nanomaterials

Article

Decrease in the Crystallite Diameter of Solid Crystalline
Magnetite around the Curie Temperature by Microwave
Magnetic Fields Irradiation

Takayuki Tsuchida **, Jun Fukushima

check for

updates
Citation: Tsuchida, T.; Fukushima, J.;
Takizawa, H. Decrease in the
Crystallite Diameter of Solid
Crystalline Magnetite around the
Curie Temperature by Microwave
Magnetic Fields Irradiation.
Nanomaterials 2021, 11, 984. https://
doi.org/10.3390/nano11040984

Academic Editor: Jorge Pasan

Received: 17 February 2021
Accepted: 9 April 2021
Published: 11 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Hirotsugu Takizawa

School of Engineering, Department of Applied Chemistry, Tohoku University, Sendai 980-8578, Japan;
fukushima@aim.che.tohoku.ac.jp (J.E); takizawa@aim.che.tohoku.ac.jp (H.T.)
* Correspondence: takayuki.tsuchida.r3@dc.tohoku.ac.jp; Tel.: +81-22-795-7226

Abstract: A decrease in the crystallite diameter of ferrites irradiated with microwaves has been
considered as a non-thermal effect of so-called de-crystallization; however, its mechanism has
not been elucidated. We hypothesized that a decrease in the crystallite diameter is caused by
interaction between the ordered spins of ferrite and the magnetic field of microwaves. To verify
this, we focused on magnetite with a Curie temperature of 585 °C. Temperature dependence around
this temperature and time dependence of the crystallite diameter of the magnetite irradiated with
microwaves at different temperatures and durations were investigated. From the X-ray diffraction
data, the crystallite diameter of magnetite exhibited a minimum value at 500 °C, just below the Curie
temperature of magnetite, where the energy loss of the interaction between magnetite’s spins and the
microwaves takes the maximum value. The crystallite diameter exhibited a minimum value at 5 min
irradiation time, during which the microwaves were excessively absorbed. Transmission electron
microscopy observations showed that the microstructure of irradiated magnetite in this study was
different from that reported previously, indicating that a decrease in the crystallite diameter is not
caused by de-crystallization but its similar phenomenon. A decrease in coercivity and lowering
temperature of Verwey transition were observed, evidencing decreased crystallite diameter. This
study can thus contribute to the development of the theory of a non-thermal effect.

Keywords: de-crystallization; microwave processing; magnetite; Curie temperature; non-thermal
effects; ferrites

1. Introduction

Microwave processing exhibits some unique features, such as rapid heating, rapid
cooling, and selective heating, which are different from conventional processing using an
electric furnace. Thus, microwave heating provides many benefits for material processing,
such as decreasing the sintering time, synthesizing functionalized nanomaterials, and
promoting catalytic reactions [1-9]. Additionally, “non-thermal effects”, phenomena of
which cannot be explained by thermal effects, have also been reported [10-17]. In the
case of solid-state reactions, reported non-thermal effects include promoting the reduc-
tion of oxides [10,11], nitriding [12], as well as anisotropic growth [13]. Although these
studies indicate unique phenomena due to microwave processing, non-thermal effects are
controversial because the mechanism of many of them has still not been clarified.

De-crystallization is one of the phenomena considered to be a non-thermal effect [18-26].
This phenomenon was first discovered by Kimura et al. in 2000; X-ray diffraction showed
halo patterns for ferrites irradiated with 28 GHz frequency [18]. In addition to ferrites, de-
crystallization of n-type Si [22,23], TiO;_,, and Tip9gMng 2O2_« [24] have been reported.
Takayama et al. used transmission electron microscopy to investigate the microstructure of
magnetite (Fe;O,) irradiated with microwaves, and a 5-20 nm nanodomain structure was
observed [25]. In particular, de-crystallization of the ferrites by microwave irradiation is
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considered as a non-thermal effect for the following two reasons [21]: First, de-crystallization
does not occur via the liquid phase. Second, de-crystallization irradiated with an electric
field of microwaves in the single-mode cavity has not been confirmed despite the same
temperature processing. These results suggest that de-crystallization is a non-thermal effect;
however, the mechanism of de-crystallization has not been determined. We hypothesized
that de-crystallization of the ferrites is caused by an interaction between the ordered spins
of ferrites and a microwave magnetic field because this phenomenon only occurs under
the magnetic field of the single-mode cavity. To verify this hypothesis, the authors focused
on magnetite, with a Curie temperature, T¢, of 585 °C as the ferrite and investigated the
temperature dependence of the interaction between the ordered spins of magnetite and a
microwave magnetic field. As a result, a decrease in the crystallite diameter of magnetite was
observed, which is not considered to be de-crystallization but its similar phenomenon. In
addition, the effect of the duration of microwave irradiation on the crystallite diameters of
magnetite was investigated to understand the dynamics of this phenomenon.

2. Materials and Methods

Figure 1a shows a schematic view of the experimental setup used in this study. We
used a 2.45 GHz microwave furnace (Shikoku Instrumentation Co., Ltd., Kagawa, Japan),
as used in [16,27], in which a microwave was generated from a magnetron and passed
through a TE;g waveguide to a cylindrical applicator (& 132 x 200 mm). In the applicator,
the H-field and E-field components of microwaves have different distributions, and we
used the 3 cm height position where the H-field amplitude was at its maximum. For the raw
materials, we selected magnetite powders that exhibit de-crystallization phenomena [21].
Magnetite powder (0.3 g) (99% purity, 1 mm pass, Kojundo Chemical Lab. Co., Saitama,
Japan) was placed in a & 10 x 8 mm quartz tube and sealed with quartz wool. The
tube was surrounded by an alumina insulator. The microwave cavity was evacuated
using a rotary pump and subsequently filled with nitrogen gas. A Proportional-Integral-
Differential (PID) controller was used to automatically adjust the microwave power to
the desired temperature, which was measured using a thermocouple. Each sample was
heated from room temperature to a certain constant temperature, which was chosen in
the range of 200-1100 °C, for a certain duration, which was chosen in the range of 0.2-
60 min, after heating at 900 °C/min. After the holding time, the samples were naturally
cooled by deactivating the microwave power. As an example, the temperature and power
profiles of heating at 500 °C for 60 min are shown in Figure 1b. The samples irradiated
with microwaves were characterized by X-ray diffraction (XRD) with a Co K« source
(A =1.78900 A), and the crystallite diameters, which is the size of single-crystal regions, of
the samples were calculated using the Scherrer equation. The microstructure of the samples
irradiated with microwaves was observed by transmission electron microscopy (TEM),
and the magnetic properties of the resulting samples were evaluated by superconducting
quantum interference device (SQUID) measurements.
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Figure 1. (a) Schematic of the experimental setup; (b) Temperature and microwave power profile during processing.

3. Results
3.1. Structure

Figure 2a shows the XRD profiles of the samples irradiated with microwaves at
various temperatures from 200 to 1100 °C for 5 min. Diffraction peaks due to magnetite
were clearly observed in the samples irradiated with microwaves and the raw material.
However, diffraction peaks due to hematite (x-Fe;O3) were only observed in samples
irradiated with microwaves above 300 °C, indicating partly oxidized samples. Figure 2b
shows the crystallite diameter of the magnetite irradiated with microwaves calculated from
the main peaks of magnetite using the Scherrer equation. From the results, the crystallite
diameter of the samples has a minimum value of 33.1 nm at 500 °C, which is significantly
lower than that of the raw material and samples irradiated with microwaves at other

temperatures. Therefore, the decrease in the crystallite diameter of magnetite occurred
most at 500 °C.
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Figure 2. (a) XRD patterns of the samples irradiated with microwave at different temperatures for 5
min; (b) Crystallite diameter of the magnetite calculated by the Scherrer equation as a function of
irradiation temperature.

Figure 3a shows the XRD profiles of the samples irradiated with microwaves at 500 °C
for various durations from 0.2 to 60 min. Magnetite was observed in all samples, including
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the raw material, and the hematite phase was observed in all samples irradiated with
microwaves. The crystallite diameter of the microwave-irradiated magnetite, as shown in
Figure 3b, indicated that the minimum value was exhibited for a 5 min duration.
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Figure 3. (a) XRD patterns of the samples irradiated with microwave at 500 °C for various dura-
tions; (b) Crystallite diameter of the magnetite calculated by the Scherrer equation as a function of
irradiation time.

Here, we discuss whether the decrease in the crystallite diameter of magnetite irra-
diated with microwaves is a non-thermal effect. One can consider that it may be caused
by a decrease of the lattice volume accompanied by the reduction of the magnetite [28].
Although the lattice constants of the magnetite irradiated with microwaves were slightly
decreased, suggesting the reduction of magnetite, the decrease in the lattice constant of
the magnetite is estimated to be no higher than 0.4%. Therefore, the decrease in the crys-
tallite diameters, as shown in Figures 2b and 3b, cannot be explained by a decrease in
the lattice constant and caused by a division of the total volume into more crystallites
with a consequent increase in the number of grain boundaries as shown in Figure 4. In
addition, the temperature during processing is considerably lower than the melting point
of magnetite (1597 °C), indicating that it does not occur via the liquid phase. Therefore,
it is considered that the decrease in the crystallite diameter of magnetite was caused by a
non-thermal effect.
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Figure 4. Schematic view of a decrease in the crystallite diameter.
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Figure 5a shows a transmission electron microscopy (TEM) image of the sample
irradiated with microwaves at 500 °C for 5 min. From the image, the sample was composed
of 0.1-1 mm size grains. Figure 5b shows the selected area electron diffraction (SAED)
patterns of the magnetite grains. No ring pattern derived from the 5-20 nm nanodomain
structure was observed, as in a previous study [25]. Considering that the XRD patterns from
crystalline magnetite were observed, it indicates that a decrease in the crystallite diameter
of microwave irradiated magnetite is not de-crystallization but its similar phenomenon,
and the crystallite diameter of magnetite in this study is larger than that reported previously.
The difference in the crystallite diameters will be discussed in detail later.

Figure 5. (a) TEM image of the sample irradiated with microwaves at 500 °C for 5 min; (b) Selected
area electron diffraction (SAED) patterns of the magnetite grains.

3.2. Magnetic Properties

To obtain evidence of the decrease in the crystallite diameter, the magnetic properties
of the samples irradiated with microwaves were investigated. First, the authors measured
the M-H loops at room temperature for the raw material and the sample irradiated with
microwaves at 500 °C for 5 min, as shown in Figure 6a. An enlarged view of the coercivities
is shown in Figure 6b. Here, the magnetization of the samples shown in Figure 6 is
normalized with saturation magnetization. The results show that the coercivity of the
sample irradiated with microwaves was smaller than that of the raw material. This result
indicates that the thermal agitation resistance of the magnetization of microwave-irradiated
magnetite is lower than that of the raw material, resulting from a decrease in the crystallite
diameter of the sample irradiated with microwaves. Secondary, zero-field cooling (ZFC)
curves of the sample irradiated with microwaves at 500 °C for 5 min and the raw material
were also measured under 10 Oe applied field, as shown in Figure 7. The differential
coefficients of magnetization (dM/dT) plotted as a function of temperature are shown in
Figure 7. Raw material exhibited a characteristic peak of dM/dT at 105 K. However, a slight
peak shift of dM/dT to 100 K was observed in the case of the microwave-irradiated sample.
These peaks can be explained by Verwey transition and metal-insulator transition of the
magnetite. Lee et al. reported that the Verwey transition temperature Ty is dependent on
the crystallite diameter of magnetite in the nanosized range and that Ty decreases when
the crystallite diameter of magnetite decreases [29]. Therefore, it is considered that the
decrease in the Ty of the microwave-irradiated sample is due to a decrease in the crystallite
diameter, which corresponds to the XRD measurement.
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Figure 6. (a) M-H loops measured at 300 K of the raw material and the sample irradiated with
microwave at 500 °C for 5 min; (b) the enlarged view around the coercivities.
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Figure 7. Zero field cooling curve of the (a) raw material and (b) sample irradiated with microwave
(MW) at 500 °C for 5 min. The differentials of the magnetization dM/dT as a function of temperature
are also inserted.

4. Discussion

The mechanism of the decrease in the crystallite diameter of magnetite is discussed in
this section. First, we considered the temperature dependence of the crystallite diameter.
According to Roy et al., de-crystallization of magnetite occurs only at the maximum
intensity of the microwave magnetic field in a single-mode cavity [21]. From this, it is
considered that the decrease in the crystallite diameter is due to the interaction between the
spins of magnetite and the magnetic field of the microwaves. Tanaka et al. simulated the
energy loss based on the interaction between the spin of the magnetite and the magnetic
field of microwaves and reported that the energy loss takes a maximum value at 500 °C, less
than the Curie temperature of magnetite (T¢ = 585 °C) [30]. We hypothesize that the reason
why the crystallite diameter of magnetite most decreased at 500 °C was that the energy loss
of the interaction between the spin of the magnetite and magnetic field of microwaves was
largest at 500 °C. Consequently, microwave energy was efficiently absorbed by magnetite.
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Most of the absorbed energy is relaxed to thermal energy. However, grain growth will only
occur by thermal energy because of the minimization of the boundary energy of the system
if sufficient thermal energy is supplied. In a previous study, Fukushima et al. assumed
that the grain boundary was formed by H-field irradiation to form a nanodomain structure
resulting from the de-crystallization phenomena. If this assumption is correct, we require
additional energy for forming grain boundaries [31].

We focused on the time dependence of the crystallite diameter to investigate the
additional energy required to form grain boundaries. As shown in Figure 3b, the crystallite
diameter of the magnetite increased as the irradiation duration increased after 5 min.
Focusing on the power profile of the microwave irradiation at 500 °C for 60 min, as shown
in Figure 1b, it is observed that the power of the first 5 min was unstable. Then, the
power gradually reached a constant value of approximately 600 W. From these results, it is
assumed that the absorbed energy from microwaves was used to form grain boundaries,
not via thermalization. The decrease in the crystallite diameter occurred only for the first
5 min; nevertheless, microwave energy was used only to maintain the temperature, and
the crystallite diameter of magnetite increased over a duration of more than 5 min. Thus, it
is suggested that the decrease in the crystallite diameter of magnetite occurred when the
energy loss of the interaction between the spin of the magnetite and the magnetic field of
microwaves was directly converted into the formation of grain boundaries.

It is sure that the decrease of the crystallite diameter by microwave irradiation was
confirmed, a clear difference was acknowledged between the previous study and this study.
One of the difference is that the temperature at which the crystallite diameter of the mag-
netite decreased was considerably lower than that reported in a previous study (>1000 °C),
and the crystallite diameter of the magnetite was larger than that of de-crystallized mag-
netite reported in the previous study [25]. The other is the coercivity of the sample irradi-
ated with microwaves. In the study, the value of the coercivity of the sample irradiated
with microwaves was around 100 Oe, but the value was around 1.1 Oe in the previous
study [32]. These differences may be caused by a significant difference in the microwave
cavity because the TE;3 single-mode cavity was used for microwave irradiation in the
previous study. This difference in the cavities leads to a difference in the quality factor of
the cavity, and it is considered that the high-quality factor of the TE;y3 cavity results in
a greater decrease in the crystallite diameter of the magnetite than that of the 2.45 GHz
microwave cavity used in this experiment. Further study is required to understand the
effect of irradiation methods on the microstructure of the materials by comparison with the
quality factor of the cavities.

5. Conclusions

In this study, the authors investigated the effects of the irradiation temperature and
duration of microwave irradiation on the decrease in the crystallite diameter of magnetite.
Consequently, in terms of temperature dependence, the crystallite diameter of the magnetite
reaches its minimum value at 500 °C, when the energy loss of the interaction between the
magnetite spin and the microwave magnetic field becomes maximum. This result indicates
that the decrease in the crystallite diameter of magnetite is caused by the interaction
between the spin and the magnetic field. In terms of time dependence, it is confirmed
that the crystallite diameter of magnetite takes a minimum of 5 min at 500 °C irradiation.
Based on this result and the power profile of microwave irradiation, it is suggested that
the decrease in the crystallite diameter occurs such that the part of energy loss of the
interaction between the spin of magnetite and magnetic field of the microwave is directly
converted into the formation of grain boundaries. The TEM image and XRD patterns
indicate that magnetite irradiated with microwaves in this study is different from that of
the de-crystallized magnetite as shown in the previous study, which may be caused by
the difference in the microwave cavity. The sample irradiated with microwaves exhibited
lower coercivity, and the Verwey transition shifted to a lower temperature compared to the
raw material, which can be evidence of the decrease in the crystallite diameter of magnetite.
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The new knowledge of the interaction between microwaves and materials suggested in this
study will contribute to the further development of the theory of the non-thermal effect.
Future work is required to support this consideration; for example, a theoretical approach
using dynamical simulation is necessary.
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