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crystal structure analysis, micro structural observation and electrical proper-
ties research. The results showed that long annealing time was beneficial to

the recovery of crystal structure damage caused by SPS, the formation of a
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sulating phase. All of these resulted in an increase in dielectric constant and
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loss, and a reduction in breakdown voltage.
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1. Introduction

Transition metal based oxides have been a longstanding research focus due to
their distinguish properties and wide range applications [1] [2] [3]. Recently, the
discovery of new complex oxides, BaMn,Ti,0,,,;, named BMT, exhibited fer-
roelectricity, an antiferromagnetic phase transition (T y~120 K) with a weak fer-
romagnetic ordering at lower temperatures (T~42 K). In addition, they also
showed a giant dielectric constant at low frequency (>10* at 1 kHz) and a stable
intrinsic high dielectric constant (~1000 at 1 MHz). It is an excellent perfor-
mance indicator for dielectric materials due to most researched materials cannot

keep their giant/high dielectric constant at high frequency. Such as, the popular
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non-ferroelectric giant dielectric constant perovskite oxide, CaCu,Ti,O,, (CCTO),
only can hold its high dielectric constant at lower frequency, but the dielectric
constant reduced sharply with increased frequency and even to lower than 100
when the frequency is over megahertz [4]. The giant dielectric constant ferroe-
lectric perovskite oxide, BaTiO; (BTO), could only maintain the giant dielectric
constant (>10*) at a very narrow temperature range and resulted the transition of
paraelectric to ferroelectric when the temperature over the phase temperature
(T,). Moreover, the poling polycrystalline counterparts are about thousands,
which would significantly reduce when the applied frequency is over megahertz
(5] [6] [7].

Such outstanding dielectric performance for BMT were derived from the exis-
tence of significant electron correlations which result in charge order, and/or Ti*
based dipolar distortion, below the critical field strength for ferroelectricity. The
large intrinsic dielectric constant mainly contributed by the internal barrier layer
capacitance (IBLC). In the crystal structure of BMT, the chains of edge-shared
TiO4 octahedra act as barrier layers which similar to the case reported for Ca-
Cu,Ti,0,, (CCTO) [8]. Compare with the CCTO, the existence of mixed-valence
Mn ions in BMT. The valence of manganese ions alternates between +3 and +4
at room-temperature to construct a so-called charge disordered system, which
maybe the main reason for that BMT can hold their high dielectric constant in
high frequency range.

However, the giant dielectric effect of BMT lacks systematic research, although
some reports have been published in previous studies [9] [10]. In this paper, by
changing the annealing time of the spark plasma sintering (SPS) BMT pellets
and combining the microstructure analysis, impedance test and current-voltage
test, the giant dielectric effect and breakdown voltage of BMT were systemati-

cally studied.

2. Experimental Details

The as-fabricated BMT nanocrystals, prepared by our developed gel self-collection
[9], were used as raw materials to prepare SPS pellets. A SPS apparatus (Dr. Sin-
ter, SPS 625, Fuji Electronic Industrial Co. Ltd. Japan) was used to sinter BMT
powder into BMT pellets. A certain amount of as-calcined nanocrystals were
putted into the graphite mold with the diameter of 10 mm, and then sintered at
the temperature of 720°C for 5 minutes in vacuum of 8 MPa with a pressure of
42 MPa. To remove carbon from the sample, these samples were annealed in an
800°C muffle furnace for 4 and 24 hours, respectively. For the sake of distinc-
tion, we named the samples obtained under the two processes as SPS-BMT-4 h
and SPS-BMT-24 h. The crystal structure was characterized by X-ray power dif-
fraction (XRD). A scanning electron microscopy (FE-SEM, JSM-7800F) was
used to measure the grain size of nanoparticles and observe morphology of po-
lished SPS samples. For electrical characterization, the pellet surfaces were first

thoroughly polished and then covered on both sides with silver paste. Frequency
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dependent dielectric properties and impedance performance of pellets were
measured by Aglient E4980A LCR meter. Electrical properties were carried out

by Keithley 4200 semiconductor measurement comprehensive analyzer.

3. Results and Discussion

The crystal structure and SEM morphologies of sample of BMT, SPS-BMT-4 h
and SPS-BMT-24 h are shown in Figure 1. As we previous discussed, the BMT
belongs to hollandite group (Redledgeite structure, space group 87, I/4m),
A"[MY, M™],0,,, the Mn and Tications are located inside corner- and
edge-shared oxygen octahedral with Ba cations in the channels. In this instance
the fractional oxygen of the unit cell balances the Mn**: Mn** 1:1 ratio. The de-
tail crystal structure of the BMT was presented in our previous paper [9]. As
seen in Figure 1(a), although some XRD diffraction pattern of SPS-BMT-4 h
have low intensity and even they cannot be clearly identified. the XRD patterns
of SPS-BMT-4 h and SPS-BMT-24 h were in accordance with those of BMT,
which proves that the BMT pellets after SPS and annealing could maintain the
original crystal structure. As shown in Figure 1(b) and Figure 1(c), compared
with those of SPS-BMT-24 h, some agglomerates appear in the sample of

— BMT
——— SPS-BMT-4h
—— SPS-BMT-24h

Intensity

I 1 1 1
20 30 40 50 60 70
2 Theta (degree)

Figure 1. (a) The XRD patterns of BMT (black line), SPS-BMT-4 h (red line) and
SPS-BMT-24 h (blue line). (b) and (c) SEM morphologies of SPS-BMT-4 h, SPS-BMT-24
h, respectively.
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SPS-BMT-4 h and the grain boundary is inconspicuous. During SPS process, the
grain surface may form an amorphous phase due to local or transient high tem-
perature, and impurities such as oxides on the surface of the raw material powd-
er may also aggravate the amorphous phase [11]. In the subsequent annealing
and carbon removal process, BMT crystal recrystallize and grow again at 800°C,
which is beneficial to the crystallization and growth of crystal grains and then
eliminate the amorphous phase for BMT. Moreover, the longer the annealing
time, the more obvious the crystal structure recovery. Therefore, the amorphous
phase and reduced XRD patterns appeared in the sample of SPS-BMT-4 h due to
SPS and inadequate recovery of crystal structure. When the annealing time pro-
long to 24 h, the amorphous phase completely abolished and crystal structure of
BMT fully recovered.

Figure 2(a) and Figure 2(b) show the impedance complex plane plot, Z*, for
SPS BMT pellets annealing for 4 and 24 h. As we can see, the impedance spec-
troscopy (IS) present a semi-circular with non-zero intercept on the Z' xis at
high frequencies. Both of the impedance data can be ideally described by parallel

resistor-capacitor circuit (resistor, R and capacitor, C) elements, as seen
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Figure 2. Impedance complex plane plot, Z* at ~300 K for sample of (a) SPS-BMT-4h
and (b) SPS-BMT-24 h. (c) shows the appropriate equivalent electric circuits; (d) and (e)
show an expanded view of complex impedance (solid black squares) and fitting plots
(solid red line) of the high frequency data close to the origin for SPS-BMT-4h and
SPS-BMT-24 h, respectively.
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in Figure 2(c). One RC element refers to the semiconducting grains. Based on
the linear fit results, the resistivity of semiconducting grains is ~2.27 KQ-cm and
1.09 KQ-cm for the sample of SPS-BMT-4 h and SPS-BMT-24 h, respectively.
The other RC element refers to the “leaky” grain boundary (GB) regions, which
give rise to the large arc of ~1.05 MQ-cm and 0.29 MQ-cm for pellets annealed at
4 and 24 h, respectively. The semiconducting grains maybe oxygen stoichiome-
tric and exhibit intrinsic semiconductivity, which also be found in the Ca-
Cu;Mn,O,, [12]. Based on the oxygen-stoichiometric model, an electrically in-
sulating secondary phase existed at the grain boundaries.

Figure 3 shows the frequency dependent dielectric constants and losses of
sample of SPS-BMT-4 h and SPS-BMT-24 h. It is apparent that the dielectric
constant and loss of sample of SPS-BMT-24 h is much higher than those of the
sample of SPS-BMT-4 h in all tested frequencies ranges. The dielectric constant
decreased sharply with the increased frequency at low frequency range. After
about 20 kHz, one distinct permittivity plateaus are shown at high frequency.
The variation law of loss with increased frequency was showed in Figure 2(b),
which present a minimum value of about 0.23 and 0.35 at 100 kHz for the sam-
ple of SPS-BMT-4 h and SPS-BMT-24 h, respectively. In the frame work of di-
electric relaxations represented by RC elements, the high-permittivity at low
frequencies range primarily originated from the GB contribution, while the low
permittivity plateau at high frequencies primarily originates from the bulk con-
tribution. As the annealing time increased, the dielectric constant of the SPS
sample increases dramatically. This interesting feature is related to the differ-
ences in ceramic microstructure. As previous reported [8] [13], the “giant” per-
mittivity value for long-time sintered CCTO sample is associated with the pres-
ence of a thin reoxidized grain boundary regions on the outer surfaces of the
large semiconducting grains or to a electrically insulating secondary phase at the
grain boundaries. The reoxidation layer of grain outer would produced Schottky
barriers and associated space charge regions that penetrate only the outer re-
gions of the semiconducting grains and which result in giant dielectric constant
for the long time annealing sample of SPS-BMT-24 h. The electrically insulating

secondary phase may decrease with the increase of annealing time.
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Figure 3. Frequency dependent dielectric constants (a) and losses (b) of sample of
SPS-BMT-4 h and SPS-BMT-24 h.
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And then the semiconductivity would increase to result in an increase of permit-
tivity. Both models would give rise to high and frequency independent ¢ value. A
disadvantage of long time annealing for SPS BMT sample is their higher loss and
lower threshold to breakdown voltage. So, as seen in Figure 3(b), the dielectric
loss of sample of SPS-BMT-4 h is lower than that of SPS-BMT-24 h.

Moreover, Measurements of I-V characteristics were made on SPS-BMT-4 h
and SPS-BMT-24 h pellets. Figure 4 shows plots of current density (J) against
electric field (E) for polycrystalline specimens annealed at 4 and 24 h, respec-
tively. As shown in the Figure 4(a) and Figure 4(b), a strongly nonlinear rela-
tionship is observed, clearly marking the breakdown voltage varies considerably
with the annealing time pellets: 1700 V/cm for the sample of SPS-BMT-4 h and
1000 V/cm for the SPS-BMT-24 h, respectively. This decreased breakdown vol-
tage with increased annealing time maybe induced by the semiconductivity in
the grains. The grains may be oxygen stoichiometric and intrinsic semiconduc-
tivity, as occurred in the structurally related CaCu,;Mn,O,, [12]. Moreover, the
decreased electrically insulating secondary phase also increased the intrinsic se-
miconductivity of BMT ceramics. Therefore, with increased annealing time, the
breakdown voltage of the BMT ceramics decreased. In addition, Figure 4(c) and
Figure 4(d) represents the frequency dependent dielectric property of the sam-
ple of SPS-BMT-4 h and SPS-BMT-24 h after 1 hour of I-V Measurements. This
test result indicates that the dielectric properties of BaMn,T,,O,,,; are recovera-

ble when the high voltages are removed.
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Figure 4. Current density-electric field (J-E) characteristics of samples of (a) SPS-BMT-4
h (b) SPS-BMT-24 h. The log-log plot (c) and (d) shows the frequency dependent dielec-
tric property of the sample of SPS-BMT-4 h and SPS-BMT-24 h after breakdown 1 hour.
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4. Conclusion

By extending the annealing time from 4 h to 24 h at 800°C, the crystal structure
is effectively restored and the reoxidation layer on the surface of grains is formed.
Based on these phenomena, the dielectric constant increased from ~6000 to
~20,000 at 1 kHz, However, both of the decreased the electrically insulating sec-
ondary phase with the increased annealing time and the Schottky barriers and
associated space charge regions produced by the reoxidation layer of grain outer
would enhance the semiconductivity of the BMT pellets, resulting in the dielec-
tric loss increased from 0.23 to 0.35 at 100 kHz, while the breakdown voltage
decreased from 1700 V/cm to 1000 V/cm. Moreover, the dielectric properties of

BaMn,T;,0,,,; can be recoverable after the high voltages are removed.
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