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In this work, we studied the effect of heterovalent Ca, Sr, Pb, and Ba substitution on the crystal
structure, dielectric, local ferroelectric, and magnetic properties of the BiFeO; multiferroic
perovskite. Ceramic solid solutions with the general formula Bij;A3;FeO; (A is a doping element)
were prepared and characterized by x-ray diffraction, dielectric, piezoresponse force microscopy
(PFM), and magnetic measurements. It is shown that the crystal structure of the compounds is
described within the space group R3¢, permitting the spontaneous polarization, whose existence was
confirmed by the PFM data. Magnetic properties of the solid solutions are determined by the ionic
radius of the substituting element. Experimental results suggest that the increase in the radius of the
A-site ion leads to the effective suppression of the spiral spin structure of BiFeOs, resulting in the
appearance of net magnetization. © 2008 American Institute of Physics. [DOI: 10.1063/1.2836802]

I. INTRODUCTION

In the last few years there has been a revival of interest
in the study of multiferroics,"* which have great potential for
the creation of magnetoelectric and magneto-optical devices.
Indeed, strong coupling between ferroelectric and magnetic
order parameters in these materials, for which external mag-
netic field induces a change of the ferroelectric characteris-
tics and electric field induces a change of the magnetization,
would allow developing a whole range of technological in-
novations, including memory media with ferroelectric writ-
ing and magnetic reading. However, known single-phase
magnetic ferroelectrics usually have low magnetic ordering
temperatures,S_7 thus constricting the possibilities for their
application. From this point of view, the most interesting
results are expected for the BiFeOs-based perovskite materi-
als. Indeed, BiFeO; possesses a magnetic ordering and a
ferroelectric polarization at room temperature (the Néel tem-
perature is about 640 K, and the ferroelectric Curie tempera-
ture is about 1100 K). Though this property is very promis-
ing in terms of practical applications, the magnetic ordering
is of antiferromagnetic type, having a spatially modulated
spin structure,® which does not allow net magnetization and
also inhibits the observation of the linear magnetoelectric
effect.” It has been suggested that this spin configuration can
be suppressed with the application of a high magnetic
field,”"" an epitaxial constraint,'” or a doping.B_20

The enhancement of magnetization has been reported for
the Bi;_,A ,FeO; (A=lanthanide or Ba)"*™"" and BiFeO,—
LnFeO;—ATiO; (Ln=lanthanide; A=Pb, Ba)'**" solid solu-
tions. The highest values of the spontaneous magnetization
have been observed for the rare-earth doped samples, in
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which strong contribution from magnetic moments of the
rare-earth ions to the net magnetization takes place. In case
of diamagnetic A-site doping of BiFeO;, the only possible
reason for the appearance of spontaneous magnetization is
through weak ferromagnetism,21 22 allowed by the symmetry
of the crystal structure of BiFeO3.23’24 In these compounds,
the value of the net magnetization depends strongly on the
kind of substituting element. For instance, the spontaneous
magnetization of the Ba-doped samples is at least an order of
magnitude greater than that observed for the La-doped solid
solutions at the same doping concentration.'>!"’

In order to unveil the main regularities of changes of the
magnetic properties of the BiFeOs-based multiferroics under
diamagnetic A-site doping and to understand the A** doping
effect on the dielectric and ferroelectric properties of
BiFeO;, we have performed synthesis and structural, mag-
netic, dielectric, and local ferroelectric investigation of the
Bij;A(3Fe0; (A=Ca, Sr, Pb, Ba) ceramics (preliminary re-
search has shown that the solid solubility level is about 30%
for Pb and Ba substitution in BiFeO3).25 The existence of
ferroelectric polarization in all samples at room temperature
has been confirmed by piezoresponse force microscopy.
Strong correlation between the ionic radius of the substitut-
ing element and the value of the spontaneous magnetization
of the sintered ceramics has been found.

Il. EXPERIMENT

Big,A(sFeO; (A=Ca, Sr, Pb, Ba) solid solutions were
prepared by a rapid two-stage solid-state reaction method
using high-purity Bi,03, Fe,05, CaCO;, SrCO;, BaCO;, and
PbO reagents. The compacted mixtures of reagents taken in
desired cation ratios were annealed at 800 °C (Pb) or
850 °C (Ca, Sr, Ba) for 30 min in air to obtain single-phase

© 2008 American Institute of Physics
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perovskite. Final heat-treatment was performed in the tem-
perature range from 840 °C (Pb) to 990 °C (Sr) for 10 min
to produce relatively dense ceramics. The maximal synthesis
temperatures were close to the melting points of the solid
solutions. All the compounds were quenched by removing
the sample from the furnace immediately after sintering. The
crystal structure of the samples was determined with x-ray
diffraction (XRD) data. XRD patterns were collected at room
temperature using a Rigaku D/MAX-B diffractometer with
Cu Ka radiation. The data were analyzed by the Rietveld
method using the FullProf program. The dielectric character-
istics of the samples were measured in the temperature range
from 80 to 400 K using a HP4194A impedance analyzer in a
frequency range from 1 kHz to 10 MHz. The ferroelectric
hysteresis loops were obtained with the conventional
Sawyer-Tower method wusing an oscilloscope LT322
(LeCroy). Measurements of the field dependencies of the
magnetization were performed with a superconducting quan-
tum interference device magnetometer (MPMS-5, Quantum
Design). Local ferroelectric properties of the samples were
investigated with piezoresponse force microscopy (PFM).
PFM measurements were performed with a commercial
setup (Multimode, NanoScope IIIA, Veeco) equipped with a
lock-in amplifier (SR-830A, Stanford Research) and a func-
tion generator (FG-120, Yokagawa). A commercial tip-
cantilever system NSGI11 (NT-MDT) with the spring con-
stant of 10 N/m and TiN-coated tip with apex radius less then
10 nm were used. Domain visualization was performed un-
der an applied ac voltage with the amplitude V,.=2.5 V and
frequency f=50 kHz. Local poling was done by applying a
dc bias of =10 V between the tip and counter electrode
followed by a consequent PFM imaging.

lll. RESULTS AND DISCUSSION

BiFeO; is known to have a rhombohedrally distorted
perovskite structure described by the space group R3¢ The

rhombohedral cell is very close to the cubic one (angle « in
the rhombohedral cell is about 89.4°). In this structure, the
cations are displaced from their centrosymmetric positions
along the pseudocubic [111] axis (or corresponding [001]y
axis in the hexagonal basis), and the oxygen octahedra rotate
with alternating sense around this direction. The cation dis-
placement leads to the appearance of spontaneous polariza-
tion oriented along [001]. In accordance with the structural
data obtained for the parent compound, Rietveld refinement
of the x-ray powder diffraction patterns of the doped samples
was performed using the same space group, and the struc-
tural model allowed us to reproduce adequately all the ob-
served reflections. Good agreement between the observed
and calculated XRD patterns obtained for the Bij;A(3FeO;
samples is shown in Fig. 1. The structural parameters of the
compounds are presented in Table I. Unlike a number of
publications on lanthanide-doped samples”f15 (reporting
substitution-induced structural phase transitions to ortho-
rhombic or even triclinic phase), no splitting or extra reflec-
tions indicative of the necessity to reduce the lattice symme-
try of synthesized ceramics were detected (Fig. 1). The unit
cell volume of the studied samples varies in accordance with
the ionic radius values®’ of the substituting elements, as dem-
onstrated in Table I.

The heterovalent Bi** to A?* substitution in
Big;A(3FeO; requires the appearance of oxygen vacancies
or/and Fe** ions in the host lattice, in accordance with the
following defect chemistry models:

0.35Bi,05 + 0.3A0 + 0.5Fe,05 — Bit hAS Fe** 0% (1)

0.35Bi,05 + 0.3A0 + 0.5Fe,05 — Bi3 ;A FedtFegh03 .
(2)

It is important to investigate the influence of the A%*
doping on the dielectric properties of Biy-;A(3;FeO; com-
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TABLE I. Structural parameters for the Bij;A(3;FeO; compounds obtained by Rietveld refinement of the XRD

patterns at room temperature. Space group R3c.

Cell R factors
Sample (A) Atom  Position x y z (%)
Bij;Cag3FeO5 a=5.5395(1) Bi/Ca 6a 0 0 0.2528(8) R,=3.02
c=13.5674(1) Fe 6a 0 0 0 R,,=4.05
V=360.55(4) O 18b 0.8091(26)  0.6475(14)  0.4541(8) Rpz=1.13
¥*=3.26
Biy;Sry3FeO; a=5.5870(1) Bi/Sr 6a 0 0 0.2534(8) R,=3.10
c=13.6845(1)  Fe 6a 0 0 0 R, =421
V=369.93(5) O 185 0.8218(23) 0.6496(17) 0.4537(10) Ry=1.16
¥*=3.61
Biy;Pb, ;FeO; a=5.6004(1) Bi/Pb 6a 0 0 0.2529(9) R,=3.22
c=13.7291(1) Fe 6a 0 0 0 R,,=4.43
V=37292(6) O 185 0.8158(28) 0.6452(18)  0.4546(11)  Ry=1.20
X’=3.72
Bij;Bag3FeO; a=5.6368(1) Bi/Ba 6a 0 0 0.2542(9) R,=3.16
c=13.8392(1) Fe 6a 0 0 0 R,,=4.32
v=380.80(7) O 185 0.8204(26) 0.6452(17) 0.4590(10) Ryz=1.18
=365

pounds because the heterovalent substitution- induced de-
fects may cause high leakage current, which apparently de-
creases the dielectric breakdown field and thus prevents the
poling of the samples. Temperature dependencies of the di-
electric constant and dielectric loss for the Bij;Aq3;FeO3
compounds at different frequencies are shown in Fig. 2.
Strong increase of the dielectric characteristics is observed
with increasing temperature or decreasing frequency. The be-
havior can be qualitatively explained in the following
way:ls’28 the defects- related dipoles are able to follow the
alternating field at low frequencies, providing high values of

g’, but begin to lag behind the field with increasing fre-
quency, giving ¢’ =70 and tan §=~0.02 (at room tempera-
ture), which is comparable with the values observed in pure
BiFeO; and  isovalent  substituted  Bi;_,RE,FeO;
ceramics.'*!® The increase of the dielectric permittivity and
loss factor with increasing temperature is then related to ther-
mally induced enhancement of the hopping conduction. High
values of dielectric loss observed in Bij;A;3FeO5; samples
above 250-300 K (Fig. 2) suggest that the materials can be
considered promising for practical applications mainly below
room temperature.

" BigyCagsFeO e = ' ; '
600+ lo7C8g. 1 F
TR Bio S, sF€0;
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FIG. 3. (Color online) Piezoresponse force microscopy measurements of Bij;Ca,;FeO5 ceramics: (a), (b) PFM images demonstrating ferroelectric domains;
(c) topography; (d) cross section of the PFM image showing absence of correlation between the topography and piezoresponse; (e) electric-field-induced PFM

contrast (V=10%V).

Measurements of the ferroelectric hysteresis loops by the
conventional Sawyer-Tower method have been undertaken
at room temperature to estimate the spontaneous polarization
values of the samples under study. It has been found that the
ferroelectric hysteresis loops have rounded corners, indicat-
ing significant conductive losses. Very similar results have
been previously obtained for other Bi-based solid solutions
and composites, such as Bil_XBaxFeO3,17 BizFeCrOﬁ,29
Bi,NiMnOy,” BiFeO;-LnFeO;—ATiO; (Ln=lanthanide;
A=Pb, Ba),'"®" and Bi,Fe,0o—Ba0.’' No saturation of the
polarization has been observed up to the dielectric break-
down fields (~100 kV/cm), making evaluation of the spon-
taneous polarization impossible. Thus, no definite conclusion
proving the existence of spontaneous polarization in the
Bij;A(3FeO5 samples at room temperature could be made
on the basis of the polarization vs electric field measure-
ments.

The piezoresponse force microscopy technique has been
used for the visualization of domain structure in the
Bij ;A 3FeO5; compounds to ascertain the existence of spon-
taneous polarization (see, e.g., Ref. 32 and references
therein). The PFM method is based on the detection of thick-
ness oscillations of ferroelectric materials under ac voltage
applied between the conductive scanning probe microscope
tip and the bottom electrode. The amplitude of the vibration
signal A provides information on the magnitude of the effec-
tive piezoelectric coefficient, while the phase signal ¢ deter-
mines the polarization direction. Domains with oppositely
oriented polarization are distinguished by different contrast
(proportional to A cos ¢). In our experiments, the bright and
dark contrasts correspond to domains with polarization vec-
tor directed to the free surface of the ceramics and to the
bulk, respectively. The piezoelectric contrast was revealed on
the surface of all investigated samples. An example of these
measurements for Bij,Cay3;FeO; is shown in Fig. 3. It is
seen that the areas with intermediate contrast corresponding
to regions with defect structure suppressing any PFM signal
coexist with areas exhibiting clear piezoresponse correspond-
ing to antiparallel domains [Fig. 3(a)]. In spite of the appre-
ciable roughness of the surfaces, masking the contribution of
the piezoelectric deformation to the PFM contrast, only a
weak correlation has been found between the topography and
piezoresponse [Figs. 3(b)-3(d)], pointing to the weak contri-
bution of the electrostatic signal.”” The piezoelectric contrast
appears also after scanning with a dc voltage applied to the

tip [Fig. 3(e)], giving clear proof that the spontaneous polar-
ization can be switched upon the application of electric field.
In comparing current results with those obtained on
BipgAg,FeO; (A=Ca, Sr, Pb) ceramic samples,” a notable
reduction of the amplitude of the measured vibrations is ob-
served, indicating decrease of the effective longitudinal pi-
ezoelectric coefficient and, thus, polarization due to the pres-
ence of A-site dopants. This means that the regular polar
displacement caused by stereochemical activity of the 6s?
lone pair on Bi** ions, giving rise to ferroelectricity in
BiFeO5-based solids,™ is suppressed by the A-site doping of
BiFeOs;. Regular domain structure has been recently reported
on single-crystalline grains of BiFeO; ceramics.” These
ferroelectric domains are considerably larger than those ob-
served in our experiments. This may be explained by the
difference in sintering conditions: i.e., the increased duration
of the thermal treatment at the temperature far below melting
point being used to prepare the BiFeO, sample35 has appar-
ently ensured stress suppression and higher quality of the
grains. However, we did not succeed in obtaining single-
phase Biy;A3FeO; perovskites using a similar method.

Investigation of magnetic properties of the Biy ;A ;FeO4
compounds revealed a distinct correlation between the ionic
radius of the substituting element and the spontaneous mag-
netization. Magnetization of the samples as a function of
applied magnetic field is shown in Fig. 4. The M(H) depen-
dency obtained for Ca-doped compound [with the smallest
unit cell volume (Table I)] reproduces a linear coupling char-
acteristic of pure BiFeO; 3637 without any spontaneous mag-
netization, thus indicating the antiferromagnetic nature of the
sample. Weak spontaneous magnetization of 0.08 emu/g ap-
pears in Sr-doped compound. Further increase of magnetiza-
tion value is observed for Bij,Pby;FeO; solid solution.
Maximal spontaneous magnetization of 1.2 emu/g
(~0.06 wp per formula unit) was obtained for the sample
doped with Ba?*, possessing the biggest ionic radius value.”’
All the nonantiferromagnetic samples had almost the same
coercive fields of 3.2 kOe.

Magnetic properties of the diamagnetically doped
Bi;_,A,FeO; compounds are entirely determined by the
magnetically active iron sublattice. Because the possible su-
perexchange interactions Fe3*—0—Fe** or Fe**—0Q—Fe** (if
the heterovalent substitution in these compounds is realized
thought the Fe** ion’s appearance) are antiferromagnetic, the
only intrinsic reason for the existence of spontaneous mag-
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FIG. 4. (Color online) Field dependences of magnetization for the
Bij ;A ;FeO; ceramics at room temperature. Inset shows spontaneous mag-
netization of the samples as a function of the ionic radius of the dopant.

netization in the Bij;A;FeO; is a canting of the antiferro-
magnetic sublattices (weak fer1r0magnetism),2l’22 permitted
by the R3¢ symmetry, if the magnetic moments are oriented
perpendicular to the [001]y axis.”* The commonalities of the
spontaneous magnetization appearance suggest that the tran-
sition from the spiral spin structure to the homogeneous
magnetic state in BiFeOs-based compounds can be induced
by the application of high magnetic fields,” ! epitaxial
constraint,12 or doping.B_ZO For all the cases, the theoretical
description of the transition has been proposed based on
Landau—Ginzburg formalism for the free energy.9_12’20 How-
ever, the presented thermodynamic model seems to be unable
to describe all the existing experimental data. For instance,
this model, which takes into account a magnetoelectric cou-
pling, suggests that doping-induced destruction of the spiral
spin structure results in a significant enhancement of the
spontaneous polarization of the sample.20 The opposite is
experimentally observed: dilution of Bi sublattice in
Bi;_,Ln,FeO; solids naturally decreases both the ferroelec-
tric Curie temperature and the spontaneous polarization
value, the magnetization being increased."*** A dramatic in-
crease in the electric-field-induced polarization of BiFeO;
—PbTiOs-based solid solutions (P,~30 wC/cm?) in com-
parison with pure BiFeO; crystal (P, is an order of magni-
tude lower) was probably the experimental basis of the
model.?’ In reality, the spontaneous polarization of single-
crystal BiFeOys is close to the theoretically predicted value of
90 uC/cm? (Ref. 39) and seems to be mainly determined by
the quality of the material.*>*° Similar serious contradictions
exist in the theoretical description adapted to the case of
epitaxial films of BiFeO3,12 whose polarization and magne-
tization are not very sensitive to strain,35’41_44 while the the-
oretical model suggest their strong dependence. Thus, the
proposed theoretical approach should be reconsidered.

The introduction of A-site impurities results in the varia-
tion of the anisotropy constant and thus provokes the transi-
tion from a spatially modulated spin structure to a homoge-

J. Appl. Phys. 103, 024105 (2008)

neously canted one. Such a canting arises from the
Dzyaloshinskii—-Moriya interaction, and its magnitude is de-
termined by the strength of the spin-orbital coupling.ﬂ‘22 In
BiFeO3, 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 signifi-
cantly less than the value of the crystal-field-induced level
splitting, A . This means that magnetic field is only a weak
perturbation in comparison with the electric field of the crys-
tal lattice and is thus unable to influence the orientation of
the orbital moment, so total magnetic moment contains a
spin moment contribution only. However, spin-orbit interac-
tion with energy A;s (Ay<A;g<A.ys) prevents the com-
plete “freezing” of orbital moment and induces minor mag-
netic moment [~(A;s/Ayy)up] related to the electron
orbital motion. This moment determines the orientation of
the spin moment in the crystal lattice, thus causing magnetic
anisotropy and shifting the g factor from the value, predicted
for spin-only moment (g=2). All the effects are enhanced
with increasing the ratio A; /Ay Electron magnetic reso-
nance measurements have shown a coupling between the in-
crease of the g value and the appearance of spontaneous
magnetization in BiFeO; with La doping.45 Accordingly, the
observed correlation between the ionic radius of the substi-
tuting element and the magnetic properties of Bij ;A ;FeO5
[i.e., spontaneous magnetization appears in compounds
doped by bigger ions (see inset to Fig. 4)] can reflect the
ability of the dopants to perturb the ligand field more effec-
tively, thus inducing the transition from a spiral spin struc-
ture to a weak ferromagnetic state.

IV. CONCLUSIONS

Investigation of the crystal structure, dielectric, local
ferroelectric, and magnetic properties of BigA(3FeO; (A
=Ca, Sr, Pb, Ba) perovskites was carried out. X-ray diffrac-
tion measurements showed that the samples are single-phase
perovskites and their crystal structure is described by the
noncentrosymmetric R3¢ space group. Piezoresponse force
microscopy data confirmed the existence of the spontaneous
polarization in these compounds at room temperature. Mag-
netization measurements showed that the magnetic state of
the samples is determined by the ionic radius of the substi-
tuting elements, and dopants with the biggest ionic radius
effectively suppress the spiral spin structure of BiFeOj;. This
paves the way for the promising development of BiFeOj;-
based multiferroic materials possessing spontaneous magne-
tization and ferroelectric polarization at room temperature.
The magnetic properties were discussed in terms of doping-
induced changes in the magnetic anisotropy.
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