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Lattice symmetry breaking transition and critical size limit for ferroic orders in nanophase BiFeO3
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Finite size effects on the ferroic orders in BiFeO3 are studied by atomic pair distribution function analysis and
magnetic measurements. While bulk rhombohedral BiFeO3 exhibits ferroelectricity and antiferromagnetism with
a cycloidal magnetic moment arrangement leading to zero magnetization and weak magnetoelectric coupling,
BiFeO3 nanoparticles with a size smaller than the spin cycloid period of 62 nm preserve their polar rhombohedral
structure and develop ferromagnetism, thus exhibiting coexisting polarization and nonzero magnetization that en-
hances the magnetoelectric coupling. When the nanoparticles become smaller than 17 nm, however, their crystal
lattice expands and becomes nonpolar cubic. They also become superparamagnetic and thus simultaneously
cease exhibiting both ferroelectricity and ferromagnetism. Our findings shed light on the interaction between
the lattice structure and ferroic orders in nanophase perovskites and also provide a rare example of a lattice
symmetry breaking phase transition that determines their critical size.
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I. INTRODUCTION

Multiferroic materials are very actively studied because
they exhibit interacting ferroelectric and magnetic degrees
of freedom that, on principle, allow us to manipulate their
electrical polarization with external magnetic field and mag-
netization with external electric field, opening the door to
a number of useful applications [1–9]. Among the known
multiferroics, BiFeO3 (BFO) is unique because it exhibits
coexisting ferroelectric (Tc = 1033 K) and antiferromagnetic
(TN = 643 K) orders over a broad temperature range, includ-
ing room temperature [10–13]. BFO is a rhombohedral (space
group R3c) perovskite, which is also often described in terms
of a hexagonal lattice [14–16]. Contrary to the aristotype
cubic perovskite, Fe-oxygen octahedra in BFO are rotated by
13.8 ° in an antiferrodistortive manner about the pseudocubic
〈111〉c axis (see Fig. 1), which appears as the polar 〈111〉r and
〈111〉h in the rhombohedral and hexagonal unit cell, respec-
tively [17,18]. Both Fe and Bi atoms are shifted from their
position in the cubic lattice along 〈111〉r by approximately
0.22 and 0.61 Å, respectively, giving rise to distinct short
(1.92 Å) and long (2.15 Å) Fe-O bonding distances. The
distances between nearby Bi and oxygen atoms are not unique
either and show a broad distribution, ranging about 2.25–3.5 Å
[19]. The bonding between Fe3+/Bi3+ and O2– is largely
ionic. However, it is believed that it also has a partial covalent
character, where oxygen atoms are covalently bonded by O
p states to both Bi and Fe, providing a link between the
A and B sites of the perovskite ABO3 lattice [20–24]. It is
also believed that the ferroelectric polarization in BFO largely
originates from the formation of an asymmetric covalent bond
between the lone pair of 6s2 electrons of Bi atoms and O2–
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2p orbitals that stabilizes the off-centering displacement of
Bi atoms (positive charge) with respect to the oxygen sub-
lattice (negative charge), leading to the emergence of electric
dipoles and spontaneous polarization. Notably, because of the
antiferrodistortive rotation of oxygen octahedra, the Fe-O-Fe
bond angle appears close to 155°. This is important for the
magnetic properties of BFO because the Fe-O-Fe bond angle
controls the orbital overlap between oxygen and Fe atoms, and
therefore the superexchange interaction between the magnetic
moments of the latter. The interaction is antiferromagnetic
in character and the moments appear ordered in a G-type
antiferromagnetic pattern, where they are aligned parallel to
each other within the (111)c atomic planes and antiparallel
to each other between the adjacent (111)c planes. Further-
more, due to the combined effect of exchange and spin-orbit
coupling known as Dzyaloshinskii-Moriya (DM) interactions,
the moments of nearby Fe ions are also weakly canted away
from a perfect antiferromagnetic ordering, resulting in a weak
magnetization. However, superimposed on the canting is a
long-range magnetic superstructure, featuring a cycloidal spin
arrangement with a period of about 62 nm, leading to a can-
cellation of the magnetization over a single period of the
cycloid. The presence of a spin cycloid and zero net mag-
netization negate any linear magnetoelectric (ME) coupling
present between the polarization and magnetization in BFO,
which hampers its usage in practical applications [25–29].

A lot of effort has been put into finding an efficient way
to suppress the cycloidal spin order and obtain nonzero mag-
netization without disturbing the ferroelectric order, and thus
improve the ME coupling in BFO. It has been found that it
can be suppressed by several factors such as (a) an applica-
tion of external stress or deposition of thin BFO layers on
particular substrates, (b) creation of structural modifications
by appropriate cationic substitution, and (c) reduction of BFO
to dimensions smaller than the period of the spin cycloid
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FIG. 1. Fragments from the (a) cubic (space group Pm-3m) and
(b) rhombohedral (space group R3c) type structures of BiFeO3, as
projected down the 〈001〉c and 〈100〉r direction of the perovskite
lattice, respectively. The structures feature corner shared Fe (brown
circles)–oxygen (blue circles) octahedra with Bi (red circles) atoms
positioned in the cavities between them. Contrary to the case of cubic
BiFeO3, the octahedra in rhombohedral BiFeO3 appear rotated with
respect to each other. In addition, because of their relatively small
size (rBi = 1.17 Å), Bi atoms in the latter are displaced from the
geometrical center of the cavities between the octahedra, rendering
the material ferroelectric. In a hypothetical cubic BiFeO3, Bi atoms
would not experience such a displacement and the material would
appear paraelectric.

[30–33]. The latter approach has been pursued with particular
vigor due to the current advancement of nanoscience and
technology. Park et al. [34] have found that BFO nanoparticles
(NPs) exhibit strong magnetic properties that correlate with
an increased suppression of the cycloidal spin order with
decreasing particle’s size. Huang et al. [35] found a structural
anomaly for BFO particles with a size of approximately 62
nm, which renders them ferromagnetic. In addition, the NPs
have been found to exhibit a large ME coupling effect. Sverre
et al. [36] found that both the rhombohedral distortion charac-
teristic for room-temperature BFO, i.e., intrinsic polarization,
and Néel temperature TN, which scales with the strength of
antiferromagnetic-type superexchange interactions, diminish
with diminishing the NP size. Based on traditional crystal-
lographic data, the critical size for ferroelectricity has been
estimated to be in the order of 9 nm. Carranza-Celis et al.
[37] have found that BFO NPs show a distorted rhombohedral
structure and ferromagneticlike properties at low tempera-
ture. They also found that single nanoparticles could exhibit
ferroelectricity, thus providing an evidence for the coexis-
tence of ferroelectric and ferromagnetic order in nanosized
BFO. However, none of the studies conducted so far has
revealed clearly the structural features that stand behind the
concurrent evolution of ferroic orders in nanosized BFO. Us-
ing high-energy x-ray diffraction (XRD) coupled to atomic
pair distribution function (PDF) analysis, we determine the
structure of BFO particles with a size ranging 60–5 nm. We
also measure their magnetic properties over a broad range
of temperatures and magnetic fields. We find that the NPs
retain the rhombohedral structure of the bulk state and show
an increasingly strong magnetization, i.e., ferromagnetic or-
der, when their size diminishes from 60 nm down to 17 nm.
When the NP size is decreased further, Bi atoms suffer large
positional disorder resulting in an expansion of the crystal lat-

tice, decreasing its local symmetry to triclinic and increasing
its average symmetry to cubic, which is incompatible with
ferroelectricity. Concurrently, the ferromagnetic order disap-
pears and the NPs increasingly exhibit superparamagnetic
behavior. Thus, the critical size for both ferroelectricity and
ferromagnetism in BFO particles appears to be determined by
a lattice symmetry breaking transition that takes place when
their size is reduced to about 17 nm. The findings improve our
knowledge about interactions between lattice, ferroelectric,
and ferromagnetic degrees of freedom in physical systems
reduced to nanosized dimensions and demonstrate an efficient
experimental approach to study them in fine structural detail.

II. EXPERIMENT

Bulk polycrystalline (i.e., μ-sized particles) BiFeO3 was
prepared by a traditional solid-state reaction of Bi2O3 and
Fe2O3 at 1100 K. A series of BiFeO3 NPs was prepared by
a modified Pechini method using nitrates as metal precursors.
Standard XRD, transition electron microscopy, and differen-
tial scanning calorimetry studies showed that the particles are
single-phase perovskites with a size of 60, 29, 21, 19, 17, 14,
10, and 5 nm. Here we use XRD estimated particle size, which
is a measure of the size of domains, or crystallites, coherently
scattering x rays. This size is representative of the so-called
length of structural coherence, which is critical to the emer-
gence of cooperative properties such as ferroelectricity and
magnetism [38]. For reference, an exemplary TEM image of
14 nm BFO particles is given in Fig. S1 in the Supplemental
Material (SM) [39]. More details of the NP preparation, purity
and particle size determination can be found in Refs. [36,40].

High-energy XRD experiments were conducted at the
beamline 1-ID at the Advanced Photon Source, Argonne Na-
tional Laboratory using x rays with energy of 90.490 keV
(λ = 0.1370 Å). The use of high-energy x rays allows us to
reach high wave vectors, which is important for obtaining
atomic PDFs with an improved real space resolution. The
experimental XRD patterns and respective atomic PDFs are
shown in Fig. 2. The PDFs were derived from the XRD data
following well-established procedures [41].

Hysteresis loops, shown in Fig. 3, were obtained at room
temperature on a PPMS system, varying the magnetic field
from −9 to 9 T. Zero-field cooled (ZFC) and field-cooled
(FC) magnetization data, shown in Fig. 4, were obtained on
the same system over a broad temperature range, extending
from 10 to 300 K.

III. EXPERIMENTAL DATA ANALYSIS
AND INTERPRETATION

A. X-ray diffraction data

As can be seen in Fig. 2, the XRD pattern for bulk BFO
shows sharp Bragg peaks reflecting its good crystallinity.
Peaks in the XRD patterns for the NPs increasingly broaden
with diminishing NP size and are seen to merge into a few,
smeared diffraction features when that size diminishes to 5
nm. Similarly to the Bragg peaks in the respective XRD pat-
tern, peaks in the PDF for bulk BFO appear sharp, indicating
the absence of significant local structural disorder. The peaks
can be assigned to atomic pair distances known to exist in bulk
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FIG. 2. Upper: Experimental HE-XRD patterns for (a) bulk
BiFeO3 and BiFeO3 particles with a size of (b) 60 nm, (c) 29 nm,
(d) 21 nm, (e) 19 nm, (f) 17 nm, (g) 14 nm, (h) 10 nm, and (i) 5 nm.
Bragg peaks are seen to broaden up with diminishing particle size.
Lower: Atomic PDFs derived from the HE-XRD patterns. Several
PDF peaks are labeled with the respective atomic pair distances (red
arrows). The peaks are seen to broaden and even virtually disappear
(e.g., see the PDF peaks at 2.3, 5.6, and 9.7 Å) with diminishing
particle size.

BFO. As discussed in Ref. [40], peaks reflecting distances
involving Bi atoms broaden fast with diminishing particle
size, reflecting the increasing level of positional disorder of
Bi atoms.

To ascertain the structure of studied BFO samples, the
respective XRD patterns were subjected to Rietveld analysis
using the software GSAS II [42]. Results of the analysis are
shown in Fig. 5. As can be seen in the figure, the XRD
patterns for BFO NPs with a size larger than 17 nm can
be well approximated with a structure model based on the
well-known rhombohedral (space group R3c) structure of bulk
BFO. When the rhombohedral structure is described in terms
of a hexagonal lattice, the positions of Fe and Bi atoms in
the unit cell are (0, 0,�z(Fe)) and (0, 0, 1

4 + �z(Bi)), respec-
tively, where �z(Fe) and �z(Bi) are the polar displacement of
Fe and Bi atoms from their positions in the aristotype cubic
(nonpolar) lattice [17–19]. The relative displacement of the
cations �rel = �z(Bi) − �z(Fe) has been shown to be a good
crystallographic measure of the spontaneous polarization in
BFO. In particular, it has been shown that the saturation
polarization Ps can be evaluated as Ps = 258(�rel ) μC cm–2

[43]. From the Rietveld refined lattice parameters and the
polar displacements of Fe and Bi atoms summarized in Table
S1 in the SM [39], it appears that Ps in bulk BFO would
be about 96 μC cm–2, which is in reasonable agreement with

FIG. 3. (a) Room temperature hysteresis (magnetization-field)
curves for bulk (black) BiFeO3 and BiFeO3 particles with a size of
(blue) 60 nm, (dark yellow) 29 nm, (cyan) 21 nm, (dark cyan) 19
nm, (red) 17 nm, (orange) 14 nm, (green) 10 nm, and (violet) 5 nm.
(b) Expanded view of selected hysteresis curves showing the nonlin-
ear evolution of the remnant magnetization (value of M when H = 0)
and coercive field (value of H when M is zero) with particle size. In
particular, the remnant magnetization for 10-nm particles and bulk
BFO is zero. As discussed in the text, these materials exhibit super-
paramagnetic and antiferromagnetic properties, respectively. On the
other hand, the remnant magnetization for 21- and 29-nm particles is
significant. This is because, as discussed in the text, these particles
are ferromagnetic.

first-principles predictions and recent experimental data for
perfect single crystals and thin films [22,44–47].

As can also be seen in Fig. 5, Rietveld fits to the diffuse
diffraction patterns for 17, 14, and 5 nm BFO particles are not
successful. The failure can be due to the inability of Rietveld
method to analyze very diffuse XRD patterns or that of a
rhombohedral model to describe the atomic structure of NPs
smaller than 19 nm in size, or both. This makes it difficult to
judge whether or not they retain the polar structure of bulk
BFO and, hence, could harbor ferroelectricity. The difficulty
is resolved by atomic PDF analysis, results of which are
shown in Figs. 6 and 7. Note that, by definition, the PDF
G(r) = 4πr[ρ(r) − ρo], where ρ(r) is the local and ρo is the
average atomic number density, respectively. It peaks at all
distinct interatomic distances occurring in a material, reflect-
ing its actual atomic structure without assuming any crystal
symmetry. Furthermore, while Rietveld analysis concentrates
on sharp Bragg peaks in XRD data, an atomic PDF takes into
account both the Bragg peaks and the diffuse-type scattering
components of XRD data. In this way both the perfect atomic
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FIG. 4. Zero-field-cooled (blue circles) and 200-Oe field-cooled (black circles) magnetization curves for bulk and nanosized BiFeO3.
Arrows (black) mark the blocking temperature TB for particles with a size smaller than 29 nm. It diminishes with particle’s size (see the
systematic shift of the position of the arrows from the vertical red line). The kink in the magnetization curve for bulk BiFeO3 seen at about
165 K is attributed to a spin reorientation transition. Broken vertical line (red) is a guide to the eye.

order, manifested in the former, and all local deviations from
it, manifested in the latter, are reflected in the experimental
PDF data. In this respect, atomic PDF analysis goes beyond
traditional techniques for determining the atomic structure of
crystals that, typically, reveal well their long-range periodic
features alone [48,49].

As can be seen in Figs. 6(a)–6(f), similarly to the respective
XRD patterns, the experimental PDFs for BFO NPs larger
than 17 nm can be well reproduced by a model based on rhom-
bohedral BFO. The model, however, fails to reproduce the
PDF data for 17- and 14-nm particles shown in Figs. 6(g) and
6(h). It cannot reproduce the experimental PDF data for 5 nm
either [see Figs. 7(a) and 7(d)]. The result shows clearly that
while BFO particles larger than 17 nm exhibit the structure of
bulk BFO, those with a smaller size do not. As can be seen in
Fig. 7, the low-r part (<15 Å) of the PDFs for the latter can
be well reproduced by a distorted rhombohedral model with
a triclinic (space group P1) symmetry. For reference, such a
model has also been found useful in describing the polar struc-
ture of bulk BFO [50]. The decrease of the local symmetry
from rhombohedral to triclinic in the NPs arises from a near
complete loss of structural coherence in the Bi sublattice, as
demonstrated by the accelerated decay of Bi-involving atomic
pair correlations in the experimental PDF data (see the vertical
arrows in Fig. 2) and large, PDF-fit derived root-mean-square
displacement (rms) of Bi atoms from their average positions
in the undistorted rhombohedral lattice (see Tables S2–S5 [39]
and Fig. 8). On the other hand, the higher-r part of these
PDFs can be well reproduced by a structure model based on
the aristotype cubic (space group Pm-3m) perovskite lattice.
Evidently, while BFO particles larger than 17 nm are rhom-
bohedral both locally and on average, those that are 17 nm or
smaller in size appear hardly rhombohedral-like, i.e., polar,

locally and cubiclike, i.e., nonpolar, on average. As such,
the latter may be expected to exhibit limited ferroelectricity,
if any. Studies of others indicate that this is exactly how
BFO particles with a size smaller than 20 nm behave [51].
Evolution of the unit cell volume and rms displacements of
Bi atoms in BFO NPs with their size, as derived from fits to
experimental PDF data, are summarized in Fig. 9. Also shown
in the figure are average Fe-oxygen-Fe bond angles for the
respective NPs. The angles are derived from the refined NP
structure data summarized in Tables S2–S5 [39].

B. Magnetization data

As can be seen in Fig. 3(a), and in line with the findings of
other studies [35,52–54], the induced magnetization of BFO
increases linearly with the applied field, reaching a maximum
value of 0.6 emu/g at 9 T. It does not show any hysteresis
effects, which is typical for an antiferromagnetic material.
The maximum value of the field induced magnetization of
BFO NPs increases fast with diminishing their size, reaching
a value of about 1.8 emu/g (field of 9 T) for 5-nm particles.
Furthermore, as can be seen in Fig. 3(b), BFO particles larger
than 17 nm show clear hysteresis loops with nonzero remnant
magnetization Mr and coercive field Hc, which is a signature
of ferromagnetic order. Both Mr and Hc increase with dimin-
ishing particle size and reach their maximum values for 19-nm
particles, indicating an increase in the emerged ferromagnetic
order. The hysteresis loops, however, collapse back to a single
line when the particles size is diminished further, rendering
both Mr and Hc virtually zero. The observation indicates that
the emerged ferromagnetic order disappears when the size
of BFO particles drops below 17 nm. Experimental data for
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FIG. 5. Rietveld fits (red line) to experimental (symbols) XRD patterns for bulk and nanosized BiFeO3. For clarity, the residual difference
(blue line) is shifted downward by subtracting a constant. The fits are based on the rhombohedral (space group R3c) type structure exhibited by
bulk BiFeO3 at room temperature. The Bragg peaks in the patterns are seen to broaden with diminishing particle’s size and merge into broad
diffraction features when that size becomes less than 19 nm. The features are difficult to reproduce by Rietveld fits (see the vertical arrows),
rendering the values of goodness-of-fit indicators in the order of 15–20%, i.e., unacceptably high. For reference, the goodness-of-fit indicators
for bulk BiFeO3 and BiFeO3 particles with a size larger than 17 nm are in the order of 5–10%.

magnetization Ms measured at an external field of 9 T, Mr,
and Hc are summarized in Fig. 9.

Inspection of the temperature dependence of the magneti-
zation of bulk BFO, shown in Fig. 4, indicates that the material
undergoes a phase transition at about 170 K. Prior studies have
attributed the transition to spin reorientation that affects its
ferroelectric properties significantly. The ZFC and FC curves
for 60 and 29 nm BFO particles do not show this transition
but are seen to bifurcate. Usually, the effect arises from the
presence of coexisting ferro and antiferromagnetic regions
in NPs that may be associated with their surface and core,
respectively, and/or magnetic domain pinning effects [55–57].
The ZFC curves for BFO particles smaller than 29 nm develop
a broad cusp, which is seen to shift to lower temperature with
decreasing particle size further. The cusp can be attributed
to magnetic blocking effects induced by the competition be-
tween thermal and magnetic anisotropy energy. Large values
of MS, zero Mr, and Hc, and presence of magnetic blocking
effects are characteristic signatures of superparamagnetic be-
havior [53,58,59].

IV. DISCUSSION

In BFO, there is a completion between the antisymmetric
DM interactions favoring a canted spin configuration resulting
in nonzero magnetization, i.e., favoring a ferromagneticlike
state, and symmetric superexchange interactions that favor a
completely antiparallel spin configuration and zero magne-
tization. As a result, a change in the strength of the former
would lead to a change in the strength of the latter, and vice
versa. In particular, when the size of BFO particles is reduced
below 62 nm, the spin cycloid is at least partially destroyed
and the magnetization due to spin canting would not anymore
cancel to zero, as is the case with bulk BFO. Furthermore,
that magnetization would increase with diminishing particle’s
size further below 62 nm, which is what the experimental
data for field-induced magnetization show [see Figs. 3(a) and
9(c)]. The increased magnetization and related stabilization
of a ferromagneticlike state would weaken the competing an-
tiferromagnetic state and related superexchange interactions,
and thus contribute to the observed decrease in TN [36,55,60].

054121-5



VALERI PETKOV AND SARVJIT SHASTRI PHYSICAL REVIEW B 104, 054121 (2021)

FIG. 6. Fits (red line) to experimental (symbols) atomic PDFs for (a) bulk BiFeO3 and BiFeO3 particles with a size of (b) 60 nm,
(c) 29 nm, (d) 21 nm, (e) 19 nm, (f) 17 nm, (g) 14 nm, and (h) 10 nm. For clarity, the residual difference (blue line) is shifted downward by
subtracting a constant. The fits are based on the rhombohedral (space group R3c) type structure exhibited by bulk BiFeO3 at room temperature.
The experimental PDFs for bulk BiFeO3 and BiFeO3 particles larger than 17 nm show well-resolved peaks, reflecting the presence of little
local structural disorder. In addition, these PDF are well reproduced by the attempted rhombohedral model. Peaks in the PDFs for the particles
with a size smaller than 19 nm appear much less resolved (e.g., see the PDF peak at about 4 Å), reflecting the increased presence of local
structural disorder. In addition, they are not well reproduced by the attempted rhombohedral model. For reference, the values of the respective
goodness-of-fit indicators are in the order of 30–40%, i.e., unacceptably high. These values are below 15% for the rhombohedral model fits to
the PDFs of particles larger than 17 nm and bulk BiFeO3.

The emergence of uncompensated Fe magnetic moments at
the NP surface would also contribute to the increased magne-
tization. The presence of such moments, i.e., a ferromagnetic
surface and antiferromagnetic core in the NPs, can explain the
bifurcation of ZFC and FC curves for 60- and 29-nm BFO
particles observed at low temperature.

As can be seen in Figs. 3, 9(b), and 9(c), both Mr, and
Hc increase with diminishing particle size and peak when it
becomes close to 19 nm, reflecting the emergence of a stable
ferromagnetic order in BFO particles with a size between
19 and 62 nm. As can also be seen in Figs. 3, 9(b), and
9(c), Mr, and Hc start to decay steeply when the particle
size decreases to 17 nm. One typical phenomenon related to
finite size effects in systems exhibiting a ferromagnetic order
is that its characteristic features, in particular Mr and Hc,
would reach a maximum when the systems are reduced to a
single-domain critical size, and then decay to zero when that
size is decreased further. Concomitantly, the systems would
exhibit a superparamagnetic behavior, where magnetization
curves retain the ferromagnetic response but lose the loop,
and Ms increases further with diminishing particle size. This
is indeed the behavior exhibited by the magnetization curves
for 17-, 14-, and 5-nm BFO particles shown in Fig. 3. The
development of a maximum in the ZFC curves and its shift

to lower temperatures with diminishing particle size (see the
vertical arrows in Fig. 4) also indicate that the cooperative
ferromagnetic order in BFO particles with a size below 17
nm disappears and they become superparamagnetic. In this
regard, 17 nm may be considered as the critical limit for the
disappearing of ferromagnetic order in BFO NPs.

Furthermore, the gradual weakening of superexchange an-
tiferromagnetic interactions with diminishing particle size
below 62 nm would result in an increased deviation of Fe-
oxygen-Fe angles from 180◦, i.e., increased antiferrodistortive
rotations of Fe-oxygen octahedra and somewhat weakened
ferroeletric order [51,54–60]. In ABO3 perovskites, the mag-
nitude of polyhedral rotation is related to their structural
stability and size of A-type ions. The stability is often ex-
pressed in terms of the co-called tolerance factor t , where
t = (rA + rO)/

√
2(rB + rO) and rA, rB, and rO are the ionic

radii of metal (A/B) and oxygen atoms, respectively [61].
The tolerance factor for the ideal cubic perovskite shown in
Fig. 1(a) is 1; it is 0.96 for BiFeO3 and 1.06 for the archetypal
ferroelectric perovskite BaTiO3. The relatively low tolerance
factor for BiFeO3 is due to the fact that Bi ions are somewhat
small (rBi = 1.17 Å) to fit tightly inside the cavities between
oxygen octahedra, forcing the octahedra to rotate such that
the volume of these cavities is reduced to match better the
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FIG. 7. Fits (red line) to experimental (symbols) atomic PDFs
for BiFeO3 particles with a size of (a)–(d) 14 nm, (e),(f) 10 nm,
and (g),(h) 5 nm. For clarity, the residual difference (blue line) is
shifted downward by subtracting a constant. The unsuccessful fit to
the low-r PDF data for 14-nm particles shown in (a) is based on
a cubic (space group Pm-3m) structure. The same structure model,
however, reproduces very well the high-r PDF data for the same NPs
shown in (b). The successful fit to the low-r PDF data for 10-nm
particles shown in (c) is based on a distorted rhombohedral/trigonal
(space group P1) structure. The same structure model, however,
cannot reproduce the high-r PDF data for the same NPs shown in
(d) as well as the cubic model shown in (b) does. The successful
fit to the low-r PDF data for 10-nm particles shown in (e) is based
on a distorted rhombohedral/trigonal (space group P1) structure and
that to the high-r PDF data for the same particles shown in (f) on a
cubic structure. The successful PDF fit in (g) is based on a distorted
rhombohedral/trigonal (space group P1) structure and that in (h) on
a cubic structure. Overall, data in the figure show that while the aver-
age structure of 14-, 10-, and 5-nm particles is cubic [as shown in (b),
(f), and (h)], locally, they exhibit a distorted rhombohedral/trigonal
structure [as shown in (c), (e), and (g)]. The structure features two
distinct crystallographic sites for Fe atoms, which is in line with the
findings of prior Moessbauer spectroscopy studies on 14-nm BFO
NPs [34].

size of Bi atoms. This is not the case with the larger Ba ions
(rBa = 1.34 Å), which fit tightly the cavities in the perovskite
lattice of BaTiO3 where no rotations of oxygen octahedra are
observed. It may be expected that changes in the rotations
in the Fe-oxygen octahedra in BFO NPs would change the
positioning of Bi atoms in the cavities between them and, fur-
thermore, these changes would not necessarily be the same for
all Bi atoms in the NPs. This is because the crystal structure
in NPs is more amenable to local structural fluctuations in
comparison to the respective bulk. The effect would introduce

FIG. 8. Fragments from the structure of (a) bulk BiFeO3 and (b)
BiFeO3 particles with a size of 10 nm, both of which have been re-
fined against experimental PDF data as explained in the text. The rms
displacements of Bi atoms are given as ellipsoids (red) positioned in
between Fe-oxygen octahedra (brown). The displacements are very
large in the nanoparticles in comparison to bulk BFO, reflecting the
greatly increased atomic positional disorder in the Bi sublattice with
diminishing particle’s size.

fluctuations in the positions of Bi atoms in the oversized
cavities between oxygen octahedra that are forced to undergo
extra rotations due to diminished superexchange interactions.
As such, the fluctuations would induce extra local structural
disorder of a type similar to that introduced by heating (see
Fig. 8). The emergence of such disorder is an effect exhibited
by not only nanosized perovskites [62] but also semiconductor
quantum dots and metallic nanoparticles [61,63–67]. Results
of the PDF analysis conducted here (Tables S2–S5 [39] and
Fig. 8) show that Bi atoms in BFO NPs with a size less than
19 nm suffer particularly strong positional disorder, as indi-
cated by the sudden increase in their root-mean-square (rms)
displacements. The displacements are likely to frustrate the
long-range interactions between electric dipoles involving Bi
atoms, leading to a destabilization of the long-range ferroelec-
tric order and polar rhombohedral structure that favors it and,
hence, stabilization of a nonpolar long-range structure of a
cubic type, which is characteristic for paraelectric perovskites.
As data in Figs. 9(e) and 9(f) show, both Fe-oxygen-Fe bond
angles and rms displacements of Bi atoms undergo increas-
ingly large changes when the size of BFO particles drops
to 17 nm and below, and, at the same time, as the results
of PDF analysis show, the average NP structure becomes
cubiclike. Independent Raman studies have also indicated that
cooperative lattice vibrations involving Bi atoms that control
the ferroelectric order in BFO particles are strongly quenched
when their size is reduced to 17 nm [57,68]. In this sense,
the critical size Rc for ferroelectricity in BFO appears to be
about 17 nm, i.e., twice the size suggested by data obtained
by traditional crystallography techniques [36]. Moreover, it
appears close to the critical size for ferroelectricity of 16 nm
reported for PbTiO3, indicating a common structural origin
[69]. This may not come as a big surprise because the stereo-
chemically active lone-pair electrons of A-type atoms in the
ABO3 perovskite lattice and related polar displacement of
these atoms are known to largely generate the ferroelectricity
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FIG. 9. (a) Coercive field, (b) remnant Mr , and (c) saturation Ms magnetization (at 9 T) derived from the experimental data for magnetiza-
tion shown in Fig. 3. Also shown in (a) are experimental data for ME coupling reported in Refs. [51,73]. Data for the unit cell volume change,
mean-square atomic displacements of Bi atoms, 〈u2〉, and average Fe-oxygen-Fe angle in BiFeO3 nanoparticles shown in (d)–(f), respectively,
are derived from fits to experimental PDFs shown in Figs. 6 and 7. All data sets in the figure show a similar, nonlinear evolution with particle
size, indicating that they are interrelated. In particular, light brown area corresponds to BFO NPs that, on average, exhibit cubic structure, which
is inconsistent with cooperative ferroelectricity, and also behave as single-domain superparamagnets. Light blue area corresponds to BFO NPs
exhibiting a rhombohedral structure that sustains ferroelectricity. Light green area corresponds to BFO NPs that behave as bulk BFO, i.e.,
exhibit a rhombohedral structure and antiferromagnetic properties. Light magenta area corresponds to BFO NPs that are both ferromagnetic
and ferroelectric, i.e., would exhibit an increased ME coupling.

in both BiFeO3 and PbTiO3. Notably, the unit cells of both
nanosized BiFeO3 [see Fig. 9(a)] and PbTiO3 (see Fig. 3 in
Ref. [69]) are found to expand markedly when Rc is reached
upon diminishing particle size. An expanded perovskite lattice
would allow larger rms displacements of Bi atoms, which, in
turn, would weaken the covalent character of the Bi-O bond,
thereby increasing its iconicity and short-range electrostatic
repulsion between Bi and O ions favoring a high-symmetry
cubic nanocrystal structure. The latter is consistent with the
general observation that lattice expansion tends to promote
an increase in the crystal symmetry [70]. Note that it is
not uncommon for perovskites to exhibit local polar distor-
tions and average nonpolar cubic structure due to temperature
induced disordering, doping, and/or reduced particle size
[69,71,72].

Evidently, the critical size for both ferroelectric and fer-
romagnetic orders in BFO NPs appears to be about 17 nm,
i.e., the same, regardless of whether they arise from differ-
ent mechanisms, where the former is driven by the lone-pair
electrons of Bi and covalency of Bi-O bonds and the latter
is caused by DM interactions that apparently prevail over
the Fe-oxygen-Fe superexchange interactions when the spin
cycloid is destroyed. Thus, it may be expected that the mag-
netoelectric coupling in BFO NPs would start to increase
steadily when their size is diminished below 62 nm, i.e., when
ferromagnetism emerges and both the local and average lattice
structures are little disturbed and still polar. The increase will
continue until their size approaches 19 nm, where the lattice
structure starts to expand to accommodate the fast increasing
positional disorder of Bi atoms and lose its polar charac-

ter. It would then decay fast because both the long-range
ferroelectric and ferromagnetic orders disappear with further
diminishing particle’s size, as described above. As can be seen
in Fig. 9(a), experimental data for magnetoelectric coupling
reported in Ref. [51] closely follow the evolution of structure
and magnetic data obtained here, lending strong support to the
scenario of a common critical size limit for ferroic orders in
nanophase BFO.

V. CONCLUSION

Similarly to the prototype ferroelectric perovskite PbTiO3,
BiFeO3 retains its polar crystallographic structure down to a
particle size close to 19 nm. In particular, BFO NPs with a size
in the range 19–60 nm retain the polar rhombohedral structure
of the bulk state and can harbor ferroelectricity. In addition,
the NPs appear ferromagnetic because of the destruction of
the cycloidal and weakening of the antiferromagnetic or-
ders, accompanied by the likely appearance of uncompensated
magnetic moments at the NP surface. Thus, by reducing it
to nanosized dimensions, BiFeO3 can be brought to a state
with an enhanced ME coupling that facilitates the mutual
control between ferroelectric and magnetic degrees of free-
dom at room temperature, which is not possible in bulk BFO.
On the other hand, BFO NPs with a size of 17 nm and
smaller both acquire a nonpolar cubic structure, which is
inconsistent with ferroelectricity, and lose their ferromagnetic
properties simultaneously. The ferroelectric order seems to
disappear largely because of the increased positional disor-
der of Bi atoms and resulting disruption of the interactions
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between Bi-involving electric dipoles that are known to sta-
bilize their arrangement in a long-range ordered pattern. The
ferromagnetic order disappears likely because, in general, an
increase in the lattice symmetry leads to a decrease in the mag-
netocrystalline anisotropy energy, which is known to induce
superparamagnetic behavior in sufficiently small nanoparti-
cles. Thus, the observed decrease of the local lattice symmetry
to triclinic due to Bi atoms disordering and the increase of the
average lattice symmetry from rhombohedral to cubic coupled
to a rather steep lattice expansion taking place in nanosized
BiFeO3 seem to be promoted by the concurrent disappearance
of ferroelectric and ferromagnetic orders, and vice versa. This
is a rare example of interactions between lattice, ferroelec-

tric, and magnetic degrees of freedom at the nanoscale that
determine the particle size range for coexistence and critical
particle size limit for existence of ferroic orders in perovskites.
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