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ABSTRACT. Magnetic properties of spinel zinc ferrite are strongly linked to the
synthesis method and the processing route since they control the microstructure of the
resulting material. In this work, ZnFe204 nanoparticles were synthetized by
mechanochemical reaction of stoichiometric ZnO and o-Fe20s, and single phase
ZnFe204 was obtained after 150 h milling. The as-milled samples, with a high inversion
degree, were subjected to different thermal annealing up to 600 °C in order to control
the inversion degree and, consequently, the magnetic properties. The as-milled samples,
with a crystallite size of 11 nm and inversion degree ¢ =0.57, showed ferrimagnetic
behavior even above room temperature, as shown by Rietveld refinements of XRD
pattern and SQUID magnetometry. The successive thermal treatments at 300, 400, 500
and 600 °C made & decreases from 0.57 to 0.18 affecting the magnetic properties. A
magnetic phase diagram as a function of & can be inferred from the results: for 6 <0.25,
antiferromagnetism, ferrimagnetism and spin frustration were observed to coexist; for
0.25< 0 <0.5, the ferrimagnetic clusters coalesced and spin glass behavior vanished,
remaining only a pure ferrimagnetic phase with a maximum magnetization of

M, =3.54;. Finally, for 6 >0.5, a new antiferromagnetic order appeared due to the

overpopulation of non-magnetic Zn on octahedral sites that leads to an equally

distributed magnetic cations in octahedral and tetrahedral sites.



1. Introduction

Ferrites are a group of ceramic materials extensively used for the industry due to their
electrical and magnetic properties,’® which can be easily tuned depending on the
choice, amount and oxidation state of metal ions, specific features of cation arrangement
in the crystal lattice and the processing route used for the fabrication.*® Although the
generic term ferrites includes several groups of magnetic compounds consisting of iron
oxide combined with one or more other metals, the most common group is the spinel
ferrite. These spinel have the formula MFe204, where M is usually one or more divalent
or trivalent metals, but it can also represent other cations with different charges, as long
as positive charge are compensated for neutrality of the unit cell.® An ideal spinel
structure is composed by 32 oxygen anions packed in a face centered cubic (FCC)
structure. This oxygen FCC arrangement leaves 64 tetrahedral coordinated sites and 32
octahedral coordinated sites in the unit cell, but only one eighth of the tetrahedral (A)
and one half of the octahedral (B) sites are occupied with cations. As the distribution of
metal ions on the A and B sites is determined by a large number of energy terms
(Coulomb energy, Bohr repulsion energy, ordering energy, polarization energy of the
anion, individual preference of ions for occupying tetrahedral or octahedral sites as
result of their electronic configuration, etc), it is usually very difficult (or in fact
impossible) to predict which distribution could materialize. In normal spinel ferrites, the
A sites are filled by the divalent ions like Mg?*, Mn?*, Cd?* and Zn?*, leaving all the
Fe3* ions on the B sites.!® On the other hand, in inverse spinel ferrites, divalent metals
like Co?*, Fe?*, Cu®" and Ni?* are commonly occupying the B sites and Fe3* ions are
equally divided between A and B sites. These cation distributions represent extreme
cases. In general, the ionic distribution is mixed and it can be represented by [Ma-
sFes] [MsFe2-5]204, where § is the inversion parameter, which specifies the fraction of
Fe*3 ions in A-sites.!* Accordingly, § = 0 and 1 stand for the normal and inverse cases,

respectively.

Among spinel, zinc ferrites have been one of the most widely studied systems.
Traditionally, zinc ferrites have been mainly used as a synthetic inorganic pigment for
coloring plastics and rubber and for preparing high corrosion resistant organic coating
systems,'? and, in recent years, the attention is paid on different applications like gas
sensor,'® photo catalytic disinfection,'* or photo catalytic degradation of different

chemical species.'*” In addition, an interesting property of this material is the
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possibility to tune their magnetic behavior by varying the particle and/or crystallite size.
In this sense, the change from paramagnetic to superparamagnetic or ferrimagnetic
behavior at room temperature for nanosized zinc ferrite has been associated to the
partial exchange at the spinel lattice between Fe®* ions in the octahedral sites and Zn?*
ions in the tetrahedral sites.’®2° This mixed cation distribution is favored in nanosized
zinc ferrite, but comparing magnetic properties of nanoparticles prepared by different
synthesis methods, as co-precipitation,?! sol-gel,??> hydrothermal route,® combustion,?*
forced hydrolysis in a polyol medium,? mechanochemical synthesis,?®?° among others,
it can be concluded that they depend not only on the particle size but also on the
synthesis method. Whereas ZnFe20s in bulk shows antiferromagnetic (AFM) to
paramagnetic (PM) transition at Tn ~ 9 K, particles prepared by nonequilibrium
processing present a transition to ferromagnetic (FiM) or ferromagnetic (FM) ordering
at significantly higher temperatures: around 30 K for the coprecipitation®® and the sol—
gel methods®, above 77 K for the ball-milled nanoparticles,®?, or near room temperature
in thin film prepared by a sputtering method.*

It has been reported elsewhere that materials synthetized by high-energy milling present
a significant amount of structural and microstructural defects®*® and thus, in
combination with thermal treatments, a huge assortment of microstructures exhibiting
new and unusual properties can be produced. The advantage of this technology is that
the powder can be produced in large quantities and the processing and annealing
parameters can be carefully controlled to produce the desired inversion degree and to
reduce strains and structural defects introduced by milling. For this goal, it is crucial to
determine changes on microstructural parameters like the lattice constant, inversion
degree, crystallite size and lattice strains (or microstrain) as well as to establish their

correlation with the magnetic properties.

This work is aimed to understand the relation between microstructure and magnetic
properties of nanosized zinc ferrites and to explore the capability of tailoring their
magnetic properties through the processing route. Zinc ferrite has been synthesized by
high-energy ball milling starting from ZnO and «-Fe203 and the phase evolution is
investigated as a function of milling time. Pure ZnFe204 with high inversion degree
(6~0.6) is obtained after 150 h milling, and afterwards, the inversion degree is modified

by thermal treatments at different temperatures to finally obtain a very low inversion



degree (6~0.15). The analysis of structure and the magnetic properties of the annealed
samples allow to determine a magnetic phase diagram as a function of the inversion

degree o.
2. Experimental procedure

Stoichiometric ZnFe20O4 nanoparticles were synthetized by mechanochemical reaction in
air a powder mixture of ZnO and a-Fe203 (both 99% purity) supplied by Alpha Aesar in
a 1:1 molar ratio. A total amount of 10 g of the oxides together with stainless steel balls
of 10 mm were introduced into a stainless steel jar of 125 cm? in ball-to-powder weight
ratio of 10:1. The milling process was carried out up at room temperature in a planetary
ball mill Retsch PM4 working at an average rotation speed of 275 rpm. The milling
process was interrupted at selected time from 5 up to 150 h and a small amount of
powder was removed to determine the optimal milling time from X-ray diffraction
(XRD) measurements and to follow the evolution of their particle size and morphology
with a Hitachi S-4800 FEG-SEM microscope. Finally, the powder milled for 150 h,
where a single phase was identified, was annealed for 1 h at temperatures ranging from
300 to 600 °C to eliminate strains and structural defects introduced by milling in
addition to modify the inversion degree which have a strong contribution on the

magnetic properties.

Microstructural evolution as a function of the milling time and annealing treatments was
characterized by X-ray diffraction (XRD). XRD measurements were conducted with a
Co radiation in a Bruker AXS D8 diffractometer equipped with a Goebel mirror and a
LynxEye detector. XRD spectra were collected over a range from 10 to 120° in Bragg-
Brentano geometry with a step width of 0.01°. We have used the version 4.2 of Rietveld
analysis program TOPAS (Bruker AXS) to model the full pattern with the
crystallographic information of ZnO, a-Fe203 and ZnFe20s obtained from Pearson's
Crystal Structure databases.®® The quantitative results showed typical standard deviation
of about 1%. Beside global parameters like background, zero displacement, scale factors
and peak breadth, the refinement protocol also included structure parameters for the
zinc ferrite. Isotropic temperature factors (Biso) used in Rietveld refinements were fixed
to the values reported by O’Neill.” As the unit-cell parameters a and oxygen fractional
coordinates (x, y, z) define the resulting tetrahedral (T-O) and octahedral (M-O) bond
lengths, and the cation distribution determines the site-scattering in terms of equivalent
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electrons (i.e., mean atomic number), structure parameters optimized during the
Rietveld refinement where a, x=y=z and the degree of inversion & (constraining the
octahedral and tetrahedral sites to keep the sum of the same cations in the two sites to its
stoichiometric value). Uncertainties in these three parameters were determined from the

standard deviation obtained from the least-squares refinements.

Although the determination of crystallite size and lattice strain simultaneously from line
broadening is not trivial, Balzar et al*® have shown that modeling line profiles with
multiple Voigt functions can work reasonably well for line-broadening analysis. Thus,
the double Voigt approach was used in this work for the size—strain separation. For this
analysis, the instrumental contribution to peak broadening was removed with the
breadth and shape parameters derived from the diffraction patter of a corundum sample.
However, the limited reliability of these results can be inferred form the large standard

deviation for domain size and strain parameters (ranging from 10 to 20%).

Contamination from the milling medium in powders processed by ball milling has been
reported elsewhere.®* To investigate the contamination with Fe, Ni and Cr by the
friction of the particles with milling balls and jar walls, the chemical composition of
milled powders was determined with a FISCHERSCOPE X-RAY XUV energy
dispersive X-ray fluorescence spectrometer (EDXRF). The transmitted electron
microcopy technique has been used to determine the particle size of the as-milled
particles. The images used for this task were obtained using a JEOL 3000F. In order to
avoid measurements error during image analysis, the recognition and delimitation of
primary particles in agglomerates was performed manually considering that they are

both small and have a smooth surface.

Magnetic characterization of the samples as a function of applied field and temperature
has been carried out using a standard superconducting quantum interference device
(SQUID) MPMS (from Quantum Design) magnetometer with the maximum applied
field of 5 T. In addition, Physical Property Measurement System (PPMS®) Quantum
Design Vibrant sample magnetometer (VSM) was also used. Hysteresis cyclesupto 5 T
have been measured at 5, 100 and 300 K. Zero field cooled (ZFC) and field cooled (FC)
measurements were made at applied field of 50 Oe between 5 and 300 K.



For the investigation of spin-glass like behavior, aging and memory experiments were
performed under FC protocols in the samples annealed at 600 and 500 °C. The memory
effect is an experimental signature of spin glass systems.>**? In the FC memory
protocol, the sample was cooled in a magnetic field of 50 Oe with intermittent stops at
100, 75, 50, 35 and 20 K. At each stop, the field was switched off for 10* s, and then

returned to 50 Oe before resuming cooling.
3 Results
3.1 Microstructural characterization

XRD is a particularly useful tool for monitoring the chemical and structural
transformations induced in the precursor’s mixture by milling since it is a rapid and
non-destructive technique, and it requires minimal sample preparation. XRD patterns of
the samples obtained at different milling time are shown in Fig. 1A to illustrate the
mechanically induced evolution of the Fe203/ZnO mixture submitted to the high-energy
ball-milling process. After 5 h milling, it is observed only a decrease of the peak height
and a noticeable broadening of all reflections corresponding to ZnO (JCPDS 36-1451)
and hematite (JCPDS 33-0664), that is associated to a decrease of the crystallite size
and an accumulation of microstrain during milling. After 20 h of milling, broad peaks of
a new phase are observed (JCPDS 22-1012) corresponding to the ZnFe2Q4. Further
milling leads to a progressive formation of zinc ferrite manifested by the gradual
increase in the intensity of the diffraction peaks of this phase and the progressive
decrease of the reflections corresponding to a-Fe203 and ZnO. After 110 h of milling,
the main phase is zinc ferrite and those corresponding to ZnO have completely
disappeared, whereas some reflections of hematite are still present; additionally, ~1% of
a-Fe coming probably from the jar appears. Finally, after 150 h of milling only the
reflections of nanocrystalline ZnFe204 are observed and the material can be considered

as pure zinc ferrite plus the jar contamination of 1% o-Fe.

The amount of the different phases presents during the ball milling and the most
important microstructural parameter of zinc ferrite are determined using Rietveld
refinement. The obtained results are summarized in Fig. 1B, Table 1 and Fig S1
(supporting information). This table shows that the crystallite size for zinc ferrite

remains essentially constant for all samples, and only lattice parameter changes with
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increasing milling time up to 150 h. On the other hand, the inversion degree of the zinc
ferrite defined as the fraction of A-sites occupied by Fe**, reaches a value close to 0.6 in
all samples (see Table 1), suggesting the mechanosynthesized zinc ferrites present a
random distribution of both Fe®" cations between A and B sites as soon as the ferrite
phase is formed.
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Figure 1: (A) XRD patterns of the Fe,03/ZnO mixture after high-energy ball-milling for (a) 5 h,
(b) 20 h, (c) 50 h (d) 110 h and (e) 150 h. Red, green and blue bars peaks, correspond to
hematite, zincite and ferrite phase peaks, respectivily. The red line is the experimental data,
black line is the fit, and blue line is the difference. (B) Phase evolution with milling time.

Table 1. Composition, structural and microstructural parameters obtained after Rietveld
refinement of the XRD patterns. The milling time in hours, the amount of the ferrite phase as a
function of milling time, the crystallite size with milling time, the inversion degree, the lattice
parameters, the u-deformation and the coordinates (X, y, z) of oxygen atoms, are given in the
table. The numbers in parenthesis represent the standard deviations.

Milling | Ferrite | Crystal. | Inversion Lattice ] .
] i p-deformation | O-Position
time Phase size parameter | parameter
¢ ® (x=y=2)
(h) (%) (nm) (®) (A)
10 5.4(5) 8.4(8) 0.57(1) 8.4409(5) 0.00010(2) 0.254(2)
20 58.5(6) 8.5(8) 0.60(1) 8.4426(5) 0.0007(1) 0.249(2)
50 84.5(8) 10 (1) 0.57(1) 8.4435(5) 0.0016(2) 0.244(2)
70 84.4(8) 10(1) 0.56(1) 8.4421(5) 0.0020(2) 0.244(2)
110 96.8(9) 11(1) 0.58(1) 8.4363(5) 0.0015(2) 0.244(2)
150 100 11(1) 0.57(1) 8.4323(5) 0.0015(2) 0.245(2)

After 150 h, milled powders consisted of cabbage-like particulate clusters as shown in
Fig 2A. At higher magnifications, these agglomerates exhibit small and smooth
spherical features with high crystallinity degree that corresponds to of primary ZnFe204
nano-particles, as observed in Fig 2B. In order to avoid measurements error during
image analysis, the recognition and delimitation of primary particles in agglomerates
was performed manually. The size distribution of these particles was obtained by the
histograms presented in inset of Fig 2A, in which sizes are plotted on the x-axis,
incremental sizes are represented by the width of bars in the histogram, while the
calculated relative frequencies are shown in the vertical column (y-axis). Statistical
quantitative analysis performed directly from the data represented in this graphic
yielded an average particle size of 11.5 nm and a standard deviation of 2.0 nm. This low
value of the polydispersity suggests that the mechanical alloying can produce rather
homogenous ferrite nanoparticles highly aggregated. More TEM images are presented
in Fig. S2 from supporting information.



Figure 2: TEM micrographs of (A) powders milled for 150 h and (B) the HRTEM image of a

single particle (A). The inset in (A) shows the particle size distribution with an average diameter

11.5 nm and discrete standard deviation ¢ = 2.0.

Contamination by Fe, Cr and Ni is often reported when the vials and balls used for ball
milling are made from stainless steel. EDXRF analyses presented in Table 2 confirm a
progressive contamination with these elements during the synthesis of ZnFe20a4. The Cr
and Ni contamination, after 150 h of milling are 2.3% and 1.1 %, respectively. Since no
other new phase was observed in the XRD patterns shown in Fig. 1, the reaction of
these elements with the zinc ferrite is assumed to be due to their incorporation in solid
solution in the ferrite structure during the mechano-synthesis. In addition, a-Fe was
observed from XRD pattern after 50 hs of milling, increasing up to 1% at 150 h milling.
This contamination is coming also from the jar.

Since disordered zinc ferrite is metastable with respect to structural changes under heat
treatments, zinc ferrite synthetized by 150 h milling was annealed for 1 h at
temperatures up to 600 °C. XRD patterns in Fig. 3 show that the shape and positions of
the diffractions peaks remain unaltered up to 300 °C. A gradual narrowing of diffraction
lines and redistribution of their intensities are observed for higher annealing
temperatures, which can be associated to the grain growth, lattice strain relief and the
vanishing of the mechanically induced inversion. The most important microstructural
parameter determined from the XRD patterns using Rietveld refinement are summarized
in Table 3. Table S1 in Supporting Information shows the atomic positions, distances

and angles for low and high inversion degree.
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Table 2. Chemical composition (%mass) of milled powder determined by means of XRF. The
standard deviations are in parenthesis.

. ) Elements
Milling Time (h) i
Fe Zn Cr Ni
5 61.7(2) | 38.0(2) | 0.14(2) | 0.10(1)
20 61.3(2) | 38.0(2) | 0.26(3) | 0.15(1)
150 62.2(2) | 34.5(2) | 2.3(2) | 1.1(1)
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Figure 3: XRD patterns of ZnFe;O4 at different annealing temperatures and as-milled. A)
600°C, D) 500C° C) 400 °C D) As milled. The red line is the experimental data, black line is the
fit, and blue line is the difference.

Table 3. Structural parameters and magnetic measurements as a function of annealing
temperatures (Ta) of Zn150 sample. The saturation magnetization Ms, coercive field H,
glassing temperature Tg, inversion degree J, cell parameter a, crystallite size d and o-Fe and/or
o-Fe,O3 contamination. The standard deviations are in parenthesis.

T M;s (emu/q) Hc (Oe) Ty (K) ) Lattice | Cryst. | a-Fe/
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(°C) paramete | size | a-Fe;Os
5K | 300K | 5K | 300K
r() (nm) | (%)

RT | 727 | 36.4 | 37502 >300 | 0.57(1) | 8.4323(5) | 11(1) 1.3

300 | 792 | 337 |360(2) 280 | 0.53(1) | 8.4299(5) | 11(1) | 13

400 | 40.9 | 14.4 |564(1) 135 | 0.30(1) | 8.4298(5) | 12(1) | 1.0

500 | 25.7 | 4.4 | 720(1) 70 | 0.22(1) | 8.4337(5) | 13(1) | 1.0

ol O o] o] ©

600 | 20.0 | 1.8 |820(3) 52 | 0.18(1) | 8.4351(5) | 16(2) | 1.2

3.2 Magnetic characterization
3.2.1 As milled-samples

The evolution of the magnetic properties with the ball milling was followed by VSM
measurements at room temperature over the field range of +50 kOe to -50 kOe. The M-
H loops of milled samples show the typical features of FM-like behavior with negligible
values of coercive field (Hc) and remanent magnetization (Mr) at zero fields, as shown
in Fig 4. The shape of the M(H) curves is about the same for all the samples with a
gradual increase of the saturation magnetization (Ms) with the milling time as zinc

ferrite phase increases.
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Figure 4: Hysteresis loops of milled samples from 5 to 150 hours of milling. The magnetization
is per gram of sample. All measurements are a 300 K.

Although the overall increase in magnetization with milling time may be attributed to a
higher amount of spinel zinc ferrite with a random distribution of Zn*? and Fe*2 cations,
the presence of a-Fe20s3 in the intermediate stages of transformation process introduces

additional complexity in the interpretation because this phase is weakly ferromagnetic at
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room temperature. After 5 h milling, no evidence of zinc ferrite is observed by XRD;
therefore, the magnetization is given only by hematite with ~66% of the total mass (see
Fig. 1B) and saturation magnetization can be calculated as Ms~0.4 emu/g. After 10 h
milling, the ZnFe204 becomes to synthesize and saturation magnetization can be
calculated by considering the mass percent of the ferrite since contribution from
hematite can be discarded due to the almost neglecting saturation magnetization.*® The
saturation magnetization of zinc ferrite, Ms [ZnFe204], can be calculated by dividing the
experimental magnetic results by the zinc ferrite mass obtained from XRD. Figure 5
shows the evolution of the Ms [ZnFe204] as a function of milling time (contribution

from hematite is almost neglecting).
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Figure 5: M of spinel phase as function of the milling time. The magnetization is per gram of

ZnFe,0,4 obtained from the Rietveld fits (see Table 1).
3.2.2 Annealed samples

The magnetic properties of zinc ferrite are related to many factors, such as particle
shape and size, structure, etc., which are influenced by the synthesis method and the
processing route. The as milled single phase sample has a large inversion degree 5~0.6,
therefore, successive annealing at 300, 400, 500 and 600 °C during 1 h allows
investigating the relation between microstructure and magnetic properties of the zinc
ferrite. As can be seen from Table 3, the crystallite size varies from 11 to 16 nm with
thermal treatment. Therefore, it can be assumed that the variation of the crystallite size

due to annealing play a minor role in the magnetic properties.
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As shown in Fig 6, the hysteresis loops show the coexistence of two contributions: one
given by a linear dependence of the magnetization due to the presence of a
paramagnetic phase, and the other one with FM-like behavior. The former is the
responsible of the lack of saturation at high field, and the second one is observable at
low field region (see Fig. 6D).2 FM-like behavior denotes here any ferro-, ferri- or/and
superparamagnetic contribution that saturates at high fields. In order to know the
saturation magnetization of the FM-like contribution, the paramagnetic one can be

subtracted in the following way:

The susceptibility y is the sum of all magnetic contributions, paramagnetic (PM),
diamagnetic (DM), AFM and FM-like and can be described as follow:

X =Xpm T Xom T Xarm + Xrm

On the other hand, at high fields (HF), only the paramagnetic, diamagnetic and AFM
orderings vary with field since the others are saturated.** Therefore, the FM-like
contributions can be discarded at HF, and high field susceptibility, yHr, can be described

as.:

Xur = Xom T Xem T Xarm
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Figure 6: M(H) curves of Zn150 at 5 K (left panel) and 300 K (right panel) at different
annealing temperatures: (A) as-milled sample, (B) 400 °C; (C) 500 °C and (D) 600 °C.
Consequently, the ferri-, ferro- and/or superparamagnetic contributions can be evaluated
by calculating y+r and subtracting it to the whole magnetization curve. In this way, the
saturation magnetization Ms of the FM-like contribution can be calculated for all the

samples (see Table 3).
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In contrast to the PM behavior of bulk sample, the as milled sample shows a FM-like
behavior even at room temperature, as shown in Fig. 6. As annealing temperature
increases, the magnetization curves show a monotonously decreasing saturation
magnetization plus an increasing PM contribution. At room temperature, Ms decreases
from 40 emu/g in as-milled powder to 1.8 emu/g after annealing at 600 °C. On the other
hand, at low temperature, there appears a hysteresis loops completely saturated with Ms
=72 emu/g (see Fig. 6A and table 3) for as-milled samples, whereas at 400 °C annealing
a small AFM contribution shows up at high field and it increases with annealing

temperature.

The smallest Hc value at 5 K (see Table 3 and Fig. 7) corresponds to the as-milled
samples with almost saturated magnetization at room temperature (can be seen from
Fig. 6A (right panel)). However, as 6 decreases (annealing temperature increases), the
PM contribution appearing at room temperature (Fig. 6B, right panel) is accompanied
by an increase of Hc at 5 K (Fig. 7). This PM contribution is a consequence of the
ordering of Zn and Fe atoms in the normal spinel which gives an AFM ordering bellow
Neel temperature. This paramagnetic (or AFM) contribution at room temperature (or at

5 K) increases as o decreases and it is accompanied by an increase of Hc.

As can be seen from Fig. 7, Hc and Mr/Ms decrease with increasing inversion degree.
For 6<0.3, the Mr/Ms values indicate that the particles are random distributed and they
are affected by dipolar interactions; whereas Hc decreases with the increase of FiM
fraction. For high inversion degree, 6>0.5, the FiM fraction is the highest and the
Mr/Ms the smallest one, suggesting that the demagnetizing factor can contribute in a

considerable way for this range of inversion degree.
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Figure 7: Details of the hysteresis loops at 5 K as a function of inversion degree (A). The

coercive field Hc (B) and the remanence Mr/Ms (C) at 5 K as a function of inversion degree 6.

Since a rather moderate increase of the crystallite size was determined from XRD line
broadening analysis (from ~11 nm in as milled material to ~16 nm after annealing at
600°C) and the critical size corresponding to the transition from multidomain to single-
domain regions for ZnFe204 has been reported to be ranging from 15 to 18 nm,* the Hc
increase cannot be assigned to the particle size increase but rather to the inversion
parameter decrease, which is the most important parameter determining the transition

from FM-like to PM behavior in nano-sized ZnFe204 particles.

To further clarify the nature of magnetic behavior, the temperature dependence of the
magnetization under ZFC-FC procedure was measured. As shown in Fig. 8, there is a
clear difference between the thermal dependence of ZFC-FC curves with the annealing

temperature. The ZFC curves present maximum at different temperatures that depend on
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annealing temperature. Since the particles are of nanometric size, this maximum could
correspond to a blocking temperature (Ts) in the case of SPM behavior or a glass
temperature (Tg) in the case of spin glass behavior. As can be seen, this maximum
decreases as annealing temperature increases, i.e., as grain size slightly increases. This
behavior is opposite to a blocked superparamagnetic state whose Ts increases with
grain size, consequently, this maximum corresponds to a glassy magnetic state, which
has been reported by other authors for long time milled samples.*® Ty is determined by
the thermal energy required to overcome the superexchange interactions and represents
the average temperature at which the magnetic moments of the nanoparticles are
blocked during the measurement time. Figure 8 shows broad distribution of Ty with a
clear dependence on the annealing temperature, decreasing progressively from 300 K in
the as-milled powder to 52 K after annealing at 600 °C. The decrease of Ty is correlated
to the decrease of inversion degree: as the inversion degree decreases, more Zn%*
occupies tetrahedral A sites and Fe®* interacts antiferromagnetically, modifying the spin

glass behavior.

From an experimental point of view, spin glasses show very peculiar and interesting
nonequilibrium behaviors. One of these is the observation of memory effects: a spin
glass is able to “remember” certain features of its past history in a rather remarkable
way. Consequently, the memory effect is an experimental signature of spin glass

systems.*’
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Figure 8: ZFC-FC curves of Zn150: (A) as-milled samples and annealed at (B) 400 °C, (C) 500
°C, and (D) 600 °C. Vertical lines indicate the T4: (A) Tg > 300 K, (B) Tg =134 K, (C) T4 =70
Kand (D) Tq =52 K.

Aging and memory experiments were performed under FC protocols. In the FC memory
protocol, the samples annealed at 500 and 600°C were cooled down under H = 50 Oe
with intermittent stops at 100, 75, 50, 35 and 20 K. At each stop, the field was switched
off for 10* s, then returned to 50 Oe before cooling resumed. After this step-cooling
procedure, the field was on and the magnetization was measured while increasing the
temperature continuously at a fixed speed. In the case of sample annealed at 600 °C, the
resulting magnetization curve shows memory effects characterized by an inflection at
those temperatures at which the sample has been aged, as shown in Fig. 9. This memory
of each step that occurred during the cooling demonstrate that a spin glass order has

been established on the material during each stage of aging.*® In the case of sample
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annealed at 500 °C, no steps were observed, suggesting that the spin glass of this sample

is almost neglecting.

T(K)

Figure 9: FC memory effect characterization by an inflection in the heating curve (Mmem) at the
temperatures at which the sample has been aged (Ms— intermittent stop cooling magnetization).

Sample annealed at 600 °C.
4. Discussion

In ferrites, the magnetic interactions are strongly dependent on the type and distribution
of metal cations in the crystal lattice. The cation distribution in the tetrahedral and
octahedral sites in partially inverse spinel ferrites can be deduced on the basis of both
Rietveld refinement of XRD data and the intensity ratio in the Mdssbauer spectra of the
sextets due to Fe®" cations in the tetrahedral and octahedral sites. Taking into account
that combined XRD and Mdssbauer spectral studies partially inverse spinel ferrites have
concluded that the cation distribution obtained from the X-ray intensity data matches
very well with the cation distribution estimated from Mossbauer data,**°? and that the
diffraction profile analysis with the Rietveld method allows simultaneously getting the
relevant information of the material microstructure, it was selected the use of X ray

diffraction for characterizing the microstructural evolution during annealing.

A determining factor of the magnetic properties of mechanical-activated zinc ferrite is
the lattice parameter. The FiM behavior of disordered zinc ferrite starts to be visible
after 10 h of milling, with a high inversion degree as soon as the ferrite phase forms.
Further milling leads to a progressive increase of the mass fraction of zinc ferrite
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manifested by the gradual increase of both, the intensity of diffraction peak of this phase
and the relative weight of the FiM component in the M—H loops. Rietveld refinements
of the XRD patterns show that while inversion degree and crystallite size of the
mechanosynthesized zinc ferrite are almost independent on the milling time, the lattice
parameter and M;s for the spinel phase change continuously up to 150 h milling (see Fig.
S1).

As shown in Fig. 5, Ms per gram of ZnFe204 at room temperature increases from 26 up
to 40 emu/g. This increase cannot be assigned to sample contamination during milling
since Ni and Cr are the majority contaminations, with almost 1.1% of Ni and 2.3% Cr
after 150 h milling (see table 2). Considering a contribution from metallic Ni (less
probable due to size) with Ms = 55 emu/g at room temperature,>® the magnetic
contribution to the hysteresis loops is around 0.5 emu/g, and cannot justify the 33%
increase of Ms from 20 to 150 h milling time. Besides, the amount of impurities cannot
explain the variation of the lattice parameter. On the other hand, the contamination with
1% of o-Fe cannot account for this difference since considering the saturation
magnetization at room temperature of this impurity, Ms = 217 emu/g, it therefore
contributes with only 2.2 emu/g to the whole magnetization, it means that only 3% of

the total magnetization of ZnFe204 could be originated by the a-Fe jar contamination.

The evolution of these lattice parameter and Ms with milling time can be assigned to the
relative abundance of hematite and ZnO with increasing milling time. As shown in Fig.
1B, the content of ZnO was reduced more rapidly than that of hematite with increasing
milling time, and after 50 h milling all the ZnO reflections disappeared completely
while the amount of unreacted hematite is about 15.5%. Some authors have explained
this phenomenon considering that, beside the reaction ZnO + Fe203 — ZnFe204,
amorphization of some amount of ZnO takes place during grinding.?® > However, a
fixed composition of the spinel at Zn/Fe = 0.5 could not explain that up to 50 h milling
the lattice parameter of this phase increases continuously from 8.4409 to 8.4435 A (see
Fig. S1 from SlI). Considering previously reported results for this material prepared
through different synthesis methods, it can be concluded that a non-equilibrium
processing may result in the occupancy of the octahedral sites by large amount of Zn*2
favoring the formation of Zn-rich ferrite spinel.?12% 2% 27. 23,55 Makovec et al. have

reported that for a single phase spinel structure the lattice parameter increases linearly
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with increasing the Zn/Fe ratio up to a value of Zn/Fe=0.8.2* Thus, the changes in the
lattice parameter of the zinc ferrite suggest that the composition of the spinel changes
during the milling process getting a ratio different to 1:1 from the Rietveld refinements
of the mass fraction of ZnO and a-Fe20s. A Zn-rich spinel also explains the low Ms per
mass of zinc ferrite for times shorter than 50 h (Fig. 5) since the magnetization also
reflects the Zn*? and Fe*® ratio cations between tetrahedral and octahedral sublattice.
When the Zn/Fe ratio is higher than 0.5, the Zn*? in excess incorporates in both,
tetrahedral and octahedral sites. Under this condition, the resulting magnetic moment is
smaller than that corresponding to the stoichiometric phase. After 150 h milling, all
reflections of starting precursors completely disappear and then zinc ferrite reaches its

stoichiometric composition (Zn/Fe = 0.5)

XRD measurements revealed that increasing milling time results in the progressive
formation of a phase with a spinel structure characterized by broad diffraction lines. The
crystallite size in the ball-milled ZnFe2Os4 powders was estimated to be almost
independent on the milling time, reaching a value of about ~11 nm in good agreement
with that observed from the HRTEM images (see Table 1 and Fig. 2). Zinc ferrite
prepared by the conventional ceramic method adopts the normal spinel structure, but
cationic disordering can be induced mechanically. It has been previously reported that
zinc ferrite can be synthetized by ball-milling with a partial or almost pure inverse
spinel structure or samples in which both normal and inverse spinel structures can
coexist. However, our Rietveld refinements of the XRD patterns of the high-energy
ball-milled Fe203/ZnO mixtures show that the zinc ferrite presents always an almost
complete randomization of both Zn*? and Fe*® cations into tetrahedral and octahedral
sites of the spinel. This random cationic distribution determines the presence of Fe3*
ions in both tetrahedral and octahedral sublattices, resulting in a magnetic interaction
between cations at both sites (AB interactions).

The interaction between cations in A and B sites is a superexchange interaction that
depends on distances and angles between magnetic cations.® The basic characteristic of
spinel, and that justifies the FiM ordering of spins, is that the exchange integrals Jaa,
Jas and Jss are negative, that is, the exchanges are AFM. For ferrites with magnetic
cations at A and B sites, the interaction AB is the strongest, and the magnetic spins at A

sites order antiparallel to those in B sites; consequently, the A sites order parallel to
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each other and the same for the B sites, giving place to FiM order. In the case of normal
ZnFe204 (inverse parameter 6=0), the non-magnetic Zn occupies the site A and, then,
Fe3* cations in B sites order antiferromagnetically, as it is known. If 3Fe®" cations
migrate to A sites (0<6<2/3), there appears an exchange interaction between A and B
sites which is stronger than AA and BB interactions. Does it necessarily affect the
interaction of the rest of non-magnetic A sites surrounded by Fe3* cations?

Figure 10A shows Ms at 5 K as a function of inversion degree & calculated from the
hysteresis curves at high fields, after subtraction of AFM or PM contributions. As can

be seen, Ms increases with inversion degree, as expected, but it goes down for 6 > 0.5.
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Figure 10: (A) Saturation magnetization per Bohr magneton as a function of inversion degree 6
(black circles) and saturation calculated as M, =354 (open triangles). (B) Saturation

magnetization per ferromagnetic unit (f.u.) at A sites. The regions (1), (2) and (3) indicate
FIM+AFM+SG, FiM and FiM+AFM phases, respectively.
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The main issue is to know the magnetic arrangement in the cell when Fe3* sits at A
sites. Let us consider that a Fe** at A site contribute with 5 ps; therefore, Ms has to be
proportional to § which counts for the ratio of Fe®* in A sites. As can be seen in Fig.
10A, Ms varies linearly with & for low inversion degree but the slope increases as soon
as 5>0.25. By calculating how many Bohr magnetons per Fe** atoms (ferromagnetic
units, f.u.) placed in A site there are, it is observed 5 ps/f.u. for low & but it increases for
higher inversion degree (Fig. 10B). A priori, it is not possible to have higher

contribution than that coming from Fe®" at A sites.

To try to understand where this extra contribution is coming from, it is necessary to
understand the atomic arrangement and their contributions. In the spinel structure, the
cations in A sites are surrounding by four O% which, in turn, are bonding to B cations
(see scheme 1). To figure out this spatial arrangement, a 2D network square with a
similar configuration of the spinel ferrite is shown in Scheme 2. This network only
shows the spatial distribution of cations without the oxygen atoms and represents half of
the crystallographic structure. Scheme 2A illustrates the normal spinel with Zn?* at the
center of the tetrahedral A sites (blue circles) and Fe3* at the center of octahedral B sites

(black arrows). The dotted arrows represent the Jaa, Jss and Jas exchange interactions.

Scheme 1: Representation of the tetrahedral and octahedral sites in spinel structure with the
ideal subtended angle. In this scheme, the blue circle represents the non-magnetic Zn®* atom and
the red ones the magnetic Fe®* atom, respectively. The O® anions are the corner. The Jgg and

Jas the exchange integrals of sites BB and AB, respectively.
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Let us assume that one of the four Fe** in B sites migrates to the A site (Scheme 2(B)).
The remaining three Fe3* of the B sites (the fourth neighbor is a non-magnetic Zn) form
a triangular ordering with AFM interactions giving place to geometrical magnetic
frustration since the simple 'up-down' spin alignments cannot be satisfied with all anti-
parallel magnetic bonds.*” The other remaining A sites are occupied by non-magnetic

Zn and their surrounding B sites could order AFM. Consequently, this configuration

gives 54, per A site occupied by Fe3* cations and Oy, for the rest. At low inversion

degree, the saturation magnetization is proportional to the numbers of Fe3* exchanged

from B to A sites: M, =554,

As site exchange increases, there appear squares with non-magnetic atoms in A sites
which surrounding is polarized by the next A neighbors with magnetic cations and make
spin glass behavior goes missing, thus improving the net magnetic moment of the unit

cell (see Scheme 2C). In this case it appears two non-compensated AFM sublattice that

gives place to FiM interactions. As a result, the net magnetization is higher than 5z,

per Fe** at A sites because these sites are occupied by non-magnetic Zn.

Finally, if 5 > 0.5, i.e., there are sites with two magnetic and two non-magnetic corners
and, then, it appears compensated AFM interactions between A and B sites resulting in

m,; =045 . Consequently, the total magnetization decreases because the coexistence of

AFM and FiM ordering.

The maximum inversion degree cannot exceed 2/3 since entropy reaches a maximum at
this value; & >2/3would imply a new order and entropy should decrease, which is
forbidden. An hypothetical case of 6=1, (Fe)[ZnFe]O4, would produce a system with

AFM interactions but now given by superexchange interactions between Fe3* at A sites

with Fe®" in B sites, i.e., Jas exchange.

25



(A) | (B) (C)

oiscoetioesngstioRelio

olstcEsticEsichetioEeinRe!

Scheme 2: Scheme of a square network of non-magnetic atoms (blue circles) and magnetic
atoms (arrows) that represents half of the crystallographic cell. For the sake of clarity, the
anionic network has been eliminated and only the cations are represented. (A) Normal ferrite
with the Zn and Fe** atoms at A and B sites, respectively, with AFM interactions. (B) Zn and
Fe** have exchanged their positions, this promote geometrical magnetic frustration that gives
place to spin glass behavior. (C) As the number of exchanged atoms increases, the spin glass
contribution decreases and non-compensate AFM interactions appear giving place to FiM
interactions.

This is accordance with our experimental results, where the magnetic behavior can be
divided in three regions depending on the inversion degree: 1) for 0<d<1/4,
hysteresis loops are the sum of FIM and AFM interactions indicating these two
magnetic phases coexist inside the cell, additionally, the ratio FIM to AFM
contributions decreases with 8. This is also reflected by the changes in Hc with the
inversion degree. On the other hand, spin glass behavior is observed in this region. 2)
for 1/4< 6 <1/2, the magnetization curves are mainly FiM with neglecting AFM or
spin glass contributions. The magnetization is higher than the 5us that provides Fe** in
A sites. This suggests that there exist A sites with non-magnetic atoms which are also
contributing to the whole magnetization. This is possible if the surrounding A sites with
Fe3* polarize the A sites with non-magnetic Zn?*. In this region, there isn’t any spin
glass behavior because geometrical spin frustration vanishes. 3) for 1/2<6<2/3 the
whole magnetization decreases and the Hc increases slightly, which could suggest that
the coexistence of FiM and AFM interactions. This onset of AFM is given by Fe*" in A
sites with only two Fe®* at the corners leading to a compensated AFM interaction and
producing a decreases of the whole magnetization and an increase of the Hc due to the

interaction between both magnetic phases.

It can be concluded that the inversion degree provides three regions where there exist
different magnetic phases (see Fig. 10B): 1) low inversion degree with coexistence of

FiM, AFM and spin glass, 2) medium inversion degree with FiM provided by A sites
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with non-magnetic atoms polarized by their neighbors, 3) high inversion degree with
FiM and AFM coexistence, where this AFM is given by compensated spins in the Jas

interactions.
4 Conclusions

It has been possible to relate the magnetic properties on the structural and
microstructural parameters of the Zn ferrite synthesized by ball-milling. Thus, the
magnetic behavior depends mainly on the cationic inversion of the Fe** when occupying
tetrahedral positions of the spinel. The cationic inversion degree can be modified by a
non-equilibrium process path, obtaining a different magnetic behavior in a nanometer

crystallite size.

From XRD and Rietveld analysis it is observed that Zn ferrite with maximum cationic
disorder close to 0.6 (random) is obtained by mechano-synthesis. During this process,
the evolution of the precursor phases and the ferrite is not homogeneous, forming first a
Zn rich ferrite (with Zn: Fe > 0.5) to finally reach the stoichiometry after several hours
of milling, as determined by magnetic characterization and Rietveld analysis. It is worth

noting that the zinc ferrite has a high inversion degree as soon as the phase is formed.

This highly disordered ferrite can be partially ordered by annealing one hour at different
temperatures, so that its inversion parameter can be varied from very high to very low
values. The as-milled samples have an inversion degree of 0.57 and it decreases to 0.18
for annealing at 600 C during 1 h. At this point, ZFC-FC curves show the maximum

spin glass behavior of the samples with Tg = 50 K.

The main result of this work is the determination of different magnetic behaviors as a
function of the inversion degree. A first regime, associated to low inversion degree (
0<o6<1/4), shows FiM, AFM and spin glass coexistence where the site exchange of
Zn?* and Fe** promotes FiM interactions but also spin glass due to geometrical spin
frustration, in addition to AFM ordering. A second regime, with medium inversion
degree (1/4 <6 <1/2), where FiM interactions are dominant and spin glass behavior
has vanished. This regime has the highest magnetization since, apart from the A sites
with magnetic cations, there exist A sites with no magnetic cations where FiM is

induced by the surrounding neighbors. A third regimen, with 1/2<6<2/3, where
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AFM contributions are present once again since, due to the high inversion degree, there
appears Fe*" in A sites surrounded by only two shared Fe®* in octahedral sites. This
configuration gives place to compensated AFM contributions of the type Jas with a

decrease of the wole magnetization. To sum up, the zinc ferrite has a mainly FiM

behavior at §=0.5 with the highest magnetization m = 6.5, per Fe** in A site.

Therefore, it can be concluded that the maximum magnetization for Zn ferrite could be
close to 6=0.5, and it decreases for higher and smaller inversion degree. A more detailed

investigation around 5=0.5 is needed in order to confirm these results.
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