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Single-phase BiggsLag1Hog0sFeOs multiferroic ceramics were prepared by a rapid liquid sintering
method. The ceramics exhibited an obvious ferroelectric loop with a remnant polarization of 11.2 p.C/cm?
and also showed weak ferromagnetism with the remnant magnetization of 0.179 emu/g at room tem-
perature. A considerable enhancement of the polarization on magnetic poling and a dielectric anomaly in

the vicinity of the antiferromagnetic transition temperature due to the intrinsic magnetoelectric coupling
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effect were observed in Big gsLag.1 Hog 05 FeO3 ceramics. The dielectric constant for the BiggLag 1Hog o5 FeO3
samples at room temperature decreases with increasing applied magnetic fields, and the coupling coef-
ficient (¢/(H) — €'(0))/¢’(0) reaches —1.04% at H=10kOe.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the perovskite compound BiFeO3; (BFO), where ferro-
electricity and antiferromagnetism coexist at room temperature,
has been the subject of renewed interest [1,2]. Such multifer-
roic materials can present a strong coupling between the electric
and magnetic order parameters, also called the magnetoelectric
(ME) effect, which offers potential applications for new devices
of magnetic storage as well as ferroelectric devices [3,4]. Below
the ferroelectric Curie temperature of 837°C, BFO possesses
rhombohedral R3c symmetry characterized by antiphase a—a~ a~
octahedral tilting and off-center ionic displacements along [11 1]¢
direction of the parent cubic perovskite cell [5]. The mechanism for
the ferroelectricity essentially comes from the long-rang ordering
of dipolar moments on Bi site, in relation with the existence of Bi
long pair and hybridization between Bi 6s and O 2p [6]. The sponta-
neous polarization of bulk BFO was expected to be 90-110 w.C/cm?
[7]. The antiferromagnetic ordering in bulk BFO is G-type below
the Néel temperature (Ty), and a canted spin structure gives a
spiral modulation with a periodicity of 62 nm, incommensurate
with the crystal lattice [8]. In terms of functional properties, how-
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ever, both single crystals and ceramics, at the exception of isolated
reports [9,10], were far from showing the predicted ferroelectric
polarization because of the presence of defects and the related
high conductivity of processed materials. On the other hand, the
long period modulated magnetic structure leads to cancellation
of net macroscopic magnetization and hence inhibits the obser-
vation of linear ME effect. Several research groups have tried A-site
(Bi-site) substitution by using rare-earth (RE) ions to modify the
multiferroic properties of BFO in recent years [11-19]. Low-level
substitutions of RE ions for bismuth have some interesting effects:
(i) partial substitutions of RE ions (e.g., La3*, Pr3*, or Sm3*) for
bismuth help in eliminating the secondary phase along with a
structural phase transition and improving ferroelectric properties
of BFO. (ii) The introduction of RE ions in BFO seems to sup-
press the spin modulation and yield a weak ferromagnetism in the
Bi;_xRExFeO3; compounds. Direct evidence of cycloid suppression
in BFO was given via nuclear magnetic resonance measurements on
La-substituted samples, which showed that the modulated struc-
ture disappears at x=0.2, together with the structural transition
from the rhombohedral (R3c) to an orthorhombic (C222) cell [20].
Furthermore, measurements of the dielectric constant as a func-
tion of magnetic field revealed the presence of ME coupling effect
for Bio.g Pro,FeOs [12], Bi0_35Lao_15FeO3 [2] ] and Bio.g DyO_2 FeOs3 [22],
which was chosen as representative, thus providing evidence of the
possibility of substitution-induced spin cycloid suppression. Later
investigations revealed that there is a strong dependence of the
magnetic response with the size of the dopantion [23]. It was found
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that the most effective way to induce spontaneous magnetization
in BFO should be related to the substitution with ions, possessing
a large difference in ionic radius with respect to that of Bi3*.

Even though lots of experimental works have been done on RE
ions substituted bismuth ferrite, there are only a few investiga-
tions on Ho-substituted BFO in recent years. Compared with Bi3*
jon (radius=1.17 A), Ho3* ion (1.041A) possesses a much smaller
radius [24], which indicates that substitution of Ho3* for Bi3* in BFO
would cause a more significant structural distortion and suppress
of spin cycloid in BFO effectively. In addition, as magnetically active
ion, substitution Ho3* ion for Bi3* ion could result in additional mag-
netic interactions and ordering, and further enhance the effect of
A-site substitution in BFO. The Ho-substituted nanocrystalline BFO
indeed exhibits spontaneous magnetization at room temperature
[25]. However, the dielectric, ferroelectric, and ME properties of
Ho-substituted BFO were not reported. In this paper, we prepared
single-phase BiggsLag 1Hogo5FeO3; (BLHFO) ceramics and investi-
gated their structural, ferroelectric, magnetic, and ME properties. A
small amount of lanthanum is added to stabilize the perovskite BFO
phase as reported by Palkar et al. for Tb substituted BFO [ 26]. Single-
phase BFO and BiggLag1FeO3; (BLFO) samples were also prepared
and characterized for comparison.

2. Experimental

Polycrystalline BFO, BLFO, and BLHFO ceramics were prepared by the rapid liquid
phase sintering method [27]. High purity powders of Bi; 03, La; 03, Ho,03, and Fe, 03
were used as starting materials. After weighing and ball milling, the mixed pow-
ders were dry pressed into small discs with a diameter of ~8 mm and thickness of
~1 mm. These discs were dehydrated at 150 °C for 12 h in a vacuum chamber before
being sintered at a relatively high temperature for a short time of 20 min. The opti-
mized synthesized temperatures were 830°C, 850°C and 860 °C for BFO, BLFO, and
BLHFO ceramics, respectively. Crystallographic structure analysis was performed by
X-ray diffraction (XRD) using a Bede D! XRD diffractometer with Ni filtered Cu Ko
(A =0.15406 nm) radiation. Differential thermal analysis (DTA) was performed with
a SETARAM model No. TG/DTA-92B Jupiter system under nitrogen atmosphere with
a heating rate of 10 °C/min. Differential scanning calorimetry (DSC; TA Instruments
2920, USA) was utilized to determine the Ty with a heating rate of 10 °C/min under
nitrogen atmosphere. The ferroelectric hysteresis loops and leakage currents of the
samples were measured using a Precision Premier Workstation (Radiant Technol-
ogy, USA). For the measurements of electrical properties, the disks (6 mm diameter,
0.4-0.5 mm thick) were carefully polished and Ag electrodes were applied on both
surfaces to form metal-insulator-metal capacitors. The polarization hysteresis loops
were acquired at a frequency of 100 Hz. Dielectric measurements were carried out
in the frequency range (100 Hz-1 MHz) using an impedance analyzer (HP 4194 A).
Magnetic properties of the samples were obtained using the physical properties
measurement system (PPMS) of Quantum Design.

3. Results and discussion

Fig. 1 shows the XRD patterns of BFO, BLFO and BLHFO ceramics.
It can be seen that all the samples exhibit single-phase character-
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Fig. 1. X-ray diffraction patterns of the BFO, BLFO and BLHFO ceramics with mag-
nification patterns showing in insets for different 260 ranges of about (a) 31-33 and
(b) 38-41.

istics with no trace of other impurity phases (e.g., La;03, Ho,03,
BiyFe40g, etc.) within the uncertainty of XRD. All the diffraction
peaks in each pattern of BLFO and BLHFO ceramics can be indexed
according to the crystal structure of pure BFO. Using the values of
Shannon’s ionic radii, we calculated that the radius ratio of Ho3*
ion to Bi3* ion is 0.88 and the radius ratio of La3* ion to Bi3* ion is 1.
These two values are higher than 0.59, which is the criterion of the
ratio of the atomic (ionic) radius of the solute to solvent of forming
interstitial solid solution [28]. So it would be difficult for La3* and
Ho3* to enter the interstitial site of the BFO crystal; it is very likely
for La3* and Ho3* to replace the Bi3* site instead. The shift in peaks
in XRD further confirms the substitution. If La®* or Ho3* entered
the interstitial site of the BFO crystal, the diffraction peaks would
shift distinctly towards the lower angles based on Bragg’s law [29].
Contrarily, a slight shift in peaks to a greater 26 angle is observed
when Ho3* ions are introduced in BFO. This indicates the substi-
tution of the smaller Ho3* ion for the larger Bi3* ion. While only
La3* is doped into BFO, the position of the peaks has no shift. This
also indicates that La3* ions replace the Bi3* ions. Careful inspec-
tion of the XRD patterns also reveals that (shown in the inset of
Fig. 1) the doubly split peaks of BFO in the 26 ranges of 31-33° and
38-41° merge partially to form a broadened peak in BLHFO. Such a
behavior indicates the propensity of the structure to undergo signif-
icant structural distortion by Ho substitution [21]. The calculated
lattice parameters of these ceramics are: for BFO, a=5.5797(3)A,
c=13.8593(2) A, for BLFO, a=5.5722(2)A, c=13.8160(1)A, and for
BLHFO, a=5.5672(2) A, c=13.8038(4) A.
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Fig. 2. (a) Differential thermal analysis (DTA) traces identifying the transitions from ferroelectric to paraelectric phase (T¢c) of BFO and BLHFO samples. (b) Differential
scanning calorimetry (DSC) traces identifying the Néel temperature (Ty) of BFO and BLHFO samples.
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Fig. 3. Temperature dependence of relative dielectric constant for the BLHFO sam-
ple. The inset shows the temperature dependence of dc resistance of BLHFO across
TN.

La and Ho substitution has not affected the crystalline structure
of the parent compound BFO, which is important for the ferroelec-
tric properties of the compounds. The existence of ferroelectricity
and the corresponding Curie temperature (T¢) for these ceramics
were determined using DTA. Fig. 2(a) shows the DTA curves of
BFO and BLHFO samples for heating cycles in the 600°C to 880°C
temperature interval. Endothermic peaks signifying the first-order
phase transition could be identified in the heating cycle. For pure
BFO, a strong peak is observed at ~830°C consistent with the
reported T¢ [2], and shifts down to 809 °C for BLHFO. The decrease in
ferroelectric transition temperature of La and Ho substituted BFO
may be attributed to site disorder and defects generated due to
substitution [30].

Fig. 2(b) shows the DSC curves of BFO and BLHFO sam-
ples revealing the magnetic transition temperature (Ty). The
DSC peaks exhibit an apparent A-type, indicating a second-
order transition. Thus the observed DSC peaks correspond to the
antiferromagnetic-paramagnetic transition. Ty of BLHFO defined
by the peak of the curve is observed at 370°C consistent with that
of pure BFO, indicating that La and Ho substitution does not influ-
ence the Ty of BFO. This could be due to the fact that Bi-site is
responsible for ferroelectric nature and Fe-site is responsible for
magnetic properties of BFO. Incidentally, a dielectric anomaly has
also been observed near the magnetic transition temperature Ty
for BLHFO (shown in Fig. 3). Such a small dielectric anomaly in the
vicinity of Ty has been reported for bulk and thin films of BFO based
systems [31,32]. Generally, such an anomaly in ¢'(T) may originate
from different factors, such as an extrinsic resistive component of
the dielectric response together with the Maxwell-Wagner effect
[33], which can lead to an artifact in the dielectric enhancement
produced by the carrier migration to the interfaces within any het-
erogeneous semiconductor, and intrinsic multiferroic coupling via
the magnetoelastic effect [32]. To verify the origin of the anomaly in
&'(T) observed in the BLHFO samples, the temperature dependence
of dc resistance across Ty was also measured, as shown in the inset
of Fig. 3. It can be found that no anomaly can be observed in the
dc resistance near Ty, compared with the distinct anomaly in &'(T)
near Ty, implying that the role of the resistive part of the dielectric
response is insignificant. This helps us to exclude the possibility of
the resistive origin of the dielectric anomaly near Ty. On the other
hand, lattice distortion and unit cell parameter anomalies have
been observed at the magnetic transition temperature in BFO based
systems [32]. Based on these facts we can attribute the anomaly in
&'(T) near Ty to the intrinsic ME coupling in the BLHFO samples.

The introduction of Ho3* on the perovskite A-site is expected
to modify the magnetic properties of BFO because of the effect
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Fig.4. Field dependence of magnetization (M-H) for BLFO and BLHFO samples mea-
sured at room temperature. The inset shows the magnetic hysteresis plots for the
BLFO sample in a reduced scale. For comparison, the M-H hysteresis loop of the pure
BFO sample is also shown in the inset of Fig. 4.

of unpaired electrons on Ho3* which could result in additional
magnetic interactions and ordering, and the modifications on the
structure. Fig. 4 shows the room temperature magnetization hys-
teresis (M-H) loops of the BLFO and BLHFO samples. The BLFO
samples display a narrow hysteresis loop with a small remnant
magnetization of 0.018 emu/g instead of the antiferromagnetic
characteristic in bulk BFO (as shown in the inset of Fig. 4), which is
consisted with other reports and attributed to the fact that the spi-
ral spin order is partially destroyed due to the La substitution [20].
In comparison, the BLHFO samples show clear hysteretic behavior
with a remnant magnetization of 0.179 emu/g under 50 kOe, which
is about 10 times larger than that of BLFO. Hence Ho substitution
plays the dominant role towards the increase in magnetization. The
enhanced magnetization in BLHFO at room temperature could be
result from the structural distortion introduced by the Ho3* ion
with a smaller ionic radius than Bi3* and La3*, which destroys the
spiral spin modulation in BFO effectively.

Fig. 5(a) and (b) shows the temperature dependent magnetiza-
tion for the BFO, BLFO and BLHFO samples and the M-H response
taken at T=5K. In contrast to the BFO and BLFO samples, a sharp
increase in the magnetization takes place for the BLHFO samples
with decreasing temperature, but no saturation of the magnetiza-
tion is observed even at T=5K. The values of magnetization M at
the magnetic field of 50 kOe for the BFO, BLFO, and BLHFO sam-
ples are: 0.301 emu/g, 0.389 emu/g, and 4.67 emu/g, respectively.
It can be found that the magnetization M of BLHFO at 50 kOe is
significantly larger than that of BFO and BLFO. These behaviors
should attribute to the contribution from the side of the Ho?* ions.
Although La3* and Ho3* are both RE ions, La3* ion is a diamagnetic
ion, while Ho3* is a magnetically active ion and has a large mag-
netic moment. When Bi3* ions are substituted only by La3* ions,
the enhancement of magnetization in BLHFO could be attributed
to suppression of the spiral spin modulation of BFO induced by
the substitution effect. While Bi3* was substituted by an amount of
Ho3* ions, the interaction between the spins of the Ho3* ion and the
Fe3* ion, which, to some extent, decouples the antiferromagnetic
interactions between the Fe3* ions and thus provides a significant
enhancement of the magnetization at low temperatures [15].

It is known that well saturated ferroelectric loops in pure BFO
are difficult to obtain due to the inherently high coercive field and
high leakage currents. The relatively higher leakage of BFO is known
to be attributed to the existence of oxygen vacancies and Fe2*, both
of which can form impurity energy levels in the band gap of BFO
[34]. Recently, oxygen vacancy, rather than Fe?*, is found to make
more contribution towards the high leakage current [35,36], which
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Fig. 5. (a) Temperature dependence of the magnetization (M-T) for the BFO, BLFO, and BLHFO samples measured at 1 kOe. The inset shows the M-T curves for BFO and BLFO
samples in a reduced scale. (b) Field dependence of magnetization (M-H) for BLFO and BLHFO samples measured at 5 K. The inset shows the M-H hysteresis loops for BFO

and BLFO samples in a reduced scale.

could dramatically enhance the breakdown voltage. Previous works
[10,12] revealed that doping of RE ions can suppress the formation
of oxygen vacancies in BFO ceramics and the leakage current of BFO.
Fig.6(a) shows the electric field dependence of leakage current den-
sity (J-E) for the BFO, BLFO, and BLHFO samples. Indeed, La and Ho
substitution produces significant decrease in the leakage current
density of the ceramics. At an applied electric field of 20 kV/cm, the
leakage current density of BLHFO is about 6.9 x 10-8 A/cm?, which
is approximately three and two order of magnitude less than that of
BFO (3.4 x 105 A/cm?) and BLFO (1.4 x 10~6 A/cm?), respectively,
showing clearly that the leakage current can be effectively reduced
by Ho substitution. Fig. 6(b) shows the room temperature polariza-
tion hysteresis (P-E) loops of the BFO, BLFO, and BLHFO samples
measured at a frequency of 100 Hz. The P-E loop of the pure BFO
is rounded, and it would be easily breakdown under a high maxi-
mum electric field due to probably the high leakage current in this
sample. The shape of the P-E loop of the BLFO is improved due
to La doping. Furthermore, a rectangular-like loop with large P; is
observed in the La and Ho substituted BLHFO ceramics. Under a
maximum electric field of 135 kV/cm, the coercive field (E;) value
of the BLHFO ceramics is 78 kV/cm, and the P; value is 11.2 MC/cmz,
which is comparable to the enhanced polarizations of modified
BFO bulk ceramics reported in the literature [13,15]. This large P;
value for the BLHFO may be attributed to the possible lower con-
centration of oxygen vacancies induced by Ho substitution, which
alleviates the domain pinning effect in the ceramics [37].

The magnetodielectric (MD) effect, which signifies the variation
of the relative dielectric permittivity by a static bias magnetic filed,
is commonly used to describe the ME coupling in multiferroics [38].
Here, the MD is defined as the following formula:

&'(H) - €'(0)

MD="0)

2 Ok | — BFO
] I ~ BLFO
_ | | o BLHFO
40 20 0 20 40

Eletric Field (kV/cm)

where MD (%) is magnetodielectric coefficient, and ¢'(H) and &’(0)
are the dielectric constants at applied magnetic field and zero field,
respectively. The MD effect was studied in BLHFO samples. The
measurement was repeated three times, and the average values
were shown in Fig. 7(a). Here the dielectric constant is found to
decrease with increasing applied magnetic field, giving the largest
negative coupling coefficient of —1.04% at the highest magnetic
field of 10 kOe. This value is comparable to the value obtained by
Wang et al. in Ba-doped BFO ceramics [39]. It should be noted
that the MD can also be induced by the magnetoresistance com-
bined with the Maxwell-Wagner effect as suggested by Catalan
[36]. In order to see the influence of magnetoresistance on the MD
effect observed in Fig. 7(a), the resistivity of the BLHFO sample was
measured as a function of applied magnetic field. The resistivity
value at room temperature was of the order of 10'° Qcm and no
effect of magnetic field was found up to 8 kOe. Therefore, the MD
effect observed in BLHFO is expected to be an intrinsic effect of
the samples. To further demonstrate the coupling between electric
and magnetic polarizations in BLHFO, the effect of magnetic poling
on the ferroelectric hysteresis loop measured at room tempera-
ture is plotted in Fig. 7(b). After poling at 10 kOe dC magnetic field
for 30 min, the P-E loop showed an enhancement in the P; from
11.2 to 13.8 wC/cm~2. Such a behavior was previously reported
in BFO based systems [15,34] as a signature of the ME coupling
occurring in the samples. According to Palkar et al. [26], the ME cou-
pling observed in our samples could be qualitatively understood
as follows. In multiferroics, when a magnetic field is applied, the
materials will be strained. Due to the coupling between the mag-
netic and ferroelectric domain, the strain will induce stress and then
generate an electric field on the ferroelectric domain, leading to the
increase in the polarization value and the change in the dielectric
constant.
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of 100 Hz before and after poling at a dc magnetic field of 10 kOe for the BLHFO sample.

4. Conclusions

In conclusion, single-phase BLHFO multiferroic ceramics were
prepared by a rapid liquid sintering method and a detailed study
of electrical and magnetic properties of the ceramics was reported.
BLHFO ceramics exhibit a large remnant polarization with high fer-
roelectric T¢ and significantly improved magnetization from that of
BFO. An anomaly is observed in the dielectric constant near Ty due
to the intrinsic ME coupling in BLHFO. The increases in the rema-
nent polarization after poling in the magnetic field and the decrease
in the dielectric constant with increasing applied magnetic fields
indicate ME coupling between electric and magnetic polarizations
in BLHFO at room temperature. Based on these results, we conclude
that Ho is a potential candidate to be substituted in BFO multiferroic
material systems, which certainly helps to enhance multiferroic
properties and possible multifunctional applications.
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