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Abstract

Dense YMnO3 multiferroic ceramics were prepared by a novel technique of in situ SPS (spark plasma sintering) combined with annealing, and

both the dielectric and magnetic characterizations were conducted. Compared with the conventional ceramic process, the synthesis process was

greatly simplified, and dense YMnO3 ceramics with uniform microstructures were achieved at a relatively low temperature in very short time.

Dielectric characteristics of dense YMnO3 ceramics were well evaluated over broad temperature and frequency ranges. An obvious dielectric

relaxation was observed in the low temperature range and a dielectric step was detected in the higher temperature range. Systemic magnetism

studies of the present YMnO3 ceramics indicated a weak ferromagnetic characteristic in the temperature lower than the antiferromagnetic

transition temperature (TN).
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1. Introduction

In the past few years, multiferroic materials have attracted

the increasing scientific and technological interest because of

their unusual properties. Ferroelectricity and magnetic proper-

ties coexistence with in this class of materials, and the two order

can strongly coupled, which makes it has potential applications

in memory and logic device [1,2]. As a member of this rare

class multiferroics, hexagonal RMnO3 (R = Ho, Er, Tm, Yb,

Lu, Sc and Y) has attracted much scientific attention. These

materials are known as low-temperature ferroelectromagnets

and have potential use for application such as volatile

ferroelectricity memory because of their fairly high ferro-

electric transition temperature [3–7].

YMnO3 is one of the most intensively studied hexagonal

manganates. It belongs to the space group of P63cm, with a high

ferroelectric transition temperature (TC � 900 K) and a low

antiferromagnetic transition temperature (TN � 70 K) [8–14].

Recent studies have revealed that, there is a coupling between

the ferroelectric and antiferromagnetic order in YMnO3, and
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direct and strong coupling evidences have also been detected

[7,10,15]. However, in the previous studies, YMnO3 ceramics

were mainly prepared by conventional solid state reaction [10–

14]. In such synthesis route, high sintering temperature and

long calcining and sintering time were required to get qualified

ceramics dense enough for electric characterization. During the

sample preparation, intermediate grindings were also needed to

eliminate the secondary phases. So the preparation cycles were

very long and much complex, and therefore searching for a

rapid and simple synthesis method is necessary. In addition,

only a few studies are about the dielectric behaviors of YMnO3

ceramics, and the dielectric relaxations of YMnO3 ceramics in

wide frequency ranges and temperature range around room

temperature have not been well investigated.

In recent years, spark plasma sintering (SPS) has been widely

used as a rapid preparation method to prepare composites and

ceramics [16–21]. It is a newly developed sintering technology

that makes use of microscopic electrical discharges between

particles under pressure and allows for quick densification. In

addition, a relatively low sintering temperature and a short

sintering time are the most attractive features.

In the present work, an in situ SPS technique combined with

annealing is used to prepare multiferroic YMnO3 ceramics, and

this synthesis approach has not been used in previous work on
d.
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Fig. 1. Shrinkage curve and sample’s temperature as a function of sintering

time in the process of in situ spark plasma sintering of YMnO3 ceramics.

Fig. 2. XRD patterns of YMnO3 ceramics (a) in situ synthesized by spark

plasma sintering at 1000 8C for 5 min; (b) subsequently annealed at 1200 8C in

air for 1 h.
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YMnO3. The dielectric characteristics of YMnO3 are evaluated

over broad temperature (123–573 K) and frequency (10 Hz–

1 MHz) ranges to determine the dielectric behavior, and the

magnetic properties are also investigated together with the

microstructures.

2. Experimental

The raw materials were analytical-grade Y2O3 (99.99%,

Shanghai Yuelong New Materials Co. Ltd., Shanghai, China)

and Mn2O3 (98%, Johnson Matthey Company, MA). Stoichio-

metric amounts of oxide compounds were carefully weighted

and mixed thoroughly and ground in anhydrous alcohol for 3 h

to get homogeneous mixture. After the mixture were dried,

some of them were put into a graphite die and sintered at

1000 8C for 5 min in a vacuum of 6 Pa with an SPS apparatus

(SPS-1050, SPS SYNTEX Inc., Kanagawa, Japan). During the

period of heating and soaking, a pressure of 30 MPa was

applied to the sample. The heating rate was 100 8C/min from

room temperature to 900 8C, 40 8C/min from 900 to 980 8C and

20 8C/min from 980 to 1000 8C. All the in situ synthesized

samples by SPS were polished and then annealed at 1200 8C for

1 h in air to ensure their homogeneity.

Density of YMnO3 ceramics after annealing was measured

by the Archimedes method. The crystalline phases of the as-

sintered and annealed YMnO3 ceramics were characterized by

X-ray diffraction (D/MAX 2550/PC, Rigaku, Tokyo, Japan)

using Cu Ka radiation. The microstructures were evaluated on

the polished surfaces of YMnO3 ceramics after annealing with a

field emission scanning electron microscopy (S-4800, Hitachi,

Tokyo, Japan). The polished surfaces were thermally etched at

1175 8C for 1 h before observation. Both the dielectric and

magnetic characterizations were conducted for YMnO3

ceramics after annealing. The dielectric characteristics were

measured with a broadband dielectric spectrometer (Turnkey

Concept 50, Novocontrol Technologies, Germany) in a broader

range of temperature (123–573 K) and frequency (10–

1,000,000 Hz), where the silver paste was adopted as the

electrodes. The magnetic properties were evaluated by the

Quantum Design Polyfunctional Physical Property Measure-

ment System (PPMS-9, Quantum Design, TN).

3. Results and discussions

Fig. 1 shows the sintering behavior of the YMnO3 ceramics

in situ synthesized by spark plasma sintering. A very small

thermal expansion is observed when the temperature increases

from room temperature to 330 8C, and then a relatively large

thermal expansion takes place until approximately 640 8C. The

shrinkage initiates at about 800 8C, and it increases rapidly

when the temperature increases up to 960 8C. Subsequently,

almost no shrinkage is observed until the soaking period,

suggesting that the densification almost completes at tempera-

ture below 1000 8C. After the sample was sintered at 1000 8C
for 30 s, it begins to expanse. It should be noted that the

densification temperature of in situ SPS synthesis is about 300–

525 8C lower than that of the conventional solid state sintering
method used in the previous studies [10–14]. This should be

attributed to the microscopic electric discharge between

particles and the application of mechanical pressure during

the SPS. These two merits of SPS play important roles in

lowering sintering temperature and shortening sintering time.

During the initial period of SPS, the microscopic electric

discharges between particles are said to clean the surfaces of

particles from the absorbed species and activate the surfaces.

The cleaned and activated surfaces enhance the diffusion,

promote transfer of material, and densify the sample. One the

other hand, the application of mechanical pressure aids in

removing pores and enhancing the diffusion during the SPS.

Fig. 2(a) shows the XRD pattern of dense samples in situ

synthesized ceramics by spark plasma sintering at 1000 8C for

5 min. The hexagonal YMnO3 is synthesized as the major

phase, and a small amount of secondary phases (Y2O3 and

MnO) is also detected. However, after the subsequent annealing

at a high temperature of 1200 8C for a short time of 1 h, the

secondary phases are almost removed. As shown in Fig. 2(b),

dense YMnO3 ceramics with a single hexagonal phase in space

group P63cm is obtained after annealing. Compared with the

conventional solid synthesis route used in previous studies, the



Fig. 4. Temperature dependence of (a) real dielectric permittivity e0 and (b)

dielectric loss tan d of YMnO3 ceramics at different frequencies between 10 Hz

and 1 MHz.
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present synthesis method incorporate the reaction synthesis

with the densification process, so the prepare cycle is greatly

simplified. Moreover, this in situ SPS synthesis combined with

subsequent annealing has rarely been reported to prepare

multiferroic ceramics before.

The density of the as-prepared sample is above 94% of the

theoretical density according to the measuring results of the

Archimedes method. Fig. 3 shows the SEM micrograph on the

thermally etched surfaces of YMnO3 ceramics sintered by SPS

combined with subsequent annealing. The dense ceramics are

well crystallized with the fine grain size. Small amount of crack

was observed in the thermally etched surfaces, and this

phenomenon is common in YMnO3-based ceramics [12,13].

Fig. 4 shows the temperature dependence of dielectric

properties for YMnO3 ceramics at different frequencies

(10 Hz–1 MHz). An obvious dielectric relaxation is observed

at the temperature range from 160 to 300 K, and a peak in the

tan d-T curve is observed, which shifts toward higher

temperature with increasing frequency. A dielectric constant

step (e0 � 500) is detected on the e0-T curve in the medium

temperature range (300–420 K), and it is weakened at high

frequencies. In the higher temperature range, the dielectric

constant increases rapidly and the corresponding abnormity in

the tan d-T curve is also detected. In the whole testing

temperature range, strong frequency dispersion is indicated.

In order to get a deep insight into the low temperature

dielectric relaxation, the frequency dependence of the tan d

peak temperature has been studied. As shown in Fig. 5, the

variation relation obeys the Arrhenius law,

f ¼ f 0exp
�Ea

kT

� �
;

where f0 is the preexponential term, Ea is the activation energy,

and k is Boltzmanns constant. The fitting parameters are

obtained as Ea = 0.45 eV and f0 = 8.67 � 1012 Hz. Therefore,

the low temperature dielectric relaxation in YMnO3 ceramics is

a thermally activated process.

Fig. 6(a) shows the temperature dependence of ZFC and FC

magnetic susceptibility for the as-prepared YMnO3 ceramics in
Fig. 3. SEM micrographs on the polished and thermally etched surfaces of

YMnO3 ceramics after annealing.
a field of 0.1 T. The divergence of the ZFC and FC

susceptibility is observed below 69 K, the antiferromagnetic

transition temperature (TN) of YMnO3. In addition, below TN,

ZFC magnetization reaches a maximum value at around 40 K

and decreases at the lower temperatures. On the other hand, the

FC magnetization undergoes an abrupt increase tending toward

a saturated value, suggesting weak ferromagnetic effect.

Similar to the previous results for ScMnO3 [5], the second

abnormity below TN of YMnO3 corresponds to a spin
Fig. 5. Frequency dependence of tan d peak temperature for low temperature

dielectric relaxation in YMnO3 ceramics. Symbols are experimental points and

solid line is Arrhenius fitting.



Fig. 6. (a) Temperature dependence of ZFC and FC magnetic susceptibility of

YMnO3 ceramics in a field of 0.1 T. (b) The inverse susceptibility vs tempera-

ture. The solid line is the high-T Curie–Weiss fit.
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reorientation, revealing a transition to another magnetic phase.

The reciprocal ZF and ZFC magnetic susceptibility as a

function of temperature is shown in Fig. 6(b). The reciprocal

susceptibility has a linear dependence above 142 K. The data is

fitted by Curies–Weiss law, and the Curies–Weiss (uP) is found

to be�465.19 K. This confirms the antiferromagnetic coupling

between Mn ions and the antiferromagnetic nature is attributed

to the super exchange interaction between the Mn sites.

Fig. 7 shows the M–H hysteresis loops of YMnO3 ceramics

at different temperatures. Above 40 K, no magnetic hysteresis

loops are detected in the magnetic-ordered temperature range,

suggesting the antiferromagnetic nature of YMnO3. In addition,

an obvious magnetic hysteresis loop is observed at 25 K, with

remnant magnetization (Mr) of 0.24 emu/g and a coercive field
Fig. 7. M–H hysteresis loops of YMnO3 ceramics at different temperatures.
(Hc) of 1.83 kOe. It indicates a weak ferromagnetic character-

istic, in good agreement with the susceptibility measurement

results. This differs from the previous magnetism studies of

YMnO3, which showed that spontaneous magnetization and

hysteresis phenomenon all vanish below TN [5]. This difference

is very interesting, and further investigation is needed for

details.

4. Conclusions

YMnO3 multiferroic ceramics were successfully prepared in

situ by SPS (Spark Plasma Sintering) followed by annealing.

Compared with conventional ceramics synthesis route, the

synthesis process was greatly simplified, and dense YMnO3

ceramics with uniform microstructures were achieved in a very

short time at relatively low temperature. An obvious dielectric

relaxation was observed in the low temperature range and a

dielectric step was detected in the higher temperature range.

The low temperature dielectric relaxation in YMnO3 ceramics

is a thermally activated process. Systemic magnetism studies of

the present YMnO3 ceramics indicated a weak ferromagnetic

characteristic in the temperature lower than the antiferromag-

netic transition temperature (TN).
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