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Abstract Magnesium ferrite MgFe,O, was synthesized
with two different methods, spark plasma sintering (SPS)
and conventional solid-state reaction sintering (SSRS), and
thermoelectric properties were investigated. SPS process-
ing was found to yield two attractive features: SPS at
900 °C enabled retaining the submicron particle size of
0.3-0.5 pm from ball-milling, leading to lower thermal
conductivity, 3 W/mK @300 K. 1200 °C SPS sintering led
to the same sample grain size of 1.0-3.0 um as SSRS, but
still exhibited significantly lower thermal conductivity of
4.3 W/mK@300 K compared to the SSRS sample with
14 W/mK @300 K, which exhibited neck formation
between particles. Furthermore, while the finer
microstructuring led to a reduction in the thermal con-
ductivity, the resistivity of SPS MgFe,0O, showed little
dependence on the particle size at expected thermoelectric
working temperatures above 523 K, which indicates suc-
cess to some degree of phonon selective scattering due to
differences in mean-free-paths of electrons and phonons.
As a process, SPS samples are found to exhibit four- to
sevenfold enhancement of ZT compared to the conven-
tional SSRS sample. While the maximum Z7 in the present
samples is relatively low, taking a value of 0.07 for the SPS
1200 °C sintered sample, the processing insights may be
utilized for similar systems.
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Introduction

Thermoelectric materials have attracted interest because of
the potential large benefits of solid-state conversion of
waste heat to electricity [1-4]. Some impactful high-tem-
perature thermoelectric applications have recently been
reviewed [5]. For very high temperatures, applicable
materials will naturally be limited to refractory materials
with good heat resistance, like borides [6—8] and oxides
[9-12], etc. The material system of spinel-type oxide exists
for a wide range of constituent elements, and various
chemical and physical properties have been studied
[13—17]. Our initial motivation to focus particularly on the
spinel-type magnesium ferrites is because its magnetic
properties have been extensively studied [13, 14], and we
are interested in the link between magnetism (magnetic
semiconductors) and thermoelectric properties due to our
previous work in chalcopyrite, where thermoelectric
enhancement was indicated [18-20]. It is also a system
where the crystal structure is well-characterized in a wide
temperature range, and a system with good thermal sta-
bility and sintering characteristics, and in the present work
we tried to learn more about processing effects on its
thermoelectric properties.

The performance of thermoelectric materials is gauged
by the figure of merit:

ZT = o* -0 - T/x, (1)
where T is the temperature, o is the Seebeck coefficient, o

is the electrical conductivity, and xk is the thermal
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conductivity. The denominator &*-¢- is the power factor.
There are some difficulties to straightforwardly obtain high
values of ZT because of the typical tradeoff between See-
beck coefficient and electrical conductivity, and conduct-
ing electricity well but not heat is also somewhat
paradoxical.

In regards to the latter problem, different methods of
nanostructuring have been shown to be quite effective to
lower the lattice thermal conductivity and enhance ZT
[21-28]. Nanostructuring of oxides has been actively car-
ried out [29-31]. Finding ways to enhance the power factor
is still a large challenge [32]. Various band engineering
methods have been proposed, such as utilization of con-
finement effects [33], resonance levels [34], modulation
doping [35, 36], etc. As a more phenomenological and
easily accessible enhancement effect compared to band
engineering, large enhancements in the power factor have
been reported for nanocomposites [37-41], with mecha-
nisms not fully elucidated. Recently, enhancement has also
been proposed for magnetic semiconductors [18-20].

In this work, we have investigated the effect on the
thermoelectric properties of magnetic magnesium ferrites
synthesized with different conditions to add more insight
into this field.

Experiment

In situ reactive synthesis of MgFe,0, was performed using
spark plasma sintering (SPS, FUJI DENPA KOKI SPS-
1080). The starting materials MgO (99.9%, Wako Pure
Chemical Industries Ltd.) and Fe,O3 (99.9%, Wako Pure
Chemical Industries Ltd.) were mixed with a nominal
composition of MgFe,O, using planetary ball-milling with
chromium iron media. The powder mixtures were pulver-
ized for 3 h in helium atmosphere. In order to measure
thermoelectric properties, samples were prepared by
pressing at 60 MPa for 3 min at 900-1200 °C in argon
atmosphere using SPS. Prior to the sintering, the powder
mixtures were put into graphite dies with diameters of
10 mm, and with graphite foil inserted between the sample
and the die/punches. The heating rate for the SPS experi-
ments in the graphite die was limited to 100 °C min~"'. The
die was wrapped in carbon felt when heating up to
1200 °C. For comparison of the thermoelectric properties
of the sample prepared with SPS and standard ceramic
procedure, a conventional oxide sample was prepared with
solid-state reaction sintering (SSRS) at 1200 °C for 12 h in
air using a green pellet uniaxially pressed at 7.4 MPa for
1 min. In addition, we prepared the oxygen defect-rich
sample by heating a green pellet set into a carbon crucible
at 1200 °C for 12 h with an induction furnace (IF) in order
to examine the effect of oxygen vacancies on
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thermoelectric properties. Then, the sample was pulverized
in an agate mortar and pressed at 80 MPa for 5 min at
900 °C in argon atmosphere with SPS.

The constitution phases in the pulverized samples were
analyzed by X-ray powder diffraction measurement with
CuKa radiation (RIGAKU RINT-ULTIMA 3) operated at
40 kV and 40 mA. The detailed crystal structure and site
occupancies at cation sites were determined by means of
Rietveld refinement using Rietan-FP software [42].
Microstructural observation was carried out by a scanning
electrical microscope (JEOL SM-67F, operated at 10 kV).
Resistivity and thermoelectric power were measured with a
TE measurement system (ULVAC ZEM-2) by using four-
probe method and differential method, respectively. In
order to determine the thermal conductivity, high-temper-
ature thermal diffusivity coefficient and specific heat were
measured by a laser flash method (ULVAC TC-7000) and a
differential scanning calorimetry (Rigaku Thermo plus
EVO 2), respectively.

Results and discussion
Constitution phase and microstructure

Prior to the Rietveld refinement, constitution phases were
identified with ICDD-JCPDS database [PDF 00-036-0398
and 00-035-1393 (ICDD, 1984 and 1983)]. The phase con-
stitutions for each sample are shown in Fig. 1. The XRD
patterns reveal that all samples prepared with SPS are con-
stituted of MgFe,O, as the main phase. The sample prepared
with SPS at 1200 °C contains minor impurity, Mg;_,Fe,O.
In this study, we have induced the excessive oxygen
vacancies into MgFe,O, spinel structure with IF in order to
clarify its performance as thermoelectric material. The
sample prepared with SPS at 900 °C after heating in IF (IF-
SPS) mainly contains MgFe,O, phase and quite small
impurity content of Mg;_,Fe O. Figure 2 shows the site
occupation at tetragonal A- and octahedral B-site of
MgFe,0, refined by Rietveld analysis based on the XRD
data. A-site is mainly occupied by Fe**. Cation distribution
at the tetragonal A-site in SPS samples are slightly disor-
dered due to the higher cooling velocities compared to the
SSRS sample. These values have relatively good agreement
with previous research, which yielded cation distribution for
MgFe,04 given by (Mgo2s + 0.04F€0.75 + 0.04)[ME0.75 + 0.04
Fei 25 + 004]04 for quenched samples and (Mgg 12 + 0.04-
Feosg + 0.04)[Mgo.8s + 0.04F€1.12 + 004104 for slowly cooled
samples from Mossbauer studies, respectively [43]. The
B-site occupancy ratio of Fe’>" to Mg®* is found to be an
average 6:4 in this study.

Typically, the thermoelectric performance strongly
depends on the particle morphology and density. Here, we
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Fig. 1 X-ray diffraction patterns and results of the Rietveld refine-
ment of samples prepared with a solid-state reactive sintering (SSRS),
spark plasma sintering (SPS) at b 1200 °C and ¢ 900 °C, and
d inductive furnace at 1200 °C with SPS treatment at 900 °C (IF-
SPS). All peaks are MgFe,0,, with slight impurity of Mg,Fe;_,O in
SPS 1200 °C and IF-SPS 900 °C sample (major peak of Mg, Fe;_,O:
20 = 42°)

compare the microstructures of fracture surfaces of sintered
samples. The SEM images for each sample are shown in
Fig. 3. The averaged particle size in the samples prepared
with (a) SSRS and (b) SPS at 1200 °C is approximately
1.0-3.0 pm; there are no differences in the particle size. On
the other hand, the neck formation between particles is
clearly observed only in the SSRS sample. Hence, we
consider the contribution of the particle morphology to
thermoelectric properties in these samples in the following

section. In the sample prepared with SPS at 900 °C
(Fig. 3c), the particle size is approximately 0.3-0.5 pm.
This value is similar to that of the starting powder mixture
after planetary ball-milling (Fig. 3d), which indicates the
effectiveness of the SPS treatment. As shown in our SEM
images, the amazing short sintering time with SPS makes it
possible to restrict the grain growth while achieving high
sample density. Table 1 shows the synthesis conditions,
relative densities, particle sizes, refined lattice constants,
and detected impurity. The relative densities of the samples
prepared with SSRS and SPS are about 90%. The sample
prepared with IF-SPS, however, has lower relative density
(~78%) compared with that of SSRS and SPS samples.
This is attributed to the coarse particles formed during the
heating at 1200 °C in IF. The particle size of IF-SPS
sample seems to be almost the same with that of SSRS and
SPS samples prepared at 1200 °C (Fig. 4).
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Table 1 Synthesis conditions and sample details

Procedure Conditions Relative density (%) Particle size (pm) a (IDA) Impurity
SSRS 1200 °C 12 h 90.2 1.0-3.0 8.387 -
SPS 1200 °C 3 min 91.4 1.0-3.0 8.394 Mg ¢sFeo 320
900 °C 3 min 874 0.3-0.5 8.390 -
IF 4 SPS (IF) 1200 °C 12 h 77.9 1.0-3.0 8.394 Mg 93Fe.070 (slight)
(SPS) 900 °C 3 min
g 2 (a) 0.050 »
IF 1200 C =SPS 900°C 0045 __A 3
o . ~ SPS1200°C 25 \ q
: ’ y i - £ 0.040 F 20 ‘. SSRS 1200°C
; . G 003 5 e
2 0030 o 10 °
2 0025 pPswoc o tg
% 0.020 F A 400 600 800 1000 1200
¢ 0015 | °
0.010 I o sps s00c b
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(b) 120 IF-SPS 900°C
140 O OO’O. O
Fig. 4 Microstructural fracture surface of spark plasma sintered OO---. O
(SPS) MgFe,0,4 at 900 °C after heating at 1200 °C in IF (IF-SPS). 160 F SSRS 1200°C
Averaged grain size is 1.0-3.0 pm < _‘;gg .
% 180 Ispseooc -3 P **
Thermoelectric properties E’ Y™ 800ty
E I e 000 & .
200 L " .’.‘..v.,v 300500 7009001100
The temperature dependence of the electrical resistivity is 220 t - atha, ) ..
given in Fig. 5a. In the entire temperature range, the SPS 1200°C ~a
resistivity of all samples decreases with increasing tem- -240 . L . L
perature, which indicates the typical semiconducting (c) 3.0E-05
behavior. The samples prepared with SPS exhibit more SPS1200°C
than two orders of magnitude lower resistivity than that of 2.5E-05 A
the sample prepared with SSRS, indicating the significant £ 2.0E-05 | I_EfSOPS 900°C
influence of the SPS process. The SPS sample prepared at i) Q .
° o . . S 1.5E-05 SPS 900°C
1200 °C exhibits drastically lower resistivity compared to ~ S e
the sample prepared with SSRS despite similar particle & 1.0E-05 |
sizes, indicating improved, more conducting interfaces at ' )
the grain boundaries for the SPS sample. Among the 5.0E-06 o e Sst e
samples prepared with SPS, although the sample prepared 0.0E+00 3 A el .
at 900 °.C shows finer par.ticles (larger amount of grain ) 200 400 600 800 1000 1200
boundaries) compared with the sample prepared at 7K

1200 °C, the resistivities of both samples are almost the
same above 523 K. Considering the differences in thermal
conductivity which will be discussed next, this indicates
success to some degree of phonon selective scattering due
to differences in mean-free-paths of electrons and phonons.
Namely, the differences in particle size of 1.0-3.0 and

bisllase cllo iy .
Gesressiemets €) Springer

Fig. 5 Temperature dependence of a resistivity, b Seebeck coeffi-
cient and ¢ power factor (PF) of MgFe,O, prepared with SSRS at
1200 °C (diamonds), SPS at 1200 °C (triangles) and 900 °C (filled
circles), and IF-SPS at 900 °C (open circles). The dotted lines are
guides to the eye
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0.3-0.5 pm have a larger effect on phonons compared to
electrons, which assumedly have smaller mean-free-paths.
Furthermore, in general, grain boundary scattering has
larger effect on the electrical conductivity at lower tem-
peratures [29], which is consistent with what is observed.

In the IF-SPS sample, the resistivity is an order of
magnitude lower than that of the SPS sample at 373 K. The
resistivities of all samples converge with elevating tem-
perature. In this study, the IF-SPS sample, which contains
significant oxygen defects, exhibits the lowest resistivity in
spite of its low relative density. In ferrite, the electrical
resistivity is due to the electron hopping Fe*"—Fe*" of the
spinel structure; high content of Fe*" ions is responsible
for low resistivity [44]. In addition, Nozaki et al. reported
that the electrical and thermal conductivity of spinel
structure could be controlled separately by changing the
cation distribution of the tetrahedral A- and octahedral
B-site, respectively [45]. In this research, the inducing of
excess oxygen vacancies into the spinel structure appears
to cause the valence modification from Fe’® to Fe’*,
mainly at A-site due to site-preference of the cation [46],
which leads to the enhancement of the -electrical
conductivity.

The temperature dependence of the Seebeck coefficients
is given in Fig. 5b. All samples exhibit n-type behavior.
Based on the dependence of the Seebeck coefficient on the
carrier concentration, the SSRS sample exhibits the highest
value, conceivably due to the high resistivity as shown in
Fig. 5a. Among the samples prepared with SPS, the sample
prepared at 1200 °C exhibits a slightly larger Seebeck
coefficient than that of the sample prepared at 900 °C. The
IF-SPS sample exhibits the minimum value, which corre-
sponds to its high electrical conductivity indicated to
originate from significant oxygen defects, as discussed
above. The Seebeck coefficients of all samples decrease
from 373 to 523 K, but suddenly exhibit a change in their
temperature dependence at around 523 K, corresponding to
the magnetic phase transition between the ferrimagnetic
phase and paramagnetic phase (Curie point: Tcyre). The
Seebeck coefficient increases above the Tcj. averaged
—20 p V/K among the samples prepared with SPS. This
enhancement of Seebeck coefficient due to the spin entropy
from the varying Fe’" and Fe®" cations in the paramag-
netic region was experimentally and mathematically
explained by Nozaki et al. [45]. This is similar to the
mechanism of enhancement found in sodium cobaltite [9].

Based on an empirical equation of MgFe,O, with the
temperature of equilibration reported by Harrison and
Putnis [47], the calculated Ty is given as 549 and 576 K
on the basis of our sintering temperature of 1200 and
900 °C, respectively: Tcuric = 489.186 — 0.296-
T + 0.000098757°, where T is equilibration temperature.
In comparison to the value calculated with sintering

temperature in the case of the SPS samples, Ty, Obtained
from temperature dependence change in the Seebeck
coefficient seems to be lower and the graph peak indicating
Tcurie became broader than SSRS sample, especially in the
IF-SPS sample which includes excessive oxygen defects,
and there appears to be no difference of Ty, between SPS
samples. Harrison and Putnis reported the strong depen-
dence of Tcyie of MgFe,O4 on the thermal treatment,
stoichiometry and intracrystalline distribution of Fe>™ and
Mg®" cations using measurements of alternating-field
magnetic susceptibility of samples quenched directly from
furnace into water [47]. However, the relationship between
Tcurie and expected defects formed by quenching was not
pointed out. This process might lead to valence modifica-
tion of the cations. We find that it is indicated that the
obtained 7y of spinel structure appears to depend on the
amount of defects, namely oxygen vacancies, induced by
SPS process. As noted above, the samples prepared with
SPS at 1200 and 900 °C clearly indicate the maximum
peak value of Seebeck coefficient at 523 K. The IF-SPS
sample, which is indicated to include excessive defects as
discussed above from the resistivity results (Fig. Sa),
exhibits the broadened peak shift of Tc, to lower
temperature.

The temperature dependence of the power factor is
given in Fig. 5c. In the temperature range of 373-853 K,
the IF-SPS sample exhibits the highest power factor
because of its low resistivity. At 973 K, the maximum
power factor is obtained for the sample prepared with SPS
at 1200 °C.

The temperature dependence of the thermal conductivity
is given in Fig. 6. The thermal conductivity of the sample
prepared with SSRS is the highest value below 673 K.
Among the SPS samples, the thermal conductivity of the
sample prepared at 900 °C is about a half of that of the
sample prepared at 1200 °C. It is indicated that fine grains
effectively scatter the phonons at the grain boundaries,
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Fig. 6 Temperature dependence of thermal conductivity of MgFe,O4
prepared with SSRS at 1200 °C (diamonds), SPS at 1200 °C
(triangles) and 900 °C (filled circles), and IF-SPS at 900 °C (open
circles). The dotted lines are guides to the eye
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Fig. 7 Thermal conductivity values corrected for porosity of MgFe,.
O, prepared with SSRS at 1200 °C (diamonds), SPS at 1200 °C
(triangles) and 900 °C (filled circles), and IF-SPS at 900 °C (open
circles). The corrected thermal conductivity is given as x/(1 — P),
where x and P are the measured thermal conductivity and the
porosity. The dotted lines are guides to the eye

leading to lower thermal conductivity. In contrast, the
thermal conductivity of the IF-SPS sample increases with
elevating temperature and becomes the highest value at
993 K. Although the particle size in the samples prepared
at 1200 °C with SSRS and SPS is almost same, SSRS
sample exhibits much higher thermal conductivity due to
the neck formation between particles, which indicates the
effectiveness of the SPS treatment. In addition to this, the
induced oxygen vacancies possibly led to additional pho-
non scattering and increased electron concentration as well.
In the entire temperature range, the SPS samples, espe-
cially the IF-SPS sample, achieve much higher electrical
conductivity and lower thermal conductivity compared to
the sample prepared with conventional SSRS method. In
this research, the relative density of the samples varies
from 78 to 91%. This porosity variation can significantly
compromise the comparison of the thermoelectric proper-
ties of these samples. Therefore, the thermal conductivity
was corrected for porosity by calculating the thermal
conductivity at the theoretical density, x(, using the fol-
lowing equation:

Kk =Ko(1 — P), (2)

where x and P are the measured thermal conductivity and
the porosity, respectively [48, 49]. The thermal conduc-
tivity values corrected for porosity were plotted in Fig. 7.
The corrected thermal conductivity, x(, indicated almost
the same tendency shown in Fig. 6.

In this research, the influence of the oxygen-defect on
the thermoelectric properties of magnesium ferrite was
discussed. However, to quantitatively determine the effects
of oxygen vacancy with the present research is difficult
because it is impossible to detect the oxygen vacancies and
the small difference between the atomic scattering factors
of Fe?* and Fe’" ions by conventional XRD analysis.
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Fig. 8 Temperature dependence of figure of merit ZT of MgFe,O,
prepared with SSRS at 1200 °C (diamonds), SPS at 1200 °C
(triangles) and 900 °C (filled circles), and IF-SPS at 900 °C (open
circles). The dotted lines are guides to the eye

Moreover, the significant cation disorder of MgFe,O, at
high temperature (above 581 °C determined from in situ
synchrotron X-ray powder-diffraction data [50]) also
makes it difficult to determine the accurate crystal structure
of oxygen-deficient MgFe,0,4. To clarify in detail the
attractiveness of the SPS treatment for spinel-type ther-
moelectric materials, further detailed research for quanti-
tative analysis on the effect of oxygen-defects on the
thermoelectric properties is required.

The temperature dependence of the dimensionless fig-
ure of merit, Z7, is given in Fig. 8. As a result of the
thermoelectric properties of oxygen-deficient MgFe,O,,
the IF-SPS sample including excessive oxygen vacancies
exhibits the highest ZT value at 373-673 K. In the tem-
perature range of 873-993 K, the SPS sample sintered at
1200 °C exhibits the highest ZT value. Although the
absolute maximum value is not high with ZT = 0.007, the
SPS samples exhibit a four- to sevenfold enhancement
compared to the SSRS sample because of lower electrical
resistivities and thermal conductivities.

Conclusion

Magnesium ferrite MgFe,O4 was synthesized with two
different methods, spark plasma sintering (SPS) and con-
ventional solid-state reaction sintering (SSRS), and the
thermoelectric properties investigated. SPS processing was
found to yield two attractive features. SPS at 900 °C
enabled retaining the submicron particle size of
0.3-0.5 pm from ball-milling, leading to lower thermal
conductivity. While 1200 °C SPS sintering led to the same
grain size of 1.0-3.0 um as SSRS, it still exhibited lower
thermal conductivity due to the neck formation between
particles with SSRS. Furthermore, the resistivity of SPS
MgFe,0,4 showed little dependence on the particle size at
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expected working temperatures above 523 K, indicating
success to some degree of phonon selective scattering due
to differences in mean-free-paths of electrons and phonons.
An oxygen defect-rich sample was also prepared with an
induction furnace and SPS, with large reduction of resis-
tivity and Seebeck coefficient. The kink in the temperature
dependence of the Seebeck coefficient which is represen-
tative of Tcyie 18 sizably reduced, indicating effects from
oxygen defects. As a process, the SPS samples are found to
exhibit four- to sevenfold enhancement of ZT compared to
the conventional SSRS. While the maximum Z7T in the
present samples is relatively low, taking a value of 0.07 for
the SPS 1200 °C sintered sample, the processing insights
may be utilized for similar systems.
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