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Structural and magnetic characterization of multiferroic (BiFeQO;);_,(PbTiO;), solid solutions
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A series of multiferroic (1-x)BiFeO3;—xPbTiO; solid solution ceramics were prepared by solid-state reac-
tions. Structural characterization by x-ray diffraction reveals the existence of a morphotropic phase boundary
(MPB) region in this system in which a tetragonal, a rhombohedral, and an orthorhombic phase exist simul-
taneously with a large tetragonality in the tetragonal phase region. The temperature variation of magnetic
moment of the samples with MPB compositions, measured under zero-field cooling (ZFC) mode, shows three
anomalies arising from the antiferromagnetic orderings of the rhombohedral, tetragonal, and orthorhombic
phases, respectively. The significant difference in antiferromagnetic ordering temperatures of the rhombohedral
and tetragonal phases is attributed to the different structural effects on the magnetic interactions between the
rhombohedral and the tetragonal phases, and the effect of the magnetic dilution on the magnetic ordering
strength. The magnetic phase diagram of the (1-x)BiFeO;—xPbTiOj3 solid solution system was established.
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I. INTRODUCTION

As a promising candidate for high Curie temperature
(T-=850 °C) high-performance ferroelectric, BiFeO; was
the focus of attention in the 1960s—1970s.""!! The structure
of its ferroelectric phase'? shows huge shifts of Bi** and Fe**
ions, as well as counter rotations of oxygen octahedrons
along the (111) direction from the nonferroelectric cen-
trosymmetric cubic structure, giving rise to the R3c space
group and a very high spontaneous electric polarization (P,)
calculated from the structural data. BiFeOj; is also a multi-
ferroic material with an antiferromagnetic ordering occurring
below the Néel temperature Ty (310-370 °C) (there are dis-
crepancies on Ty, measured by different authors with differ-
ent methods.”31013:14) Tts magnetic structure is of G type'*
with a cycloidal spiral arrangement of the magnetic moments
of Fe** ions,” and the canted spins arising from the
Dzyaloshinskii-Moriya (D-M) interaction'®!” give rise to
weak ferromagnetism in BiFeOj;.'8

Despite the large ionic displacements in the ferroelectric
phase, a P, value of only 3.5 uC/cm? was measured along
the (100) direction (i.e., 6.1 wC/cm? along the (111) polar
direction) on the BiFeO; single crystal at liquid nitrogen
temperature,® which is much lower than the value expected
based on the structural data. Recently, very high values of P
[55 uC/cm? (Ref. 19) and 150 uC/cm? (Ref. 20)] have
been reported on the BiFeO; thin films. The much higher P;
values measured on thin films over bulk BiFeO; was initially
attributed to the structural factor since the symmetry of the
BiFeO; thin films was found to be tetragonal (P4mm) due to
the strain introduced by the SrRuOj electrode'® or the
substrate,”’ while that of bulk BiFeO; is rhombohedral
(R3c). The Berry phase calculation yielded a P, of
63.2 uC/cm? along the (100) direction (i.e., 110 uC/cm?
along the (111) polar direction) for the tetragonal BiFeO;
(P4mm) while only 6.61 uC/cm? along the (111) direction
for the rhombohedral BiFeO; (R3c).!” However, in a later
improved first-principles calculation, it is shown that the P,
of rhombohedral BiFeO; can reach 90-100 uC/cm?.?!
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In order to obtain large polarization on bulk material, it is
necessary to synthesize pure and dense BiFeO;, which can
minimize the concentrations of chemical and electronic de-
fects such as oxygen vacancies and Fe?* ions, giving rise to
a higher electric resistivity. This turns out to be a difficult
task because, first of all, it is very difficult to keep Bi,O5 and
Fe,0; in stoichiometry during the synthetic process due to
the evaporation of Bi,Os3, which gives rise to the impurity
Bi,Fe Oy phase. Although adding excess Bi,O; can avoid
the formation of Bi,Fe,O,, it could also lead to the formation
of the Bi-rich Bi,sFeO,4, impurity phase. Second, BiFeO; is
an incongruent-melting compound; therefore, kinetic cooling
process always leads to local deviation from stoichiometry
according to the phase diagram of the Bi,O;-Fe,0; system.??
In order to overcome these problems, rapid thermal process
(RTP) with a high heating rate (around 100 °C/s) was intro-
duced to reduce the evaporation of the volatile component
during the synthesis of the BiFeOs ceramics,?® and quench-
ing process following conventional sintering was performed
to freeze the metastable BiFeO; down to room temperature.>*
The polarizations measured on these ceramic samples, al-
though improved, were still significantly lower than that pre-
dicted by the first-principles calculations probably because of
the incomplete growth of the grains in these processes. Re-
cently, a P, as high as 60 uC/cm? was measured along the
[010] direction (i.e., 100 uC/cm? along the polar (111) di-
rection) of a rhombohedral BiFeOj; single crystal grown from
a Bi,03-Fe,0; flux with a low growth temperature of
850 °C,?>?% indicating that the high polarization is an intrin-
sic property, rather than a strain-induced effect, of the
BiFeO; phase.

The realization of ultrahigh P, the complex mechanisms
of the origin of P, and magnetization, and the fact that
BiFeO; is one of few multiferroic materials®’-?® that could
induce magnetoelectric coupling, offering additional degrees
of freedom in device design, have given BiFeO; renewed
interests.

Despite its excellent ferroelectric properties and unique
multiferroic features, BiFeO; presents some drawbacks espe-
cially in its bulk form. First of all, due to the presence of a

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.014401

ZHU, GUO, AND YE

spiral spin arrangement that cancels the macroscopic magne-
tization arising from the D-M interaction'® and inhibits the
linear magnetoelectric effect,”® the magnetization and the
magnetoelectric effects in BiFeO; bulk materials are very
weak. Second, the extremely high electric coercive field (E,)
of BiFeOs;, due to the large energy required for huge ionic
shifts during domain switching, limits the ferroelectric appli-
cations in bulk forms because a large bipolar voltage is re-
quired for full domain switching. In order to improve the
multiferroic performance of BiFeO;, different kinds of
chemical modifications have been performed. Other materi-
als of perovskite structure were commonly introduced to
form solid solutions with BiFeO;. Among them, PbTiO; ap-
pears to be one of the most promising end materials because
the introduction of PbTiO5 not only stabilizes the perovskite
phase but also forms a morphotropic phase boundary (MPB)
with BiFeO; due to the difference in crystal symmetry be-
tween PbTiO; and BiFeO;. For the compositions around the
MPB, E. is expected to be decreased and piezoelectricity
enhanced. The (1-x)BiFeO;—xPbTiO; solid solution was
first prepared by Venevstev,® and later by several other
researchers who studied its crystallographic structure and
electric properties.’’% An MPB was indeed observed
in  (1-x)BiFeO;—xPbTiO; at the composition of
x=~0.3,31-3337.3840 and an unusually large tetragonality (c¢/a)
was found in the tetragonal phase region of this perovskite
system.33343840 The electric conductivity of the solid solu-
tion, although decreased from that of BiFeQOs, is still fairly
high so that the electric permittivity can only be measured at
ultrahigh frequencies.?® This situation motivated us to study
the electric conduction mechanism of the (1-x)BiFeO;
—xPbTiOj5 solid solution system by electric impedance spec-
troscopy, which showed that the electric conduction in
(1-x)BiFeO;—xPbTiO; arises from the hopping of electrons
from Fe’* to Fe3* through oxygen vacancies, which can be
effectively decreased by aliovalent ionic substitutions.3¥3°
The temperature variations of the dielectric constant were
measured up to the ferroelectric Curie point as high as
650 °C in the BF-PT ceramics of MPB composition with
aliovalent ionic substitution of Ti** for Fe** on the B site®
and in the BF-PT single crystal of MPB composition grown
from Bi,03-PbO flux,*' because of a decrease in electric
conductivity (the low electric conductivity in the BF-PT
single crystals is probably due to the suppression of grain
boundary and the compensation of oxygen vacancies from
the Bi,O;-PbO flux). A typical ferroelectric hysteresis loop
with P, of 17 uC/cm? was also displayed in aliovalent ionic
substituted ceramics,® making BF-PT a high-temperature
high-performance ferroelectric material.

It was previously reported that two phases with rhombo-
hedral and tetragonal symmetries coexist in the MPB region
of the BF-PT system.3!-33-3340 However, our recent structural
characterization on the BF-PT single crystal with MPB com-
position revealed extra diffraction peaks in addition to the
rhombohedral and tetragonal reflections, which can be
indexed by an orthorhombic phase.*! Since the MPB struc-
ture, characterized by a lower symmetry (monoclinic/
orthorhombic) phase bridging the rhombohedral and tetrago-
nal phases of the end compounds, is a key feature to the
understanding of the enhanced piezoelectric and ferroelectric
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properties in binary perovskite systems such as PZT*
PMN-PT,*® and PZN-PT,** systematic investigation of the
MPB phase symmetry and phase components of the BF-PT
solid solution system appears to be of relevance to a better
understanding of its multiferroic properties.

Adding PbTiO; to BiFeO; not only changes the electric
properties of BiFeO; but at the same time also affects the
magnetic properties due to the introduction of diamagnetic
Ti** ions onto the B site of the perovskite structure and the
consequent change of crystallographic structure. The intro-
duction of Ti** dilutes the concentration of the paramagnetic
Fe* ions, which is expected to diminish the magnetic order-
ing strength, leading to a continuous decrease in 7. The
change of crystallographic structure will affect the magnetic
interaction by changing the interaction distances and the geo-
metric arrangement of the magnetic ions. With different
phases for different compositions as well as an MPB in this
system, it is interesting to investigate how the change of
structure will affect the magnetic interaction. However, the
magnetic properties of this system have not been investi-
gated thoroughly. Fedulov et al.*? reported a preliminary
phase diagram of the (1-x)BiFeO;—xPbTiO5 solid solution
in 1964 in which the Néel temperatures were determined by
the magnetic measurements using a “homemade” apparatus,
which might not be reliable because of the limit of reso-
lution. Moreover, the magnetic measurements were per-
formed only above 0 °C. Recent work by Wang et al.*> on
the multiferroic properties of La-modified Bi(Fe,Ga)FeO;
—xPbTiO; ceramics focused only on samples with composi-
tions x from 04 to 045 and La concentrations of
10-20 mol %, and only the magnetization as a function of
magnetic field of the samples was reported. Our recent work
on the single crystal of the (1-x)BiFeO;—xPbTiO; solid so-
lution with a composition in the MPB region reveals the
coexistence of multiple phases, which seems to affect the
magnetic properties.*! As the multiferroic properties of
BiFeO; experience renewed interests and the (1—x)BiFeO;
—xPbTiO; solid solution appears to be promising for
practical multiferroic applications, we have systematically
investigated the structure and magnetic properties, and the
structure-property relations of this system in the present
work.

II. EXPERIMENT
A. Sample preparation and structural characterization

A series of ceramic samples of the (1-x)BiFeO;
—xPbTiOj5 solid solution with composition x=0.2 were pre-
pared by solid-state reactions and sintering. The samples are
named after their compositions, e.g., IOBF—90PT stands for
0.10BiFeO;—0.90PbTiO5 and so on. The reactants (Bi,Os,
Fe,05;, PbO, and TiO,) were mixed in stoichiometric
amounts in an agate mortar by grinding for 1 h and then
pressed into a pellet with a pressure of 1000 kg/cm? fol-
lowed by calcination at 800 °C for 2 h on a platinum plate.
After the calcination, the samples were reground and mixed
with a few drops of the aqueous polyvinyl alcohol (PVA)
binder with a concentration of 6%, and then pressed into
pellets with a pressure of 1500 kg/cm?. The pellets were
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FIG. 1. XRD patterns of BiFeO; prepared by multistep leach in
HNO:;.

subsequently heated at 700 °C for 1 h to eliminate the PVA
binder. Afterward, the pellets were sintered in a platinum
crucible which was placed in a sealed alumina crucible. The
sintering temperature ranges from 1000 °C (for 80BF
—20PT) to 1120 °C (for 10BF—90PT), depending on the
composition.

Samples with high BiFeO; amounts, i.e., 90BF—10PT
and BiFeO;, showed an impurity phase of Bi,Fe,O4, and
unreacted Bi,O5 after calcination and sintering, if the stoi-
chiometric amounts of reactants were used. In order to avoid
the impurity phases, the technique developed by Achenbach
et al.*® was used. An excess amount of Bi,O; (10 wt % ex-
tra) was added to the starting reactants. The mixture was then
calcined at elevated temperatures and/or with extended soak-
ing time, depending on the composition, in order to complete
the reactions and to promote the growth of crystal grains.
The calcination conditions for BiFeO; and 90BF—10PT are
800 °C for 48 h, and 950 °C for 2 h, respectively. After the
calcination, samples were ground into powder and then fol-
lowed by multistep leaching in nitric acid with a concentra-
tion of 2.5 M. After leaching, the samples were washed thor-
oughly by distilled water and then heated in furnace at
400 °C for 1 h. Figure 1 shows the x-ray diffraction (XRD)
patterns of BiFeOs;, prepared by this technique before and
after the nitric acid leaching. Pure perovskite phase of
BiFeO; was obtained after leaching by nitric acid.

The XRD was carried out by a Philips PW-1730 diffrac-
tometer on sintered (x=0.2) and calcined (BiFeO; and 90BF
—10PT) ceramic samples with a step size of 0.02°. The XRD
data were then used to calculate the lattice parameters of
these samples by using XLAT software. The XRD profiles of
samples with MPB compositions were deconvoluted by a
combination of Lorentzian and Gaussian functions using the
PEAKFIT v4.00 software (Jandel Scientific Corp.).

B. Characterization of magnetic properties

Magnetic moments of the (1 —x)BiFeO;—xPbTiO; ceram-
ics were measured by a superconducting quantum interfer-
ence device (SQUID) (Quantum Design MPMS XL) magne-
tometer. Temperature variation of the magnetic moment was
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measured under zero-field cooling (ZFC) mode. The samples
were preheated at 500 °C in a furnace before the ZFC mea-
surements. “Low-temperature” measurements (2-400 K)
were carried out on all samples in the following way: the
samples were heated up to 400 K and then cooled down to 2
K without magnetic field, and afterward, the magnetic mo-
ment was measured upon heating with a magnetic field of
100 Oe. “High-temperature” measurements (400-690 K with
an attached oven) were carried out on samples with compo-
sition x=0.31 only, which were heated up to 690 K and then
cooled down to 400 K without magnetic field. Afterward, the
magnetic moment was measured upon heating at a magnetic
field of 1 T (a higher magnetic field is applied because of the
decreased resolution in the SQUID when using an oven). The
magnetic moments obtained by both the high-temperature
and the low-temperature measurements were normalized by
the mole number of the sample and the magnetic field ap-
plied. The dependences of magnetization on magnetic field
(magnetic hysteresis loops) of 45BF—55PT and BiFeO;
were measured upon cooling at different temperatures after
the sample was preheated up to 500 °C in a furnace without
magnetic field.

III. STRUCTURAL CHARACTERIZATION

Figure 2 shows the XRD patterns of the (I1-x)BiFeO;
—xPbTiO; ceramics. Starting from BiFeO; (x=0) with the
increase in x, a change from the rhombohedral phase to a
mixture of morphotropic phases and then to the tetragonal
phase is evidenced, indicating a morphotropic phase bound-
ary (MPB) region in this system, which covers the composi-
tions from x=0.20 to x=0.28. The calculated room-
temperature lattice parameters, as a function of composition
in the single phase regions, are shown in Fig. 3. The lattice
parameters of the tetragonal phase were calculated based on
the P4mm symmetry. An unusually large tetragonality (c/a)
is found for x=0.31-1, which decreases with the increase in
x from 1.187 for x=0.31 to 1.06 for x=1 [Fig. 3(b)]. The
lattice parameters of the rhombohedral phase were calculated
based on the R3c symmetry because, according to
the electron-diffraction  patterns, the rhombohedral
(1-x)BiFeO;—xPbTiO; still adopts the same counter rota-
tion of oxygen octahedrons (along the (111) direction) as in
BiFeO; although the rotation angle decreases with the in-
crease in x.3” This result is different from the one reported in
Refs. 32 and 33, where the lattice parameters of the rhom-
bohedral phase were calculated based on the R3m symmetry
that arises from the displacement of A and B site cations
along the (111) direction only. The samples with MPB com-
positions show strong overlaps of the diffraction peaks of the
morphotropic phases. Therefore, their XRD profiles were de-
convoluted to analyze the MPB phase components.

Figure 4 gives the deconvolution results of the XRD pro-
files for the MPB compositions at the (110).,, peak position,
which show the highest intensity. 83BF-17PT is of pure
rhombohedral phase and 69BF-31PT is of pure tetragonal
phase. The XRD profiles of 80BF-20PT, 75BF-25PT, and
72BF-28PT can be deconvoluted into seven peaks, as shown
in Figs. 4(b)-4(d), and the insets therein. Based on the evo-
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FIG. 2. XRD patterns of the (1—x)BiFeO;—xPbTiO3 solid solution ceramics.

Iution of the XRD profiles with respect to composition,
peaks 1 and 7 result from the tetragonal (101) and (110)
splittings, and peaks 3 and 5 from the rhombohedral (104)
and (110) splittings. The deconvolutions of the rest of the
peaks, i.e., peaks 2, 4, and 6, suggest the presence of an
orthorhombic phase, which has a triplet splitting from the
(110) oy, peak. In order to confirm this, the full XRD profile
of 72BF—28PT was deconvoluted, as shown in Fig. 5. Each
of the deconvoluted peaks was indexed, and the lattice pa-
rameters of the tetragonal, orthorhombic, and rhombohedral
phases were calculated based on the indexed peaks (Table I),
which give rise to converged results. It confirms the exis-
tence of an orthorhombic phase together with the tetragonal
and rhombohedral phases in the samples with MPB compo-
sitions.

Our result is different from that of a recent structural
study on the BF-PT system in which the coexistence of
rhombohedral and tetragonal phases was reported in the
MPB region.** However, it is consistent with the electron-
diffraction study of the BF-PT ceramics with MPB

composition,37 in which, in addition to the rhombohedral and
tetragonal reflections, incommensurate reflections were ob-
served. It implies the presence of a new phase with a lower
symmetry. It should be pointed out that, in Ref. 40, only the
structural refinement result of the pure tetragonal phase
sample (i.e., 0.69BiFeO;—0.31PbTiOs) was reported and the
TO0O01 peak of the MPB composition sample [Fig. 2(b) of Ref.
40] exhibits a shoulder on the left side, which clearly indi-
cates the presence of an additional diffraction peak. There-
fore, more careful analysis of the diffraction patterns in Ref.
40 would have revealed the presence of a new phase of lower
symmetry in the MPB region.

The monoclinic phase, as an intermediate state between
the thombohedral and tetragonal phases, was found in the
MPB region of some relevant perovskite solid solutions such
as PZT (Ref. 42) and PMN-PT (Ref. 43). However, our
structural analysis showed that the (110).,, peak set of the
MPB compositions (Fig. 4) can be well fitted by an ortho-
rhombic phase with a triplet splitting, together with a tetrag-
onal phase with a doublet splitting and a rhombohedral phase
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FIG. 3. Variation of the lattice parameters as a function of com-
position in the (1-x)BiFeO;—xPbTiO; solid solution system.

with a doublet splitting. A monoclinic phase would result in
five peaks for (110),,, which could not fit our XRD patterns.

Theoretical calculation showed that the presence of a
monoclinic phase in the MPB region and the associated po-
larization rotation are favored by a lower free energy of the
system when going through a tetragonal-monoclinic-
rhombohedral pathway than, otherwise, through a tetragonal-
orthorhombic-rhombohedral pathway. Hence, the tetragonal-
monoclinic-thombohedral phase sequence is preferred with
the change of composition across the MPB.*” However, this
calculation was based on BaTiOs;, which has a very small
lattice distortion in its ferroelectric tetragonal phase (c/a
=1.01). In the present case of BF-PT, the lattice distortion in
the ferroelectric phase is much greater (e.g., ¢/a=1.187 for
0.69BiFe0;—0.31PbTiO3), the symmetry of the rhombohe-
dral phase (R3c, due to the counter rotation of the oxygen
octahedra) is different from that of BaTiO; (R3m), and
moreover, there exist spin interactions. These peculiar fea-
tures could explain the different phase sequence through the
pathway of tetragonal-orthorhombic-rhombohedral across
the MPB for the BF-PT system, as revealed by our structural
analysis. This result suggests that further first-principles
study on the BF-PT system is needed to confirm the MPB
phase sequence.

IV. MAGNETIC CHARACTERIZATION

Figure 6 shows the temperature variation of magnetic mo-
ment for both high-temperature (400-690 K) and low-
temperature measurements (2-400 K) of the (1-x)BiFeO;
—xPbTiO; ceramics with composition x from 0 to 0.31.
For the high-temperature measurements [Fig. 6(a)], the tem-
perature dependence of the magnetic moment of BiFeO;
shows a peak at T.,=630 K, which is in agreement with
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FIG. 4. Deconvolution results of the XRD profiles [split from
the cubic (110) peak] of ceramic samples with the MPB composi-
tions for the (1-x)BiFeO3;—xPbTiOj3 solid solution. Dots indicate
the experimental XRD data and solid lines the fitting results.

the Ty of BiFeO; previously reported,”!*!* indicating the
paramagnetic-antiferromagnetic phase transition. With the
increase in x, this peak diminishes into a bump and finally
disappears in 69BF—31PT and the corresponding antiferro-
magnetic ordering temperature (7y.,) decreases. Ty., covers
the composition range from x=0 to x=0.28 [Fig. 6(a)],
which is identical to that for the rhombohedral phase (Figs. 3
and 4). Therefore, Ty., indicates the antiferromagnetic order-
ing temperature of the rhombohedral phase of the
(1-x)BiFeO;—xPbTiO; solid solution.

In addition to the anomaly at T)._,, two more anomalies, at
Ty, and Ty._,, are observed on the low-temperature magnetic
moment [Fig. 6(b)] for the samples with MPB compositions,
i.e., SOBF—20PT, 75BF—25PT, and 72BF—28PT. This re-
veals that, in the whole temperature range of measurement,
the samples with MPB compositions exhibit three magnetic
transitions. According to the structural analysis results in
Sec. III, three phases: rhombohedral, orthorhombic, and te-
tragonal, exist simultaneously in the MPB region. Therefore,
it is reasonable to suggest that each of these phases under-
goes an antiferromagnetic ordering at a distinct temperature,
leading to an anomaly on the temperature dependence of
magnetic moment. Both Ty, and Ty, decrease with the in-
crease in x across the MPB region.

With the further increase in composition parameter x into
the tetragonal phase region, i.e., for samples with x from 0.31
to 0.37, only one anomaly can be observed on the tempera-
ture variation of the magnetic moment whose corresponding
temperature (7y.,,) decreases with the increase in x (Fig. 7).
However, for the samples with x from 0.40 to 0.70 in addi-
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FIG. 5. Deconvolution of the pseudocubic (a) (100) peak, (b) (110) peak, (c) (111) and (200) peaks, and (d) (201) and (211) peaks from
the XRD of the 72BF—28PT. Dots are experimental data and solid lines are the fitting results.

tion to the anomaly T, (inset of Fig. 8), one more anomaly
appears at a lower temperature T (Fig. 8). T increases first
with the increase in x, reaches the maximum value of 23 K in
45BF—55PT, and then decreases with further increase in x.

The magnetization (M) of the tetragonal 45BF—55PT as a
function of magnetic field (H) measured at different tempera-
tures is shown in Fig. 9. With the decrease in temperature,
the M vs H relation becomes nonlinear with a remnant mag-
netization close to zero below Ty_, of 70 K [Fig. 9(a)]. This
means that Ty, is the antiferromagnetic ordering tempera-
ture of the tetragonal phase in this solid solution. At 10 K, a

TABLE 1. Lattice parameters of the tetragonal, orthorhombic,
and rhombohedral phases in 72BF—28PT.

Tetragonal ~Orthorhombic  Hexagonal (Rhombohedral)®
Hexagonal =~ Rhombohedral
a(A) 3.8315(32)  3.8606(26) 5.6300(83) 5.6074
b(A) 3.9784(20)
c(A)  44732(73)  4.3039(12)  13.0764(80)
cla 1.1675
a(®) 60.2704

#The rhombohedral lattice parameters are converted from the hex-
agonal lattice parameters based on the R3¢ space group.

hysteresis loop with remnant magnetization appears clearly
[Fig. 9(b)], which becomes more enhanced at 2 K [Fig. 9(c)],
indicating a ferromagnetic state in 4SBF—55PT below 7. In
contrast to this, the M vs H relation of pure BiFeO5 ceramic
remains linear with almost no remnant magnetization down
to 2 K [Fig. 9(d)].

It should be noted that the magnetic anomaly at 7. ap-
pears only in the samples of compositions with BF:PT ratio
around 50:50, which favors the formation of chemically or-
dered microregions (with e.g., superlattices of the ordered
Fe’* and Ti** ions on the B site). In the chemically ordered
microregions, the spiral spin modulation initially existing in
BiFeO; is expected to be disturbed and completely disap-
pear. The D-M type interaction is enhanced due to the long
coupling distance between the neighboring Fe** ions, which
interact with each other via long-range superexchange of the
Fe’*-O-Ti-O-Fe** pathway, giving rise to a low magnetic
onset temperature. This results in uncompensated magnetiza-
tion in those chemically ordered microregions, which we call
magnetic nanoclusters (MNCs). The freezing of theses
MNCs gives rise to the residual magnetization, hence, a
weak ferromagnetic state.*® The freezing out of the MNCs is
confirmed by the Vogel-Fulcher fitting of the ac magnetic
susceptibility of 45BF-55PT (not shown here), which gives
rise to a freezing temperature of 21 K, close to the 7. It is
also confirmed by the splitting between the field-cooled and
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FIG. 6. Temperature dependences of magnetic moment of the
(1-x)BiFeO;—xPbTiO3 system (for composition x=0-0.31): (a)
high-temperature ~ (using oven) and (b) low-temperature
measurements.

zero-field cooled M vs T curves of 45BF-55PT below T,
which indicates an ergodicity breaking due to the freezing of
the MNCs.*® Thus, the freezing of the MNCs indeed leads to
the weak ferromagnetic state below 7.

With  further increase in PbTiO; content (i.e.,
>70 mol%), this weak ferromagnetic state disappears be-
cause of the significant dilution of the Fe3* concentration,
which reduces the size and number of chemically ordered
microregion, and weakens the magnetic interactions.

For 10BF—90PT and 20BF—80PT, no magnetic anomaly
is observed on their temperature variations of magnetic sus-
ceptibility (Fig. 10). However, extrapolation of the linear
portion (Curie-Weiss law) of the reciprocal magnetic suscep-
tibility to the temperature axis gives rise to a negative Curie-
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FIG. 7. Temperature dependence of the magnetic moment of the
(1-x)BiFeO3—xPbTiO; system (for composition x=0.31-0.37).
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FIG. 8. (Color online) Temperature dependence of the magnetic
moment of the (1-x)BiFeO3;—xPbTiO; system (for composition x
=0.40-0.70).

Weiss temperature (Ty) (Fig. 10), indicating that the mag-
netic coupling in these two samples is still mainly of
antiferromagnetic nature at low temperatures but the concen-
tration of the magnetic Fe’* ions has become too low for a
long-range magnetic ordering to occur.

Based on the above results, the magnetic phase diagram
of the (1-x)BiFeO;—xPbTiO; system has been established
in terms of temperature and composition, as shown in Fig.
11. It defines the various magnetic phases and the corre-
sponding magnetic transition temperatures. Ty.,., Ty.,, and
Ty.; (Ty.;; and Ty.») are the antiferromagnetic ordering tem-
peratures of the rhombohedral, orthorhombic, and tetragonal
phases (the orthorhombic phase only appears in the MPB
region), respectively. In addition to the antiferromagnetic or-
dering temperatures for different phases, the magnetic phase
diagram also shows the low-temperature ferromagnetic tran-
sition at T in the tetragonal phase region, arising from the
long-range superexchange of Fe**-O-Ti-O-Fe** in the chemi-
cally ordered microregions.
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- X
—o— 30K - 2K
2501 —o— 60K -
—s— 150K
o 1 //
_ 7 .
3 -250{ *
£ .
- a
S .5004 - d
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FIG. 9. Magnetization (M)as a function of bipolar field (H) for
45BF—55PT measured at difference temperatures (a-c), and for BF
measured at 2 K.
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FIG. 10. Temperature dependences of the magnetic susceptibil-
ity (x) and their Curie-Weiss fitting results of 10BF—90PT and
20BF—80PT.

V. DISCUSSION

Compared with the phase diagram of the (1-x)BiFeO;
—xPbTiO; solid solution reported in Ref. 32, the current
magnetic phase diagram (Fig. 11) shows a comparable anti-
ferromagnetic ordering temperature in the rhombohedral
phase region but a much lower antiferromagnetic ordering
temperature in the tetragonal phase region. In order to under-
stand the reasons for such a discrepancy, and the remarkable
difference in antiferromagnetic ordering temperatures be-
tween the tetragonal and the rhombohedral phases observed
in the present phase diagram, we need to examine the factors
that affect the antiferromagnetic ordering temperatures in
this system.

The (1-x)BiFeO;—xPbTiO; solid solution is a magneti-
cally diluted system from BiFeO;. Although the dilution
makes some of the magnetic ions to have less than six mag-
netic neighbors, it does not change the nature of the magnetic
interaction of BiFeOs, i.e., in (1 —x)BiFeO3;—xPbTiO3, each
Fe®* ion couples primarily antiferromagnetically with all its
neighboring Fe** ions. Therefore, the magnetic ordering in
this system arises from the cooperative magnetic interaction
of Fe’*-O-Fe**, which “connects” those effective magnetic
ions through superexchange by the “bonds” of Fe**-O-Fe’*,
forming a network, or at least a backbone, percolating a
grain. The magnetic ordering temperature is the temperature
at which the cooperative magnetic interaction sets up. The
cooperative magnetic interaction correlates each of the spins
in the network or backbone. Such an onset of magnetic or-
dering gives rise to a stronger magnetic response, which is
seen as an anomaly on the temperature variation of magnetic
moment. Above the magnetic ordering temperature, the net-
work or backbone collapses because of the breakdown of
some critical bonds, which leads to the formation of mag-
netic clusters. Consequently, the cooperative magnetic inter-
action disappears. Nevertheless, magnetic interaction still
subsists locally in the magnetic clusters until the temperature
increases to a critical point at which no magnetic interaction
can take place between any of the two magnetic neighboring
ions because of thermal agitation, and thereby the material
becomes paramagnetic.

Based on the above arguments, the magnetic ordering
temperature is obviously related to the concentration of the
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magnetic ions in the material: the higher the concentration of
the magnetic ion, the higher the probability to form a net-
work or backbone percolating a grain, and the stronger the
strength of the network or backbone with respect to thermal
agitation, which gives rise to a higher magnetic ordering
temperature. Since whether or not the magnetic interaction
between two neighboring magnetic ions can setup at a cer-
tain temperature depends on the distance between them, the
magnetic ordering temperature should also be related to the
“bond” length in the network or backbone: the longer the
bond length, the lower the ordering temperature.

In the present case, the lattice parameter ¢ of the tetrago-
nal phase is larger than a (Fig. 3), which means that, in the
tetragonal phase, the average atomic distance of Fe’*-O-Fe**
along the ¢ direction is larger than that along a and b direc-
tions. This gives rise to a weaker magnetic interaction along
the ¢ direction than along the a and b directions, and there-
fore, the bonds along the ¢ direction are the critical bonds,
which break first with the increase in temperature, making
the network or backbone collapse. Therefore, in the tetrago-
nal phase, the lattice parameter ¢ determines the “critical
coupling distance” of the cooperative magnetic interaction
for the magnetic ordering. In the rhombohedral phase, the
average atomic distance of Fe**-O-Fe** is equal to (12/2)a
along the three directions, where a is the lattice parameter of
the rhombohedral R3c unit cell, which determines the critical
coupling distance [the hexagonal unit cell size of the R3c
rhombohedral phase doubles that of R3m along the hexago-
nal [0001] direction (i.e., the [111] direction of the rhombo-
hedral phase), as illustrated in Fig. 12]. The orthorhombic
phase appears only in the MPB region. The lattice parameter
c of the orthorhombic phase is larger than a and b. Therefore,
¢ determines the critical coupling distance of the orthorhom-
bic phase.

800
] R MPB T
PM
600-\0\ PM
1 TN-r ﬂ\%
£ 400- T
= AFM \%
A PM
O—0-0
200+ TN-l1 TN-tz EM
1 ‘1FM AFM i
e T T T TC T
0.0 0.2 0.4 0.6 0.8 1.0
X
FIG. 11. (Color online) Magnetic phase diagram of the

(I1-x)BiFeO;—xPbTiO; system, which delimits the following
phase regions and transition temperatures: R—rhombohedral phase,
T—tetragonal ~ phase, = PM—paramagnetic =~ phase, FM—
ferromagnetic phase, AFM—antiferromagnetic phase,
Ty.,—antiferromagnetic ordering temperature of the rhombohedral
phase, T.,,—antiferromagnetic ordering temperature of the tetrag-
onal phase (MPB region), Ty.p—antiferromagnetic ordering tem-
perature of the tetragonal phase (tetragonal phase region),
Tn.,—antiferromagnetic ordering temperature of orthorhombic
phase (MPB region), and T-—ferromagnetic state transition
temperature.
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FIG. 12. (Color online) Illustration of the rhombohedral unit cell
with R3¢ symmetry (red lines) of the (1—x)BiFeO;—xPbTiO; solid
solution. In comparison, the R3m rhombohedral unit cell is shown
in solid black lines. The corresponding hexagonal unit cell of R3c
(green lines) and R3m (purple and green lines) are also presented.

In the MPB region, three phases exist simultaneously.
Taking 72BF—28PT as an example, the lattice parameter ¢ of
the tetragonal phase is 4.4732 A, that of the orthorhombic
phase is 4.3039 A, and (V2/2)a of the rhombohedral phase
is 3.9656 A. This indicates that the critical coupling distance
of the tetragonal phase is the largest and the critical coupling
distance of the orthorhombic phase is larger than that of the
rhombohedral phase. Therefore, the antiferromagnetic order-
ing temperature of the tetragonal phase is much lower than
that of the rhombohedral phase and the antiferromagnetic
ordering temperature of the orthorhombic phase is in be-
tween them.

In the tetragonal phase region with the increase in x, al-
though the lattice parameter c, i.e., the critical coupling dis-
tance, decreases (Fig. 3), the magnetic ordering temperature
still decreases because the decrease in the concentration of
magnetic ions prevails.

In the present magnetic phase diagram, the antiferromag-
netic ordering temperature 7 of the rhombohedral phase is
close to, although that of the tetragonal phase is much lower
than, the Néel temperatures reported in Ref. 32, where Ty
was determined by the temperature dependence of the spe-
cific spontaneous magnetization (o,) and assigned to the
temperature at which o, became zero. The Néel temperature
determined in this way does not reflect the long-range anti-
ferromagnetic ordering because the o, does not disappear
with the breakdown of the long-range antiferromagnetic or-
dering and it persists as long as the local magnetic interac-
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tion of Fe3*-O-Fe3* exists. Therefore, the Néel temperature
determined in this way is usually higher than the actual an-
tiferromagnetic ordering temperature. Nevertheless, in the
rhombohedral phase region, the Néel temperature reported in
Ref. 32 is close to the antiferromagnetic ordering tempera-
ture observed in the present work. This can be explained
based on the different effects of magnetic dilution on the
magnetic ordering temperatures for the compositions of low
and high concentrations of magnetic ions, respectively.
When the dilution is low, the long-range antiferromagnetic
ordering can be setup in the form of network, which is rela-
tively strong because the breakdown of some connections
will not significantly affect the long-range ordering. There-
fore, the magnetic ordering temperature and the temperature
at which o disappears are quite close. When the dilution is
high, the long-range antiferromagnetic ordering might be set
up in the form of a chain instead of a network, which is more
vulnerable to thermal agitation, giving rise to a lower long-
range magnetic ordering temperature than the temperature at
which o disappears. Based on this reasoning, both the struc-
tural effect discussed above and the different effects of mag-
netic dilution on magnetic ordering strength in different com-
positions are responsible for the much lower
antiferromagnetic ordering temperature in the tetragonal
phase than in the rhombohedral phase.

VI. CONCLUSIONS

The structural characterization by means of x-ray diffrac-
tion and phase analysis has revealed the existence of a
morphotropic phase boundary region in the multiferroic
(1-x)BiFeO;—xPbTiO; solid solution system. In the MPB
region, three phases: tetragonal, rhombohedral, and ortho-
rhombic, exist simultaneously.

The magnetic characterization by means of SQUID has
allowed us to establish the magnetic phase diagram of the
multiferroic (1-x)BiFeO;—xPbTiO; solid solution system.
In accordance with the structural analysis, the temperature
variations of the magnetic moment of the system in the MPB
region show three anomalies corresponding to the antiferro-
magnetic ordering temperatures of the tetragonal, rhombohe-
dral, and orthorhombic phases, respectively. The remarkable
difference in the antiferromagnetic ordering temperatures be-
tween the tetragonal and the rhombohedral phases was ex-
plained based on the structural effect on the magnetic inter-
actions, and the effect of magnetic dilution on magnetic
ordering strength.
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