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Abstract

ZnFe Q4 ferrite nanoparticles are arousing a great interest in the biomedical field, in
particular for magnetic hyperthermia application, thanks to their superparamagnetic behaviour at
room temperature. In order to better tuning the magnetic properties, different doping substitution
and synthesis methods have been tried to reduce particle sizes and to vary the cation distribution on
the spinel sites. In this paper, we focused on the microwave combustion synthesis method of Ca (on
Zn site) and Gd (on Fe site) substituted ferrites. Undoped ZnFe,O4 and Sr and Al doped samples
were also synthesized for comparison. The use of X-ray powder diffraction, microscopic and
spectroscopic techniques allowed us to ensure the good quality of the spinel structure for all the
investigated samples, to determine a homogeneous distribution of the dopants and an average
particle size lower than 11 nm. In addition, we estimated the inversion degree of the spinels by using
the Rietveld structural refinement and Raman spectroscopy. By means of SQUID magnetometry we
found, for all the samples, a superparamagnetic behaviour with saturation magnetization between 6
and 10 emu/g at the maximum applied magnetic field of 3T, with a more effective role played by

Ca ions with respect to Gd ions substitution.

Keywords: ZnFe>Oa; X-ray diffraction; Micro-Raman; Magnetization; Superparamagnetic effect;

Doping.



1. Introduction

The increasing interest towards iron oxides and ferrite nanoparticles is justified by their
unique physico-chemical properties due to the quantum confinement, if compared to bulk materials,
when the particle sizes are lower than about 30 nm [1-4]. These properties lead to a
superparamagnetic behaviour [5] and make them good candidates for different medical applications,
e.g. for either diagnosis or therapy, as magnetic resonance imaging (MRI) contrast agents and for
radiofrequency magnetic hyperthermia (MH).[1] Recently, it has been also evidenced the possibility
to engineer theranostic systems in which both of these applications are integrated in the same
nanostructure for simultaneous detection and treatment of diseases. [6]

The magnetic hyperthermia refers to a modality of cancer therapy in medical oncology in
which the tumour cells are subjected to a temperature of about 40°C obtained, among others, by
applying an alternating magnetic field to magnetic nanoparticles (MNP's), just iron oxides or ferrite
spinels. [7] The use of these materials is favoured by their safety, cheapness and, more importantly,
biocompatibility. The enormous progresses made in nanotechnology have taken MH to a much
higher degree of development in these last years. For example, the application of MNP’s in medicine
is moving towards targeting body regions otherwise difficult to reach and to chemical manipulation
at the nanoscale.

However, one of the major issues that is being investigated in magnetic hyperthermia is the
reduction of the amount of MNP’s to be used in living organs. [8] To this aim, the heating efficiency
of MNP’s should be enhanced by changing, for example, the amplitude and frequency of the external
alternating magnetic field, the magnetic anisotropy, the magnetization values, the particle-particle
interactions, as well as particles size and size distribution of the MNP’s. For hyperthermia
applications, the thermal energy dissipation in the tumour cells depend on the saturation
magnetization Ms of MNP’s at body temperature. Thus, higher Ms values are required in order to
perform less invasive treatments. On the other hand, a high Ms allows better control on the
movement of the MNP’s in the blood using external magnetic field. [9] The most popular FezOsand
v-Fe>O3 nanoparticles, display a large variety of Ms values depending on the particle sizes and the
synthesis route, ranging between 2 and 60 emu/g, but difficulties in recognizing the pure contribution
from nanoparticles are often evidenced.

A promising class of materials to be used for magnetic hyperthermia are the spinel ferrites with the
general formula AB20O4 (A= divalent cation, such as Zn, Ni, Co; B= trivalent cation, Fe). [10-13] In
particular, zinc ferrite nanoparticles earned a great deal of attention in nanomedicine mainly due to
the small toxicity of Zn. This is an important request for biocompatible MRI contrast agents in the
field of medical science because present contrast agents are toxic in nature. ZnFe,O4 nanoparticles

have been known as good candidate for MRI contrast agents since the permissible RDI (Reference
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Daily Intake) doses for Fe and Zn are 18 and 15 mg/day, respectively, much higher than any other
biocompatible material. In addition, they possess interesting saturation magnetization, similar to the
most used iron oxides, but with the advantage of Zn antibacteric effect and the possibility to use
lower material amount in the body. On the other hand, thanks to their electric and magnetic
properties, they are appealing in various other application fields, such as high-density magnetic
storage and electronic communication devices and sensors. [14-16] In this frame, it is important to
monitor the sample purity and to avoid the presence of unwanted iron oxides phases, [17] possible
source of extrinsic contribution to the functional properties of zinc ferrites.

In the normal spinel ferrites, all the divalent and trivalent cations occupy tetrahedral and
octahedral sites, respectively. The magnetic properties depend on the interactions between A and B
sites and thus are very sensitive to the type of cations and their distribution in the spinel lattice. [18-
19] So, the doping is used to obtain peculiar cation distribution and, in turn, optimized magnetic
properties, in particular the increase of the saturation magnetization at room temperature. In the
literature, among others, La, [20] Y and In, [21] Sr, [22] Al, [23] Mg, [24] Co [25-26] doped spinels
were reported, showing increased superparamagnetic behaviour with respect to the undoped
ZnFe;04. Great interest could have the investigation of new kind of doping for the fine tuning of the
ferrites superparamagnetism. A crucial role for high-performance nanostructured spinel ferrites is
also played by the synthesis/production procedure.

In these last years, many attempts have been made to obtain particles of nanometric
dimensions by using several physical and chemical experimental methodologies, including sol-gel,
[27] high-energy ball milling, [28] hydro-thermal, [29] co-precipitation, [30] ultrasonic cavitation
[31] and thermal plasma [32] methods. More recently, it has been observed that the microwave
assisted combustion synthesis, an interesting wet chemical technique, enables fast reaction rate,
chemical homogeneity and high reactivity. [20]

In this work, we report on the synthesis and characterization of Zn;.xCaxFe2O4 (x=0.05 and
0.25) and ZnFe19Gdo.1O4 prepared by using the microwave assisted combustion method. The Ca
substitution is particularly interesting due to the low toxicity of the substituent; on the other side, Gd
ions are commonly used as contrast agents for MRI. At our knowledge, both substitutions have never
been reported in the literature. We also synthesized and characterized, for comparison, undoped
ZnFe;04 and ZnogsSroosFe204 and ZnFe19Alo104 doped ferrites, these last ones not deeply
investigated in the literature. A thorough characterization of structural, morphological,
compositional and vibrational properties has been performed by combining X-ray powder
diffraction (XRD) with the Rietveld structural refinement, Scanning Electron Microscopy with
Microanalysis (SEM/EDS) techniques and micro-Raman spectroscopy. We could determine the

samples purity, the lattice parameters, the crystallite sizes and, in particular, the inversion degree of



the spinel phase. The results have been discussed in view of the magnetic properties investigated by

SQUID magnetometry.

2. Methods
2.1. Synthesis

The samples were synthesized by the microwave assisted combustion methodology (MW).
[33] Zn(NO3z)2 6H20 and Fe(NOz)3 9H-0 in stoichiometric ratio were mixed with a proper amount
of citric acid as fuel, as calculated from the propellant chemistry theory. [20] The mixture was placed
in a microwave oven for 30 min at 800 W (the temperature in the oven was about 450-500°C). This
sample will be named ZnFe. To prepare the doped samples, Ca(NO3). 4H20, Sr(NO3)2, GA(NO3)3
6H>0 and AI(NOz3)s 9H20 were added to the previous reagents to obtain the desired stoichiometry
Zno.95Caon.0sFe204, ZNno.75Cao.25Fe204, ZNo.9sSro.0sFe204, ZnFe19Gdo.1O4 and ZnFe1.9Alp104. In the
following, these samples will be named Ca005, Ca025, Sr005, Gd01 and AlO1 respectively
For comparison, an undoped ZnFe,O4 sample was also synthesized by using a standard solid state
synthesis, starting from a stoichiometric mixture of ZnO and Fe3O4 oxides ground by ball milling in
tungsten jars for 6h at 500 rpm, then treated in oven at 650°C for 12h. This sample will be named
ZnFe-SS.

2.2. Characterization techniques

X-ray powder diffraction measurements were performed by using a Bruker D5005
diffractometer with the CuKa radiation, graphite monochromator and scintillation detector. The
patterns were collected in air with a step size of 0.03° and counting time of 10s per step in the angular
range 10-100°, by using a silicon sample holder with low background.
Rietveld structural and profile refinement was carried out by means of TOPAS 3.0 software [34] on
the basis of the known crystal structure model of the cubic spinel. During the refinement, the
background coefficients, scale factor, zero error, lattice parameters, isotropic thermal factors and
atomic positions were allowed to vary, as well as the occupancies, to verify the possible inversion
degree of the spinel. A proper constraint was used to limit the dopant amount to its stoichiometric
value and to allow the inversion on the tetrahedral and octahedral sites. We also determined the
crystallite sizes, an important parameter to be related to the superparamagnetic effect. The weight
percentages of the impurity phases, when present, were also determined.
A Zeiss EVO MA10 (Carl Zeiss, Oberkochen, Germany) scanning electron microscope coupled
with an EDS detector (X-max 50 mm?, Oxford Instruments) was used for the morphological study
and the elemental microanalysis of the samples. SEM measurements were performed on gold

sputtered samples.



Micro-Raman measurements were carried out at room temperature by using a Labram Dilor
spectrometer equipped with an Olympus microscope HS BX40. The 632.8 nm light from He-Ne
laser was employed as excitation radiation. The samples, mounted on a motorized xy stage, were
tested with a 100x objective and with a laser spot of ~1 zm of diameter. The spectral resolution was
about 1 cm™. Neutral filters with different optical density were used to irradiate the samples at
different light intensities leading to power density values from 5x10° W/cm? to 5x10° W/cm?. A
cooled CCD camera was used as a detector and the typical integration times were about 2 minutes.
The sample phase homogeneity was verified by mapping the Raman spectra from different regions
of each sample. The parameters of the Raman spectra were extracted by using best fitting procedures
based on Lorentzian functions. In this way the frequency, full width at half maximum, intensity and
integrated intensity of the peaks were determined.

The magnetic characterization was carried out by means of a SQUID magnetometer. A 100 Oe
magnetic field has been applied to study the temperature dependence of the magnetization in the
range 2-302 K, in zero-field cooling (ZFC) and field cooling (FC) regimes. Hysteresis loops were

collected at room temperature with magnetic field ranging between 0 and + 30000 Oe.

3. Results and discussion
3.1. XRD and Rietveld refinement

In Figure 1 the XRD patterns of the undoped ZnFe,O4 samples are shown. The peaks well
agree with the ZnFe>O4 cubic spinel structure (JCPDS card N. 89-7412, franklinite mineral). In both
cases, a high purity level is found. The different peaks broadening and crystallinity suggest markedly
different particle sizes in the two samples, as can be expected due to the different sintering
temperatures and procedures.

The patterns of doped ZnFe>O4 samples obtained from the microwave combustion synthesis
are compared with the undoped one in Fig. 2. In all the cases, the experimental peaks are well
explained by the ZnFe;Os cubic spinel structure. No traces of unreacted reagents nor phase
impurities are present: only for Sr005 the low peaks at about 20 and 38° reveal the presence of small
traces of strontium nitrate, as a residual of the reagent. So, we can infer that all the performed doping
were effective. For Ca substitution only, this synthesis procedure allowed us to introduce a
significant amount of dopant in the ferrite structure. For Gd ion, in fact, all the attempts to increase
the doping level up to 5 atom% failed, and the samples were constituted by a mixture of phases or
were even amorphous. This could be due to the marked preference of gadolinium for high
coordination number (8-9) and to the difficulty of ions to adapt to iron octahedra.

It can be seen, from the observed peak widths, that the samples show similar crystallinity

degree, apart from Ca025, whose pattern exhibits broadened peaks. In any case, a value of about



1.07° for the FWHM of the peak at about 35° corresponds to nanoparticles with sizes of 8 nm, as

could be estimated by using the Scherrer equation.
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Figure 1 —XRD patterns of undoped ZnFe2O4 obtained from microwave combustion and solid state

methods. The bars of the expected angular positions of the spinel phase (JCPDS card 89-7412) are
also reported, together with the Miller indices of the main peaks.
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Figure 2 - XRD patterns of doped ZnFe>O4 samples obtained by microwave combustion method

(ZnFe is also shown for comparison). The Miller indices of the main peaks are reported.

The structural refinement on the basis of the Rietveld method was performed on all the patterns by
using the known cubic spinel model. The main refined structural parameters are reported in Table
1, together with the discrepancy factors Rwp and the goodness of fit S, whose values suggest a good
quality of the refinement.

In Fig. 3, as an example, the comparison between the experimental (blue) and calculated (red)
patterns of Ca005 sample is shown. The difference curve (gray) is almost flat, suggesting the

excellent quality of the refinement.
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Figure 3 — Rietveld structural refinement of Ca005 sample. The Miller indices of the main peaks are
also evidenced.



From Table 1 it can be seen that the crystallite sizes are all in the nanometer range: the values for
the microwave synthesis are all lower than 11 nm, while for ZnFe-SS a value of 22 nm is found. In
principle, the lattice parameters may vary due to the different ionic radii of the dopants with respect
to Zn and Fe ions. [35] However, it seems that the most significant variation, justifiable on the basis
of the ionic radii of the involved elements, only occurs for the Al doping. In this case, the cubic
parameter decreases with respect to the undoped sample: in fact, a value of 0.53 A is reported for
AI*" ions with respect to 0.65 A of Fe*" in high spin configuration. [35] The addition of Gd, Ca and
Sr ions, whose ionic radii are larger than those of Fe and Zn, does not instead produce significant
variations of the lattice parameter. On the other hand, a similar behaviour for the lattice parameter
was found for the Sr substituted samples reported in ref. 22. We also determined, from the structural
refinement, the inversion degree, i.e. the amount of Fe ions on Zn crystallographic sites. In all the
cases, the inversion takes place, although not so markedly: only for Ca025 a value of 0.54 is reached.
The easily induced inversion can be a consequence of the quickness of the MW synthesis, that in
only about 30 min can produce a good level of crystallinity but with atomic disorder. We also
verified by the structural refinement that the dopants are located on the sites that we supposed for
the preparation of the samples. So, Ca and Sr ions seem to prefer the A site, while Al and Gd ions
the B one. This is certainly true when the substitution is about 5 atom%, while for Ca025 a different
model could be hypothesized. In fact, due to the preference of calcium for octahedral coordination
it is possible that these ions could be also located on Fe sites, so inducing a higher inversion degree

with respect to Ca005 and a small contraction of the lattice parameter.

Table 1: cation distribution, impurity phases amount, lattice parameter, crystallite size and

discrepancy factors Ry, and S obtained from the Rietveld refinement.

Cations distribution Impurities a/A Size/ Rwp/S
nm
ZnFe-SS [ZNno.ssFeoor]r[FesesZnoor]o ] 8.4386(6) | 22.9 | 13.80/1.07
ZnFe [Zno.s2Feo st [FersZNoas]o - 8.4371(40) | 11.1 | 14.97/1.09
Al01 [Zno.ssFeosa]r[Fe1seAlo1Znosz]o - 8.4221(25) | 84 | 10.89/1.07
Ca005 [ZNn0.90Ca0.05F€0.05]r[Fe1.ssZNo os]o - 8.4343(17) | 8.7 | 11.19/1.04
Ca025 [Zno.21Cao.25F€0 54]T[Fe1.46ZN0.54] 0 - 8.4331(57) 55 13.56/1.05
Sr00s [ZNo.ssSTo0sFe007]T[FeresZnoor]lo | Sr(NOs), 3.35 | 8.4380(13) | 7.2 | 11.14/1.13
Gdo1 [ZNnossFeooz]r[FeLssGdosZNooz]o - 8.4366(29) | 8.4 | 13.47/1.05




3.2. Morphological and compositional analysis

SEM images, reported in Fig. 4, clear up the morphological differences between the samples
from MW synthesis and ZnFe-SS, giving evidence of a higher surface/volume ratio for MW samples
with respect to solid-state one. From MW, rounded particles (lower than 100 nm) aggregates with
large and open pores, regardless the doping ion, can be seen. This aspect can be due to the evolution
of gases from nitrates and citric acid (such as NO; and CO.) during the heating process in the
microwave oven. For Ca025 sample (Fig. 4b), the micrograph suggests possible
melting/decomposition processes and the subsequent solidification. The solid-state synthesis also
leads to aggregates, but with larger rounded particles (Fig. 4g). So, from XRD and SEM

measurements we could determine the same trend for crystallite and particle sizes.
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Fig. 4 - SEM micrographs of samples from MW and solid state syntheses: a) Ca005, b) Ca025, c)
Sr005, d) Gd01, e) Al01, f) ZnFe and g) ZnFe-SS.

The electronic microanalysis allowed us to verify that the stoichiometric ratio between the different
elements was maintained in the final products. In Fig.5, as an example, the EDS analyses of Ca025
(A) and Gd01 (B) samples are reported. The atomic percentages of all the elements are in excellent
agreement with the stoichiometric values, within the EDS detection limit, suggesting that the ferrites
possess the expected composition and no ions loss occurred. The maps of the different elements
show good homogeneity, suggesting that both Ca and Gd ions are well distributed in the sample. A

similar behaviour was observed for all the undoped and the other doped samples.
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Comc.  Corm. Sigma
CEK 130 02089 15.48 1] 31.60
0K 3490 0.5305 2015 015 4467
C:K 633 09875 284 002 174
FeK 1257 (0.8949 3593 014 15.17
InK 3085 08232 16.60 010 6.23

Towls 100.00

B
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Conc.  Comm. Sigma
CK 340 0.1902 151 028 36.98
0K 18.73 0.5468 18.04 0.14 3349

FeK 6044 09330 3582 0.15 18.14
ZnK 37.05 0.8516  24.06 0.13 1041
GdL 3.60 0.86%0 347 0.09 058

Towls 100.00
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Fig. 5 — Elemental EDS analysis, the relative SEM image and the maps of the different elements for
Ca025 (A) and Gd01 (B) samples.

3.3. Raman spectroscopy

Bulk ZnFe;O4 has a direct spinel structure with cubic symmetry and O7h Fd3m space group.
Group theory predicts five first order Raman active modes (Aig + Eg + 3F2g) at room temperature.
According to the literature, [14, 36-38] three main features appear in the room temperature spectrum
of ZnFe, 0.4, being the most intense at about 650 cm™ and the other two at about 450 cm™ and 355
cmt. These signals are usually attributed to A1g Symmetric stretching of oxygen in tetrahedral ZnO4
groups and to the Foy(3) and Fog(2) vibrations of octahedral FeOe groups, respectively. Weaker
features in the low energy region are due to the Eq mode at about 250 cm™ and to the Fyg(1)
translational movement of the whole tetrahedron at 160 cm™.
In Fig. 6 the Raman spectra of the undoped ZnFe,Os samples, obtained from solid state and

microwave syntheses, are reported. The most prominent signals are in agreement with the literature:



the intense feature around 650 cm™ (A1g mode) is accompanied by the other modes at lower energy.
The lower total Raman yield and the broadening of the signals of MW sample are consistent with
the lower density and smaller crystallite size of the MW powders. The reduced crystallite size (11
nm for ZnFe against 22.9 nm for ZnFe-SS) could be also responsible for the weak, but observable,
red-shift for all the Raman features. For the higher energy A1y mode, the peak position moves from
642.5 cm™ to 638.5 cm™, while for the lower energy mode Fzq(2) the peak is located at 345.0 cm™
for ZnFe-SS sample and at 334.0 cm™ for ZnFe one.
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Figure 6 — Raman spectra of ZnFe and ZnFe-SS samples. The labels of the peaks are also shown.

The lattice parameter could play a role in this red shift. The changes in Raman line position due to
changes in the lattice parameter can be estimated according to ref. 39 as Awi = —3 yi(q)wi(q)(Aa/ao),
where v is the Gruneisen mode parameter and Awi is the shift of Raman line. The values of y taken
by [36] are 0.72 for Aig mode and 1.88 for the F2q lower energy mode. Considering the lattice
parameters estimated from XRD data one should expect a Raman shift of about 2.0 cm™ and 3.5 cm’
! for A1g and F2g modes, respectively. Thus, other phenomena should affect Raman frequencies, in
particular the inversion degree in the spinel structure. The inversion is forced by nanometric
dimension even in pure samples, as revealed in our XRD analyses and as already evidenced by
several other works. [20-22] Indeed, the disorder in the cation distribution on A and B sites reflects
on the broadening of Raman bands, because two different cations are involved in the vibrations
inside the octahedral and tetrahedral units. In particular, concerning the Aig mode, it is commonly
accepted that, when the vibration is excited in FeOs tetrahedra produces a signal at about 690 cm™,
while when it is forced in ZnO4 the related signal is located at about 650 cm™. [40, 41] Thus, it is
possible to analyse the Raman spectra using a so-called two modes (or phases) approach. In Fig. 7
the spectrum of pure ZnFe-SS sample is reported, together with the result from the best-fitting
13



procedure, where Lorenztian curves have been used. Due to the different involved masses, we used
three couples of oscillators for the three main Raman features with an additional curve for the low

energy weaker signals. A very satisfactory agreement with experimental data has been obtained.

Raman Intensity (arb.units)

200 300 400 500 600 700 800
Raman Shift (cm™)

Figure 7 — Experimental and calculated Raman spectrum of ZnFe-SS sample (see text). The labels

of the peaks are also shown.

In particular, the Aig band is well fitted by the overlapping of two signals: the first, centred at 641
cm?, gives the main contribution and the second, centred at 685 cm™, results in a shoulder at higher
energies. The energies are in good agreement with those expected for modes inside ZnO4 and FeO4
units. From the intensities of these bands, by applying the simple formula lego/(ls90t+ lea7), we could
estimate the inversion degree obtaining, for ZnFe-SS sample, a value equal to 0.095, slightly higher
than 0.07, derived from XRD analysis.

In Fig. 8a the Raman spectra in the range 200-1000 cm™ of the doped samples obtained from MW
synthesis are shown, in order to compare the first order Raman signals (ZnFe sample is reported for
comparison). All the samples exhibit a well-defined first order Raman scattering pertinent to the
ferrite phase. The substantial invariance of the Raman features for all the samples indicates a good
stability of the spinel structure.

We also explored the higher energy part of the Raman spectrum. As representative cases, in Fig. 8b
the spectra of Sr005 and Gd01 samples have been reported in the range 200-1800 cm™. Signals with
low intensity can be detected. In particular, only for Sr005 sample, a peak centred at about 960 cm’
! has been observed (see arrow in Fig. 8b), probably due to Sr(NOs). impurity phase, also revealed
by XRD. No other impurity phases have been revealed, in particular in the region of carbon modes,

where only the second-order features of zinc ferrite appear at around 1100 and 1300 cm'™.
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the peaks are also shown.

Concerning the 1%-order modes for Ca and Gd samples, a weak feature at around 220 cm™, probably
due to the Fog(1) mode, is present. The doping doesn't markedly change the peak positions and only
for the Ca025 sample a net shift is observed: the higher bands move at higher energies, while the
F2g(2) signal further decreases in energy. The main difference among the samples concerns with the
broadening of the bands, related to the amount of doping and to the crystallite sizes. Indeed, the

bands of Ca025 are more broadened and this sample has the greater amount of substituent and the

lower crystallite size.
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As already mentioned, both doping and nanometric sizes also affect the inversion dynamic. Thus, it
IS important to monitor the inversion degree in all the samples. According to what described for
ZnFe-SS sample, the integrated intensities of the two components of the main A1y Raman feature
have been derived, after averaging the results from several Raman runs. Two representative cases

are reported in Fig. 9.
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Figure 9 — Two representative examples of best fitting of the A1y mode in the range 580-800 cm'™
for a) Ca005 and b) Gd01 samples.

The values of the inversion degree are reported in Fig. 10 in form of histogram and compared with
the XRD values (Tab. 1).

inversion degree

" ZnFe-Ss  znFe Alo1 Ca005  Ca025 Sr005 Gdo1

Figure 10 — Histograms showing the inversion degree obtained from Raman and XRD data as

explained in the text, for all the synthesized ferrite samples.

The inversion degree derived from XRD and Raman evidences a common trend and the highest
inversion is found for Ca025 with both the techniques. Absolute values from the two methods do
not coincide, but it must be taken into account that the two experimental probes have a different

penetration depth and thus they can experience different structural features, especially when



clustered nanometric particles are involved. Raman scattering is more sensitive to the surface, while
XRD is a bulk technique, thus it is not surprising that for undoped and low-level doped samples
higher inversion degree are derived from Raman measurements, because the surfaces are the most
defective and disordered sample zones. On the contrary, for AlO1 and Ca025 samples, a slightly
higher inversion degree is derived from XRD analysis. At this purpose, we have to consider the
higher doping level, with respect to other samples, and the differences in ionic radii [35] with respect
to the substituted ions. In fact, Ca ions are markedly greater, while Al markedly lower than Zn and
Fe ones. In addition, Ca025 powders exhibit the lower crystallite size. All these effects can lead to
an increase of inversion degree in the core of nanoparticles. In addition, at higher doping level, the
contribution of substituents in Raman modes can give rise to a proper vibration at a specific energy
and the two Lorenztian model used to interpolate A:1g modes remain effective even with minor

physical meaning and the error in inversion degree estimation can grow.

3.4. Magnetic characterization

Hysteresis cycles provide a basic proof of room temperature superparamagnetic behaviour,
essential requirement in magnetic hyperthermia. Fig. 11 reports the hysteresis cycles recorded at
room temperature for all the MW samples. Main common features can be inferred, referable to a
superparamagnetic behaviour: negligible values of coercive field and remanence magnetization and
no full saturation even at the highest applied magnetic fields, as commonly found for nanoparticles
of this kind of materials. Minor differences in the curves shape can be found concerning the near-
zero-field behaviour and the different tendency towards saturation. The cycle recorded in the same
experimental conditions for the ZnFe-SS sample, showing the typical paramagnetic linear behaviour

of the magnetization vs the applied magnetic field, is reported in the inset for comparison.
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Fig. 11 — Room temperature hysteresis cycles collected from the undoped and doped ZnFe;O4
samples obtained by microwave combustion method. Inset: room temperature M vs H curve for the

ZnFe-SS sample.
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Ms values of 6-10 emu/g, when applying a 3 T magnetic field, are estimated for all our MW samples.
A fair agreement is found with the Ms values reported in the literature for analogous compounds
prepared by means of combustion synthesis, both pure and doped zinc ferrite spinels. For example,
Zn1xSrxFe204 nanoparticles with crystallite size of about 40 nm, in the compositional range x<0.1
show room temperature Ms values between 1.6 and 3 emu/g for the maximum applied magnetic field
(1 T). [22] For ZnFesxLaxOs (x=0.06) nanoparticles a Ms value of about 8 emu/g for ~1.4 T
maximum applied magnetic field is revealed (average crystallite size of about 27 nm). [20] Undoped
ZnFe>04 samples with crystallite sizes in the range 4-12 nm show Ms values between 1.5 and 2.8
emu/g at the maximum applied magnetic field (1T). [18] Anyway, also zinc ferrite spinels obtained
from different preparation techniques show, on the average, comparable Ms values. For example,
the pure zinc ferrites reported in ref. 42, with crystallite sizes between 6-17 nm, show Ms values
from 13.4 to 3.7 emu/g, respectively, at about 1.4 T of applied magnetic field, while values of 7 - 12
emu/g have been obtained for a 3 T applied magnetic field for Y and In doped ZnFe;O4 (particle
sizes of about 4.5-8 nm), synthesized by co-precipitation method. [21]

It is well known that the spinel inversion in ZnFe.O4 promotes super exchange interactions, in turn
responsible of higher Ms values with respect to the regular spinel [18, 21]. Magnetization data thus

agree with the presence of spinel inversion, as determined by the XRD and Raman results.

The temperature dependence of the magnetization allowed us to draw out information about the
relationships between magnetic properties and nanoparticles characteristics. The blocking
temperature, Tg, representing the transition between superparamagnetic and blocked state, [4, 22] is
determined by the ZFC peak position, whose broadening provides information on the particle size
distribution degree, as different nanoparticles sizes give different blocking temperatures.
Suggestions about spin and structural disorder of nanoparticles also come from the temperature
corresponding to the merging of ZFC and FC curves, i.e. the irreversibility temperature, Ty, and its
distance from Tg. [4, 43]

For ZnFe-SS, Tegand T merge at about 22 K, with a relatively narrow ZFC peak-width. The MW
samples generally show higher Tg values and a quite marked difference between Trand Te. Among
them, the lowest Tg value (=32 K) pertains to GdO1, that also shows the narrowest ZFC peak-width,
comparable to that of ZnFe-SS. ZFC and FC temperature dependence of magnetization for these two
samples is reported in Fig. 12a. We point out that GdO1 also shows the less evident S-type shape of
the superparamagnetic hysteresis loop. These features suggest that the Gd substitution on Fe site

tends to prevent the structural disorder naturally induced by the MW combustion synthesis. It is



worth to observe that for GdO1 the lowest inversion degree is estimated from both Rietveld and
Raman analysis (see Figure 10). For the other samples, a Tg value of about 50 K is found, a large
ZFC peak-width is observed and Ty is always much higher than Tg, together with a higher level of
structural and spin disorder with respect to that observed in GdO1. In particular, among the samples
with substitution on Zn site (see their M vs T curves reported in Fig. 12b) the widest ZFC peak
pertains to Ca025, that also shows the highest inversion degree, as estimated from both Rietveld and
Raman analyses, confirming the relationship between structural disorder and inversion degree of the
spinel. For this kind of spinels it is well known that M generally increases by decreasing grain sizes
[18]. The unexpected lowest absolute value of magnetization of Ca025, observable both in M vs H
and in M vs T curves, can be related to its very small grain dimensions, that, when below a critical
value, can give rise to prevailing surface effects [18, 42]. Indeed, the enhanced contribution of the
highly defective particle surface substantially affects the magnetic properties of the samples, [43]
significantly reducing their M values with respect to the expected trend.
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4. Conclusions

We satisfactorily synthesized Ca and Gd doped ZnFe204 spinel ferrites for a proper tuning
of superparamagnetic behaviour, in particular the increase of saturation magnetization at room
temperature, mandatory for the biomedical application, such as magnetic hyperthermia. The
microwave assisted combustion method, a rapid, green and simple synthesis route, can ensure good
physical and chemical properties to the samples. An optimum purity level and homogeneity and
crystallite sizes lower than 11 nm were determined for the doped samples, by the combined use of
diffraction measurements with Rietveld structural refinement, SEM-EDS and Micro-Raman
spectroscopy. A precise evaluation of the inversion degree of the spinel was also performed by both
XRD and Raman measurements, finding a good agreement.
The hysteresis cycles showed that Ca doping ions, that have a complete solubility in the spinel
structure, can induce a well evident superparamagnetic behaviour with respect to Gd ions, that
instead cause a low amount of inversion and samples with almost negligible superparamagnetic
characteristics. So, we can conclude that, at room temperature, the superparamagnetism is mainly

due to the inversion induced by the doping in the tetrahedral site.
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