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Different magnetodielectric effects were observed in Bij_;Gd;zFeO3 ceramics depending on gadolinium content.

A positive one was observed in the samples with z < 0.10 at 295 K and 16 K, and a negative one in the sample with
z = 0.4 at 16 K. Structure analysis by x-ray diffraction (XRD) reveals that the samples crystallize in the R3c structure

(ferroelectrics) for z < 0.08 and in the Pbnm structure (paraelectrics) for z > 0.3 at room temperature. Temperature-

dependent dielectric response and x-ray diffraction confirm the occurrence of a structural transition in the Pbnm phase

at low temperature for the samples with = < 0.4. While the positive magnetodielectric effects can be attributed to a

coupling of magnetic and crystallographic structures of the R3c phase, the observed negative magnetodielectric effect

in the Pbnm phase can be associated with a low-temperature modification of the Pbnm structure. The observed dual-

signed magnetodielectric effects suggest that the Bij_,Gd;FeO3 oxides are a good prototype for understanding the

magnetodielectric coupling mechanism in this kind of materials.
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1. Introduction

Multiferroic materials that simultaneously exhibit
ferroelectric and magnetic orders are currently gain-
ing more and more attention of researchers, not only
owing to the expectation that multiferroics would of-
fer potential applications for devices taking advantage
of the multiferroic coupling, but also to the interest-
ing physics manifested by these materials.[!] BiFeOs
(BFO) is one of the most studied magnetoelectric ma-
terials because its ferroelectric and antiferromagnetic
orders present simultaneously above room tempera-
ture. The BFO compound crystallizes in an R3c struc-
The G-type antiferromagnetic ordering takes
place at about 640 K (Tx), while ferroelectric order
appears at about 1100 K (Tgc).?! The antiferromag-

ture.

netic spin configuration of BFO is modified by su-
perimposing on it a spiral modulated spin structure
(SMSS) (620 A periodicity, 1 A=0.1 nm)[?! which gives
rise to a cancellation of macroscopic magnetization
and prohibits the linear magnetoelectric (ME) effect
from being observed.[¥! Despite the weak ME effect

in bulk BFO, the antiferromagnetic domain switch-
ing by external electric field in BFO films highlights
the possibility of application of BFO in modern elec-
tronic devices.l’) However, there exist some problems
for the application of BFO, e.g. the large leakage
current,l the large mismatch stress in the interface
between BFO films and substrates, and the reduction
of ME by the SMSS in the bulk and thick films. Ele-
ment substitution can suppress the electric leakage!
and the spiral spin structure to make the macro-
scopic magnetization and linear magnetoelectric effect
observable,[¥ as well as adjust the lattice parameters.
At present, the driving mechanism of the ME cou-
pling has not been fully understood. Although the
observed ME effects were generally attributed to the
coupling between ferroelectric and ferromagnetic or-
der parameters,|”! first-principle calculations indicated
that the weak magnetism was independent of the po-
larization distortion in BFO.[89 Under an external
electric field, one kind of magnetoelectric coupling

mechanism was revealed by observing the changes in
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the ferroelectric and antiferromagnetic domain struc-
tures of an epitaxial BiFeOs film.[ The 109° ferro-
electric switching (between the main polarization axis
and the minor polarization axis) instead of the 180°
switching (along the main polarization axis) can lead
to a re-orientation of the antiferromagnetic easy plane
to which the polarization axis is perpendicular. How-
ever, under a magnetic field which generally cannot
change the antiferromagnetic easy plane due to the
large superexchange energy, the route of the ME cou-
pling remains in doubt.[®°! It is known that the fer-
roelectric distortion of BFO mainly results from the
hybridization between Bi s and O s/p orbits to form
a localized lobe of the Bi*T 6s lone pair electrons.'%
Substitution of rare earth elements (RE) for Bi would
weaken the hybridization of the 6s electrons and af-
fect the ligand field of Fe ions. A carefully investiga-
tion of the changes of structural distortions and phys-
ical properties caused by the RE substitution will be
of benefit to understanding the spin-lattice interac-
tion. In this paper the effects of Gd substitution for
Bi on the crystal structure, magnetism, polarization
and magnetodielectric (MDE) effect of the BFO were
investigated. Interestingly, a positive MDE effect was
observed in the samples with x < 0.10 at both 295 K
and 16 K, whereas a negative MDE effect was observed
in the sample with = 0.4 at 16 K.

2. Experiment

Bi; _,Gd FeO3 ceramic samples with x = 0, 0.05,
0.08, 0.10, 0.15, 0.20, 0.25, 0.3, 0.4 and 0.5 were syn-
thesized by a rapid sintering and quenching technique.
Pre-dried starting materials of BizOs, FesOgs, and
Gdy O3 (purity > 99.9%) in stoichiometric proportions
were thoroughly mixed and precalcined at 750 °C for
2 h. Then the mixture was ground and cold pressed
into pellets and sintered at different temperatures for
the samples with different Gd contents: 830 °C for
BFO with an increment of 20 °C for every 10 at% Gd.
One sintering cycle is 25 min, followed by a quenching
process. Phase identification of the samples was car-
ried out by x-ray powder diffraction using a Rigaku
D/max 2500 diffractometer. The temperature depen-
dent XRD analysis was performed using the Huber
G670 diffractometer with a low-temperature accessory
below room temperature. The microstructure of sin-
tered samples was observed by scanning electron mi-
croscopy (SEM) using Hitachi S-5200. Pellets were
coated by vaporizing Ag for electric investigations.
The impedance investigation was performed by an NF

7ZM2353-LCR meter. Magnetic properties were stud-
ied by using a superconducting quantum interference
device magnetometer (MPMS 7, SQUID).

3. Results and discussion

3.1. Experimental results

The x-ray diffraction (XRD) analysis exhibits
that the Bi; _,Gd, FeO3 samples crystallize in the per-
ovskite structure (details in our previous paper[m).
The SEM observation of the fractured surface of the
Bi;_,Gd,FeO3 samples shows that the samples con-
sist of two size grains, which might result from the
semi-liquid phase sintering due to the fact that the
sintering temperature is higher than the melting point
of BiyO3 (~ 825 °CI'?). Figure 1 shows the SEM im-
ages of the Bi;_,Gd,FeO3 samples with z = 0.05, 0.20
and 0.40.

Fig. 1. SEM micrographs of the fractured surfaces of the
Bi1_4GdzFeOgs ceramics with z = 0.05 (a); 0.20 (b); and
0.40 (c).
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Rietveld refinement of the full XRD patterns was conducted by using the program FullProf.!'3] Diffraction
profile is modeled by the Thomposon-Cox-Hastings pseudo-Voigt function. For x < 0.08, the XRD patterns of
the samples can be well fitted using the R3c structure. For x > 0.3, the Pbnm structure fits the XRD patterns
satisfactorily. In the intermediate composition region, the XRD patterns of the samples can be fitted by the
two-phase model of R3c + Pbnm. The R3c phase is ferroelectric, whereas the Pbnm structure does not have
ferroelectric character due to its centrosymmetry. Table 1 lists the refined structural parameters of R3c for
x < 0.1. Figure 2 shows the composition dependences of volume fractions of R3c and Pbnm in samples, which
were obtained from Rietveld refinement.

Table 1. Structural parameters of R3¢ H for Bij_;Gd;FeO3 with z = 0.0, 0.05, 0.08 and 0.10 obtained
from Rietveld refinement.

Bi1—;Gd,FeO3
=0.0 =0.05 z=0.08 z=0.10

a/A 5.5785(3) 5.5762(3) 5.5706(3) 5.5693(4)
c/A 13.8683(4) 13.8484(4) 13.8262(4) 13.8186(5)
V/A3 373.76(2) 372.91(2) 371.57(2) 371.19(3)
Bi/Gd: B/A? 0.47(2) 0.50(2) 0.47(2) 0.48(3)
Fe: =z 0.2221(2) 0.2222(2) 0.2222(1) 0.2223(2)

B/AZ? 0.12(3) 0.13(3) 0.11(3) 0.12(3)
01: = 0.4526(15) 0.4460(14) 0.4424(12) 0.4403(18)

Yy 0.0200(16) 0.0209(15) 0.0214(12) 0.0216(15)

2 0.9493(6) 0.9555(6) 0.9580(5) 0.9588(6)

B/A? 0.89% 0.89% 0.89% 0.89%*
the shortest Bi-O bond/A 2.232(23) 2.295(23) 2.320(20) 2.328(28)
Ps 0.0370(6) 0.0306(7) 0.0281(8) 0.0273(10)
20 21.3(3) 23.7(4) 25.1(5) 25.8(6)
Rywp/Rexp 13.8/7.4 10.2/7.1 12.8/7.0 12.5/7.0

Atoms are located in the R3c H space group as follows: Gd/Bi at 6a: 0 0 0; Fe at 6a: 00 z; O at 18b: z y z.

* The temperature factor B of O in R3¢ H from Ref. [14].
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Fig. 2. The composition dependences of volume fractions
of R3c and Pbnm in Bij_,Gd,FeOs ceramics.

The R3c structure can be regarded to evolve from
the ideal cubic perovskite structure Pm3m with two
kinds of distortions: i) the ferroelectric distortion
along the [111] axis of the cubic perovskite struc-
ture, resulting in Pm3m — R3m with the shortest

Bi—O bond, as depicted in Fig. 3; ii) the relative ro-

tation of two oxygen octahedra in the opposite direc-
tion around [111] with the rotation angle 2«, result-
ing in Pm3m — R3c or R3m—R3c.[¥l Deduced from
the structural parameters of the R3c phases, the lat-
tice polarization Py and the relative rotation angle 2«
Where, the Pj is defined
as a ratio of the distance between the charge-centres

are obtained in Table 1.

of positive ions and negative ions along the polariza-
tion [111] axis to the lattice length along [111] in the
R3c unit-cell. The P; decreases with increasing the
Gd content, whereas the composition dependence of
the angle 2a exhibits an opposite variation. The de-
crease of Py is consistent with the concept that the
substitution of Gd for Bi weakens the hybridization
between Bi and O. The increase of 2a: contributes to
the increase of the weak magnetization of the sam-
ples containing the R3c phase with the Gd content, as
discussed in Ref. [11]. The structural analysis reveals
that the length of the shortest Bi-O bonds contributes

most to the hybridization between Bi and O increases
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with increasing the Gd content, as listed in Table 1.

1 (111)

smmm the shortest Bi—O bond

Fig. 3. Illustration of the structural distortions that lead
to the R3c structure from two cubic perovskite unit cells:
the ferroelectric distortion along the [111] axis and the rel-
ative rotation of oxygen octahedra in opposite directions
around [111] with the relative rotation angle 2.
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to 100 depending on the composition (Fig. 4), which
is of the same magnitude as reported in Refs. [15]
and [16]. The dielectric losses (tan J) of the samples
are less than 3%, indicating high insulation of the
samples. For the samples with = 0.4 and 0.5, both
the dielectric constant and dielectric loss at room
temperature are large and show strong frequency-
dependence, showing large electric leakage in the ma-
terials. The observed dielectric response vs. tem-
perature exhibits the presence of dielectric anomalies

for the samples with = > 0.15, as shown in Fig. 5.
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Fig. 4. The composition dependence of the dielectric con-
stant &’ and loss tan & of Bij_;Gd;FeO3 ceramics with
r < 0.3 at room temperature.
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Fig. 5. Temperature dependence of dielectric response of Bij_,GdzFeOgz samples with = 0.15 (a); 0.20 (b); 0.30 (c);

and 0.40 (d).
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The dielectric anomalies indicate an occurrence of a
phase transition of the Pbnm phase at low tempera-
ture. The transition temperature decreases with in-
Above 130 K, the dielec-
tric constant and loss of the sample with x = 0.40

creasing the Gd content.

show steep increase with temperature and strong fre-
quency dependence, indicating large electric leakage
in the sample above 130 K. Below 130 K, the dielec-
tric loss is less than 1%, showing good insulation of
the sample with z = 0.40.

Temperature-dependent XRD measurements re-
vealed that the low-temperature dielectric anomalies
correspond to a structural transition of the Pbnm
phase.l'!]' Figure 6 shows the temperature depen-
dences of lattice parameters of the Pbnm phase for
the sample with = = 0.40, which exhibit inflexions
at low temperature in consistence with the dielectric
anomalies.
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Fig. 6. Temperature dependences of lattice parameters
of the Pbnm phase in the sample with = 0.40.

The MDE effect was investigated by measuring
the dielectric response under magnetic field using a
ZM2353 LCR meter and a SQUID. Figure 7 shows
the weak MDE effect, Ae (Ae = (eg — &9)/e0) ver-
sus H, observed in Bi;_,Gd;FeO3 with x = 0, 0.05,
0.10 and 0.40 at different temperatures. The val-
ues are much smaller than those (Ae ~ 0.6% at
50 kOe, 1 Oe=80 A/m) resulting from the magnetore-
sistance and Maxwell-Wagner effect.!'”] The samples
with < 0.10 which are, or mainly, composed of the
R3c phase exhibit a positive MDE effect at both 16 K
and 295 K as shown in Figs. 7(a)-7(d), but the sample
with = = 0.4 exhibits a negative MDE effect at 16 K
(Fig. 7(e)). Above the transition temperature of the

Pbnm phase no apparent MDE was observed in the
samples with = 0.4 (Fig. 7(e)). The substitution of
Gd for Bi enhances the MDE effect of the R3¢ phase
as shown in Fig. 7(f), which depicts the variation of
the Ae measured at 50 kOe and 295 K with the Gd
content. In the two-phase region of 0.15 < z < 0.25, a
temporal relaxation of capacitancel!” occurs under an
external magnetic field, which exhibits that the capac-
itance slowly decreases with time under the external
magnetic field and prevents the observation of the in-
trinsic MDE effect. The temporal relaxation of capac-
itance was also observed on the sample with z = 0.4
in a narrow temperature region around the dielectric
peak temperature (Fig. 5(d)). The capacitance relax-
ation observed in the two-phase samples might result
from the enhanced local electrical inhomogeneity due
to the existence of different phases in one sample. All
the MDE measurements were repeated several times
to ascertain the observations with the magnetic field
parallel and perpendicular to the plate capacitances,
respectively. It was found that the MDE values were
reduced as H was parallel to F due to the large demag-
netization factor resulting from the shape anisotropy,
but the sign of Ae did not change. It is worth while
noting that no apparent change of the dielectric loss
was observed during the MDE measurements, suggest-
ing an absence of magnetoresistance effect!!7-18! in our
samples.

The negative MDE effect in the sample with x
= 0.4 was only observed at temperature below the
low-temperature transition of the Pbnm phase. Above
the transition temperature, no apparent MDE effect
was observed, which is coincident with the fact that
the sample crystallizes in the paraelectric Pbnm phase
above the dielectric peak. The results suggest that the
Pbnm-modification at low temperature is ferroelectric.
Recently, Tokunaga et al.l'9 reported that GdFeOs;
possessed a ferroelectric structure below ~ 2.5 K and
the ferroelectric polarization in GdFeOg resulted from
the exchange-interaction striction between two anti-
ferromagnetic sublattices of Gd3* and Fe3* due to the
occurrence of the antiferromagnetic order of Gd** at
low temperature. However, the exchange-interaction
striction mechanism could not take effect in our inves-
tigated samples due to the high transition temperature
and lower Gd content in the samples. The ferroelectric
distortion of the low-temperature Pbnm-modification
might result from the hybridization of the Bi 6s lone-
pair electrons with the s/p orbits of oxygen, as dis-
cussed in Ref. [11].
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Fig. 7. Magnetodielectric effect, Ae versus H observed in Bii—;GdzFeOs with = 0, 0.05 and 0.1 at 295 K, (a), (b),
(c), respectively; = 0.1 at 16 K, (d); « = 0.4 at 16 K, 120 K and 295 K, (e) (f = 100 kHz); and the composition
dependence of Ae measured at 50 kOe and 295 K, (f). Ae was calculated by (¢ — eg)/eo (€0 is the € as H is unloaded
down to 0 from 50 kOe). The arrows show the loading route of H.

3.2. Discussion on magnetodielectric effect

In the G-type antiferromagnetic structure of BFO, the Fe magnetic moments are coupled ferromagnetically
within the pseudocubic (111) planes and antiferromagnetically between adjacent planes. The weak ferromag-
netism is symmetrically allowed as the magnetic moments are oriented perpendicular to the [111] direction in
the R3c structure and is caused by an antisymmetric spin coupling, namely the Dzyaloshinskii-Moriya (DM)
interaction arising from the interplay between superexchange and spin-orbit coupling.?”) Ederer and Spaldin
suggested that the weak DM magnetic moment M was directly related to the relative rotation of the two
oxygen octahedra in the R3c unit cell around the polarization [111] axis,[8) but independent of the polarization
distortion in BFO.[®?! However, our structural analysis reveals that the interaction between spin and lattice
should exist in BFO via the rotation of the oxygen octahedra.

Under an external magnetic field (H), the weak ferromagnetic moments are enhanced due to the energy
gain of the DM interaction, and tend to align with the applied field H. Because the weak ferromagnetism is
strongly associated with the rotation of the oxygen octahedra,!®?! the enhanced weak ferromagnetism indicates
an increase of the relative rotation of the oxygen octahedra through the spin—orbit coupling. The increase
of the relative rotation of the oxygen octahedra around the polarization [111] axis will decrease the length
of the Bi-O bond and the rhombohedral angle, and increase the distortion along the polarization [111] axis,
which corresponds to a decrease of the cell parameter a and an increase of ¢ in the hexagonal R3c H setting.
The investigation of temperature-dependent spontaneous polarization of BFO suggested that the polarization
was scaled by the ¢/a ratio.l?!) Therefore, it can be concluded that the external magnetic field does increase
the polarization in BFO through the DM interaction. The ME investigations on a single crystal of BFO
using a pulsed magnetic field up to 280 kOe showed positive ME effect under most kind of P—H-cell axis

(22]

configurations, supporting the above conclusion.
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For the negative MDE effect in the sample with x = 0.4 at 16 K, it might be related to the different rotation

mode or distortion of the oxygen octahedra in the low-temperature Pbnm modification. A further investigation

on the detailed crystal structure of the low-temperature Pbnm modification is required for understanding the

mechanism of the negative MDE effects.

4. Conclusions

In summary, the XRD analysis reveals that the samples Bi;_,Gd,FeO3 with < 0.08 are composed of the

single-phase of R3c and those with z > 0.30 are the single-phase of Pbnm. Temperature-dependent dielectric

response and XRD indicate a structural transition occurred in the Pbnm phase for the samples with x < 0.4

at low temperature. A weak positive MDE effect has been observed in samples with = < 0.10, while a weak
negative MDE effect has been found in samples with = 0.3 and 0.4 at 16 K. The positive MDE effect can be
attributed to a coupling of magnetic and crystallographic structures of the R3c phase.
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