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a b s t r a c t

The single phase hexagonal YMnO3 has been synthesized via sol–gel route by adopting two different
sintering conditions. In one case, sintering has been done at ∼700 ◦C in Ar/H2 atmosphere and in other case
it has been done at ∼1250 ◦C in air. Magnetic measurements of the samples, synthesized by sintering at
relatively lower temperature in Ar/H2 atmosphere, show the enhanced ferromagnetic behaviour at 10 K.
M–H curve shows that the value of saturation magnetization (Ms) at 10 K is 8.04 emu/g for Ar/H2 sintered
sample while it is 2.93 emu/g for the air sintered sample. Moreover, a weak ferromagnetic signal at room
temperature has been observed in YMnO3 compound. Magnetization versus magnetic field (M–H) curves
of hydrogen treated samples, measured at room temperature, show small kink in the linear variation near
5.80.+q
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origin, possibly due to presence of weak ferromagnetic interactions in the samples at room temperature.
However, the polarization–electric field (P–E) curve shows weak ferroelectric characteristics for the Ar/H2

sintered samples. It is suggested that the enhanced ferromagnetism in Ar/H2 sintered sample originates
from the presence of oxygen vacancies in the Ar/H2 sintered samples. Moreover, the magnetoelectric
coupling coefficient at room temperature is improved to 106 mV/cm Oe for Ar/H2 sintered sample as
compared to 96 mV/cm Oe for air sintered sample at 40 kHz ac magnetic field frequency.
erroelectrics

. Introduction

The yttrium and rare-earth manganites RMnO3 crystallize in
wo structural phases: the hexagonal phase for R = Ho, Er, Tm, Yb,
u, or Y (with smaller ionic radii) and the orthorhombic phase for
= La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, or Dy (with larger ionic radii) [1,2].

n these compounds, the angle Mn–O–Mn is close to 180◦, facilitat-
ng magnetic ordering via an indirect exchange interaction between
he Mn ions through the O ions. While magnetic ordering occurs in
oth hexagonal and orthorhombic manganites [3–5], ferroelectric
rdering occurs only in the hexagonal [1], which belong to the non-
entrosymmetric P63cm space group. Therefore hexagonal yttrium
orm an interesting class of materials in which the ferroelectric-
ty and magnetism coexist at low temperature and these kinds
f materials are termed as multiferroics [6]. Multiferroics, some-

imes called magnetoelectrics, are the materials that posses both
erroelectricity and ferromagnetism in the same phase [6–9]. These
ombined properties are thought to be nearly mutually exclusive.
n fact, multiferroics are very few in existence. Hill [8] explored
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the fundamental physics behind the scarcity of the ferromagnetic
ferroelectric coexistence. Because of their exclusive properties,
these compounds present opportunities for potential applications
in information storage process, spintronics, multi-state memories
and magnetoelectric sensors [10–12]. The hexagonal YMnO3 is the
typical example of multiferroic that has the ferroelectric Curie tem-
perature (TC) near 900 K [13] and magnetic Neel temperature (TN)
below 70 K [14]. 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 mate-
rial. However, several efforts have been made to improve Neel
temperature and magnetization in YMnO3 by the doping of various
ions on the Y and Mn site of YMnO3 [15–21] but very few studies
reported the enhanced magnetic behaviour in YMnO3 [17,21]. Sri-
vastava et al. [17] reported the weak ferromagnetic interaction in
electron doped Y1−xCexMnO3 (x = 0–0.10) due to double exchange
interaction in Mn2+–Mn3+ network while it has been found that
the doping of Y on La site and Fe on Mn site of LaMnO3 triggers
antiferromagnetic interactions between Fe3+ and Mn4+ spins [20].

Furthermore, very recently Ma et al. [21] reported the weak ferro-
magnetic characteristics even up to room temperature in Fe doped
YMn0.8Fe0.2O3 compound. Most of the efforts are made to improve
the magnetization by doping studies but very rare on pure YMnO3.
Interestingly, Ma et al. [22] reported the enhancement in magnetic
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rdering in pure YMnO3 by synthesizing through an in situ spark
lasma sintering technique.

In the present work, we also try to improve the magnetization in
ure YMnO3 by sintering the material in reducing atmosphere of Ar
95%)/H2 (5%). It has been found that by sintering YMnO3 in Ar/H2
tmosphere, not only magnetization is improved but magnetoelec-
ric coupling is also enhanced. Furthermore, we get the hexagonal
MnO3 phase at relatively lower sintering temperature (700 ◦C) for
r/H2 sintered sample as compared to the required 1250 ◦C sinter-

ng temperature for air atmosphere. However, a slight decrease in
erroelectric polarization is observed in the Ar/H2 sintered samples.

. Experimental procedures

The polycrystalline YMnO3 samples were prepared by sol–gel method. The
equired amounts of high purity Y(NO3)3·5H2O and Mn(CH3COO)2·4H2O were dis-
olved in the double distilled water to form an aqueous solution. An equal amount
f ethylene glycol was added to this solution with continuous stirring. This solution
as then heated on a hot plate at temperature of ∼60–80 ◦C till a dry thick sol was

ormed. This was further decomposed in an oven at a temperature of 250 ◦C to get
he dry fluffy material. This obtained polymeric precursor was calcined at 700 ◦C for
5 h in furnace. Then resulting calcined powder was reground and pressed in the
orm of pellets. These pellets were sintered at different temperature and environ-

ents and the single phase hexagonal YMnO3 was obtained for the pellets sintered
t 1250 ◦C in air for 10 h and 700 ◦C in (95%)Ar/(5%)H2 atmosphere for 1 h. Pellets
intered at 1250 ◦C in air for 10 h are referred to as sample YMO-Air and sintered at
00 ◦C in (95%)Ar/(5%)H2 atmosphere for 1 h are referred to as sample YMO-Ar/H2.
urthermore, it is also noticed that increasing the sintering time (>1 h) for Ar/H2

intered sample deteriorate the hexagonal phase.
The structural characterization is done at room temperature by using X-ray

iffraction (Bruker AXS D8 advance, Cu K� radiation) technique. The microstructure
f the samples is examined with FE-SEM (FEI, Quanta 200 F, Netherlands). The ele-
ental analysis of the sintered samples is carried out using energy dispersive X-ray

nalyzer (EDAX’ TSL, AMETEK) coupled with FE-SEM. Magnetization measurements
re carried out by using SQUID magnetometer (SQUID–Quantum Design MPMS XL)
nd ferroelectric hysteresis loops are measured by using ferroelectric loop tracer.

. Results and discussion

Fig. 1 shows the room temperature X-ray diffraction patterns
sing Cu K� radiation. The XRD results reveal that both the sam-
les (YMO-Air and YMO-Ar/H2) have pure hexagonal phase and
here is no sign of MnO2 (which usually forms at synthesis tempera-
ure above 1100 ◦C) or orthorhombic YMnO3 (which appears at high
ressures). The high intensity of XRD peaks for the sample YMO-Air
s compared to the sample YMO-Ar/H2 indicates the better crys-

allinity of the earlier sample. It is also found that the peak width
f sample YMO-Ar/H2 (sintered at 700 ◦C) is larger than the sample
MO-Air (sintered at 1250 ◦C), which indicates that the particle size
f the sample YMO-Ar/H2 is smaller than the sample YMO-Air. The
article size estimated from X-ray data using Scherrer’s formula

Fig. 2. Field emission scanning electron micrograph
Fig. 1. X-ray diffraction patterns of YMO-Air and YMO-Ar/H2 samples.

(PS ∼ K�/ˇ cos � where k ∼ 0.89 is the shape factor, � is wavelength
of X-rays, ˇ is the FWHM and � is the Bragg angle) is 30 nm for YMO-
Ar/H2 sample and 400 nm for sample YMO-Air. A minor shift in the
Bragg peaks of YMO-Ar/H2 sample with respect to YMO-Air sample
towards lower Bragg angle indicates a minor expansion in unit cell.
The calculated lattice parameters (a and c for hexagonal phase with
space group P63cm) are a = 6.141 Å and c = 11.404 Å for YMO-Ar/H2
sample and a = 6.136 Å and c = 11.398 Å for YMO-Air sample. This
slight expansion in unit cell of YMO-Ar/H2 sample may be due to
presence of oxygen vacancies in this hydrogen treated sample as
being confirmed ahead by EDX results.

The FESEM images of both the samples (YMO-Air and YMO-
Ar/H2) are shown in Fig. 2. FESEM images show that the morphology
of the sample YMO-Air is dense and uniform while that of the
sample YMO-Ar/H2 shows grains of smaller size with some pores
and poor density, which may be due to presence of oxygen vacan-
cies. The reduction in grain size by hydrogenation process can be
clearly noticed by FESEM images. The grain size calculated from
FESEM images for Ar/H2 sintered sample is ∼70 nm as compared
to 800 nm for air sintered sample. However, both XRD and FESEM
results show the reduction in particle/grain size for Ar/H2 sintered
sample but there is a difference between particle size calculated

through XRD and grain size calculated through FESEM. This differ-
ence is due to the fact that grains are composed of several particles,
which may introduce the internal stress or defects in the structure.
The EDX results show that the Y/Mn atomic ratio for the sample
YMO-Ar/H2 is close to 1 but the oxygen content is found nearly

s of (a) YMO-Air and (b) YMO-Ar/H2 samples.
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Fig. 4. Magnetization versus magnetic field (M–H) curves of YMO-Air and YMO-
Ar/H2 samples measured at 10 K. Inset shows the enlarge view of M–H curve at low
fields.

Fig. 5. Magnetization versus temperature (M–T) curves of YMO-Air and YMO-Ar/H2

samples at 1000 Oe. Inset shows the reciprocal susceptibility versus temperature
curve.
ig. 3. Magnetization versus magnetic field (M–H) curves of YMO-Air and YMO-
r/H2 samples measured at room temperature. Inset shows the ferromagnetic kink
ear origin in YMO-Ar/H2 sample.

.85 (instead of 3) whereas the oxygen content is close to 3 for the
ir sintered sample YMO-Air. Therefore, EDX results also indicate
hat the oxygen vacancies are produced in the YMO-Ar/H2 sample
hrough hydrogenation.

The magnetizations versus magnetic field (M–H) curves
ecorded at room temperature are shown in Fig. 3. The M–H curve of
he sample YMO-Air shows linear variation of magnetization with

agnetic field, suggesting paramagnetic behaviour of this sample.
n the other hand, the M–H curve of sample YMO-Ar/H2, mea-

ured at room temperature, shows a kink in the linear variation
ear origin, indicating some ferromagnetic fraction in this sam-
le. Furthermore, the value of magnetization is also larger in the
ydrogenated YMO-Ar/H2 sample as compared to sample YMO-
ir. The values of magnetization at room temperature are 0.24
nd 0.28 emu/g for the sample YMO-Air and YMO-Ar/H2, respec-
ively. The non-linear behaviour (with ferromagnetic kink) in the
MO-Ar/H2 sample has been shown clearly in the inset of Fig. 3.

We have also recorded M–H curves at 10 K for both the YMO-
ir and YMO-Ar/H2 samples. The magnetizations versus magnetic
eld (M–H) curves, recorded at 10 K, are shown in Fig. 4. The values
f saturation magnetization (Ms) at 10 K are 2.93 and 8.04 emu/g
or the YMO-Air and YMO-Ar/H2 samples, respectively. This shows
hat the hydrogenated YMO-Ar/H2 sample has larger value of mag-
etization as compared to sample YMO-Air. This indicates that
he hydrogenation process helps in the enhancement of magne-
ization. However, a weak ferromagnetic signal is also observed
n YMO-Air sample at 10 K (as shown in the inset of Fig. 4)
ut YMO-Ar/H2 sample has clear hystresis phenomenon with a
reater value of spontaneous magnetization. The value of spon-
aneous magnetization is 1.62 emu/g in YMO-Ar/H2 sample while
t is only 0.154 emu/g in YMO-Air sample. However, in spite of
arger spontaneous magnetization in YMO-Ar/H2 sample, it does
ot get saturation magnetization up to 80 kOe magnetic field,
hich indicates that still paramagnetic phase is dominating in

he sample. This weak ferromagnetism, observed in hydrogenated
MnO3, is believed to be Dzialoshinkii-Moriya type [23], and its
rigin is associated with the antisymmetric part of the anisotropic
uperexchange interaction. However, the exact mechanism for this

nhanced ferromagnetic behaviour in the Ar/H2 treated samples
s not clear but experimental results of the present investigation,
uggest that the presence of oxygen vacancies in the hydrogenated
ample may also be responsible for this observed enhancement in

Fig. 6. Polarization versus electric field (P–E) hysteresis curves of YMO-Air and
YMO-Ar/H2 samples measured at room temperature.
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ig. 7. Magnetoelectric (ME) coefficient (˛E) versus dc bias magnetic field (HBias) cu
requencies.

erromagnetic behaviour. It has been reported by several groups
hat additional charge carriers created by oxygen vacancies play

crucial role in enhancing the ferromagnetism, most likely in
ediating the exchange interactions [24–27] between Mn ions.
oreover, in our earlier work, we also found enhancement in fer-

omagnetism of ZnO due to oxygen vacancies [28].
The magnetization versus temperature (M–T) curve, measured

n 1000 Oe field in the temperature range of 80–300 K, is shown
n Fig. 5. This also shows that the value of magnetization of
ydrogenated sample YMO-Ar/H2 is larger as compared to sample
MO-Air. Both the samples undergo a sharp paramagnetic to fer-
omagnetic transition (TC) almost at the same temperature ∼64 K,
hich is close to the reported value ∼70 K by other groups [14].

he reciprocal susceptibility with temperature for both the sam-
les has shown in the inset of Fig. 5. It shows the linear dependence
bove 70 K, which reveals the Curie–Weiss behaviour of para-
agnetism. However, in the magnetic susceptibility of both the

amples, no anomalies are observed, although there is a notable
ncrease below 100 K. Moreover, the susceptibility for YMO-Air
ample is saturated at low temperature around 60 K but it contin-
ously increases for YMO-Ar/H2 with decreasing the temperature,
hich also suggests larger magnetization in hydrogenated YMO-
r/H2 sample.

The ferroelectric characteristics of both the samples (YMO-Air
nd YMO-Ar/H2) measured at room temperature, are shown in
ig. 6. No saturation in polarization electric field (P–E) curve is found
or both ceramics up to maximum applied electric field due to poor
eakage behaviours. Another observation from the hysteresis loops
s that for both ceramics, further increase in the electric field will
ead to electric breakdown. The YMO-Ar/H2 sample has lower value
f polarization and get electric breakdown at low electric field. The
estriction of higher field in Ar/H2 sintered YMnO3 is due to low
esistivity associated with motion of oxygen vacancies.
The coexistence of the ferroelectric and ferromagnetic phases
n the present samples gives rise to a ME effect, which is charac-
erized by the magnetoelectric voltage coefficient ˛E = dE/dH. The
ariations in magnetoelectric (ME) coefficient with HBias at vari-
us ac magnetic field frequencies are shown in Fig. 7. It can be
room temperature for (a) YMO-Air and (b) YMO-Ar/H2 at various ac magnetic field

observed from Fig. 7(a) that the ˛E for sample YMO-Air increases
very slowly with increasing HBias from zero to 7 kOe and starts to
increase sharply above 7 kOe. However, the ˛E of YMO-Ar/H2 firstly
increases and then starts to decrease at a particular value of HBias
(as shown in Fig. 7(b)). This transition is shifting towards higher dc
bias magnetic field with increasing the frequency. Furthermore, it
has been found that the sample YMO-Ar/H2 has the larger value of
˛E as compared to YMO-air sample at all frequencies. This indicates
that the magnetoelectric coupling improves in YMO-Ar/H2 samples
through hydrogen treatment. The maximum value of ˛E is found to
be 106 mV/cm Oe for YMO-Ar/H2 sample while it is 96 mV/cm Oe
for YMO-Air sample at 40 kHz frequency. The overall increase in
the value of ˛E for YMO-Ar/H2 is because of its enhanced magneti-
zation behaviour (as shown in Fig. 4) and the decrease in value of
˛E at a particular HBias may be because of its reduced ferroelectric
behaviour (as shown in Fig. 6). In addition, an overall ˛E increase
for both the samples is observed with increasing frequency from
20 to 40 kHz. The increase in ˛E value with frequency is most likely
due to the frequency dependence of the dielectric constant and
piezoelectric coefficient of YMnO3.

4. Conclusions

In summary, we synthesized single hexagonal YMnO3 phase
at 700 ◦C and 1250 ◦C by sintering in Ar/H2 and air atmospheres,
respectively. The magnetic measurements show enhanced mag-
netization in hydrogenated YMO-Ar/H2 sample as compared to
the air sintered sample. It is argued that oxygen vacancies are
responsible for ferromagnetic ordering to enhance magnetization.
However, both ceramics show weak ferroelectric characteristics at
room temperature but magnetoelectric coupling is improved for
Ar/H2 sintered samples.
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