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h i g h l i g h t s
� Single-phase Cr doped zinc ferrites nanoparticles have been synthesized.
� The prepared nanoparticles have been characterized using different tools.
� The investigated nanoparticles were tested for their magnetic behavior.
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a b s t r a c t

Single-phase Cr doped zinc ferrites have been synthesized by hydrothermal method. The crystal struc-
ture, microstructure, crystallite size and distribution, composition and magnetic properties of the syn-
thesized nanoparticles were determined using X-ray powder diffraction, electron microscopies and
vibrating sample magnetometry. Powders are composed of ultrafine spherical nanoparticles with a
highly homogeneous elemental composition. The nanoparticles have partially inversed cubic spinel
structure with average crystallite size below 10 nm. Superparamagnetic behavior is observed at high
temperature while ferrimagnetic ordering and surface spin canting is reported at 5 K. Substitution of Fe
with Cr ions controls both structural and magnetic parameters.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nanotechnology and nanoscience concern with the synthesis,
characterization, exploitation and utilization of nanostructured
materials which at least have one dimension in the nanometer
range. Such nanostructured systems constitute a bridge between
infinite bulk systems and single molecules. Individual nano-
structures involve clusters, nanoparticles, nanocrystals, quantum
dots, nanotubes and nanowires, while collections of nanostructures
culty of Science, Sohag Uni-
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involve arrays, assemblies and super lattices of individual nano-
structures [1,2]. The uniqueness of the structural characteristics,
energetics, response, dynamics and chemistry of nanostructures
constitutes the conceptual background and experimental for the
field of nanoscience [3]. Suitable control of properties and response
of nanostructures can promise with new devices and technologies.

On this sense, ferrites in nanoscale dimension show unusual and
fascinating properties compared to their bulk counterparts, being
interesting materials owing to their various applications in modern
science and technology [4]. In particular, they have recently
attracted considerable research interest on their structural, elec-
trical and magnetic properties such as microwave applications,
magnetic sensors and catalytic materials; due to their great mag-
netic permeability and dielectric constant, low dielectric loss, high
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Curie temperature as well as chemical stability and mechanical
strength at low frequencies [5e7]. The properties of ferrite nano-
particles are affected by composition and microstructure. More-
over, the addition of impurities induces changes in the texture and
defect structure of the crystal, creating significant modifications in
the magnetic and electrical properties of these materials [8].

The spinel ferrite structure is characterized by a cubic unit cell,
belonging to space group Fd3m, containing 8 (M)A(Fe2)BO4 formula
units (with M being a divalent transition metal cation), where the
32 oxygen anions are in cubic close packing corresponding to 32e-
Wyckoff position (x,x,x) which prompt two types of intersticial
sites: 64 tetrahedral (A) and 32 octahedral (B). These sites are
surrounded by four and six oxygen atoms, respectively [9,10]. In a
normal spinel structure 8 tetrahedral A sites and 16 octahedral B
sites are occupied by the divalent metal cation and the iron triva-
lent cation, respectively. On this way, bulk Zn-ferrite is a normal
spinel with Zn2þ cations locate in 8b-Wyckoff position (3/8,3/8,3/8)
and Fe3þ cations locate in 16c-Wyckoff position (0,0,0). However,
when is synthesized at nanoscale a significant proportion of Zn and
Fe is redistributed forming a mixed spinel structure that has
chemical formula (Zn1�dFed)A[ZndFe2�d]BO4, being d the so-called
inversion parameter. Inversion modifies the properties of spinel
ferrite, for example, altering the antiferromagnetic coupling below
TN ¼ 10 K between BeB ions reported on bulk ZnFe2O4 [11].
Moreover, nanoparticles might be composed of a single magnetic
domain below a critical size displaying the superparamagnetic
behavior: if the temperature is above a particular temperature,
which is called the blocking temperature TB, themagnetic moments
of each nanoparticle fluctuate around its easy axes of magnetiza-
tion faster than the change of the magnetic field thus showing no
remanence and coercivity [12].

On the other hand, the hydrothermal process among the wet
chemical methods seems to be an attractive method for preparing
fine well-crystallized ferrite powders [13,14]. It can be easily
differentiated from other processes, such as coprecipitation/calci-
nation and solegel processes, by the temperatures and pressures
used in the synthesis reactions. Hydrothermal method utilizes
water under pressure and at temperatures above its normal boiling
point in order to speed up the reaction between solids. Thus, the
present work reports the synthesis of nano-sized chromium-
substituted Zinc ferrites by hydrothermal method and consequent
changes on their structural and magnetic properties.

2. Experimental

2.1. Materials

All reagents used in the investigation were analytical grade and
used without further purification. Cr(NO3)3$9H2O (SigmaeAldrich),
Zn(NO3)2$6H2O (SigmaeAldrich) and Fe(NO3)3$9H2O (Sigma-
eAldrich) were the Chromium, Zinc and Iron precursors, while
NaOH (pellets, 98%, Alfa Aesar) was the precipitating agent, and
Polyethylene glycol 400 (SigmaeAldrich) was used as a surfactant.
All solutions were prepared with distilled water.

2.2. Synthesis of the investigated nanoparticles

Cr-doped ZnFe2O4 nanoparticles ZnCrxFe2�xO4 (x ¼ 0, 0.1, 0.2
and 0.3) (Cr0eCr3) have been prepared by using stoichiometric
molar amounts of chromium nitrate Cr(NO3)3.9H2O (for Cr1eCr3),
ferric nitrate Fe(NO3)3.9H2O, and zinc nitrate Zn(NO3)2.6H2O were
dissolved in 30 mL and stirred magnetically until the reactants
dissolved completely). Later, 20ml of PEG-400 was added dropwise
to the mixture to serve as a surfactant that covers the nanoparticles
and prevents agglomeration. The obtained solution was stirred for
an addition 1 h. After that, the pH was adjusted to 12 by adding
NaOH (2 M) drop-by-drop. After 2 h under continuous stirring, a
homogeneous solution containing hydroxide precipitates was ob-
tained. Finally, the obtained reaction mixture (total volume 75 ml)
were sealed in Teflon-lined stainless autoclaves, heated at 180 �C
for 24 h, and then cooled to room temperature gradually. The ob-
tained products were centrifuged, washed several times with de-
ionized water, acetone and absolute ethanol, and then dried at
80 �C for 5 h.

2.3. Instruments

A pH-meter (Denver Instrument Co., USA) was used to measure
the pH values. X-Ray powder diffraction (XRPD) patterns were
recorded using a PANalytical X'Pert PRO diffractometer with CuKa

radiation (1.5418 Å). The samples were gently ground in an agate
mortar to minimize the required orientation. All data were
collected at room temperature over the angular 2q range 10e80�

with a step of 0.05� and a counting time of 2.5 s/step. The instru-
mental resolution was determined using LaB6 standard reference
material (SRM 660a) provided by National Institute of Standards
and Technology (NIST), which is commonly used for calibrating line
position and line shape in powder diffractometers. Rietveld
refinement of the structurewas performed on the XRPD patterns by
Maud software [15].

Scanning electron microscopy (SEM) micrographs and X-ray
microanalysis were recorded with a JEOL 6610VL microscope
operating at 20 kV equipped with an X-Max Silicon Drift Detector
for energy dispersive X-ray spectroscopy (EDS) analysis. Trans-
mission electron microscopy (TEM) studies were performed on a
JEOL JEM-2100F microscope operated at an accelerating voltage of
200 kV, equipped with a field emission gun (FEG) and an ultra-high
resolution pole-piece that provided a point-resolution better than
0.19 nm. The samples for TEM were dispersed in ethanol, sonified
and sprayed on a carbon-coated copper grid and then allowed to
air-dry, finally, Gatan SOLARUS 950 was used before observation.

The magnetic properties of the prepared nanoparticles were
determinate using a Quantum Design Physical Property Measure-
ment System (PPMS) vibrating sample magnetometer (VSM) op-
tion. For magnetic measurements, dried powder specimens were
compacted and encapsulated into polypropylene powder holders
that snap onto the commercial brass trough for a secure press fit.
Then, magnetization (M) as function of temperature (T) was
measured under applied magnetic field (H) of 100 Oe between 5
and 300 K. Measurement was carried out in subsequent heating
and cooling just after the sample reach 5 K without applied mag-
netic field (ZFC-FC curve). Afterward, hysteresis loops under a
maximum H of 50 kOe were measured at 5 and 300 K.

3. Result and discussion

3.1. Structural characterization

3.1.1. XRPD analysis
Fig. 1 shows XRPD patterns of the prepared Cr0eCr3 samples

with nominal composition: ZnCrxFe2�xO4 (x ¼ 0, 0.1, 0.2 and 0.3)
respectively. These patterns exhibit only the expected Bragg peaks
for the cubic spinel-type structure (space group Fd-3m) being
Miller indices of identified reflections depicted. Moreover, Bragg
peaks show additional broadening over instrumental resolution
due mainly to the nanosize of the crystallites belonging to the pure
Cr doped Zn-ferrite samples synthesized.

Rietveld analysis for each pattern (Fig. S1) was carried out
refining the cell parameter of cubic spinel-type structure, a, that
fixes angle position of reflections, together with the microstructure



Fig. 1. X-ray powder diffraction (XRPD) patterns of Cr0eCr3 samples.
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broadening of Bragg peaks by means an isotropic size model with
log-normal distribution [16] which defines their profiles. Finally,
relative intensity of reflections is mainly calculated by atomic po-
sition and their occupancies. In our case, we have refined the 32e-
Wyckoff position of the oxygen anion, x, and the inversion
parameter, d. However, we have assumed that Cr3þ cations are al-
ways located in 16c-Wyckoff position [17]. Table 1 gathers these
refined parameters. Cell values for Cr0eCr3 are in agreement with
the lattice parameter that is reported for the standard ZnFe2O4

(a ¼ 8.4411 Å; ICSD PDF4: 022-1012). Mixed inverse spinel struc-
ture was founded in all compositions except for sample Cr3 as re-
veals the parameter d. Mean crystallite diameter, D, and size
distribution variance, s, are also shown in Table 1. The former pa-
rameters show that the increase of Cr-doping content reduces the
size of crystallites whereas the latter's reveal a narrow particle size
dispersion for all samples. Finally, the lattice parameter have no
dependence on Cr-doping amount, in contrast to publications
[18,19], even though we are convinced about our model due to the
high quality correlation of the measured data established by the
goodness of fit, c.
3.1.2. Electron microscopy studies
Morphology, size and distribution, and Cr-doping content of

Cr0eCr3 samples have been examined by SEM micrographs and
EDS analysis (Figs. S2 and S3). SEM images reveal that the samples
consist of regular spherical nanoparticles with estimated size
below 20 nm which decreases with increasing of Cr-doping con-
tent. The distribution of the nanoparticles is uniform and certain
degree of agglomeration is observed mainly caused by magnetic
dipoleedipole interactions between the particles [20]. The EDS
analysis confirmed the presence of homogeneous dispersion of Cr
Table 1
Structural parameters derived from Rietveld analysis of XRPD patterns for Cr0eCr3
samples.

Sample a (Å) x d D(nm) s c

Cr3 8.4508(7) 0.2401(7) 0.00(1) 5.43(7) 0.25(2) 1.21
Cr2 8.4389(5) 0.2400(8) 0.15(3) 6.14(7) 0.24(2) 1.24
Cr1 8.4554(9) 0.2404(6) 0.05(4) 6.55(9) 0.18(2) 1.35
Cr0 8.4518(6) 0.2414(9) 0.11(3) 7.37(8) 0.22(2) 1.18
in Cr1eCr3 samples.
TEM images (Fig. 2a,b) of Cr0 and Cr3 samples show nearly

spherical particles in the range of 10 nm in diameter. For instances,
Fig. S4 represents the particle-size histograms of samples Cr0 (a)
and Cr3 (b) determined by counting more than 150 particles. Solid
red line corresponds to the Log-normal distribution function fit
with a mean size of 8.4(2) and 6.7(1) nm and a variance of 0.30(2)
and 0.26(3), respectively, being coherent with the values calculated
from Rietveld refinement of XRPD patterns. Apparently, the in-
crease of Cr3þ content leads to a decrease of the particles size.
HRTEM images, displayed in Fig. 2c,d for both Cr0 and Cr3 samples,
prove the highly crystalline nature of these nanoparticles with
interplanar spacings of 4.8 Å, 2.9 Å and 2.5 Å corresponding,
respectively, to (111), (220) and (311) atomic planes of Zn-ferrite
phase. Selected area electron diffraction (SAED) patterns
(Fig. 2e,f) showed the polycrystalline nature of the samples and all
the rings have been indexed with reflections belonging to space
group Fd-3m.

Composition of Cr1eCr3 samples have been examined by
energy-dispersive X-ray spectroscopy (STEM-EDS) and electron
energy loss spectroscopy (EELS), including qualitative and quanti-
tative analysis. The qualitative analyses, by means of STEM-EDS,
was performed to obtain line scans (an example of which is pre-
sented in Fig. S5) as well as area scans (Fig. 3), which reveal that
Cr1eCr3 samples were successfully doped with a homogenous and
uniform distribution of Cr3þ in the synthesized nanoparticles,
whereas the results of the quantitative analysis by SEM-EDS, STEM-
EDS and EELS (Table 2) confirmed the expected general formula:
ZnFe1.9Cr0.1O4, ZnFe1.8Cr0.2O4 and ZnFe1.7Cr0.3O4 for Cr1eCr3 sam-
ples, respectively. Moreover, EELS spectra (Fig. 4) of Cr0eCr3
samples reveals the presence of strong Cr-L2,3 (2p1/2,2p3/2) and Fe-
L2,3 (2p1/2,2p3/2) edges. Themeasuredmean position of the peaks at
578.6 ± 0.4 eV and 587.2 ± 0.4 eV for Cr-L3 and Cr-L2, and at 709.5
5 ± 0.4 eV with a shoulder for Fe-L3, are consistent with Cr3þ and
Fe3þ oxidation states [21,22].
3.2. Magnetic characterization

Fig. 5 presents the temperature dependence of the magnetiza-
tion, according to the ZFC-FC method, for the Cr0eCr3 samples
measured under applied field H ¼ 100 Oe. The ZFC-FC



Fig. 2. (a,b) TEM images, (c,d) HRTEM images, and (e,f) selected area electron diffraction (SAED) patterns for Cr0 (left) and Cr3 (right) samples.
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magnetization curves show: the existence of an irreversible tem-
perature, Tirr, below each pair of separated curves and the appear-
ance at lower temperatures of a broad maximum in ZFC
magnetization, Tmax. According to N�eel-Brown model for an as-
sembly of non-interacting monodomain particles with volume V
and effective anisotropy constant KA, the magnetic moment fluc-
tuates between the two easy directions of magnetization following
an Arrhenius law [23,24]: t ¼ t0 expðKAV=kBTÞ, where KAV is the
energy barrier and kBT the thermal energy. At higher temperatures,
the thermal energy overcomes the energy barrier so this causes the
particle magnetization to rotate freely resulting in the absence of
magnetism at zero applied magnetic field (superparamagnetic
state). In this way, magnetization vs applied field loops measured at
300 K show that there is no hysteresis (see inset Fig. 5) confirming
the superparamagnetism for all compositions. As temperature de-
creases, the relaxation time t increases, becoming longer than the
time of the measurement tm, so magnetic moment of the nano-
particles cannot flip during the experimental time scale (blocked
state) leading to a peak on the ZFC curve at blocking temperature,
TB. Its value depends on several factors (as we mentioned before:
the anisotropy constant, the characteristic measurement time of
experimental technique, etc), in particular the volume of the
nanoparticles [25]. On the other hand, the presence of a magnetic
field-cooling (FC) freezes the magnetization in the field direction,
leading to the constant increase of the magnetization below
blocking temperatures. Nevertheless, FC curves decrease below TB
rather than increasing continuously with decreasing temperature,
pointing out the presence of interparticle interaction [26]. Finally, if



Fig. 3. Elemental mapping for Cr3 (a,d,g,j), Cr2 (b,e,h,k) and Cr1 (c.f.i,l) samples: (aec) BF-STEM images, (def) Zn Ka1 maps, (gei) Fe Ka1 maps and (jel) Cr Ka1 maps.

Table 2
Quantitative analysis results in atomic % obtained from EDS and EELSmeasurements
for Cr1eCr3 samples.

Element Theoretical SEM-EDS STEM-EDS EELS

Cr3 Fe 85 85.0 85.2 84.6
Cr 15 14.9 14.8 15.4

Cr2 Fe 90 89.6 89.8 90.1
Cr 10 10.4 10.2 9.9

Cr1 Fe 95 93.4 94.3 95.3
Cr 5.0 6.6 5.7 4.7
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the assembly is constituted by a size distribution, an equivalent
blocking temperature dispersion is expected which translates into
the widening of the peak where Tmax corresponds to the block of
the mean size, whereas Tirr represents the blocking temperatures of
nanoparticles with the highest energy barrier, being their differ-
ence an estimation of the level of size distribution variance. We
have gathered the values of blocking temperatures for Cr0eCr3
samples in Table 3, which reflect a similar trend like that of the
average size (Table 1) i.e.: reduction of D and TB with higher Cr-
doping content. We have also observed that the difference be-
tween Tirr and Tmax is very small for all compositions, which can be
ascribed to the narrow particle distribution.
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Fig. 4. EELS spectra for Cr0eCr3 samples.

Fig. 5. Temperature dependence of the magnetization measured at 100 Oe (ZFC-FC curves) of Cr0eCr3 samples. Inset shows the magnetic field dependence of magnetization (M�H
loops) measured at 300 K.

Table 3
Magnetic properties of Cr0eCr3 samples.

Sample TB (K) HC-5K (Oe) MR-5K (emu/mol) MS-5K (emu/mol) b-5K (kOe2) cHF-5K (emu/mol$kOe)

Cr3 13(1) 175(5) 400(10) 5530(20) 40.2(8) 76.8(3)
Cr2 16(1) 200(5) 790(10) 7370(20) 32.5(7) 77.6(3)
Cr1 18(1) 240(5) 1200(10) 8130(20) 28.5(6) 77.3(3)
Cr0 25(1) 310(5) 1820(20) 8800(20) 25.7(6) 73.2(3)
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Fig. 6 depicts the curves of magnetization vs applied field (M�H
loops) measured at 5 K for Cr0eCr3 samples. These loops show
hysteretic behavior with a significant coercivity HC and retentivity
MR (see details in inset Fig. 6). Meanwhile, saturation MS has not
been reached even under the maximum field measured up 50 kOe.
Even so, the values of MS have been calculated fitting the high field
region (above 20 kOe) by means of the following approach-to-
saturation law, M ¼ MSð1� b=H2Þ þ cHFH[27], being b a constant
related to crystal anisotropy and cHF the forced susceptibility.
Table 3 includes all of these magnetic parameters that are
consistent with ferrimagnetic ordering accompanied by spin
canting contribution. In this way, the saturation magnetization of
spinel ferrites originates from the difference in the magnetic mo-
ments of the cations occupying the octahedral lattice sites and
those located in the tetrahedral sites. As Zn2þ cation is notmagnetic
(0 mB), its value for Zn-ferrites directly reflects the distribution of
the Fe3þ ions (5 mB) between the two sublattices and therefore it is
determined by inversion parameter d. Thus, the FeeFe super-
exchange interaction between AeB sublattices is much stronger
than the antiferromagnetic interaction at BeB sites, leading to
phase transformation from antiferromagnetic to ferrimagnetic
ordering above d > 0.1 [28]. Moreover, competing interactions
result into some degree of frustration that it is favored on atoms at
the nanoparticle surface, where broken magnetic exchange bonds
is more common, yielding to spin canting [29] that involves the
large cHF measured. Besides, it is expected that Cr3þ (3 mB) replace
Fe3þ cations on octahedral positions, so an important reduction of
saturation is observed as Cr-doping content increases [30].
Furthermore, the crystal anisotropy b is also reinforced by Cr-
doping and then it must have an influence on the enlargement of
the effective anisotropy KA. Due to the fact that the preparation
procedure is identical for all compositions, in particular the thermal
energy employed in the synthesis, the increase in anisotropy is
reflected in the observed reduction of the size of nanoparticles.
Therefore, the coercivity also decreases by Cr doping because this
parameter depends linearly on the diameter of monodomain par-
ticles [31].



Fig. 6. Magnetic field dependence of the magnetization measured at 5 K (M�H loops) of Cr0eCr3 samples. Inset shows the magnification of the central area of the hysteresis loops.
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4. Conclusions

In summary, we have demonstrated that the hydrothermal
method is a feasible and effective route to synthesize pure Cr doped
Zn-ferrites. X-ray powder diffraction and electron microscopy
confirm the single-phase nature for all compositions, being
partially inverse spinel structures with similar cubic cell parame-
ters. Moreover, the particles have nanometric mean size (below
10 nm) with a narrow distribution and their composition is ho-
mogeneous as revealed by EDS and EELS analyses. On this sense, a
superparamagnetic state is observed over an extended range below
room temperature, whereas ferrimagnetic ordering is established
at low temperature (5 K). In addition, surface spin canting is
considered as the main cause of the large forced susceptibility.
Finally, it is worth noting that the Cr doping acts as the primary
control parameter on both structural and magnetic properties by:
controlling the size of nanoparticles and also modifying the mag-
netic parameters such as saturation, retentivity, coercivity and
anisotropy.
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