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Chemical compression and ferroic orders in La substituted BiFeO;
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Chemical compression effects on the ferroic orders in La substituted BiFeO; are studied by atomic pair
distribution function analysis and structure modeling. While rhombohedral BiFeO; exhibits ferroelectricity and
antiferromagnetism (AF) with a cycloidal Fe spin arrangement leading to zero magnetization, La substituted

BiFeO; exhibits a reduced lattice polarization, strengthened AF order, and an apparently suppressed spin
cycloid leading to nonzero magnetization. The observed changes in the ferroic orders arise from the chemical
compression induced changes in the octahedral rotation and ferroelectric displacement of Bi atoms, which appear
as lattice degrees of freedom entangling the electronic and magnetic orders in BiFeO;.
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I. INTRODUCTION

There is an increased interest in strongly correlated
materials that exhibit coupled electronic, magnetic, and lat-
tice degrees of freedom leading to fascinating physics and
practical applications [1-5]. Among those materials, the
multiferroic BiFeO3 (BFO) is unique because it exhibits spon-
taneous ferroelectric (Curie temperature 7, = 1033 K) and
antiferromagnetic (Néel temperature 7y = 643 K) orders over
a broad temperature range while adopting the same rhom-
bohedral space group (S.G.) R3c structure [6—11], providing
an opportunity to control the electric properties by magnetic
field, and vice versa. The structure features a perovskite-type
lattice of corner sharing Fe-Og octahedra with Bi atoms occu-
pying the cavities between the octahedra [Fig. 1(a)]. Contrary
to the aristotype cubic perovskite, the octahedra in BFO are
rotated in an antiferrodistortive manner about the polar (111),
axis in the rhombohedral (R) lattice. Both Fe and Bi atoms are
shifted from their position in the cubic lattice along (111)g,
giving rise to distinct short (1.97 A) and long (2.12 A) Fe-O
bonding distances and a broad distribution of Bi-O distances,
ranging from about 2.25 to 3.5 A [12-14]. The largely ionic
bonding between Fe’* /Bi*? and O~ ions has a partial cova-
lent character, where oxygen atoms are bonded by Op states
to both Bi and Fe, providing a link between the A and B sites
of the perovskite ABOj3 lattice. Indeed, it is the asymmetric
covalent-bond-like interaction between the lone pair of Bi
65> and O 2p orbitals that is considered to be behind the
ferroelectricity in BFO. Notably, because the Fe-O-Fe bond
angle appears close to 155°, the superexchange interaction
between Fe magnetic moments is antiferromagnetic (AF) in
character. Furthermore, due to Dzyaloshinskii-Moriya (DM)
interactions, the Fe moments are also weakly canted away
from the AF lattices, resulting in a weak magnetization. How-
ever, superimposed on the AF ordering, there is cycloidal
spin structure arrangement with a period of about 62 nm,
leading to a cancellation of the macroscopic magnetization
over a single period of the cycloid. The presence of a spin
cycloid and related zero magnetization inhibits the linear
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magnetoelectric (ME) coupling effect in BFO, thus hampering
its usage in practical applications [15-19].

A lot of effort has been put into finding an efficient way to
improve the ME coupling in bulk BFO through suppressing
the cycloidal spin order and thus producing nonzero mag-
netization while disturbing the ferroelectric order as little as
possible. It has been found that the cycloid can be suppressed
by an application of strong magnetic field [20], reducing BFO
to nanosized dimensions [21] or selective chemical substitu-
tion of Bi atoms in the perovskite lattice. Among the many
types of substitution under investigation, those involving light
rare earth metals have shown great promise [22-30]. A typical
example is La substituted BFO, where both the emergence
of macroscopic magnetization and an apparent increase in
the saturation and remanent ferroelectric polarization are ob-
served [31-38]. The driving forces behind the positive effect
of La substitution for Bi are, however, still ambiguous. The
situation is exacerbated by difficulties in determining the
structure type for rare earth substituted BFO in general and
in particular for La substituted BFO, and, hence, ascertaining
the presence or absence of an atomic structure state con-
ducive to a ferroelectric order and nonzero magnetization.
More specifically, several studies have suggested that BFO
exhibits a sequence of phase transitions with the La substi-
tution, including from polar S.G. R3c to polar S.G. C222
or polar S.G. P1 structure [39], followed by a transition to
polar S.G. Pna2;, nonpolar S.G. Imma, or nonpolar S.G.
Pbnm structure, where the nonpolar structures cannot harbor
ferroelectric order [40,41]. Extended composition ranges of
a phase segregation and the emergence of incommensurate
polar S.G. Pn2;a(00y )000 and nonpolar S.G. Imma(00y )s00
structures at particular La concentrations have also been sug-
gested [36,42-44]. Here we are addressing this ambiguity
by employing total and resonant x-ray scattering coupled to
structure modeling to study the effect of La substitution on
the atomic arrangement in BFO, including the local lattice
symmetry and ferroelectric polarization. Magnetic measure-
ments are done to quantify the changes in the AF order. We
find that, though modified, the ferroelectric displacement of Bi
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FIG. 1. (a) Fragment from the rhombohedral structure of BiFeO;

projected down the (001); direction, featuring corner shared Fe

(brown circles)—-oxygen (blue circles) octahedra with Bi (red circles)

atoms positioned in the cavities between them. The octahedra are

rotated with respect to each other and Bi atoms are displaced from

the geometrical center of the cavities, rendering the material ferro-

electric. (b) XRD patterns, (c) room temperature hysteresis curves,

and (d) total atomic PDFs G(r) for pure and La substituted BiFeOs;.
The PDFs are offset vertically for clarity.

atoms and rhombohedral symmetry of the parent BFO survive
in Bi;_xLaxFeO; to a high level of La substitution (x < 0.4)
and, though diminished, the lattice polarization also survives.
We also find that La substitution strengthens the AF order
and suppresses the spin cycloid, releasing a weak canted mag-
netic moment that contributes to the concurrent emergence of
macroscopic magnetization and observed enhancement in the
ME coupling.

II. EXPERIMENT

A. Sample preparation

Polycrystalline Bi;_yLa,FeOs; samples, where x = 0, 0.1,
0.2, 0.3, and 0.4, were prepared by a traditional solid state
synthesis where stoichiometric amounts of Bi;O3 (99.999%),
Fe,03 (99.999%), and La,03 (99.9%) were intermixed, thor-
oughly ground, calcined at 1270 K, and then annealed at
980 K. Powder diffraction patterns for the samples were ob-
tained on a Panalytical diffractometer using Mo Ko radiation
and a secondary monochromator to record high-resolution
Bragg peaks. The patterns are shown in Fig. 1(b).

B. Magnetic properties characterization
Magnetic properties of the samples were studied on
a physical property measuring system (PPMS) at room
temperature. Experimental hysteresis curves are summarized

in Fig. 1(c). As expected, pure BFO does not show any
magnetic hysteresis, which is typical for AF materials. The
samples containing La show magnetic hysteresis with a sig-
nificant remanent magnetization. The result confirms the spin
cycloid in La substituted BFO is increasingly suppressed with
La content.

C. Total x-ray scattering experiments

Total x-ray scattering experiments were conducted at the
beamline 1-ID, Argonne National Laboratory, using X rays
with energy of 90.500 keV (A = 0.1368 A). Higher-energy
x rays were used to reach high wave vectors, which is es-
sential for obtaining high-resolution atomic pair distribution
functions (PDFs). Samples were packed in thin walled Kapton
tubes with a diameter of 0.3 mm to minimize the absorption
of x rays in the samples. Scattered intensities were recorded
with a single-photon-counting Pilatus3 X CdTe 2M detec-
tor up to wave vectors gmax of 26 AL, Using the software
PDFGETX3 [45], the intensities were reduced to total PDFs
G(r) = 4nr[p(r)-p,], where p(r) and p, are the local and
average atomic number density, respectively, and r is the
radial distance. As shown in Fig. 1(d), the PDFs exhibit a se-
ries of well-defined peaks, reflecting the well-defined atomic
arrangement in pure and La substituted BFO. The position of
the peaks directly corresponds to frequently occurring atomic
pair distances and the area of the peaks reflects the number
of atomic pairs at those distances. Notably, atomic PDFs take
into account both the Bragg peaks and the diffuse component
of the diffraction data and, hence, are sensitive to both the
average crystal structure and local deviations from it, includ-
ing lattice distortions in perovskites arising from chemical
substitution [46,47]. As can also be seen in the figure, the
PDFs change systematically with La content, indicating that,
even though La is barely different from Bi in size (1.38 A for
Bi vs 1.36 A for La for 12-fold oxygen coordination), La sub-
stitution modifies the crystal structure of BFO significantly.

D. Resonant total x-ray scattering at the K edge of Bi

The total PDFs for pure and La substituted BFO shown in
Fig. 1(d) reflect all correlations between the constituent atoms.
In the case of BFO, those are Bi-Bi, Bi-Fe, Bi-O, Fe-Fe, Fe-O,
and O-O pair correlations. As can be seen in Fig. 2(a), the
correlations appear as heavily overlapping peaks, making it
difficult to interpret the PDF data unambiguously. To obtain
structure data with an increased sensitivity to atomic corre-
lations involving the ferroactive Bi atoms, we conducted a
resonant total x-ray scattering experiment at the K edge of Bi
(95.5124 keV). The scattered intensities were collected using
a Pilatus detector, where its threshold voltage was adjusted
to remove the unwanted sample environment and fluorescent
scattering from the samples as much as possible. Because
of their superb energy resolution, it has been a common
practice to employ Ge solid state detectors in resonant scat-
tering experiments. The dynamic range and data collection
time for Ge detectors are, however, much inferior to those
of 2D Pilatus detectors, prompting us to opt for the latter.
The experiments involved collecting two data sets for each
sample up to wave vectors gmax of 26 A’l, where the first
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FIG. 2. (a) Computed total and Bi-differential atomic pair corre-
lation functions (PCFs) g(r) (black) for pure BiFeOs. The individual
partial PCFs are also shown, each in a different color. (b) Energy
dependence of the real dispersion correction f’ for Bi. The energies
below the K edge of Bi used in the present experiments are marked
with arrows. Values for ' and f” at these energies are also given.
(c) XRD patterns for BiFeO; taken and at 25 eV (red) and 500 eV
(black) below the K edge of Bi (90.524 keV). Their difference
(blue) multiplied by a factor of 3 is also given. (d) Experimental
Bi-differential atomic PDFs G(r) for pure and La substituted BiFeOs;.
The PDFs are offset vertically for clarity. Note that, as defined,
the PCF g(r) = p(r)/p,, oscillates about 1 while the PDF G(r) =
47 rp,[p(r)-1] oscillates about zero. Here p(r) and p, are the local
and average atomic number density, respectively.

set was collected using x rays with energy 25 eV below the
K edge of Bi and the second one was collected using x-rays
with energy 500 eV below that edge [Fig. 2(b)]. The inten-
sity difference between the data sets [Fig. 2(c)] comes from
differences in the atomic scattering factors of Bi atoms for
the two energies, which largely arise from differences in the
so-called dispersion corrections f” and f” to the factors. The
Fourier transform of the intensity difference, known as a Bi-
differential PDF, reflects only correlations involving Bi atoms,
that is, only Bi-Bi, Bi-Fe, and Bi-O correlations in the case
of pure BFO, providing an extra, chemistry-specific data set
for the structure modeling described below (see Fig. S1 in the
Supplemental Material [48]). Using the respective intensity
differences, experimental Bi-differential PDFs for the studied
La substituted BFO samples were computed with the help of
an improved version of the software RAD [49]. The PDFs are
shown in Fig. 2(d). The unknown values for f" and f” needed
in the derivation of Bi-differential PDFs were determined by
measuring the absorption of the BFO sample over an energy
range extending from 86 to 96 keV, normalizing the absorp-
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FIG. 3. Rietveld fits (black) to XRD patterns (red) for La sub-
stituted Bi;_yLasFeOs; based on a S.G. R3¢ model. Vertical green
bars show the position of Bragg peaks. The residual difference (blue)
is shifted by subtracting a constant for clarity. The goodness-of-fit
indicator, Ry,, is about 6% for the x = 0.1 and x = 0.2 samples.
It is about 13% and 16% for the x = 0.3 and x = 0.4 samples,
respectively.

tion against f” and using the Kramers-Kronig relationship to
compute f’ from f”. More details about resonant x-ray scat-
tering experiments aimed at derivation of differential atomic
PDFs can be found in Refs. [50-52].

III. DIFFRACTION DATA ANALYSIS
AND 3D STRUCTURE MODELING

A. Average crystal structure

To ascertain the average crystal structure of La substituted
BFO, we carried out Rietveld analysis of the in-house x-ray
diffraction (XRD) patterns. The analysis was performed using
the software FULLPROF [53]. At first, the XRD patterns were
fit with a model based on the rhombohedral S.G. R3c type
structure. As expected, the model reproduced very well the
XRD pattern for pure BFO (Fig. S2 [48]). It fit reasonably
well the XRD patterns for Bi;_xLayFeO3 samples with low
La content (x = 0.1 and x = 0.2; see Figs. 3(a) and 3(b)] but
failed to reproduce the XRD patterns for Big;Lay3FeO3; and
Big ¢Lag 4FeO; [Figs. 3(c) and 3(d)]. Other, frequently consid-
ered structure types, including S.G. C222, S.G. Pna2,, S.G.
Pbnm, S.G. Cc, SG. Cm, and S.G. Imma structure types, were
also tested against the XRD patters for the latter two samples.
The models performed worse, as shown in Fig. S3 [48]. This
prompted us to attempt a triclinically distorted rhombohedral
model with a S.G. P1 symmetry that has been found useful
in describing the structure of pure BFO [54]. The S.G. P1
model we considered is a variant of the S.G. R3c structure
model of pure BFO where the three lattice parameters and
rhombohedral angles are decoupled while the rhombohedral
symmetry relationship between the atomic sites is left intact.
It has 14 refinable parameters (vs 10 for the S.G. R3¢ model;
see Table S1 [48]) and reproduces very well not only the XRD
data for BiggLag 1 FeO3; and Big gLag,FeOs (Fig. S4 [48]) but
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FIG. 4. Rietveld fits (black) to XRD patterns (red) for La substi-
tuted Bi;_sLa,FeO; based on a S.G. P1 model. Vertical green bars
show the position of Bragg peaks. The residual difference (blue)
is shifted by subtracting a constant for clarity. The goodness-of-fit
indicator, Ry, is about 7% and 9% for the x = 0.3 and x = 0.4
samples, respectively.

also those for Big;Lag3FeO; and BiggLag4FeO; (Fig. 4),
indicating that the replacement of Bi with the smaller-in-size
La induces an overall distortion of the rhombohedral crystal
lattice in BFO.

B. Local crystal structure

To determine the local structure of La substituted BFO,
we fit the experimental total PDFs G(r) with the structure
models explored by Rietveld analysis. The fits were done
with the help of the software PDFGUI [55], where the so-
called instrumental resolution parameters ggamp and Gproad
were given values of 0.013 and 0.023 determined by mea-
suring and analyzing a Si powder standard. As shown in
previous studies [21] and confirmed here (Fig. S2 [48]), the
atomic PDF for pure BFO can be well fit with a model
based on the rhombohedral S.G. R3¢ structure type, which
also fits well the XRD data for BFO. The model appeared
less successful for the La doped samples, where several other
structure types were also tested. Similarly to the case of Ri-
etveld analysis of XRD data, models based on S.G. C222,
S.G. Pna2y, S.G. Pbnm, S.G. Cc, SG. Cm, and S.G. Imma
type structures failed to reproduce well the experimental PDF
data for the La substituted samples, as exemplified in Fig.
S5 [48]. Again, similarly to the case of Rietveld analysis
of XRD data, the triclinically distorted rhombohedral model
(S.G. P1) well reproduced the experimental PDF data for all
La substituted samples (Fig. 5). Models based on the S.G.
C222, S.G. Pna2y, S.G. Pbnm, S.G. Cc, SG. Cm, and S.G.
Imma structure types where the lattice parameters and angles
are decoupled did not refine well against the PDF data for the
La substituted samples. The results indicate that not only over
long range distances but also locally pure rhombohedral BFO
and La Bi;_xLayFeO3, where x < 0.4, share significant struc-
tural similarities. The PDF refined lattice parameters for pure
BFO (S.G. R3c lattice symmetry) and La substituted BFO
samples (S.G. P1 lattice symmetry) are summarized in Table
S2 [48]. The Rietveld and PDF refined lattice parameters (see
Table S2 [48]) and also the average atomic volume in the La
substituted samples is found to diminish uniformly with La
content (Fig. S6(a) [48]), following the diminishing average
size of the atomic species occupying the “A” site in the per-
ovskite lattice (Fig. S6(b) [48]). However, locally, the atomic
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FIG. 5. Crystallographic (small unit cell) fits (black) to exper-
imental PDFs G(r) (red) for La substituted Bi;_yLa,FeO; based
on a S.G. P1 model. The residual difference (blue) is shifted by
subtracting a constant for clarity. The goodness-of-fit indicator, Ry,
for the fits is about 13%.

volume may be expected to fluctuate because lattice cavities
occupied by the smaller-in-size La species would experience
“positive” pressure from the nearby cavities occupied by the
larger-in-size Bi atoms and shrink, and vice versa, leading to
an increasing emergence of lattice distortions with La sub-
stitution. The presence of such distortions explains why the
average crystallographic symmetry of La substituted samples
appears diminished in comparison to pure BFO.

C. Large-scale structure modeling

Structure models for chemically substituted perovskites,
including La substituted BFO, are difficult to explore in good
detail based on crystallographic unit cells considering that
some “average” atomic species occupy the same lattice sites.
Therefore, to reveal the atomic structure for La substituted
BFO in better detail, we constructed structure models repre-
senting 90 Ax90 Ax90 A configurations of about 40 000 Fe,
oxygen, Bi, and La atomic species forming a perovskite lattice
of the type shown in Fig. 1(a) and refined them against the
respective total and Bi-differential PDFs. The initial config-
uration for pure BFO was generated using the PDF refined
structure parameters summarized in Table S2 [48]. The large
size of the atomic configurations allowed us to account for
lattice distortions extending over several Bi lattice sites sur-
rounding a guest La site, and vice versa, which is not possible
if structure models constrained to a single crystallographic
unit cell are employed. The refinement was done by reverse
Monte Carlo (RMC) simulations using the computer program
FULLRMC [56]. During the refinement, Bi, La, and oxygen
atoms were constrained not to approach each other closer
than the Bi-O and La-O distances in BiFeO3 and LaFeO; per-
ovskites, respectively, whereas Fe-O distances were allowed
to range between 1.95 and 2.15 A. In addition, Fe-oxygen and
oxygen-Fe first coordination numbers were restrained to stay
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FIG. 6. RMC (large model based) fits (black) to experimental
PDFs G(r) (red) for La substituted Bi,_,La,FeOs. The initial config-
uration is based on a S.G. P1 type structure. The residual difference
(blue) is shifted by subtracting a constant for clarity. The goodness-
of-fit indicator, R, for the fits is about 6%.

close to 6 and 2 respectively, thus preserving the connectivity
of the modeled perovskite lattice. The imposed constraints and
restraints were essential to achieving physically meaningful
results and were never violated during the modeling. Initially,
the atoms were moved with a step of 0.1 A, which was reduced
to 0.01 A in the final stages of the modeling. It was always
terminated when no further improvement in the total and Bi-
differential PDF fit quality was possible to be achieved, given
the particular restraints and constraints applied. Notably, three
model runs for each of the studied samples were conducted.
Although the atomic configurations resulting from the runs
did not differ greatly, the quantities extracted from them,
including the lattice polarization values reported below, were
averaged over the three runs for the sake of improving the sta-
tistical accuracy of our findings. The RMC produced models
fit the experimental total and Bi-differential PDF for pure and
La substituted BFO in fine detail (see Figs. 6, 7, and S7 [48]).
Here it is to be noted that initial RMC configurations based on
structure types that did not fit the experimental XRD and PDF
data well could not converge to models that reproduce well the
experimental PDFs either (Fig. S8 [48]). The reason is that,
currently, the RMC algorithm may not necessarily adjust the
lattice geometry of the initial atomic configuration, including
that of the simulation box, appropriately, making it impera-
tive to start the RMC modeling of crystal systems with local
disorder from as realistic as possible initial configurations,
such as, for example, configurations based on crystallographic
models tested and refined by preliminary Rietveld and/or PDF
analysis, as done here.

IV. DISCUSSION

It is considered that the magnitude of the spontaneous
lattice polarization Ps in ferroelectric perovskites, including
LiNbO3, LiTaO; and BFO [57-59], is proportional to the

Bi-differential PDF G (r)

I R e A

15 10 15 20 25 5 10 15 20 25 30
Interatomic distance r(A)

FIG. 7. RMC (large model based) fits (black) to experimental Bi-

differential PDFs G(r) (red) for La substituted Bi;_,La,FeOs;. The

initial configuration is based on a S.G. P1 type structure. The residual

difference (blue) is shifted by subtracting a constant for clarity. The
goodness-of-fit indicator, Ry, for the fits is about 6%.

magnitude of the “ferroelectric” displacement of Bi atoms
from the geometrical center of the oxygen octahedra enclosing
them [see Fig. 1(a)], where the displacement is along the
(111)y direction in the perovskite lattice. Furthermore, it is
considered that Pg can be conveniently evaluated using the
relationship Ps = 258Az (uCcm™2), where Az is the differ-
ence between the relative displacements of Bi and Fe atoms
from their positions in a hypothetical nonferroelectric BFO
exhibiting an inversion symmetry. Here, Az may be viewed as
a measure of the displacement of the positive charge, arising
from Bi** and Fe*" cations, and from the negative charge,
arising from O?~ anions, in the perovskite lattice, leading
to the emergence of spontaneous electrical dipoles that order
ferroelectrically in rhombohedral (S.G. R3c) BFO. Using this
crystallographic measure for Ps and the RMC model averaged
coordinates of Bi, Fe, and O atoms, we obtained an average
Ps value of 98 uC cm™? for pure BFO, which is in line with
earlier findings [57,58]. The result attests to the good quality
of our structure study.

Analysis of the RMC refined structure models shows that,
though distorted, the rhombohedral features of the atomic
arrangement in BFO survive in the La substituted samples.
This includes the asymmetry in the positioning of Bi atoms
with respect to their immediate oxygen environment, which,
though somewhat less expressed, is seen to persist to a La
concentration as high as 40% [see Figs. 8(a) and 8(b)]. The
same is true for the presence of three types of Bi-O pairs
positioned in the range of values from 2.2 to 2.5 A, from 2.5
to 3.3 A, and from 3.3 to 3.6 A [Fig. 8(c)], amounting to a
Bi-oxygen coordination number of 12 (Fig. S9 [48]). Using
the crystallographic measure of Ps and the relative positioning
of nearby Bi and Fe species with respect to each other as com-
puted from the respective RMC refined models [Fig. 8(d)],
we evaluated the spontaneous lattice polarization in the La
doped samples. The evolution of RMC model averaged Ps
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PDFs G(r) computed from the RMC refined models for Bi;_4La,FeO; (x = 0, 0.1, 0.2, 0.3, and 0.4). (e) Distribution of Fe-O-Fe bond angles
computed from the RMC models; (f) our experimental data for the coercive field H. and remanent magnetization M, for pure and La substituted
BFO. (g) RMC model averaged Fe-O-Fe bond angles (black) and experimental Néel temperature Ty (red) for La substituted BFO. (h) Change
in computed spontaneous (blue) and experimental saturation (red) and remanent (black) polarization in La substituted BFO. Broken lines in
(f)—(h) are a guide to the eye. Arrows in (c)—(e) highlight trends in the shown data sets with increasing La content x;, from x = 0 (black) to

x = 0.4 (green).

values with La content is summarized in Fig. 8(h). As can
be seen in the figure, the lattice polarization diminishes with
La content but remains quite high to up to 40% La content.
Prior density functional theory (DFT) studies also predict that
it will not disappear for La content <50% [60-62]. Many
experimental studies report that the macroscopic saturation
and remanent polarization appear significantly enhanced with
La content (Fig. S10 [48]) but the reported data are usually
collected at different polarization fields [30,34,63,64]. Our
findings agree [Fig. 8(h)] with the behavior of experimental
saturation and remanent polarization data for La substituted
BFO obtained when the same external electric field is ap-
plied [65,66], supporting the view that any enhancement in the
macroscopic polarization of La substituted BFO would arise
from a trivial increase in the phase stability of La substituted
BFO and reduced leakage current and not from an increase in
the lattice polarization [60].

With the replacement of Bi atoms with smaller-in-size La
atoms, coupled rotations of Fe-O octahedra may be expected
to occur because (i) the size of the A-type cation and octa-
hedral rotations in perovskites are intimately coupled and (ii)
the Fe-O octahedra in La substituted BFO remain relatively
rigid, as indicated by the small change in the Fe-O distances
with La content (see Fig. S6(c) [48]). Analysis of the RMC

refined structure models shows that the rotations are such
that the average Fe-O-Fe bond angles become closer to 180°
[Fig. 8(e)]. The increase is consistent with the observed re-
duction in the asymmetry in the position of Bi atoms inside
the cavities between the Fe-Og octahedra in the perovskite
lattice [see Figs. 8(a) and 8(b)]. The magnetic properties of
BFO follow the Goodenough-Kanamori rules [67] maintain-
ing that the partially filled d orbitals of Fe ions will have a
strong AF superexchange coupling when they form an angle
of 180°. The observed increase in the Fe-O-Fe bond angles
towards 180° [Fig. 8(g)] indicates that the AF character of the
exchange coupling increases with La content. This finding is
consistent with the observed near-linear increase in Ty for La
substituted BFO [35,39] towards Ty (738 K) for the G-type
antiferromagnet LaFeOs; [68]. It may be expected that the
observed change in the Fe-O-Fe bond angles will affect the
canting of Fe magnetic moments, resulting in a small increase
in the net canted moment with La content, as discussed in
Ref. [60]. The octahedral rotation induced by the lattice com-
pression may also suppress the spin cycloid, as indicated by
NMR experiments [69]. As a result, weak ferromagnetism
may emerge and both the coercivity and remanent magne-
tization may increase gradually with La content, as found
by us [Fig. 8(f)] and others [23,24,27,40,42,44]. Ultimately,
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together with the significant residual lattice polarization due to
the largely preserved ferroelectric displacement of Bi atoms,
this would lead to the emergence of a significant linear ME
effect, as found by experiment [70]. Notably, suppressing
the spin cycloid by the application of strong magnetic field
also induces significant lattice distortions in rhombohedral
BFO [20]. Furthermore, the suppression of the spin cycloid
and emergence of a linear ME effect by reducing BFO to
nanosize dimensions also involves the emergence of strong
lattice distortions [21]. Altogether, lattice distortions appear
central to improving the ME coupling effect in BFO.

V. CONCLUSIONS

The partial substitution of Bi by nonmagnetic La in BiFeO;
induces compressive lattice strain which distorts the crystal
lattice such that the average lattice symmetry is reduced to tri-
clinic, but the rhombohedral symmetry relationship between
the positions of constituent atoms is largely preserved. As
such, the atomic structure of La substituted BFO appears
difficult to comprehend in traditional crystallographic terms.
For the purposes of exploring the interaction between the
ferroic orders exhibited by the system, the structure can be
described by models refined against atomic PDFs, giving the

most probable positions of atoms in the studied material. The
PDF-guided RMC modeling conducted here indicates that the
coherence of the ferroelectric displacements of Bi** species
in Bij,La,FeOs (x < 0.4) is preserved to a great extent and,
hence, though weakened, the cooperative ferroelectricity is
also preserved, as shown by numerous experiments. At the
same time, the Fe-Og octahedra rotate such that, regardless of
whether the overall AF order strengthens, macroscopic mag-
netization emerges likely due to an increase in the spin canting
angle and/or suppression of the Fe spin cycloid. This is a vivid
demonstration of the interaction between electrical, magnetic,
and lattice degrees of freedom in a strongly correlated system
where the latter appear as local lattice distortions entangling
the former.
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