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Abstract

Polycrystalline samples with the nominal composition Biy gPbg,FeO5; have been studied via
x-ray diffraction, Mossbauer spectroscopy, dielectric, magnetic, and local ferroelectric
measurements. It has been found that the heterovalent Pb>* substitution in Big.gPbo2FeO, is
realized through the formation of oxygen vacancies. The crystal structure of the compound has
been shown to be described by the non-centrosymmetric space group R3c. Investigations of
local ferroelectric and magnetic properties have confirmed that spontaneous polarization and
weak ferromagnetism coexist in this material at room temperature. The nature of the weak
ferromagnetic moment in this compound is discussed in terms of a doping-induced change in

the magnetic anisotropy.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Spontaneous magnetic ordering and ferroelectric polarization
combined in a single phase material has been a subject of
growing interest in both ferroelectric and magnetic scientific
communities. Indeed, the coupling between the corresponding
order parameters can find numerous applications in multiply
controlled devices [1]. Despite their evident technological
potential, none of the single phase multiferroic materials has
been used in practical applications so far. Typical reasons
constricting potential applications of multiferroics are due to
either low temperature of the magnetic ordering [2-6] or
to weak response to the magnetic field. The latter is the
main factor that hampers the application of the most studied
multiferroic material BiFeOs. Despite the fact that BiFeO3
exhibits both antiferromagnetic and ferroelectric orders at very
high temperatures (T = 643 K; Tc = 1143 K) [7], its long
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range cycloidal spin structure [8], incommensurate with the
lattice parameters, prevents any net magnetic signal and linear
magnetoelectric response being observed [9]. Suppression of
this spin configuration has been recognized as a necessary
condition for the spontaneous magnetization and the linear
magnetoelectric effect in BiFeOs [10]. An enhancement of the
magnetization has been reported in epitaxial BiFeOs films [11],
in bulk BiFeO3; materials under application of a high magnetic
field [9, 10, 12], or upon doping [13-20], indicating three
possible ways to suppress the spin modulation.

Spontaneous magnetization has been revealed both
for BiFeOs-based solid solutions doped by the rare-earth
(RE) ions possessing their own magnetic moment (for
instance, Bi;_,RE,FeO;, where RE = Nd*", Sm*", Tb*"
etc) [14-16] and for diamagnetically doped samples (for
instance, Bij_yA,FeOs;, where A = La*", Ba’") [13, 17],
whose magnetic properties are entirely determined by the
magnetically active iron sublattice. Due to the fact that possible

© 2008 IOP Publishing Ltd  Printed in the UK
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superexchange interactions Fe**—O-Fe®* or Fe*™—O-Fe*" in
these compounds are antiferromagnetic [21], the only intrinsic
reason for the appearance of spontaneous magnetization in
Bi;_+ A FeOs is a canting of the antiferromagnetic sublattices
(weak ferromagnetism) [22, 23]. Taking into account that
the value of the net magnetization in these solids depends
strongly on the substituting element (in other words, there
is a correlation between the ionic radii of the substituting
elements and the magnetic properties of the corresponding
solid solutions) [24], the Bi;_,A,FeOs; compounds doped
with diamagnetic ions might be a model object for the
investigation of the influence of crystal chemistry on the
weak ferromagnetic moment value, thus contributing to the
understanding of the relationship between the processing,
crystal structure, magnetic properties and magnetoelectric
coupling in the BiFeO3-based multiferroics.

Net magnetization has been recently reported in Pb>*-
doped BiFeOs-based compound [24]. In this paper, we present
the results of a detailed investigation of the crystal structure,
defect chemistry, ferroelectric properties, and magnetization
behavior of the BiggPby,FeO,q solid solution and discuss
the reasons for the appearance of the doping-induced
weak ferromagnetic moment in diamagnetically substituted
Bi;_; A FeO, compounds.

2. Experiment

The polycrystalline samples with nominal chemical composi-
tion Bip gPbg,FeO; were prepared by a rapid two-stage solid-
state reaction method using high-purity Bi, O3, Fe,O5 and PbO
oxides. The compacted mixture of reagents taken in the desired
cation ratios was annealed at 800 °C for 30 min in air to obtain
a single phase perovskite structure. Final heat treatment was
performed at 7 = 840 °C for 10 min to produce dense ceram-
ics followed by quenching of the samples. The synthesis tem-
perature was close to the melting point of the compound. This
rapid synthesis method allowed us to prevent intensive evapo-
ration of Bi,O3 and PbO and to obtain a single phase solid so-
lution, as was confirmed by a careful x-ray powder diffraction
(XRD) analysis. XRD patterns were collected at room temper-
ature using a Rigaku D/MAX-B diffractometer with Cu Ko ra-
diation. The data were analyzed by the Rietveld method using
the FullProf program [25]. MOssbauer measurements were per-
formed using a conventional constant acceleration spectrom-
eter with a 3’Co-in-Rh source. The dielectric characteristics
were measured in the temperature range from 80 to 400 K
using a HP4194A impedance analyzer. Ferroelectric hystere-
sis loops were obtained with the conventional Sawyer—Tower
method using a LT322 oscilloscope (LeCroy). Local ferroelec-
tric properties of the samples were investigated with piezore-
sponse force microscopy (PFM). PEM measurements were per-
formed with a commercial setup multimode nanoscope IIIA
(Veeco) equipped with a lock-in amplifier (SR-830A, Stanford
Research) and a function generator (FG-120, Yokagawa). A
commercial tip-cantilever system NSG11 (NT-MDT) with a
spring constant of 10 N m~! and TiN-coated tip with apex ra-
dius less then 10 nm was used. The dielectric and ferroelectric
measurements were performed using cylindrical samples with
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Figure 1. Observed (solid circles) and calculated (solid line) XRD
patterns of the Pb-doped sample obtained at room temperature. The
difference between these spectra is plotted at the bottom. Bragg
reflections are indicated by ticks.

a diameter (d) of 10 mm and a height (%) of 0.8 mm. Measure-
ments of the field dependencies of the magnetization were per-
formed with a SQUID magnetometer (MPMS-5, Quantum De-
sign) using cylindrical samples withd = 1 mm and &7 = 5 mm.
Ferromagnetic resonance measurements were performed with
a Bruker ESP 300E spectrometer equipped with an Oxford In-
struments continuous-flow helium cryostat using samples in
the form of thin plates 3 mm x 3 mm x 0.1 mm.

3. Results and discussion

The crystal structure of pure BiFeOs3 is known to be described
within the space group R3c [26], in which the cations
are displaced from their centrosymmetric positions along
the threefold symmetric hexagonal [001] axis, thus giving
rise to a ferroelectric polarization along this direction. In
accordance with the structural data obtained for the parent
compound, Rietveld refinement of the x-ray powder diffraction
pattern of the Pb-doped sample has been performed using
the same space group. The structural model allowed us to
reproduce adequately all the observed reflections. Observed
and calculated XRD patterns of the BiggPby,FeO; sample
collected at room temperature are shown in figure 1. The
diffraction data were fitted with a hexagonal perovskite-
type cell with lattice parameters ¢ = 5.5995(1) A and
¢ = 13.7274(1) A. Unlike a number of publications
reporting substitution-induced structural phase transitions to
orthorhombic or even triclinic phase in lanthanide-doped
samples [13-15], no splitting or extra reflections indicative
of the necessity to reduce the lattice symmetry of the
Big gPbg,FeO; compound were detected. In spite of the fact
that the ionic radius of the Pb*" ions is appreciably bigger
than that of the Bi’* ones [27], the unit cell volumes of
the Pb- doped compound (V = 372.75(5) AS) and pure
BiFeO3 samples (V = 372.5-374.3 AS [28, 29]) are very
similar. This can be explained by taking into account that
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Figure 2. Mossbauer spectrum for the Pb-doped sample at room
temperature.

the heterovalent Bi*t to Pb?t substitution in Bi;_,Pb,FeOs;
requires the appearance of oxygen vacancies or/and Fe** ions
in the host lattice, thus leading to the unit cell reduction.

The corresponding models of the defect chemistry:

1/2(1 — x)Bi,0; + xPbO + 1/2Fe,05

— Bij’ PbTFe’* 05" ) (1
1/2(1 = x)Bi;05 + xPbO + 1/2Fe,05
— BijT Pb2*Fel” Fe!t03~ )

have been tested with Mossbauer spectroscopy measurements.
If the substitution is realized through the appearance of
Fe** ions, the Mossbauer spectrum of the BiggPby,FeO;
sample should contain two subspectra corresponding to Fe’*
(~80%) and Fe** (~20%) in an octahedral coordination.
In the magnetically ordered phase, the subspectra should be
distinguished both by the value of the hyperfine field (~50 T
for Fe’* and ~40 T for Fe**) and by the isomer shift
(0.05-0.5 mm s~ for Fe** and —0.15-0.05 mm s~! for Fe**
(relative to the «-Fe standard)) [30]. In the case of the
oxygen vacancies model, the subspectra corresponding to Fe**
in octahedral and pentahedral coordinations should have very
similar parameters. The Mossbauer spectrum obtained for the
Big.gPbg ,FeO; compound at room temperature consists of two
six-line magnetic hyperfine patterns (figure 2), indicating that
the sample is in a magnetically ordered state. The Zeeman
sextets were fitted with hyperfine fields of H; = 50 T and
H, = 46.1 T and isomer shifts of §; = 0.394 mm s~/
and 8, = 0.484 mm s~! (the spectral fractions of the sextets
with hyperfine fields of 50 T and 46 T were about 88% and
12%, respectively). The values are typical of the high-spin
Fe** [30]. No indication of the presence of Fe** in the lattice
was detected. Thus, the results of the Mdssbauer spectroscopy
experiment support the hypothesis that the Pb>" substitution
in Big gPbg,FeO; is realized through the formation of oxygen
vacancies (we believe that the minor spectral contribution
corresponds to Fe** ions in non-octahedral coordination), so
the correct chemical formula of the investigated sample should
be written as Big gPbg,FeO; q.
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Figure 3. Temperature dependence of the dielectric constant and
dielectric loss (in the inset) for the Big gPbg,FeO, ¢ sample at
different frequencies.

The presence of the oxygen vacancies in the lattice of
the BipgPby,FeO, ¢ perovskite manifests itself in the fre-
quency/temperature dependencies of the dielectric permittivity
and loss factor (figure 3) where both of these quantities sharply
increase with decreasing frequency or increasing temperature.
The behavior can be qualitatively explained in the following
way [15, 31]: the oxygen vacancy-related dipoles follow the
alternating field at low frequencies, providing high values of
¢’, but lag behind the field in the high frequency range, giv-
ing e/, ~ 100 (at room temperature), which is comparable
with that observed in pure BiFeO; and isovalently substituted
Bi;_RE;FeOs; ceramics [14, 15]. The increase in the apparent
dielectric permittivity and loss factor with increasing temper-
ature is then related to the thermally induced enhancement of
the conductivity contribution.

Measurements of the ferroelectric hysteresis loops by the
conventional Sawyer—Tower method have been undertaken
to confirm the existence of spontaneous polarization in the
studied samples at room temperature, but no saturation of the
polarization has been observed up to the fields of dielectric
breakdown (~100 kV cm™'). This is quite typical of the
polycrystalline BiFeO3-based materials which are commonly
known to possess very high coercive fields [32]. Due to
the fact that no definitive conclusion proving the existence
of spontaneous polarization in the BiggPb,FeO, 9 sample
could be made on the basis of the P—E measurements, we
have used the PFM technique (see, e.g. [33] and references
therein) for the visualization of the ferroelectric domain
structure in this material to clarify this question. The PFM
method is based on the detection of thickness oscillations of
ferroelectric materials under an ac voltage applied between
the conductive tip and the bottom electrode. The amplitude
of the vibration signal provides information on the magnitude
of the effective piezoelectric coefficient, while the phase
signal determines the polarization direction. Domains with
oppositely oriented polarization are distinguished by a different
contrast on the PFM image. In our experiment, domain
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Figure 4. Piezoresponse force microscopy measurements of the Biy gsPbg,FeO, o sample: (a) PFM image showing the ferroelectric domains;
(b) electric-field-induced PFM contrast; (c) local piezoresponse hysteresis loop.
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Figure 5. Field dependence of the magnetization for the
Bij sPbg,FeO, ¢ compound at room temperature.

visualization was performed under an applied ac voltage with
amplitude V,c = 2.5 V and frequency f = 50 kHz.
It has been found that areas with intermediate contrast
corresponding to regions with defect structure suppressing any
PFM signal coexist with areas exhibiting clear piezoresponse
(figure 4(a)). In spite of the appreciable roughness of
the surfaces, masking the contribution of the piezoelectric
deformation to the PFM contrast, only weak correlation is
found between the topography and piezoresponse, pointing to
a weak contribution of the electrostatic signal. Piezoelectric
contrast appears also after scanning with a dc voltage (=10 V)
applied to the tip (figure 4(b)). This provides an additional
proof that the spontaneous polarization can be switched upon
application of an electric field and that the induced polarization
is quite stable. The existence of ferroelectric polarization
was also confirmed by local piezoresponse hysteresis loop
measurements (figure 4(c)) in which the application of
consecutive voltage pulses causes clear polarization reversal as
judged from the measured local piezoelectric signal.

Unlike pure BiFeOs;, which exhibits a linear magneti-
zation versus magnetic field dependence in accordance with
its antiferromagnetic nature [28], a M(H) curve obtained
for the Pb-doped sample indicates the existence of a spon-
taneous magnetization (0.1 emu g~') at room temperature

(figure 5). The magnetic properties of the diamagnetically
doped Big gPbg,FeO, ¢ compound are entirely determined by
the magnetically active iron sublattice. Due to the fact that the
superexchange interaction Fe’*—O-Fe’* is antiferromagnetic,
the only intrinsic reason for the appearance of spontaneous
magnetization in BiggPbg,FeO, 9 is a canting of the antifer-
romagnetic sublattices through weak ferromagnetism [22, 23],
permitted by the R3c symmetry if the magnetic moments of
the Fe3* jons are oriented perpendicular to the [001] axis [34].
The net magnetization originating from the canting can natu-
rally exists only if the spin modulation peculiar to BiFeOs3 is
suppressed [34]. Thus, the discovery of spontaneous magne-
tization in BiggPby,FeO, ¢ confirms that doping with A-site
impurities can change the anisotropy constant to an extent that
the presence of a spatially modulated structure becomes en-
ergetically unfavorable, as was recently proposed in order to
explain the appearance of the doping-induced magnetization in
the BiFeO;—PbTiO3-based ceramics [20].

In BiFeOs3, as in the common case of the transition
metal-based compounds, the interaction energy of the orbital
moment of 3d-electrons with an external magnetic field, Ay,
is significantly less than the value of the crystal field-induced
level splitting, Acyg [35]. This means that the magnetic
field is only a weak perturbation in comparison with the
electric field of the crystal lattice. It is thus not able to
influence the orientation of the orbital moment, so that the total
magnetic moment contains only the spin moment contribution.
However, the spin—orbit interaction with energy Ars (Ag <
Ars < Agyg) prevents the complete ‘freezing out’ of
the orbital moment and induces a minor magnetic moment
[~(ALs/Acrys) ] related to the electron orbital motion. This
moment determines the orientation of the spin moment in
the crystal lattice, thus causing magnetic anisotropy. Thus,
the magnetic anisotropy in the spin magnets is the result of
the joint action of the anisotropic crystal field and spin—orbit
interaction [35]. The appearance of the spin—orbit interaction-
induced magnetic moment will evidently shift the g-factor
from the value predicted for the spin-only moment (g =
2.0023). This shift is actually observed in the ferromagnetic
resonance experiment performed on Big gPbg,FeO, g ceramics
(figure 6). The g-factor, calculated in accordance with the
relation ¢ = hv/(Hegup), where h is Planck’s constant,
v the resonance frequency, H.s the effective magnetic field,
and up the Bohr magneton, is equal to 2.49. The result
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Figure 6. FMR spectrum of the Big gPbj,FeO, ¢ compound at
T = 120 K. The vertical line corresponds to the calculated position
for g = 2.

conforms to the increase of the g-factor above the spin-only
value peculiar to BiFeOs and the simultaneous appearance of
spontaneous magnetization in La-doped BiFeOs [36]. Thus,
having an influence on the parameters controlling the magnetic
anisotropy in the spin magnets, A-site doping can induce a
transition from a spatially modulated G-type antiferromagnetic
spin structure to a homogeneous weak ferromagnetic state.
In the light of a correlation observed between the ionic radii
of the substituting elements and the magnetic properties of
the corresponding Bij_AFeO, solid solutions [24], the role
of the crystal and defect chemistry in the initiation of this
transition should be investigated in future in more detail.

4. Conclusions

In this work, we report on the observation of coexisting
spontaneous ferroelectric polarization and weak ferromag-
netism in a Pb-doped BiFeOs-based perovskite. Polycrys-
talline BiggPbo,FeO, 4 samples were investigated by x-ray
diffraction, Mossbauer spectroscopy, dielectric spectroscopy,
magnetometry, piezoresponse force microscopy, and ferromag-
netic resonance techniques. X-ray diffraction data show that
the Bip gPbg,FeO, g is crystallized in the perovskite structure
described by the space group R3c. Mossbauer spectroscopy
measurements confirm that the Pb>* substitution results in the
formation of oxygen vacancies in the lattice. Piezoresponse
force microscopy data reveal the existence of spontaneous po-
larization in the compound at room temperature. Magnetic
studies indicate that net magnetization is also present at room
temperature. The origin of the weak ferromagnetic moment
in BipgPbg,FeO, ¢ samples is explained by doping-induced
changes in the magnetic anisotropy.
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