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ABSTRACT

Manganese ion (Mn®*) in a ferrite nanostructure was partially substituted by different transition metal ions:
Zn**, Fe**, Ni?*, and Co®", in that respective order. The introduction of each different metal ion affected the
size, the crystallographic parameters, and the magnetic properties of the ferrite nanoparticles. The magnetic
properties changed accordingly with the individual characteristics of the selected transition metal ion, meaning
that the introduction of a metal ion with lower coercivity like nickel or iron into the structure decreased the
overall coercivity of the material; this also had an effect on increasing/decreasing the blocking temperature of
the overall material. There were some unexpected variations at the crystalline structure and in its thermal
stability, as demonstrated by X-ray diffraction, rietveld analysis, and TGA-DSC measurements. These changes
can be attributed to lattice distortions caused by the substitution of different transition metal ions in the spinel

structure, which affects its stability.

1. Introduction

Lodestone, a mineral rich in magnetite (Fe304), was one of the first
magnetic materials known to humanity. The Greek philosopher Thales
of Miletus first described it around the 6th century BCE and it was
known also by ancient cultures such as Chinese and Olmecs, which used
them as a directional device [1]. Since then, several ferrites (MFe,;Oy,
M = Mn?*, Fe?*, Ni**, Co®*, etc.) have been prepared by different
synthetic routes like co-precipitation, thermal decomposition, micro-
emulsion, etc. [2-4] and extensively studied for their technological
applications in the fields of electronics (memory devices, inductors,
high-frequency materials, power conversion, data storage, sensors) and
biosciences (contrast agents, biomolecule separation and purification,
drug delivery systems) [5-10].

The magnetic properties of ferrites can be explained by using the
superexchange model, proposed in 1934 by Hendrik Kramers, and re-
fined by Phillip Anderson in 1950. Later, in the 1950s, Goodenough and
Kanamori [8] developed a set of semi-empirical rules for the super-
exchange. The superexchange phenomenon is described as an anti-
ferromagnetic coupling between metal ions due to the presence of an
atom with a complete electronic shell. In the case of ferrites, the
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diamagnetic nature of oxygen atoms is responsible for superexchange
conformation. As the crystalline lattices of metal ferrites contain metal
ions of two different oxidation states (M2 and M>") with different
Bohr magneton values, the final accommodation by applying the su-
perexchange theory results in a net magnetization oriented in one axis,
i.e. a ferrimagnetic material [11]. Considering that the magnetic su-
perexchange interaction occurs between the M>* and Fe®* ions, the
magnetic properties of metal ferrites can be tuned by changing the M?™*
ions; increasing or decreasing their magnetic saturation, coercivity (H,),
and remanent magnetization (M,). In addition, the blocking tempera-
ture (Tp) of metal ferrite nanostructures can also be tuned by varying
the M?* ion species.

The physical properties (optical, magnetic, electric, etc) of ferrites
containing only one type of M>* ion have been extensively studied and
reported in the literature [12-17]. Partial substitution of M2" ions in
the host ferrite lattice with a different transition metal ion (M?"), and
even substituting the Fe** ion with rare earth ions (RE**) like Y™ or
Nd®* [18-20] have also been investigated as a pathway for tailoring
the magnetic and electric properties of ferrites, revealing excellent re-
sults for the design of a magnetic material for specific technological
applications [7,21-23]. Nevertheless, to the best of our knowledge,
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systematic incorporation of three (M”2"), four (M”"), or five (M”"2*)
different ions into a crystal lattice and its effect on the structural sta-
bility and magnetic properties of metal ferrite has not been performed
so far. The inclusion of multiple divalent metal ions (M27) can lead new
ways of tailoring the magnetic properties of metal ferrites through the
alteration of superexchange coupling between Fe** and M?* ions of
different types, along with the distortion of ferrite lattice derived from
the compensation effects produced by the substitution of atoms.

In this work, we report a study on the variations in the magnetic and
crystallographic properties of ferrites due to the incorporation multiple
M2" ions in the spinel structure, taking the manganese ferrite
(MnFe,0,) as a model host because it is a material with many potential
applications such as transformers, MRI contrast agents, catalysis and
supercapacitors among others, these promising applications are due to
the low coercivity and high magnetic saturation, along with its low
toxicity risk in comparison to other ferrites [2].

2. Materials and methods
Manganese (II) chloride tetrahydrate (MnCl,4H,0, > 98%), zinc

chloride (ZnCl,, > 98%), sodium hydroxide (NaOH, > 97%), iron (II)
chloride tetrahydrate (FeCly4H,0, > 98%), iron (III) chloride hexahy-

drate (FeCl36H5O, > 97%), nickel (II) chloride hexahydrate
(NiCly,'6H,0, > 98%), cobalt (ID chloride hexahydrate
(CoCly6H50, > 97%), iron (III) nitrate nonahydrate (Fe

(NO3)3'9H,0, > 98%), hydrochloric acid (HCl, 37%) and nitric acid
(HNO3, 70%) of reagent grade were purchased from Sigma-Aldrich,
Mexico, and used as received without further purification.

2.1. General synthesis

In general, for the preparation of magnetic ferrites of multiple metal
mixed ions followed a coprecipitation route, mixing a solution con-
taining the metal ions and an alkaline solution. The preparation for the
aqueous solutions of the corresponding metal ion precursors are de-
scribed in detail below. Briefly, the desired ion precursor solution was
added to 50 mL of 2 M NaOH (pH 14) solution and stirred for 30 min at
100 °C. Finally, the obtained products were washed three times with
deionized (DI) water to remove the excess of the precursor ions. A post-
synthesis acid treatment was performed to all the produced ferrites to
form their stable ferrofluids, minimizing the aggregation of the formed
nanoparticles.

2.1.1. Ion precursor solution for manganese ferrite (MnFe,0.)

MnFe,0, nanoparticles were prepared by adding 1 mL of a solution
of MnCly4H,0 (2.5 pmol) into a 5 mL solution of FeCl3:-6H,0 (5 umol)
in water.

2.1.2. Ion precursor solution for zinc-manganese ferrite (Zny sMny sFe;0.,)
(ZnMn)

For the synthesis of Zng sMng sFe,O4 (ZnMn) nanoparticles, 1 mL of
ZnCl, (1.25 pmol) and 1 mL of MnCl,4H>0 (1.25 umol) solutions were
mixed with 5 mL of FeCl36H,0 (5 pmol) solution.

2.1.3. Ion  precursor  solution for
(Zng 4Mng 4Fez 204) (ZnMnFe)

For the synthesis of ZnMnFe nanoparticles, a mixed metal precursor
solution was prepared by mixing 1 mL of each of the ZnCl, (1 pmol),
MnCl,4H,0 (1 pmol) and FeCl,4H,0 (0.5 pmol) solutions into a 5 mL
of FeCl3'6H,0 (5 umol) solution.

ginc-manganese-iron  ferrite

2.1.4. Ion precursor solution for zinc-manganese-iron-nickel ferrite
(Zn-o_ 3Mn.g_ 3Ni0_2F€2_204) (Zn.Mn.FeNl)

For the preparation of ZnMnFeNi nanoparticles, a mixed metal
precursor solution was prepared by mixing 1 mL of each of the ZnCl,
(0.75 umol), MnCl,4H,0 (0.75pumol) and FeCly;4H,O (0.5 pumol)
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solutions into a 5 mL of FeCl3:6H,0 (5 pmol) solution.

2.1.5. Ion precursor solution for zinc-manganese-iron-nickel-cobalt ferrite
(Zng 2Mny 3 Nip 2Cop oFez 204) (ZnMnFeNiCo)

For the preparation of ZnMnFeNiCo nanoparticles, a mixed metal
precursor solution was prepared by mixing 1 mL of each of the ZnCl,
(0.5 umol), MnCl,-4H,0 (0.5 pmol), FeCl,-4H,0 (0.5 pmol), NiCl,,6H,O
(0.5umol) and CoCly6H,O (0.5 pumol) solutions into 5mL of
FeCl36H,0 (5 pmol) solution.

2.2. Stabilization of the aqueous nanoparticle suspensions

Stabilization of the synthesized nanoparticles in aqueous suspen-
sions was achieved by acid peptization in water to reduce their ag-
gregation potential. Briefly, 15mL of HNO3 (2 M) was added to the
obtained black precipitates and the resulting mixture was stirred for
15min. After that, the supernatant was magnetically decanted and
25mL of a 1M Fe(NO3)39H,0 solution was added under stirring for
20 min at 100 °C. About 15 mL of HNO3 (2 M) was added again to the
previous solution after cooling the previous solution to room tem-
perature under magnetic stirring. After 15 min, the supernatant was
magnetically decanted and washed 2 times with acetone. The product
was re-dispersed in water, obtaining a stable water-soluble ferrofluid.

3. Characterization
3.1. Size, dispersion, and morphology

Particle size, size dispersion and morphology of all the fabricated
nanostructures were analyzed in a JEOL JEM1010 (JEOL USA, Inc.,
Peabody, MA) Transmission Electron Microscope (TEM). For TEM
analysis, the samples were prepared by diluting the corresponding
ferrite ferrofluids in water. A drop of each of the ferrofluids was dis-
persed over a carbon-coated copper grid and left evaporating at room
temperature. The size and size dispersion (o) of the formed particles
were determined by measuring the size of more than 300 individual
nanoparticles to construct a histogram; then the histogram was fitted to
a lognormal distribution. EDS analysis was carried out in an ultra-high
resolution scanning electron microscope MAIA, with a field emission
gun at 15 keV.

3.2. Hydrodynamic diameter

The hydrodynamic diameter and size distribution of the nano-
particles in the ferrofluid were determined in their water dispersions at
room temperature, using a Nanotrac Wave II, dynamic light scattering
(DLS) (Microtrac Inc., Montgomeryville, PA, USA) system, with a
780 nm wavelength laser working at 3 mW power. All the DLS mea-
surements were carried out by diluting the corresponding ferrite fer-
rofluid in water (refractive index 1.33) until it acquired a yellowish
tone. A refractive index of 2.42 was used for all the samples, assuming
the changes in the refractive index for the cation-substituted ferrites
were negligible.

3.3. Crystallographic analysis

X-ray diffraction (XRD) patterns of the samples were recorded at
room temperature using energy filtered Cu Ko radiation (A = 1.5406 A)
in a PANalytical Empyrean diffractometer, between 10° and 90° of 26.
The changes in the lattice parameters due to the continuous substitution
of the Mn?" ions were determined by means of Rietveld refinement
using X’pert Highscore Plus 3.0 software from PANanalytical. The
average size of the crystallite was calculated using the Scherrer equa-
tion: [24,25]
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where « is a shape factor with a typical value of 0.9 for quasi-spherical
nanoparticles, A is the used X-ray wavelength (1.5406 A), P represents
the FWHM (full width at half maximum) of the (31 1) peak and 6 is the
half of the Bagg angle correspond to the (31 1) diffraction peak.

3.4. Ferromagnetic Curie temperature

The ferromagnetic Curie temperature was determined experimen-
tally for all the samples by applying an external magnetic field (50 Oe)
and recording the changes in mass with respect to the temperature
during their thermogravimetric analysis (TGA). The TGA measurements
were carried out in a nitrogen atmosphere, under a flux of 5mL/min.
TGA measurements were performed twice for each sample, the first
heating ramp was from room temperature to 800 °C, and then cooling
until [] 100 °C. The second heating ramp began when the temperature
reached 100 °C, until 800 °C. The Curie temperature was estimated in
the second run with an average of the highest point between the heating
and the cooling stage.

3.5. Magnetic measurements

Magnetic hysteresis and zero-field cooled (ZFC) curves were re-
corded in a Dyna-cool 9 physical property measurement system (PPMS,
Dyna-cool 9, Quantum Design, USA) by placing the dry powder samples
in tubular plastic sample holders. The hysteresis curves were recorded
up to a 5 T magnetic field at near room temperature (300 K), 100 K and
10K. ZFC curves were obtained by cooling the samples up to 10K,
without applying an external magnetic field; then a magnetic field of
200 Oe was applied and heating started at a rate of approximately
0.02K/s until a temperature of 350 K was reached, with the only ex-
ception being the sample containing Co®>*, where the measurement was
performed until 380 K, to monitor its high anisotropy.

4. Results and discussion
4.1. Crystallographic analysis

A crucial characterization to determine the formation of the desired
crystalline phase of the samples is X-ray diffraction. Fig. 1 shows the
XRD patterns for all the samples. As can be seen, all the patterns are
very similar among them, corresponding to a face-centered cubic (FCC)
spinel structure, with Fd3m space group [26]. No traces of the corre-
sponding metal oxides (ZnO, FeO, NiO, CoO) from the M>* ions added
to substitute the Mn>" ions in the crystal lattice were found; indicating
that all the M>* cations were distributed among the A or B sites of the
spinel structure. The relative intensities and the signal to noise ratio
were the only parameters that visibly changed, indicating different le-
vels of crystallinity or different sizes of the formed crystallites, as have
been presented below (Fig. 1).

Taking the most intense peak [(3 1 1) plane] and using the Scherrer
equation, the average crystallite size in each of the samples was esti-
mated. The crystallite sizes were 21, 10.8, 11, 11.2 and 14 nm for the
samples MnFe,O,4, ZnMn, ZnMnFe, ZnMnFeNi, and ZnMnFeNiCo, re-
spectively. These sizes will be compared with TEM results later.

As the Mn** ions have been substituted by divalent cations with
different ionic radii, we can expect changes in the lattice parameters of
the host lattice. Rietveld refinement [27,28] of the experimental XRD
patterns was performed to determine the changes in the lattice para-
meter of the host (MnFe,0,4) lattice. Table 1 summarizes the results
obtained from the Rietveld refinement.
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Fig. 1. Powder X-ray diffraction patterns for the manganese ferrite and the
substitution of Mn2" with Zn, Fe, Ni, Co, JCPDS # 01-074-2403.

Table 1
Refined lattice parameters with standard deviation and Goodness of Fitness
(GOF).

Sample Composition Lattice parameter A) GOF
MnFe;04 MnFe;04 8.4866(1) 1.4

ZnMn Zng sMng sFe,04 8.4051(5) 2.07
ZnMnFe Zng 4Mng 4Fe; 504 8.4032(9) 2.08
ZnMnFeNi Zno sMng 3Nig oFe 204 8.4141(1) 2.09
ZnMnFeNiCo Zng oMng oNig 2C0g oFes 204 8.4090(2) 1.91

4.2. Size, dispersion, and morphology

Analysis of the TEM images (Fig. 2) suggests no significant variation
in size and morphology of the nanoparticles after M>* substitution. All
the samples revealed similar average particle sizes, except for the pure
manganese ferrite, MnFe,;O,4, which had the largest particle size
(average diameter: 23.7 nm). The sample with the smallest average
particle size was the manganese zinc ferrite, ZnMn (average diameter:
8.3nm). The decrease in particle size by the addition of Zn®* ions was
previously observed and reported [29]. The average particle size of all
the other samples remained in between 10 and 17 nm (Fig. 3). The
results obtained from the TEM analysis strongly correlates with the
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Fig. 2. Typical TEM images of the sample a) MnFe,O4, b) ZnMn, c¢) ZnMnFe, d)
cases.

crystallite size determined previously using the Scherrer equation. In all
samples, the smaller particles presented a quasi-spherical shape; how-
ever, bigger nanoparticles presented different morphologies. For ex-
ample, the ZnMnFeNi nanoparticle showed sharper edges than the rest
of the samples, and it presented the highest dispersion value at
o= 0.75.

Although the shape and the average size of the ferrite nanoparticles
showed no drastic change after M>* cation substitution, size dispersion
changed for samples ZnMnFe (o = 0.41) and ZnMnFeNi (o = 0.75), as
indicated by the size distribution histograms presented in Fig. 3. The
other samples presented almost the same size dispersion value (o=
0.25), as obtained from the fitting of the histograms to the lognormal
distribution, even though the sample ZnMn (Fig. 2b) had lower ag-
glomeration and, therefore, their grain boundaries were more defined.

4.3. Elemental analysis

EDS results of the atomic percentage of the metal ions are shown in
Table 2. Fe values are taken as total iron in the samples since it is
impossible to discriminate from Fe?* and Fe** by using this technique.
From Table 2 it can be seen that in all the samples the Fe ion was much
higher than expected, even in the case where no Fe?* had been added
to the sample. Furthermore, the Zn and the Ni ions were in less pro-
portion than expected from the nominal value, suggesting that those
ions are more difficult to incorporate to the structure than Mn or Fe.
The variations from the nominal and the experimental values are due to
the different precipitation rates of the different M>* ions, it can be seen
that the manganese has the fastest precipitation rate, while Zn and Ni

ZnMnFeNi and e) ZnMnFeNiCo. The white bar represents a scale of 50 nm in all the

have the lowest rate.

4.4. Hydrodynamic diameter

Although the hydrodynamic diameter of the samples (Fig. 4) doesn’t
exactly correspond to the TEM values, the tendency is similar for both
characterizations [30]. MnFe,O, had the largest hydrodynamic dia-
meter followed by ZnMnFeNiCo, in agreement with the previously
discussed TEM results. The only variation is that while ZnMn and
ZnMnFe had the lowest and second lowest diameters, respectively, as
shown by TEM images, the hydrodynamic diameter for ZnMnFe re-
vealed the lowest value, followed by ZnMn, with a difference of just a
few nanometers. This was the only variation in the size trend as de-
termined by TEM and DLS. Nevertheless, all the samples presented
hydrodynamic diameters lower than 100 nm, which means that they
were stable in water and do not aggregate in aqueous solution. This is a
very important requirement for the design of nanomaterials for medical
application, especially in the case of magnetic nanoparticles, as their
magnetic dipoles attract each other, inducing aggregation and pre-
cipitation. This result proved the convenience of the acid treatment to
avoid agglomeration of magnetic nanoparticles in water [31-33].
Table 3 summarizes the average sizes obtained from TEM, DLS along
with the average crystallite size values estimated from the XRD patterns
of the samples.

4.5. Ferromagnetic Curie temperature (Tc)

In order to measure the T¢, a permanent magnet was placed on top
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Table 2

Atomic percentage nominal (Nom) and experimental (Exp) values of the cations obtained from EDS.

ZnMnFe ZnMnFeNi ZnMnFeNiCo

ZnMn
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Fig. 4. DLS spectra of the colloidal nanoparticles showing their good stability in water.
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Table 3
Average size of the nanoparticles estimated from their TEM, DLS analysis and
average crystallite size calculated by XRD.

Sample Composition TEM (nm) XRD (nm) DLS (nm)
MnFe,04 MnFe,0, 23.7 21 59.9
ZnMn Zng sMng sFe,04 8.3 10.8 34.41
ZnMnFe Zngy 4Mng 4Fe; ;04 10 11 31.2
ZnMnFeNi Zng 3Mng 3Nig oFes 504 12.1 11.2 37.72
ZnMnFeNiCo  Zng,Mng 5Nig 2Cog 2Fes 204 9 14 38.37
120 T T T T T T T T 112
F110
1154
108
110 VA~ L1068
=
= 104
B 105
= 102
X 1004
e 100 L 100
MnFe O, -
95+ ——Firstrun
—— Second run-96
90 T T T T T T ¥ T Y T
0 100 200 300 400 500 600 700 800
Temperature (°C)
110 T T * & ¥ T & FT ' T & 1 % U 7 A 104
102
1054
100
100 98
= L 96
.% 054
= F94
= 90 92
ZnMan L g0
85 First run
—— Second run 88
80 — T I_* T & T ¥ T _°* A1 %+ T T 1 36
0 100 200 300 400 500 600 700 800
Temperature (°C)
T T T T T T ¥ T 96.5
100 1
99 1 +96.0
- 98
..53 F95.5
O 974
=
-4 L
X g6 95.0
ZnMnFeNiCo
95 — First run
— Second run 945
94

T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800

Temperature (°C)

Journal of Magnetism and Magnetic Materials 490 (2019) 165496

of the TGA to reduce the weight of the sample from 3 to 5%; when the
sample reached the T¢, a significative variation in the weight will be
observed as the magnetic contribution is no longer affecting the sample.
This increase in the weight of the sample is indicative of a transition
from a ferrimagnetic phase to a diamagnetic phase.

As different cations substituted the Mn?* ions in the crystalline
spinel structure, a change in T¢ is expected due to the distortion in the
lattice produced by elongation in one axis of the octahedral in order to
reduce repulsions known as the Jahn-Teller effect. Fig. 5 shows the TGA
curves for all the samples; the measurements were performed twice to
avoid the effects of adsorbed components at the surface. The T, of all
the samples can be clearly identified mostly in the second run, where

T T T T T T T T
100+ L oo
98 H
96 F 90
94
1 88
£ 924
D 50
@ 7 +86
i 88
b ]
86 +84
1 ZnMn
84 4 .
1 First run 82
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Fig. 5. TGA curves of all the samples showing a clear jump which indicates the Curie temperature.
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Fig. 6. XRD patterns of the samples after the heating process of the TGA JCPDS for FeO #01-074-1886, Hematite # 00-002-0915.
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Fig. 7. XRD patterns of sample MnFe,O, recorded after TGA analysis, in-
dicating that there was no change after the heating (AH) process.

Table 4
Rietveld analysis of the samples after the heating process.

Sample Composition % Ferrite % Hematite
MnFe,04 MnFe,04 100% 0%
ZnMnFe Zng 4Mng 4Fe; 504 72.10% 27.90%
ZnMnFeNi Znp 3Mng 3Nig oFes 204 84.20% 15.80%
ZnMnFeNiCo Zng 2Mng »Nig 2C0g 2Fes 204 83.90% 16.10%

the weight increment is more pronounced. The weight variation is re-
versible when cooling the samples. For most of the cases, the jumps (the
temperature of phase transition) during heating and cooling match each
other; except for sample ZnMnFe, where there is a slight variation be-
tween the values revealed during heating and cooling [34].

The sample MnFe,O, presented a T, of 265 °C, this value increased
for the ZnMn to 415 °C, and decreased to 314 °C for ZnMnFe. For the
next cation addition, the T. remained almost the same at 319 °C
(ZnMnFeNi) and for the last cation addition, the T, increased to 432 °C.
The T. also showed the previously observed trend where samples
ZnMnFe and ZnMnFeNi presented almost the same properties, this may
be due to the fact that experimental values of the atomic percentage of
the M?* ions are relatively in the same proportion in both samples, as
seen from Table 2. It should be noticed that adding cobalt ions resulted
in an increment of the T, value.

Because the color of the powders used for the thermogravimetric
analysis visibly changed after the measurements, new XRD patterns
were collected after their TGA analysis. Fig. 6 shows the XRD patterns
obtained for the samples after their use in TGA analysis.

There is a clear change in the XRD patterns of the samples before
and after the heating process in the TGA. A new crystalline phase ap-
pears after the thermal treatment. For the sample ZnMn, the newly
appeared diffraction peaks correspond to a rock salt crystal structure,
possibly wustite (FeO). For the other samples, the newly formed peaks
clearly correspond to a hematite phase (a-Fe,O3 with a space group R-
3C). Sample MnFe,0, does not present a big change in the XRD pattern
under the conditions the time and temperature conditions applied here,
as Fig. 7 show.

These results can explain why the T, values of all the samples appear
to be similar in the second run. The Mn?* cations substituted from the
spinel lattice created a metastable pure ferrite, as Fig. 1 shows. On
heating the sample, it suffers a phase transition to form iron oxide and a
non-stoichiometric ferrite. These phase transitions due to metastable
phases are a crucial factor to consider when designing a magnetic
material. In the case of these samples, heating is enough to produce a
phase structure transition before a magnetic transition (T,) when the
material is highly doped. Nevertheless, an undoped manganese ferrite
can stand heating up to 800 °C degrees with no changes in its structure.
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Fig. 8. Hysteresis curves of the different Mn?* substituted samples.
Table 5
Magnetic saturation values of the samples before heating at different temperatures and the loss in magnetization in compare to the 10 K value.
Sample Composition 10K (emu/g) 100K (emu/g) % loss 300K (emu/g) % loss
MnFe,04 MnFe;04 92 86 6.5 64 30.4
ZnMn Zng sMng sFe,04 77 69 10.3 43 44.1
ZnMnFe Zng 4Mng 4Fe; 504 90 86 4.4 66 26.6
ZnMnFeNi Zno sMng 3Nig oFes 204 90 85 5.5 62 31.1
ZnMnFeNiCo Zng 5Mng oNig 2C0g oFes 204 89 86 3.3 66 25.8

Unfortunately, it is very difficult to identify the non-stoichiometric
ferrite produced by the phase transition of the highly substituted fer-
rites, as all the ferrites have very similar XRD patterns. Moreover, Fe,
Ni, Co, and Zn have almost the same properties and energies, e.g., the
Ka values are 5.89, 6.39, 6.9 and 7.4 for manganese, iron, nickel, and
cobalt, respectively. These common characteristics between the M>*
ions, in addition to the small size (< 20 nm) of the nanoparticles make
really difficult to have a reliable elemental mapping of the samples.

Rietveld analysis of the new XRD patterns was performed to de-
termine the percentage of each of the phases formed. Table 4 shows the
results of this refinement.

4.6. Magnetic measurements

All the metal cations used to substitute Mn** are well-known to
produce magnetic ferrites [35,36], except the Zn?", which is a dia-
magnetic ion. However, the substitution of Mn?" from MnFe,O, lattice
by Zn?* has been performed regularly as it increases the biocompat-
ibility of the whole material. Likewise, it has been reported that the
incorporation of Zn** causes a small reduction of magnetic saturation
(M) of the ferrite [37].

The sample with the highest magnetization at 10K and 100 K was
MnFe,0,4 with values of 92 and 86 emu/g, respectively, at the men-
tioned temperatures. On the other hand, the sample ZnMnFe along with
the sample ZnMnFeNiCo had the highest M; value at 300K
(M, = 66 emu/g). In addition, as expected, the sample ZnMn had the

lowest M; value at all the measured temperatures due to the presence of
diamagnetic zinc ions. The hysteresis curves can be seen in Fig. 8.

Although MnFe,0, had the highest M; value at 10 and 100K, its M;
considerably decrease at 300 K with respect to the other samples. The
M; values decrease with respect to the temperature because the thermal
energy (Er = kgT) [38,39] produces vibration of the magnetic dipoles
of the nanoparticles, slightly dis-aligning the magnetic moment with
respect to the external magnetic field. Table 5 shows the M values of
the samples along with the percentage of the saturation loss due to
heating from 10K to 100 K.

The sample ZnMnNiCoFe had the lowest M, loss among all the
samples, while the sample ZnMn had the highest M; loss. This behavior
can be related to the coercivity of the samples. Coercivity is defined as
the amount of energy that is necessary to demagnetize the material,
thus high coercivity values mean that the spin is more confined or
blocked. Usually, Co shows a distinctive high coercivity value. As can
be seen, on incorporating Co®* ions, the coercivity increased drastically
from [] 200 Oe to 2000 Oe at 10 K. None of the other metal ions in-
corporated in the MnFe,O, lattice revealed such a significant increment
in coercivity. Also, as Zn>* ions do not actively contribute to the overall
magnetism, the sample ZnMn had the lowest coercivity values.

Furthermore, the Bohr magnetons (ug) reported for the individual
ferrites are 5 pg for MnFe,0,4, 4 pp for Fe304, 3 pp for CoFe 0y, and 2 pp
for NiFe,O4 [40] this variations are in agreement with behavior of the
magnetic saturation of the samples, being the MnFe,0,4 the sample with
the highest M and when Ni®>* are introduced the saturation decreased.
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Table 6

Summary of the size and magnetic properties of the samples.
Sample TEM M, 10K M; 300K Tg (K) Koy (kJm ™)

(nm) (emu/g) (emu/g)

MnFe;04 23.7 92 64 > 300 26
ZnMn 8.3 77 43 95 4
ZnMnFe 10 90 66 208 17
ZnMnFeNi 12.1 90 62 187 11
ZnMnFeNiCo 9 89 66 352 84

ZnFe,0, is not considered because it is mostly antiferromagnetic in
nature.

The effective anisotropy of the samples (K5 was calculated by
using the following formula derived from elsewhere [41]:

_ HMoMH, + 50ks T

& 2 v

where p1y is the permeability of free space (1.256 NA™?), M; is the

magnetic saturation and H, is the coercivity, both in units A/m, kg is the
Boltzmann constant (1.38 x 10722 JK™1), T is the temperature in K
and V is the average volume of the nanoparticles considering that all
the samples are spherical. The obtained K4 values were 26, 4, 17, 11
and 84 kJm 3 which also correlates with the coercivities on the inset in
Fig. 8.

From Fig. 8, all the samples except ZnMnFeNiCo appear to have a
superparamagnetic behavior at room temperature, meaning that they
do not possess considerable magnetic remanence (M,) or coercivity
(H.), however, ZFC-FC curves are needed to confirm this super-
paramagnetic state.

The relationship between the coercivity and Ey can also be seen in
the zero-field cooled graphs (Fig. 9). At the blocking temperature (Tp),
all the blocked spins become free. Below the Ty the spins of the sample
are almost completely blocked and cannot move freely, nor can rotate.
However, above the Tg, the contribution of the thermal energy is en-
ough to allow rotation of the spins of the sample [42].

The Tp can be determined as the temperature with the highest value
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of magnetization in the ZFC curve. The lowest Ty corresponds exactly to
the ZnMn sample, and the highest Ty corresponds to the ZnMnFeNiCo
sample, as expected. The exception, in this case, was the MnFe,O4
sample, which as stated before, had a low coercivity, and hence should
have a low Ty temperature. However, the ZFC curve of the sample
(Fig. 9a) did not reveal a clear T in the whole range measured tem-
perature. This behavior can be explained considering the Néel relaxa-
tion model [41].

T = 1yefB/Er

where 19 is the attempt time, a characteristic time of the sample usually
between 10 ~°-107'°s, and E is the energy barrier. This energy barrier
depends on the effective anisotropy and the average volume of the
nanoparticles (Eg = V*K5). As has been shown in Section 4.2, the
average particles size for all the samples are similar, with the exception
of MnFe,0,4, which had larger particle diameters. Due to this larger
particle diameters, the Ep for the MnFe,O, sample is larger in com-
parison with the Ep values of all the other smaller samples thus in-
creasing its Tp. Table 6 shows a summary of the size and the magnetic
properties of the samples.

5. Summary

The sample ZnMn had the lowest size, and M; at both temperatures
(10 and 300 K), the lowest K¢, which leads to the lowest T. The reason
behind this sample having the lowest values is due to the high con-
centration of the diamagnetic Zn ion, as Table 2 shows this sample had
the highest Zn concentration of them all. The small size of this sample
can be another factor influencing these properties, nevertheless, the rest
of the samples have similar sizes, but considerably higher values of M;.

Although the sample ZnMnNiCo showed an average diameter of
only 9 nm, it had the highest M; at 300 K, even being the sample with
the lowest Mn?>* concentration according to Table 2, which is the ions
that contribute more to the M,. This behavior can be explained due to
the introduction of Co, which is a highly anisotropic ion; the high an-
isotropy of Co ion increased the overall coercivity and anisotropy, thus
increasing the Tp. In addition, the high anisotropy of the Co and the
large Tp value, made possible to reduced the loss of the M; due to heat
effects, which is the reason this sample presented the highest room
temperature M.

According to Ref. [40], MnFe,0O,4 had the highest pg, this is clearly
seen at the 10 K M, value. Even Mn?®* ion had low coercivity and ani-
sotropy, the large size of this sample resulted in a high coercivity and a
high Tp. According to the EDS measurements, the chemical composition
of this sample is extremely close to the nominal values.

The samples ZnMnFe and ZnMnFeNi presented similar properties
between them, even at 10K they had the same M;. The similar prop-
erties between them can be the result of both having a similar com-
position of Mn and Zn and the main difference is in the quantity of Fe
(Table 2). Moreover, ZnMnFe sample should have a higher M; than
ZnMnFeNi as Fe had larger pp than Ni, still, ZnMnFeNi had a larger size
than ZnMnFe, and because of this, both samples have the same M; at
10 K. The Ty and the M; at 300 K slightly differs, however, this change
can be attributed mainly to the anisotropy of the sample, meaning that
the Fe is a more anisotropic ion than Ni.

6. Conclusion

In this work, the effects of the systematic substitution of M?* ions
(M = Zn, Fe, Ni, Co) in manganese ferrite (MnFe,0,4) nanoparticles was
presented. The manganese ion was easily substituted, as no other
crystalline phase was found at the X-rays diffraction patterns, sug-
gesting that the Mn>* ions were effectively replaced into the ferrite
structure. However, this substitution yields a meta-stable crystalline
phase, which can decompose into two different metal oxide crystalline
phases after thermal heating. After the ZnMn ferrite was heated, a FeO

10
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phase formed as indicated by XRD. Pure MnFe,O, does not appear to
present any relevant structural change after the heating process up to
800°C. It was also demonstrated that the changes in the magnetic
properties were commensurable with the nature of the transition metal
ion used for substitution of the Mn?* ion. The physical properties for
samples ZnMnFe and ZnMnFeNi were alike, suggesting that substitution
by Fe?" or Ni®" in small quantities produces no significative structural
or magnetic changes. Finally, for the structure of the ferrite, the mag-
netic properties such as the coercivity and the blocking temperature
(Tp) can be easily tailored by selecting appropriately the M>* ion used
for substitution. For a drastic reduction of the coercivity and blocking
temperature, Zn>* is an effective way to achieve that, with the
downside of decreasing the magnetic saturation (Mj). Substitution with
Fe?* and Ni** also reduces the coercivity and blocking temperature
without affecting considerably the magnetic saturation; in contrast,
even a tiny addition of Co®* produces the contrary effect by increasing
both the coercivity and blocking temperatures.
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