) IS (m

ZnFe2O4 A 49.9(8.0) 0.44

B1 51.8(5.0) 0.47

B2 49.5(20.0) 0.42

Zn0.85In0.15Fe2O4 A 49.4(5.0) 0.46

B1 51.5(3.0) 0.47

B2 46.4(10.0) 0.44

ZnY0.15Fe1.85O4 A 49.3(5.0) 0.46

B1 51.3(3.0) 0.47

B2 46.3(10.0) 0.44
disorder of the Zn2þ , Fe3þ and In3þ ions, implying the
formation of a partially inverse spinel. The doped
samples, also display a degree of inversion, i.e. occupancy
of the A site. The hyperfine magnetic field at both
sublattices decreases in the doped samples. Since the
dominant exchange interaction is the strong FeA

3þ–O–
FeB

3þ interaction, replacing the Fe3þ ions with in3þ and
Y3þ ions will naturally decrease the number of these
interactions and consequently the hyperfine fields at both
A and B sites is expected to be lowered.

3.3. Magnetization measurements

Magnetization measurements were also carried out on
the samples. Fig. 5 presents the ZFC and FC magnetiza-
tion as a function of temperature data. The peak in the
ZFC measurements is a clear signature of superparamag-
netism. In magnetic materials, nanometer dimensions lead
to phenomena such as single domain nanoparticles, super-
paramagnetism and even enhanced magnetization (for bulk
antiferromagnets or ferrimagnets). Such nanoparticles are
magnetic (possessing a net moment) below a characteristic
blocking temperature, TB, and superparamagnetic above TB.
The features of the peak (i.e. width and position) and the
behavior of the high-temperature tail contain useful informa-
tion about the characteristics of the nanoparticles, e.g. size
and size distribution [17,25]. While such information can be
extracted using an assumption an non-interacting magnetic
nanoparticles, even a simple comparison of the curves of
different nanoparticles is very useful since it can reveal how
the nanoparticles evolve as a function of an external control
parameter such as doping, annealing etc.
The values of the blocking temperature of the undoped and

doped zinc ferrite nanoparticles are listed in Table 3. Given
that the blocking temperature refers to the temperature for
which the time scale of the magnetization measurements
equals the relaxation time [6,19], the anisotropy constant can
be estimated from:

KV ¼ kBTBln t=to
� �

where K is the anisotropy constant, V is the particle volume,
kB is the Boltzmann constant, t is the superparamagnetic
ne field broadening DH, isomer shift, IS, quadrupole

ectral area, A.

m/s) e (mm/s) G/2 (mm/s) A (%)

�0.04 0.16 37

0.00 0.16 50

�0.03 0.14 13

�0.02 0.21 44

0.02 0.19 41

�0.02 0.14 15

�0.03 0.2 45

0.03 0.19 40

�0.03 0.15 15
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relaxation time and to is a relaxation time factor, to�10
�10 s.

A value of K=2.7 � 106 erg/cm3 was obtained for the as-
synthesized ZnFe2O4 nanoparticles, Table 3, which is in good
accordance with the literature data [19,28].

The field dependences of the Zn1�xInxFe2O4 and ZnYx-

Fe2�xO4 nanoparticles’ magnetization at 5 K and 300 K
are shown in Figs. 6 and 7. All the samples show hysteresis
at 5 K, which completely vanishes at 300 K. Magnetization
measurements at room temperature show that the magne-
tization does not fully saturate even at the highest applied
field of 5 T implying the presence of single domain
nanoparticles in the superparamagnetic state, while the
hysteresis and unsaturated magnetization imply blocking
of the ferrimagnetic nanoparticles at 5 K [29]. The magne-
tization of spinel ferrites originates from the difference in
the net magnetic moment of the ions at the octahedral and
at the tetrahedral lattice sites. According to Neel model,
A�B superexchange interactions are predominant over
intrasublattice A�A and B�B interactions, and the
saturation magnetization is given by the vector sum of
the net magnetic moments of the individual A and B
sublattices [7–9]. Since Zn2þ , In3þ and Y3þ ions are
non�magnetic they do not contribute to the overall
magnetization. So, the magnetization directly reflects the
Fig. 5. Zero�field cooled (ZFC) and field cooled (FC) magnetization

temperature dependence of Zn1�xInxFe2O4 and ZnYxFe2�xO4 nanopar-

ticles obtained with an applied field of 100 Oe.

Table 3

Blocking temperature, TB anisotropy constant, K and corecive fi

at T¼5K. Saturation magnetizations, Ms were obtained by

to 1/H¼0.

Sample Content, x TB (K) Hc (Oe)

ZnFe2O4 26 204.6

Zn1�xInxFe2O4 0.15 27 301.4

0.3 25 364.7

ZnYxFe2�xO4 0.15 13 75.7

0.3 9 57
distribution of the magnetic Fe3þ between the two sub-
lattices. If the magnetic Fe3þ ions occupy both tetrahedral
and octahedral sites, this will result in ferrimagnetic
ordering. We found that all the samples exhibited ferri-
magnetism. The value of the saturation magnetization for
ZnFe2O4 nanoparticles is about 63.2 emu/g at T=5K, which
is higher than the reported value of �5 emu/g for bulk
ZnFe2O4 [17,30]. The most likely source of such large
magnetization in nanoparticles over bulk is the cation
redistribution and the formation of a partially inversed
spinel. The location of Fe3þ ions on tetrahedral sites results
in FeA

3þ–O–FeB
3þ superexchange interactions and causes the

magnetization to increase drastically. This is in accordance
with previous results.
The nanoparticles’ magnetic properties change with their

composition, Table 3. Addition of indium into zinc ferrite
nanoparticles results in an increase of the coercivity, Hc and
in a decrease of the saturation magnetization, Ms, Fig. 6.
The larger values of coercivity for the Zn1�xInxFe2O4

nanoparticles indicate a higher degree of disorder compared
to the ZnFe2O4 nanoparticles. The decrease of saturation
magnetization implies that addition of indium causes
structural rearrangements (resulting in decreased number
of FeA

3þ–O–FeB
3þ interactions) and/or magnetic dilution (in

the case that indium substitutes not only zinc but iron as
well). The observed reduction of the saturation magnetiza-
tion and the high-field magnetization irreversibility in
ferrimagnetic nanoparticles has renewed interest in these
systems. Spin canting, defined as a lack of full alignment of
the spins in magnetic particles has usually been proposed to
account for these observations [31–34]. In addition, for such
fine nanoparticles (do4 nm), surface effects can be domi-
nant; with surface spins responsible for decrease in the
magnetization [6]. In general as the particle size decreases
surface effects become increasingly important [17,18]. Broken
bonds and asymmetric environment of the surface layers will
lead to noncollinear spin arrangement at the surface. In the
case of smaller particles the increased surface to volume ratio
creates crystallographic strains and distortions close to the
surface. These strains can increase the anisotropy of the
particle, which is observed in the indium doped zinc ferrite
nanoparticles, Table 3.
Magnetic measurements of yttrium doped zinc ferrite

nanoparticles, similar to the In-doped system, showed
them to be ferrimagnetic with some degree of
eld, Hc of Zn1�xInxFe2O4 and ZnYxFe2�xO4 nanoparticles

by extrapolating the high-field M(1/H) experimental data

K (erg/cm3) Ms, 5 K (emu/g) Ms, 300 K (emu/g)

2.7� 106 63.2 22.9

0.81� 107 48.2 16.5

1.71� 107 37.9 12.1

3.3� 105 66.5 22.4

1.7� 105 50.4 20.1



Fig. 6. Magnetization versus applied magnetic field at T¼5 K for:

(a) Zn1�xInxFe2O4 and (b) ZnYxFe2�xO4 nanoparticles. Inset shows

the variation at lower applied fields.

Fig. 7. Magnetization versus applied magnetic field at T¼300 K.
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noncollinearity of the surface spins. Yttrium doped zinc
ferrites have higher values of saturation magnetization in
comparison to the indium doped. Whereas the addition of
indium leads to particle size reduction, significant surface
effects, lattice strain and a high degree of disorder, the
addition of yttrium promotes the energetically favored
ordered structure. This is clear primarily from a considera-
tion of ZFC-FC magnetization curves, where an obvious
decrease of the blocking temperature with the addition of
yttrium can be seen, Table 3. As the blocking temperature
approaches the Neel temperature of the normal ZnFe2O4

spinel TN¼10 K, it can be assumed that yttrium stabilizes
Fe3þ ions in the octahedral sites, thus reducing the
tendency towards inversion. By stabilizing the Fe3þ in
octahedral sites, the structure becomes closer to the
ordered, which is characterized by a minimum of stress.
This is in accordance with the calculated anisotropy constants
for the yttrium doped nanoparticles which are one order of
magnitude less than that of nanocrystalline ZnFe2O4, Table 4.
The values of coercivity observed for the yttrium doped zinc
ferrites are quite low (Hco75 Oe) in comparison with those of
the undoped and indium doped. Thus the addition of yttrium
results in magnetically soft ferrites.

4. Conclusion

Nanoparticles of indium and yttrium doped zinc ferrite
were successfully synthesized using a co-precipitation
method. Structural analysis has shown that the single
phase spinel ferrites with sizes of a few nanometers are
formed in all samples. While the as-prepared nanoparticles
are superparamagnetic at room temperature, they show
ferrimagnetic behavior at low temperatures. Saturation
magnetization of the investigated nanoparticles decreases
with increasing concentration of dopants indicating a
lowering of the number of FeA

3þ–O–FeB
3þ superexchange

interactions. Increasing indium concentration leads to a
particle size reduction causing pronounced surface effects.
As a result of the large lattice strain, the anisotropy
constant and the coercive field increase. In contrast, the
addition of yttrium results in larger particles lowering the
lattice strain in accordance with the calculated anisotropy
constants, which are one order of magnitude smaller than
those of the undoped zinc ferrites. The Mössbauer mea-
surements showed well defined magnetic sextets assigned
to the tetrahedral and octahedral sites implying some
degree of inversion with occupancy of A and B sites by
the Fe3þ cations.
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