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Abstract

Dielectric characteristics of YMn0.8Fe0.2O3 ceramics prepared by in situ spark plasma sintering (SPS) were evaluated over broad temperature

and frequency ranges. An obvious dielectric relaxation was observed in the low temperature range, and it was a thermally activated process

following the Arrhenius law. A regular ferroelectric hysteresis loop was detected at 153 K, and the weak ferromagnetic characteristic was observed

at room temperature. These results indicated the enhanced multiferroic properties in the Fe-modified YMnO3 ceramics.
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1. Introduction

Hexagonal YMnO3 has attracted much scientific attention as

one of the promising multiferroic materials. It belongs to the

noncentrosymmetric P63cm space group with a high ferro-

electric transition temperature (TC � 900 K) but a low

antiferromagnetic transition temperature (TN � 70 K) [1–3].

Recent studies have revealed that there is a coupling between

the ferroelectric and antiferromagnetic order in hexagonal

YMnO3 [4,5].

Hexagonal YMnO3 consists of MnO5 trigonal bipyramids

where each manganese ion is surrounded by three in-plane and

two apical oxygen ion. Ferroelectric phase YMnO3 is

characterized by a buckling of the layered MnO5 polyhedra,

accompanied by displacements of the Yions, which leads to a net

electric polarization [6]. Below TN, Mn3+ spins interact

antiferromagnetically within the hexagonal layers of the

structure, indicating that the magnetism is geometrically

frustrated (GF) [3,7]. The lower TN is a limitation for the

multiferroic applications of YMnO3, and it is an important issue

to improve room temperature ferromagnetic properties of the

present material. Recently, many studies on the A- and B-site

substituted YMnO3 have been reported [8–15]. However, only a
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few investigations are focused on Fe-doped hexagonal YMnO3

[13–15], and the effect of Fe-substitution for Mn on the

multiferroic properties of YMnO3 has rarely been studied. YFeO3

has an orthorhombic distorted perovskite structure with space

group Pnma [16]. Because YMnO3 and YFeO3 both have the

perovskite structure, the hexagonal structure of YMnO3 with the

noncentrosymmetric space group of P63cm might be maintained

by substituting a small amount of Fe for Mn, and subsequently the

ferroelectricity should also be expected. On the other hand,

YFeO3 has a high Néel temperature (TN = 640 K) [16], so the

magnetic transition temperature should be increased by Fe

substituting for Mn in YMnO3, and the enhanced ferromagnetic

properties are expected in Fe-substituted YMnO3 ceramics.

Spark plasma sintering (SPS) has been used widely as a low

temperature and rapid method to prepare ceramics and

composites [17–20]. In the present work, an in situ SPS

technique combined with annealing is used to prepare

multiferroic YMn0.8Fe0.2O3 ceramics. The dielectric properties

of YMn0.8Fe0.2O3 ceramics were evaluated over broad

temperature and frequency ranges, and the multiferroic

properties were well investigated.

2. Experimental

High purity raw oxide powders of Y2O3 (99.99%), Mn2O3

(98%), and Fe2O3 (99%) with stoichiometric ratio were

carefully weighted and mixed thoroughly, and then ground
d.
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Fig. 2. XRD patterns of YMn0.8Fe0.2O3 ceramics (a) in situ synthesized by SPS

at 1273 K for 5 min and (b) subsequently annealed at 1473 K in air for 1 h.
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in anhydrous alcohol for 3 h to get homogeneous mixture. After

the mixture was dried, some of them were put into a graphite die

and sintered at 1273 K 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 K/

min from room temperature to 1173 K, 40 K/min from 1173 to

1253 K, and 20 K/min from 1253 to 1273 K. All the in situ

synthesized samples by SPS were polished and then annealed at

1473 K in air for 1 h to ensure homogeneity. Density of

YMn0.8Fe0.2O3 ceramics after annealing was measured by the

Archimedes method. The crystalline phases of the as-sintered

and annealed YMn0.8Fe0.2O3 ceramics were characterized by

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

using CuKa radiation. The microstructures were evaluated on

the polished surfaces of YMn0.8Fe0.2O3 ceramics after

annealing with a field emission scanning electron microscopy

(S-4800, Hitachi, Tokyo, Japan). The polished surfaces were

thermally etched at 1448 K for 1 h before observation. The

dielectric, conductive, ferroelectric and magnetic characteriza-

tions were conducted for YMn0.8Fe0.2O3 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

polarization–electric field (P–E) hysteresis loops were eval-

uated at 153 K and 10 Hz by Precision Materials Analyzer (RT

Premier II, Radiant Technologies, Inc., NM), and the dc

resistivity was also measured. The magnetic properties were

evaluated by the Quantum Design Polyfunctional Physical

Property Measurement System (PPMS-9, Quantum Design,

TN).

3. Results and discussions

Fig. 1 shows the sintering behavior of the YMn0.8Fe0.2O3

ceramics in situ synthesized by SPS. When the temperature

increases from room temperature to 673 K, a small thermal

expansion is observed, and then a relatively large thermal

expansion takes place till approximately 993 K. The shrinkage

initiates at about 1153 K, and it increases rapidly when the
Fig. 1. Shrinkage curve and sample’s temperature as a function of sintering

time in the process of in situ SPS of YMn0.8Fe0.2O3 ceramics.
temperature increases up to 1273 K. Subsequently, almost no

shrinkage is observed until the soaking period, suggesting that

the densification almost completes at temperature below

1273 K. After the sample was sintered at 1273 K for 3 min,

it begins to expand. Compared with solid state reaction process

used in the previous studies [14], the densification temperature

in present process is much lower.

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

synthesized YMn0.8Fe0.2O3 ceramics by SPS at 1273 K for

5 min. The hexagonal phase is synthesized as the major phase,

and a small amount of secondary phases (Y3Fe5O12) is also

detected. However, after the subsequent annealing at a high

temperature of 1473 K for a short time of 1 h, the Y3Fe5O12

impurity is removed. As shown in Fig. 2(b), dense YMn0.8-

Fe0.2O3 ceramics with a single hexagonal phase in space group

of P63cm is obtained after annealing.

The density of the as-prepared sample is above 95% of the

theoretical density according to the results of the Archimedes

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

etched surfaces of YMn0.8Fe0.2O3 ceramics sintered by SPS

combined with subsequent annealing, and dense ceramics are
Fig. 3. SEM micrograph on the polished and thermally etched surfaces of

YMn0.8Fe0.2O3 ceramics after annealing.



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

dielectric loss tan d of YMn0.8Fe0.2O3 ceramics at different frequencies between

10 Hz and 1 MHz.

Fig. 5. Frequency dependence of tan d inflexion point temperature for low

temperature dielectric relaxation in YMn0.8Fe0.2O3 ceramics. Symbols are

experimental points and solid line is Arrhenius fitting.

Fig. 6. (a) Electric field dependence of resistivity of YMn0.8Fe0.2O3 ceramics at

153 K. (b) P–E hysteresis loops of YMn0.8Fe0.2O3 ceramics at 153 K under

different applied electric field.
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well crystallized. Some cracks were observed in the thermally

etched surfaces, and this phenomenon is common in YMnO3-

based ceramics [21,22].

Fig. 4 shows the temperature dependence of real dielectric

permittivity e0 and dielectric loss tan d of YMn0.8Fe0.2O3

ceramics at different frequencies between 10 Hz and 1 MHz.

An obvious dielectric relaxation is observed at the temperature

range from 150 to 390 K, and a corresponding inflexion point in

the tan d–T curve is detected, which shifts toward higher

temperature with increasing frequency. A dielectric constant

step (e0 � 1000) is detected on the e0–T curve in the medium

temperature range (300–450 K), and it is weakened at high

frequencies. In the higher temperature range, the dielectric

constant increases rapidly. Strong frequency dispersion is

indicated in the whole testing temperature range.

In order to get a deep insight into the low temperature

dielectric relaxation, the frequency dependence of the tan d

inflexion point temperature is studied. As shown in Fig. 5, the

variation relation obeys the Arrhenius law,

f ¼ f 0 exp
�Ea

kT

� �
;

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

and k the Boltzmann’s constant. The fitting parameters are

obtained as Ea = 0.38 eV and f0 = 1.30 � 1011 Hz. Therefore,

the low temperature dielectric relaxation in YMn0.8Fe0.2O3

ceramics is a thermally activated process.

According to the XRD results, YMn0.8Fe0.2O3 ceramics

keeps the noncentrosymmetric space group of P63cm as pure

YMnO3, so the ferroelectric properties should be maintained in

YMn0.8Fe0.2O3 at room temperature. Unfortunately, because of
the low resistivity (in the order of 106 V cm) of YMn0.8Fe0.2O3

ceramics, the room temperature P–E loop was measured as a

circle (not shown), indicating the samples have serious

electrical leakage. Taking into account that the resistivity

can be increased with decreasing temperature, we measured the

low temperature P–E hysteresis loops of YMn0.8Fe0.2O3
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ceramics. Fig. 6(a) shows the resistivity of YMn0.8Fe0.2O3

ceramics at 153 K, and it has been greatly increased to the order

of 1010 to 1011 V cm. Fig. 6(b) shows the P–E hysteresis loops

of YMn0.8Fe0.2O3 ceramics at 153 K under different applied

electric field, and regular P–E hysteresis loops were detected.

Although the applied electric field has achieved 80 kV/cm, the

P–E hysteresis loop is still not saturated, so the saturation

electrical field should be higher. When the applied electric field

is 80 kV/cm, the spontaneous polarization (Pr) and the coercive

field (Ec) of YMn0.8Fe0.2O3 ceramics are 0.10 mC/cm and

14.08 kV/cm2, respectively. Because the resistivity at 153 K is

large enough, and the leakage current is very low, so the P–E

hysteresis loop should be related to the true ferroelectricity

other than the characteristic of lossy dielectric. In addition,

because YMn0.8Fe0.2O3 ceramics belong to the noncentrosym-

metric space group P63cm which is the same as ferroelectric

YMnO3, the intrinsic ferroelectricity should be expected.

Fig. 7(a) shows the temperature dependence of ZFC and FC

magnetic susceptibility for YMn0.8Fe0.2O3 ceramics under a

magnetic field of 0.1 T. The divergence of the ZFC and FC

susceptibility is observed till 300 K, so the magnetic transition

temperature of YMn0.8Fe0.2O3 should be higher than room

temperature. In addition, ZFC magnetic susceptibility reaches a

maximum value at 79 K. This temperature is very close to the

TN of pure YMnO3, so the magnetic abnormity should be

related to a spin reorientation of Mn ions, revealing a transition

to another magnetic phase. Fig. 7(b) shows the M–H hysteresis

loops of YMn0.8Fe0.2O3 ceramics at different temperatures.

Obvious magnetic hysteresis loops are observed even at room

temperature, indicating the weak ferromagnetic property of

YMn0.8Fe0.2O3 ceramics. The remnant magnetization (Mr) and
Fig. 7. (a) Temperature dependence of ZFC and FC magnetic susceptibility of

YMn0.8Fe0.2O3 ceramics in a field of 0.1 T. (b) M–H hysteresis loops of

YMn0.8Fe0.2O3 ceramics at different temperatures.
coercive field (Hc) decreases with increasing temperature.

Compared with pure YMnO3 which is antiferromagnetic

ordered only below 70 K, the magnetic properties of the present

YMn0.8Fe0.2O3 ceramics has been greatly improved. This

should be attributed to the complex magnetic interaction

between the Mn and Fe irons. The co-existence of ferroelec-

tricity and room temperature ferromagnetism in YMn0.8Fe0.2O3

is very interesting, and this might provide a new promising

multiferroic material.

4. Conclusions

An obvious dielectric relaxation is observed in the low

temperature range in YMn0.8Fe0.2O3 ceramics, which is a

thermally activated process. A dielectric constant step is

detected in the higher temperature range, and it is weakened at

high frequencies. Regular ferroelectric hysteresis loops are

detected at 153 K, and a weak ferromagnetic characteristic is

observed till room temperature. Through Fe substituting for

Mn, the enhanced room temperature ferromagnetic properties

are achieved in YMnO3 ceramics together with maintained

ferroelectric properties. The present results suggest a new

promising multiferroic material.
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