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Abstract HosFesO;, ceramics were fabricated by the
solid-state reaction method. The results revealed an
increase of the grain size, dielectric constant, and dielectric
loss, while a decrease of the remnant magnetization and
coercive field with increasing sintering temperature. A
dielectric relaxation behavior was observed, which might
be associated with the charge carrier hopping between Fe*™
and Fe’". A cole—cole fitting to loss peaks revealed a
dependence of the activation energy and the broaden factor
on the relative density of the samples. Furthermore, at
appropriate frequencies, the 1250 °C-sintered samples
showed high dielectric constant, low dispassion, and good
temperature stability around room temperature.

Introduction

The ferrimagnetic rare earth (Re) iron garnets with chemical
formula of Re;FesO,, are the basic materials for many high-
technology devices in passive and magneto-optical applica-
tions, such as memory device, oscillators, waveguide optical
isolator, and phase shifters [1, 2]. On the other hand, the
investigations of magnetoelectric behaviors have been
attracting much interest in view of the direct interaction
between dielectric and magnetic properties [3, 4]. More and
more studies on the dielectric behaviors of ResFesO;, were
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carried out since Larsen et al. studied the dielectric properties
of Y3FesO,,in 1973 [5-10]. However, there are few reports on
magnetic and dielectric behaviors of HozFesO,, ceramics.
HosFesO,; in the cubic structure belongs to the space group
la3d [11], the magnetic ions are distributed over three crys-
tallographic sites: octahedral site 16a [Fe’™], tetrahedral
site 24d (Fe®™), and dodecahedral site 24c {Ho’*} [12].
HosFesO,, is much important in the ResFesO;, family
because the magnetic moment of Ho> " is one of the strongest
among the rare earth irons. Moreover, although it is known that
sintering temperature has great effects on the microstructure,
magnetic properties and dielectric properties [13—19], up to
now, there is seldom any work reported about the influence of
sintering temperature on the properties of Re;FesO1, ceramics.
Thus, investigation of the effects of sintering temperature may
not only be useful to optimize the preparing conditions for the
future applications, but also be able to provide the important
clues about the underlying mechanism governing the intrigu-
ing magnetic and dielectric behaviors of ResFesO,, ceramics.
In this article, the authors show for HosFesO;, ceramics
that the grain size, dielectric constant, and dielectric loss
increase, while the remnant magnetization and coercive
field decrease gradually with the increasing sintering tem-
perature. A dielectric relaxation behavior is observed with
the activation energy relying more on the relative density
rather than the grain size of the samples. More interest-
ingly, the samples display plateaus with high dielectric
constant near room temperature, which makes HozFesO;,
an attractive candidate for high-permittivity applications.

Experiments

Hos;FesO,, ceramics were prepared by a standard solid-
state reaction method. Ho,O3 (99.9%) and Fe,O5 (99.9%)
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powders were weighed according to their stoichiometric
composition and then mixed with alcohol milling for 24 h.
The resulting powder was calcined at 1050 °C for 5 h in
air. The obtained powders were pressed into pellets
(10 mm in diameter and 1-2 mm in thickness) under a
uniaxial pressure of 40 MPa. Finally, the HozFesO;,
ceramics were obtained by sintering for 5 h at 1100, 1150,
1200, and 1250 °C in air. Pt electrodes were sputtered on
the pellets for electrical measurements. X-ray diffraction
(XRD, D/MAX-RB) with Cu Ka radiation and scanning
electron microscopy (SEM, 1530YP, Leo Co., Germany)
were used for analyzing the microstructure of the ceramics.
The magnetic properties were measured by vibrating
sample magnetometer (VSM, EV7, ADE, USA). The
dielectric properties were evaluated using HP4194A
impedance analyzer.

Results and discussion

Figure 1 shows the typical XRD of HosFesO;, ceramics
with different sintering temperatures. XRD indicates that
all the four samples sintered at different temperatures are in
a single garnet phase without any impurity phase. Energy
dispersive X-ray analysis shows that the stoichiometry of
the samples is very close to the expected value. The SEM
surface morphologies of the HosFesO;, ceramics are
shown in Fig. 2. It is clear that, with the increase of sin-
tering temperature, both the density and the grain size of
the samples increase. The average grain size d and the
relative density p (calculated by Archimedes method) of
the samples sintered at different temperatures are listed in
Table 1. It can be seen that with the increase of the sin-
tering temperature from 1100 to 1250 °C with 50 °C
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Fig. 1 XRD patterns of polycrystalline HosFesO, ceramics sintered
at 1100, 1150, 1200, and 1250 °C

intervals, the average grain size increases gradually from
about 0.5-2.0 pm, while the relative density jumps from
about 88-97% at a sintering temperature around 1200 °C.
No porosity was observed for the samples sintered at
1200 °C. This phenomenon indicates that the microstruc-
ture of the samples is quite sensitive to the sintering
temperature.

Figure 3 presents magnetization-field (M—H) curves of
the polycrystalline HoszFesO,, sintered at different tem-
peratures and measured at room temperature. The inset
shows the enlarged part of Fig. 3 in the range of small field.
The magnetic hysteresis loop displays a typical ferrimag-
netic character and the saturation magnetization (M),
remanence (M,), and coercive filed (H,) of the Hos;FesO,,
ceramics sintered at different temperatures are tabulated in
Table 1. From Table 1, it can be seen that M, is almost
independent on the sintering temperature, but both the M,
and H. decrease with increasing sintering temperature,
which can be interpreted on the basis of microstructure
changes. As aforementioned, the average grain size
increases with increasing sintering temperature as shown in
Fig. 2. In larger grains, the multi-domain structure is more
possible to exist and the magnetization reversal achieved
by the displacement of domain walls is easier than that
by spin rotation [16]. Similar behaviors were reported for
Sr-hexa ferrites (SrFe;,049) [17-19].

Figure 4 depicts the temperature dependence of dielec-
tric constant (¢) and dielectric loss (tan ) measured at
various frequencies of 102, 10>, 10°, 10°, 10*, 10*°, 10°,
10>, and 10° Hz for HosFesO;, ceramics sintered at dif-
ferent temperatures. One can find that, for all the four
samples, the ¢ and tan ¢ dependence on temperature are
similar, and they represent a typical dielectric relaxation
behavior. That is, the peak temperature of tan ¢ corre-
sponds to the rapid increase of ¢, and it increases with the
increasing measuring frequency. The activation energy (E,)
of relaxation units can be calculated by the famous
Arrhenius law. The relaxation time (7) can be written as

T =19exp(E,/ksT) (1)

where T is the peak temperature, 7 is the relaxation time,
kg is the Boltzmann constant. Using the extreme value
condition,

ot =\/e,/tx (2)

where ¢ is the static permittivity, &, is the permittivity at
high frequency, the peak will appear when w = 2xf, the
following equation can be obtained:

In(2nf) = —lntg — E,/KgT (3)

The insets of Fig. 4 show the peak frequency as a
function of temperature. The activation energy E, is cal-
culated to be 0.32-0.28 eV from the slope of the fitting

@ Springer
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Fig. 2 SEM images of HosFesO;, ceramics sintered at a 1100 °C, b 1150°°C, ¢ 1200 °C, and d 1250 °C

Table 1 The saturation magnetization (M), remanence (M,), coer-
cive filed (H.), average grain size (d), relative density (p), activation
energy (E,), and broaden factor (o) of HosFesO;, ceramics with
different sintering temperatures (7)

T (°C) M, M,
(emu/g) (emu/g)

H. (Oe) d(um) p (%) E,(eV) o

1100  10.6 2.8 533 0.5 86 0.32 0.92

1150 10.6 1.8 39.4 1.0 88 0.31 0.90
1200 10.8 1.7 34.1 1.5 97 0.28 0.85
1250  10.7 0.6 15.4 2.0 97 0.28 0.85

straight line. These values are very close to the activation
energy of a two-site polaron hopping process of charge
transfer between Fe>" and Fe** [E, ~ 0.29 eV] [20], the
coexistence of Fe>™ and Fe®™ was observed in many oxides
containing Fe ions, such as LusFesO,, ceramics and
Y;FesO,, single crystal [7, 9]. During high temperature
processing, oxygen loss often occurs, and Fe>" is generated

@ Springer

ic)
10 =
E —=—1100 C
g —s—1150 C
—_ 51= —+—1200 C
Q 4 —v—1250 C
-
E 0
) 4
S—
= 54
-10 <
Ll A L b Ll v L] b L]
-10 -5 0 5 10

H (KOe)

Fig. 3 The magnetization-field (M—H) curve of HosFesO;, ceramics
sintered at 1100, 1150, 1200, and 1250 °C and measured at room
temperature. The inset displays the partly enlarged loops of the
samples
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subsequently for charge compensation. The X-ray photo-
electron spectroscopy (XPS, not shown here) results confirm
that Fe ions in the compound are in mixed valence states, and
the trivalent states is dominant. For a better understanding, a
cole—cole relation is used to fit the loss peak [21-23]:

A 1
tand = TIm [m}
_A (or)” sin (%) @
T|1+ (01)* + 2(@1)" cos (%)

where @ = w+/é/¢s, A is the relaxation strength, o is the
broaden factor that is larger for narrower peaks, and its
value falls in the range of 0-1. When o = 1, the cole—cole
relation belongs to Debye model and o < 1 implies a
correlation existence among relaxation units. The smaller
the value of «, the stronger the correlation [24]. Figure 5
shows the dielectric loss (tan J) as a function of tempera-
ture at 10 kHz and the corresponding fitting curves of cole—
cole relation for HosFesO;, ceramics with different sin-
tering temperatures. It is obvious that the fitting curves
(with o as the fitting parameter) well coincide with the
experimental data. For the activation energy E, and the
broaden factor o listed in Table 1, two features: (1) o < 1

for all the samples; (2) Both E, and « decrease with the
relative density increasing, and E, and o depend more on
the relative density rather than the grain size can be seen. It
seems that, with the increase of the relative density and the
decrease of the grain-boundary barrier, the correlation
between Fe?t and Fe®" is stronger, thus the hopping pro-
cess between Fe?* and Fe’* is easier to occur. Recently,
dielectric relaxation behaviors that come from the dipolar
effects associated with the charge carrier hopping between
Fe>* and Fe** were reported for Y;FesO;, and LusFesO»
ceramics [9, 10]. However, the authors have not seen any
report about the correlation between the activation energy
and the relative density.

In addition, an interesting phenomenon shows up in
Fig. 4, that is, at appropriate measuring frequencies, all the
samples display a plateau with great dielectric constant
near room temperature, and the height of the plateau
increases with increasing sintering temperature. For the
HosFesO, ceramics sintered at 1250 °C, in a temperature
range from 254 to 363 K, tan ¢ at 1 kHz remains smaller
than 0.15, while the dielectric constant increases gradually
from 4535-5535 with a variation about £9.9%. The
dielectric spectra here are quite similar to that reported for
CaCu;Ti4O1, [25], a material well-known for its giant
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Fig. 5 Temperature-dependent dielectric loss of HosFesO;, ceramics
with different sintering temperatures at a measuring frequency of
10 kHz. The fitting results are given using cole—cole relation. The
activation energy adopted here is consistent with the results obtained
from Fig. 4

dielectric constant. Although the dielectric constant is
smaller than that of CaCu;Ti4O,,, the dissipation is also
smaller. With the miniaturization of microelectronic devi-
ces, the importance of high dielectric permittivity materials
is increasing rapidly [26]. Formerly, high-permittivity
dielectric materials were known to possess ferroelectricity
in macro- or micro-scale [27-29]. However, these materi-
als either contain lead or show strong temperature-depen-
dence [14]. In recent years, some lead-free materials with
high dielectric constant and good thermal stability have
been explored, such as CuO [30, 31], CaCuTisO; [25, 32,
33], and (M, N)-doped NiO systems (M = Li, Na, K and
N =Ti, Al, Si, Ta) [14, 34, 35], but the high dissipation
can not be omitted. Considering both the dielectric constant
and dissipation, it was believed that HosFesO4, could be a
promising candidate for high-permittivity applications.

Conclusions

In summary, Hos;FesO,, ceramics were fabricated by the
conventional solid-state reaction method with different
sintering temperatures. With increasing sintering tempera-
ture, the grain size, dielectric constant, and dielectric loss
increased, while the remnant magnetization and coercive
field decreased. Dielectric relaxation behaviors that may
relate to the charge carrier hopping between Fe*" and Fe’ "
were observed, and the activation energy E, and broaden
factor o decreased with the increasing relative density. The
samples sintered at 1250 °C displayed a dielectric constant
around 5000 and a dielectric loss lower than 0.15 in
the temperature range from 254 to 363 K, which made

@ Springer

HosFesO,, a promising candidate of lead-free materials
with high dielectric constant and good thermal stability.
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