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Magnetic nanoparticles (NPs) of magnetite and Ni—Zn ferrites,
synthesized by the forced hydrolysis in a polyol method, were
used as the starting material to consolidate them by means of
the spark plasma sintering (SPS) method. The microstructural
changes were analyzed by X-ray diffraction, transmission
electron microscopy (TEM), magnetic hysteresis loops, and
ferromagnetic resonance (FMR) measurements. FMR spectra

1 Introduction Spinel nanoparticles (NPs) have
recently attracted both scientific and technological interest
by their structure, magnetic properties, and actual and
potential applications. Magnetic properties in the nano-
metric scale have provided a wide variety of behaviors,
mainly due to the fact that several magnetic critical
dimensions (or lengths) fall within the nanometric range
(1-100nm). Several transitions involving a dramatic
change in magnetic properties, such as the single to
multidomain structure, the ordered to superparamagnetic
behavior, take place in most ferrites at this size range [1].
Among the most interesting applications of magnetic NPs,
we can mention the biomedical aimed at the elimination
of cancer tumors [2, 3], in the environment for polutant
removal from soils and water [4, 5], high-density data
storage [6], and spintronics [7].

For many applications in electronic devices, a solid, high
density material is needed, instead of a powder. However,
the classic sintering techniques lead to a rapid grain growth,
thereby losing the unusual magnetic properties associated
with the nanometric scale. A promising novel technique
to consolidate NPs powders into high density ceramics
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changed from a high resonance field and small linewidth for the
nanoparticles to a spectrum with reduced resonance field with
extremely broadened linewidths for the consolidated materials.
These effects can be ascribed to the evolution from super-
paramagnetic NPs to the formation of a nanostructured ceramic
structure with high grain-to-grain interactions and with
increased randomly distributed anisotropy axes.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

maintaining a grain size within the limits of the nanoscale is
spark plasma sintering (SPS) [8]. SPS technique allows the
fabrication of high-density samples at significantly lower
temperatures and sintering times than the classic methods,
often with improved magnetic properties [9, 10]. The SPS
method can be used not only for consolidation of powders,
but also for in situ solid state reactions [11].

In this paper, representative spinel ferrites NPs
(magnetite and some Ni—Zn ferrites) are synthesized by
the polyol method [12], and are subsequently consolidated
by SPS under different sintering conditions. In addition to
the microstructural methods [X-ray diffraction, transmission
electron microscopy (TEM)], the effects of the SPS process
are assessed by means of magnetic hysteresis loops and
ferromagnetic resonance (FMR) measurements; the latter is
an extremely sensitive tool. Dramatic changes are observed
on the FMR parameters (resonance field, linewidth),
which are interpreted in terms of variations in the internal
magnetic field, and the randomly oriented anisotropic
axes. These fundamental magnetic parameters change as a
consequence of the formation of a polycrystalline structure
in the consolidated materials.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Experimental techniques To synthesize spinel
ferrites by the polyol method [12, 13], the corresponding
metal acetates are dissolved in an alcohol (typically
diethylenglycol) and brought to the boiling point under
mechanical stirring. In order to obtain an oxide, a given
amount of water is added to the reaction solution prior to
heating. The reaction is maintained in reflux for a few hours.
Once cooled down, the NPs are recuperated by centrifuga-
tion, washed in ethanol and dried at 80 °C in air.

In the SPS method [8], the starting material (usually a
powder) is compressed in a graphite die; to increase the
temperature, high intensity electric pulses are applied to the
die. The reaction chamber is kept in a vacuum, or in a
controlled atmosphere. The electric current flows through the
die, and also through the sample if it is conductor. Recent
results point to an enhancement of atom diffusion driven by
the electric flux. But even in the case of insulating samples,
the effects of the electrical field are believed to favor atomic
diffusion [14]. The main result is that SPS can consolidate
powders by sintering temperatures and times extremely low
as compared with the classic solid state reactions. In this
paper, a DR. Sintering 515 Syntex SPS facility (Thiais,
France) was used.

A Siemens D-5000 diffractometer equipped with a
cobalt source (1=1.79030A) was used to obtain the
patterns. TEM was carried out using a JEOL-100-CX II
microscope operating at 100kV. Hysteresis loops were
measured at room temperature in a LDJ 2600 VSM
magnetometer with a maximum magnetic field of 16 kOe.
FMR spectra were obtained in a Magnettech Miniscope MS
400, with an operation frequency of 9.4 GHz (X-band). In
this system, the AC microwave field is perpendicular to
the low-sweeping H field.

3 Experimental results and discussion We first
examine the results obtained on magnetite. The NPs
obtained by the polyol method showed an X-ray diffraction
pattern (Fig. 1) of a spinel structure with a unit cell
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Figure 1 X-ray diffraction pattern of magnetite NPs obtained by
the polyol method.
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(a=8.396+0.002 A), very close to that of bulk magnetite
(a=8.3940 A [15]), with broad diffraction peaks. These
broadened diffraction peaks are associated with nano-
particles in the nanometric range. TEM micrographs (Fig. 2)
exhibited a NP size about 8 nm. The magnetization of these
NPs was measured in the ZFC-FC (zero-field-cooled and
field-cooled) modes, leading to a superparamagnetic graph
(Fig. 3) with a blocking temperature about 170 K, deduced
from the maximum in the zero-field-cooled plot.

The superparamagnetic behavior can be explained on a
simplified basis by considering that the total magneto-
crystalline anisotropy energy, Ex, depends on the product
of the nanoparticle volume times its magnetocrystalline
constant, K, [16],

Ex =KV (1)

where V is the NP volume. When the thermal energy, kg7
(with kg being Boltzmann constant) approaches Ey, thermal
energy dominates over anisotropy and the magnetization
becomes randomly oriented. In the case of spinel ferrites,
where the magnetization is the resulting vector from the
contribution of two sublattices (tetrahedral and octahedral),
it is this resulting magnetization vector, which exhibits a

Figure 2 TEM micrograph of magnetite NPs.
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Figure 3 ZFC-FC magnetization measurements on the magnetite

NPs obtained by the polyol method.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



S$:S

solidi

physica
status

1064

R. Ortega-Zempoalteca et al.: Effects of spark plasma sintering consolidation on FMR of Ni-Zn ferrites

randomly oriented behavior in the superparamagnetic state.
This magnetic state in ferrites (particularly in magnetite) has
attracted a lot of interest for potential biomedical applica-
tions [17]. A superparamagnetic ensemble of nanoparticles
possess no remanent magnetization and thus magnetic
interactions between NPs disappear, preventing aggregation
within blood vessels. When a magnetic field is applied, in
contrast, a significant magnetization appears allowing
transport of such NPs by means of the magnetic field.

These NPs were subsequently consolidated by SPS, at
750 °C for 15 min. A strong change in the FMR spectrum
was observed (Fig. 4); the NPs spectrum showed a high
resonance field and a small linewidth (3112 and 533 Oe,
respectively), while the consolidated magnetite exhibited
the effects of ferrimagnetic ordering, with a resonance field,
H,., of 1363 Oe and a broadened linewidth, AH, of 1456 Oe.
In fact, the signal extends considerably in the high field
section. The SPS-magnetite has larger grains (about
150 nm), with strong interactions, leading to a ferrimagnetic
behavior.

As it was mentioned in the previous section, high current
applied during the SPS method promotes an extremely
efficient cation diffusion which allows a very fast sintering.
In the case of magnetite, we have shown [18] that magnetite
samples consolidated by SPS at 750°C for 15 min have
exhibited a clear Verwey transition resolved on its two
components: the crystallographic transition from mono-
clinic to cubic, and the spin reorientation due to the change in
anisotropy from uniaxial below 120K, to cubic [111] for
temperatures above 120 K [19].

The broadening of the linewidth can be associated with
the presence of randomly distributed anisotropy axes from
one grain to its neighbors. This distribution is especially
wide in the case of most ferrites, due to the fact that they
possess cubic [111] easy directions.

The change in FMR spectra of Ni,_,Zn,Fe,O, spinel
ferrites with several compositions x, from the NPs state
synthesized by the polyol method to the ceramic micro-
structure as produced by SPS was also studied. Figure 5
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Figure 4 FMR spectra of magnetite NPs as-prepared (blue), and
after the SPS process. Measurements at 300 K.
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Figure 5 Temperature profile for the SPS process of x= 0.7 (blue)
and 0.5 (red) Ni-Zn ferrites.

shows the temperature profile applied to x=0.7 NPs to
consolidate them at 600 °C for 10 min. The effects on the
FMR spectrum appear in Fig. 6, exhibiting a strong decrease
in resonance field, as well as an increase in the linewidth.
In spite that both magnetite and x=0.7 NPs are in the
superparamagnetic state, the NPs spectrum appears with a
linewidth even smaller for the latter, simply because the
Curie temperature for this composition is quite lower
(~340K), than for magnetite (~858K) [15]. When
measuring both at room temperature, the x=0.7 spinel is
very close to the Curie transition, 7/Tc- =0.88, while for
magnetite, 7/Tc- = 0.35. The corresponding hysteresis loops
are shown in Fig. 7. The as-produced NPs (blue) exhibit a
typical superparamagnetic behavior with no coercive field
(nor remanent magnetization), and a rounded progression
toward saturation as the magnetic field increases.

We carried out a study on the effects of time and
temperature of the SPS process, on the FMR spectra of
x=0.5 Ni—Zn ferrites. The consolidation of NPs by SPS is
significant even at sintering temperatures as low as 350 °C
and times as short as 10 min. Figure 8 shows the FMR spectra
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Figure 6 FMR spectra of NiZn NPs with x= 0.7 (blue), and SPS
sintered at 600 °C 10 min (red), at 300 K.
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Figure 7 Magnetic hysteresis loops of x=0.7 NPs Ni—Zn ferrites
as produced by the polyol method (blue), and after consolidation
by the SPS method (red). Measurements at 300 K.

for 10 and 20 min of sintering time. The resonance field
decreases and the linewidth increases. Also, the spectrum for
tsine = 10 min exhibits a slightly inhomogeneous resonance
line probably associated with the progressing changes in
the microstructure. As consolidation proceeds, some local
differences in grain size, porosity, etc. can have an influence
on the internal field.

Spinel NPs with the same composition (x=0.5) were
sintered by SPS at 400 and 500 °C; the temperature profile
for the latter appears in Fig. 5. The temperature is raised up to
500 °C (after a de-gassing step at 280 °C to eliminate any
organic remaining from the polyol reaction) for 5 min, and
then lowered to 400 °C for an extra 5 min. This procedure
allows an increase in density with very small grain growth.
The final grain size in these materials is typically in the 80—
120 nm.

We have gathered all the FMR spectra for this
composition, including the NPs, in Fig. 9. The resonance
field and the linewidth tendency observed in the previous
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Figure 8 FMR measurements on x = 0.5 NPs ferrites after a SPS
sintering at 350 °C for 10 (blue) and 20 min (red). Measurements
at 300 K.
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Figure 9 FMR spectra of x=0.5 NiZn ferrites SPS sintered at
different temperatures. The as-produced NPs spectrum (black) is
also shown for comparison. Measurements at 300 K.

compositions is found again: the superparamagnetic NPs
appear with the largest H ., and the smaller AH (see Table 1),
and a progressive decrease of the former and decrease of the
latter is observed as the sintering temperature increases. The
decrease in the resonance field is originated by an increase in
the internal field, as a consequence of the grain growth, the
formation of grain boundaries, and the increase in the grain-
to-grain exchange interactions. This leads to ferrimagnetic
behavior.

The shift in resonance field can be interpreted in terms of
a significant increase in the internal magnetic field. In the
Larmor equation [20],

® = yH, (1)

where w is the angular frequency, y the gyromagnetic ratio,
and H.¢ the total magnetic field on the resonance spins. In
the case of magnetically ordered materials, in addition to the
applied field there is an internal field, Hjy,,

Hep = Hip + Hexh (2)

which includes all the contributions associated with
magnetic ordering:

Hiyy = Hexen + Hdemag + Hyis + Hdip (3)

where H,,., is the field due to the exchange interactions,
Hgemae the demagnetization field, H,y;s the field due to the

Table 1 FMR parameters of samples in Fig. 9.

sample resonance field (Oe) linewidth (Oe)
NPs 3210 370

SPS 350°C 2262 818

SPS 400°C 2180 1082

SPS 500°C 1676 730

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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magnetocrystalline anisotropy, Hg;p, the field originated by
dipolar interactions between NPs or grains.

The shift in the resonance field due to the increase in
anisotropy between the NPs and the consolidated body can
be estimated, in a very approximate way, by an expression
derived from the Kittel formulae [21],

hv 2K1

Hp — —— _ 221
gus M,

(4)

where H, is the shifted resonance field, / is the Planck’s
constant, v is the microwave frequency, g is the Landé factor,
up is the Bohr magneton, K; is the magnetocrystalline
constant, and M, is the saturation magnetization. This
expression assumes a uniaxial anisotropy, which is not
the case for these ferrites, but can give an estimation. A
calculation of the increase in anisotropy between the as-
produced NPs and the corresponding consolidated body by
SPS was made for magnetite, and also for the case of x =0.7
Ni—Zn ferrites (Figs. 4 and 6). The results, K; ~42kJ m3
for magnetite, and K, ~ 18 kIm > for x=0.7 NiZn clearly
seem too high to represent solely the anisotropy contribu-
tion; for bulk magnetite, K; = —11kJ m> [15] (the minus
sign is due to the fact that anisotropy is cubic in magnetite).
The conclusion is that the shift in resonance field has other
contributions than just the increase in magnetocrystalline
anisotropy.

The broadening of the linewidth for SPS-consolidated
samples has been observed in other ferrites, such as Co—Zn [22]
ferrites and Zn ferrites [23], and has been modelled by assuming
that the main contribution for such broadening is the random
distribution of anisotropy axes [24]. The spectra are numerically
calculated with a macro-spin model for single domain NPs
using Landau—Lifshitz—Gilbert dynamics. A qualitative agree-
ment with experimental data has been observed.

4 Conclusions Magnetic NPs of spinel ferrites (mag-
netite and Ni—Zn of various compositions) were consolidated
by SPS, at temperatures and sintering times extremely low as
compared with the typical sintering conditions in the solid state
technique. The SPS allows a significant increase in density
with very limited grain growth. The obtained microstructures
were studied by FMR at room temperature. The main results
indicate a shift in the resonance field as compared with the
starting NPs, and a broadening of the linewidth, especially at
applied fields larger than the resonance field. Such broadening
is originated by an increase in magnetocrystalline anisotropy
between the superparamagnetic state and the ferromagnetic
consolidated samples, and the associated random distribution
of anisotropy axes in the high density samples. This random
distribution is more important in spinel ferrites, as most of
these materials have cubic anisotropy. Finally, FMR is a very
sensitive tool for the investigation of nanostructured magnetic
materials.
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