Journal of Alloys and Compounds 502 (2010) 176-179

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

Journal of

ALLOYS
AND COMPOUNDS

Room-temperature ferromagnetism and ferroelectricity of nanocrystalline

LazTiz 07

Li Sun, Jifan Hu*, Feng Gao, Xiangwei Kong, Hongwei Qin, Minhua Jiang

School of Physics, State Key Laboratory for Crystal Materials, Shandong University, Jinan 250100, People’s Republic of China

ARTICLE INFO ABSTRACT

Article history:

Received 21 January 2010

Received in revised form 10 April 2010
Accepted 23 April 2010

Available online 21 May 2010

Keywords:
Nanocrystalline
Multiferroic material
Ferromagnetism
Ferroelectricity

La,Ti, 07 nanocrystalline powders and pellets were prepared by sol-gel method. The nanocrystalline
powders present room-temperature ferromagnetism (FM). The vacuum annealing enhances FM, show-
ing that the observed room-temperature FM for La,Ti,O; possibly originates from oxygen vacancies
at/near surfaces of nanograins. La,Ti;O; pellets annealed at 1000°C for 1h show the coexistence of
ferromagnetism and ferroelectricity (FE) at room temperature. Meanwhile, the room-temperature mag-
netodielectric (MD) effect was also observed in the La, Ti,O; multiferroic pellet, indicating the coupling
between magnetic and electric properties. The value of Ag;/e:(0) for La,Ti, O; multiferroic pellet reaches
39.3% at 1 kHz under H=6kOe.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The multiferroic materials with coexistence of ferromagnetism
(FM) and ferroelectricity (FE) are of particular interest since they
present possibility for potential applications in spintronics, infor-
mation storage and sensors [1]. Generally, most ferromagnetic
oxides contain the center of symmetry and do not show electric
polarization, while most sintered ferroelectric bulks are not mag-
netic [2]. However, more and more multiferroic materials were
reported in recent years [3-13], e.g. TbMnOs [3,7], BiFeOs3 [5] and
BiMnOs [6]. It can be expected that for the multiferroics with fer-
romagnetic and ferroelectric ordering simultaneously, the coupling
between the magnetic and electric properties will lead to the mag-
netoelectric (ME) effect [1,3,5-7,9] in which the magnetization can
be controlled by application of electric fields, and vice versa. The
coupling can also give rise to the magnetodielectric (MD) [11,14]
or magnetocapacitance (MC) effects [6,10], in which dielectric per-
mittivity or capacitance can be adjusted by an applied magnetic
field. Multiferroic composite materials consisting of both ferroelec-
tric and ferromagnetic phases could yield giant magnetoelectric
coupling response above room temperature, which are of potential
applications [15,16].

Undoped oxides, such as HfO,, TiO5, Al, 05, In,03, Zn0 and MgO,
have been found to exhibit weak FM at room temperature [17-24].
The observed FM may be related to the structural defects and
size-confinement effects. Point defects in insulators might create
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localized electronic levels within the band gap, leading to different
charge states and magnetic moments [25]. There were experi-
mental evidences that the FM in HfO, and TiO, powders/films
originated from oxygen vacancies [22,23]. However, an ab initio cal-
culation demonstrated that cation vacancies were responsible for
the magnetic moments in HfO, undoped oxide [26]. Both experi-
mental and ab initio calculation [24,27] results showed that FM in
nanocrystalline MgO originated from Mg vacancies at/near surfaces
of nanograins.

Perovskite BaTiO3 is a traditional ferroelectric material, and
BaTiO3 bulks sintered at high temperature are nonmagnetic.
Recently, Mangalam et al. [28] reported the multiferroic proper-
ties with the coexistence of FM and FE in BaTiO3 nanocrystalline
(300 nm) pellet annealed at 1000 °C for 1 h. By first-principle calcu-
lation, they suggested that the FM of nanocrystalline BaTiO3 might
come from the oxygen vacancies and ferroelectricity from the core.
A magnetocapacitance effect was observed in BaTiO3 nanocrys-
talline (300 nm) pellet at room temperature [28]. La; Ti» 07, which is
a ferroelectric material with a high ferroelectric Curie temperature
of 1500°C [29,30], is a promising candidate for high-temperature
piezoelectric and electro-optic devices [31-33]. Since the magnetic
moments of both La atom and La3* are zero and Ti element is non-
magnetic [34], there was no interest in the magnetism in bulk
La,Ti; 07 before. Whether the nanocrystalline La,;Ti; 07 is ferro-
magnetic or not? In this letter, we show that similar to undoped
oxides HfO,, TiO,, Al,03, In;03, ZnO, MgO and BaTiO3 [17-24,28],
La,Ti, 07 nanocrystalline powders present room-temperature FM.
The vacuum annealing enhances FM, indicating that the FM in
nanocrystalline La,Ti;O; possibly originates from oxygen vacan-
cies at/near the surfaces of nanograins. The coexistence of FM
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Table 1
Different types of La, Ti,O7 samples.
Ta (°C) Annealing
conditions
700 (powders)  2hin air 2hin air+20min 2hinair+20min in
in vacuum vacuum +20 min in air
800 (powders)  2hin air

1000 (powders) 2h in air
1000 (pellets) 30mininair 1hinair
1100 (pellet) 1hin air

1.5hin air

and FE at room-temperature could be observed in La,Ti,O; pel-
lets annealed at appropriate low temperatures and in proper time
period. Meanwhile, the MD effect was also observed, which implied
the coupling between FM and FE.

2. Experimental

La,Ti, 07 powders were prepared by sol-gel method. 0.2 mol La(NOs);-6H,0
with a purity of 99.99 wt% (without any ferromagnetic elements) and 0.2 mol tetra-
n-butyl titanate with a purity of 99.99 wt% (without any ferromagnetic elements)
were dissolved in 180 mL ethanol, with constant stirring at about 35°C, to get the
sol. The gel was obtained by stirring the sol at 65°C for two days. The precursor
was annealed at 700°C, 800°C and 1000 °C for 2 h in air, respectively. Parts of pow-
ders after annealing at 700 °C were reheated in vacuum at 700°C for 20 min, and
then parts of vacuum annealed powders were backfired in air at 700 °C for 20 min.
Some La,Ti,0; powders were pressed with a mold (made from nylon), and then
annealed at 1000°C and 1100°C, respectively. All the different types of La,Ti, 07
samples are listed in Table 1. The structures of La, Ti, O; powders annealed at differ-
ent temperatures were investigated by X-ray diffraction with Cu Ka radiation. The
microstructure of the La,Ti,O; pellet annealed at 1000 °C for 1 h was observed by
field emission scanning electron microscope (FE-SEM). The magnetic properties of
all the samples were measured using alternating gradient magnetometer (AGM) at
room-temperature. The ferroelectric properties of La,Ti, 07 pellets were measured
by a ferroelectric meter TF Analyzer 2000. The MD effect was measured with a HP
4294A impedance analyzer. Both surfaces of the La,Ti,O; pellets for ferroelectric
and MD measurements were deposited with Ag.

3. Results and discussion

The X-ray diffraction patterns of La,Ti, O; as-synthesized pow-
ders are shown in Fig. 1. At 700°C, La,Ti,O; powders are partly
crystallized with an orthorhombic structure (group Pna21). The
powders annealed above 800 °C crystallize with a monoclinic struc-
ture (group P21). Such phase transformation has been reported
previously [35]. The average grain sizes of La,Ti,O; powders were
estimated to be 28 nm for 700 °C and 33 nm for 800 °C by Scherrer’s
method.
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Fig. 1. The X-ray diffraction patterns of La,Ti, O; powders.
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Fig. 2. The room-temperature M-H curves after DM corrections for La,Ti,O; pow-
ders with different annealing temperature from 700 to 1000 °C for 2 h. The inset is
the room-temperature M-H curve (after DM correction) in a large field range for
La,Ti, 07 powders with Ty =700°C.

The magnetization (M) versus magnetic field (H) curves after
diamagnetism (DM) correction for La,Ti;O; powders at room-
temperature were shown in Fig. 2. La;Ti,O; nanocrystalline
powders present hysteresis loops, showing room-temperature FM.
The inset is the room-temperature M-H curve (after DM correction)
in a large field range for La,Ti;O; powders with T4 =700°C. The
values of Ms are 7.1 x 1073 emu/g for Ty =700°C, 2.1 x 103 emu/g
for T,=800°C, and 1.9 x 103 emu/g for T,=1000°C. In gen-
eral, the room-temperature saturation magnetization Ms of oxide
nanopowders, which contain no ferromagnetic element, is very
small. For example, the value of Ms is ~10-3 emu/g for BaTiO3
[28]. The FM of La, Ti, O7 nanocrystalline powders reduces with the
increase of annealing temperatures T, from 700 to 1000 °C, possibly
due to the decrease of concentration of structural defects at/near
the surfaces of grains.

Fig. 3 shows room-temperature M-H curves for La;Ti;O7 pow-
ders annealed at 1000 °C (after DM correction), and pellets annealed
at 1000°C for 30 min (after DM correction), 1 h (after DM correc-
tion), 1.5 h (without DM correction) and 1100°C for 1 h (without
DM correction). The La,Ti;O; pellets annealed at T, =1000°C
for 30min and 1h also present room-temperature FM. A typi-
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Fig. 3. The room-temperature M-H curves for La,Ti;0; powders annealed at
1000 °C (after DM correction), and pellets annealed at 1000 °C for 30 min (after DM
correction), 1 h (after DM correction), 1.5 h (without DM correction) and 1100 °C for
1h (without DM correction).
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Fig. 4. The FE-SEM image of La,Ti;O7 pellet annealed at 1000°C for 1h.

cal microstructure observed by a FE-SEM for the La,Ti, O pellet
annealed at 1000°C for 1 h was shown in Fig. 4. The volume frac-
tion of grains in this pellet is 15% for 20-50 nm grains, 19% for
50-100 nm grains, 66% for 100-225 nm grains. The average grain
size of La,Ti; O conventional bulks sintered at 1150°C for 7 h was
about 10-20 pm [32]. The magnetism of La,Ti, 07 pellets depends
sensitively on both annealing temperature and annealing time.
La,Ti, 07 pellets annealed at T, =1000°C for 1.5h and 1100°C for
1 h exhibit diamagnetism (see Fig. 4). This is consistent with the
fact that conventional La;Ti,O7 sintered bulks are nonmagnetic.
The values of Ms of La,Ti; O pellets (T4 =1000°C for 30 min and
1h) are lower than that of La;Ti, O7 powders (Ta =1000°C for 2 h),
due to the decrease of defect concentrations at the grain surfaces.

The observed FM in La,Ti;O7 nanocrystalline powders does
not originate from impurities, since the reactants do not contain
any other ferromagnetic elements, and La/La3*, as well as Ti, are
nonmagnetic. Similar to the cases of undoped oxides HfO,, TiO-,
Al,03, Iny03, Zn0, MgO and BaTiO3 [17-24,28], the observed FM in
nanocrystalline La,Ti; 07 should originate from structural defects.
By first-principle calculation, Mangalam et al. suggested that the FM
of nanocrystalline BaTiO3 might come from the oxygen vacancies
[28]. In order to experimentally verify whether FM originates from
oxygen vacancies or cation vacancies, we have examined the influ-
ence of the vacuum annealing on magnetism of nanocrystalline
La,Ti» O7. Usually, the vacuum annealing effectively brings about
some oxygen vacancies in semiconducting oxides. We found that
after annealing at 700 °C in air, a subsequent annealing in vacuum
at 700°C for 20 min enhanced room-temperature FM of La;Ti; 07
powders. The Ms value for the La;Ti, O;7 powders with the backfire
in air after vacuum annealing is lower than that of the sample with
vacuum annealing, but higher than that of the sample annealed at
air (see Fig. 5). It shows that FM in La;Ti;O7 powders mainly orig-
inates from oxygen vacancies. It was also reported that the FM of
nanocrystalline HfO,, TiO, and BaTiO3 might come from the oxygen
vacancies [21,23,28].

It is well known that La,Ti, O7 sintered bulks present ferroelec-
tric properties with a high ferroelectric Curie temperature and a
high coercive field [29,30]. Usually, bulk materials with strong fer-
roelectric properties are prepared by sintering at high temperature.
However, for BaTiO3 [28] and La,;Ti, O, FM properties disappear
when the annealing temperature T, is too high. In order to obtain
the coexistence of FM and FE, the annealing temperature T, should
be carefully chosen. Fig. 6 shows the room-temperature polar-
ization (P) versus electric field (E) curves for the La,Ti, 07 pellet
annealed at Ty =1000°C for 1 h. Hysteresis P-E loops were clearly
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Fig. 5. The room temperature M-H curves after DM corrections for La,Ti, 07 pow-
ders with different annealing conditions at 700 °C.

observed for the La,Ti; 07 pellet, showing the room-temperature
FE. The P-E loops are not saturated, since the saturation electrical
field is larger than what the equipment used here can provide.

The ferroelectric signal of the La,Ti,O; pellet annealing at
To=1000°C for 1 his weak and the loops are slim (see Fig. 6). These
two phenomena are possibly connected with the low annealing
temperature and the small applied electric field. The low annealing
temperature with short annealing time leads to small-size grains.
Many investigators have investigated grain-size effect on ferro-
electric properties [36-39]. There is a reduction of FE with the
decrease of grain size for ferroelectric nanomaterials. In addition,
the P-E loops are not continuous (see Fig. 6) at the third and fourth
quadrants. Similar P-E loops were also observed by other groups
[9,28,40-42]. The shapes of P-E loops for our La,Ti;O7 nanocrys-
talline pellet are very similar to those of P-E loops for multiferroics
Bi;_xBaxFeO3 (x=0.15) [9].

Our experimental results demonstrate that the La,Ti;O7
nanocrystalline pellets annealed at T =1000°C for 1h is a room-
temperature multiferroic material with coexistence of FM and FE,
even though both FM and FE are weak. The coexistence of FM and
FE for La, Ti, O pellets requires appropriate annealing temperature
and time. Fig. 7 shows the AC electric field frequency dependence
of dielectric constant (&;) measured at room-temperature (without
DC magnetic field) for the La,TiO7 pellet annealed at T =1000°C
for 1 h.Itis clear that the dielectric constant decreases with increas-
ing frequency. This result can be explained by the phenomenon
of dipole relaxation wherein at low frequencies the dipoles are
able to follow the frequency of the applied field [9]. In order
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Fig. 6. P-E curves of La,Ti, 07 pellet annealed at 1000°C for 1h.
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Fig. 7. Applied AC electric field frequency dependence of dielectric constant mea-
sured at room-temperature (without DC magnetic field) for La, Ti, O; pellet annealed
at 1000°C for 1 h.
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Fig. 8. Applied magnetic field dependence of dielectric constant measured at 1 kHz,
100kHz and 1 MHz (at room temperature) for La,Ti;O; pellet annealed at 1000 °C
for 1 h. The inset shows the magnetodielectric (MD) effect.

to test the coupling between electric and magnetic properties in
the room-temperature multiferroic La,Ti;O7 pellet, the applied
magnetic field dependence of dielectric constant was measured
at various frequencies (see Fig. 8). Room-temperature magne-
todielectric effect was clearly observed. The field dependence of
Aeler(0)=][er(H) - &:(0)]/er(0) for the La, Ti O pellet was also plot-
ted in the inset of Fig. 8. With increasing magnetic field, the
dielectric constant increases. Such results indicated that there is
a coupling between magnetic and electric properties. As shown
in the inset of Fig. 8, a positive MD effect occurs. The value of
Aer/er(0) reaches 39.3% at 1 kHz under H=6 kOe. Positive magne-
tocapacitance (or magnetodielectric) effects were also observed in
BaTiO3 nanocrystalline pellets (annealed at 1000 °C for 1 h)[28] and
Biy_xBaxFeO3 compounds [9].

4. Conclusion

La,Ti; 07 nanocrystalline powders prepared by sol-gel method
present room-temperature FM. The FM of nanocrystalline pow-
ders may occur at the surface of nanograins. Vacuum annealing
enhances FM of La,Ti; 07 nanocrystalline powders. The observed
FM in La,Ti,O7 nanocrystalline powders may originate from oxy-
gen vacancies at/near the surfaces of nanograins. La,;Ti; O7 pellets
annealed at T, =1000°C for 1h present both room-temperature
FM and FE. Meanwhile, La;Ti,O; multiferroic pellets also exhibit

the room-temperature MD effect, indicating the coupling between
magnetic and electric properties.
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