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Structural phase diagram for Sm-substituted BiFeO; multiferroics
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The structural evolution of Sm substituted BiFeO; is studied by total x-ray scattering and structure modeling.
It is shown that the crystal structure changes from polar to antipolar and then to nonpolar when the Sm to Bi
ratio in the material approaches 20% and 40%, respectively, with no intermixing between the structure types. The
evolution is driven by lattice strain induced by the difference in the size of Sm and Bi atoms, leading to changes in
the pattern of octahedral tilts and Bi off-centering, which, in turn, induce changes in the multiferroic properties.
The substitution ratio at which the different structure types emerge appears to be tied up with the average radius
of the atomic species occupying the Bi sites in the perovskite lattice and volume occupied by a formula unit,
rendering both quantities useful predictor variables for guiding computational searches for substituted BiFeO;

multiferroics with improved functional properties.
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I. INTRODUCTION

Chemical substitution is a key tunable parameter for im-
proving the properties of functional materials [1-9]. An
archetypal example is the rare earth (RE) substituted BiFeO3
(BFO) system. Pure BFO is unique among the multifer-
roic materials because it exhibits coexisting magnetic and
ferroelectric (FE) orders at room temperature, providing an
opportunity to control its properties using magnetic and/or
electric field [10-13]. At room temperature, it adopts a
rhombohedral space group (S.G.) R3c structure, featuring a
perovskite network of corner-sharing Fe—Og octahedra with
Bi atoms sitting in the cavities between the octahedra. Con-
trary to the aristotype cubic perovskite, the octahedra are
rotated in an antiferrodistortive manner and both Bi and Fe
atoms are displaced from their positions in the cubic per-
ovskite, as shown in Fig. 1(a). Due to a strong interaction
between the O 2p orbitals and lone pair of Bi 652 electrons, the
largely ionic bonding between Bi** and O®~ ions has a partial
covalent character leading to a considerable Bi off-centering
that is considered to be behind the ferroelectricity in BFO. On
the other hand, the magnetic order arises from antiferromag-
netic (AFM) superexchange interactions between the spins of
nearby Fe atoms. Due to antisymmetric Dzyaloshinskii-Moria
(DM) interactions, the spins are weakly canted away from the
AFM axis, leading to the appearance of weak ferromagnetism.
The net magnetization, however, is zero, due to the presence of
a spiral spin modulation superimposed on the AFM structure,
which negates the linear coupling between the polarization
and magnetization in BFO, hampering practical applications
[14-19].
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It has been shown that the substitution of Bi for light
RE species both disturbs the spin spiral and reduces the
formation of oxygen vacancies in BFO leading to the emer-
gence of nonzero net magnetization and stabilization of the
electrical polarization, respectively, thus facilitating practical
applications [4,20-25]. The structural mechanism behind the
improved magnetic and ferroelectric properties of light RE
substituted BFO, however, remains unclear. In general, it is
associated with the emergence of new phases induced by
changes in the average radius, (r)4, of the A-type atomic
species in the ABO; perovskite lattice and related to it changes
in the Goldschmidt tolerance factor, where the changes arise
from the difference in the size of substituted Bi and substituent
RE species [e.g., r(Bi*t) = 1.37 A vs r(La’t) =1.36 A,
r(Prit) = 1.32 A, r(Nd*") = 1.29 A, and r(Sm®*) = 1.28 A
for 12-fold coordination] [26,27]. The reported sequence of
phase transitions and emerging new phases with increasing
RE content are, however, not well established even in the case
of La substituted BFO, where the changes in (r) appear small
[Fig. 1(b)]. In particular, several studies have suggested that
La substituted BFO undergoes a sequence of phase transi-
tions with La content from a polar S.G. R3c structure to a
polar S.G. C222 structure, followed by a transition to a polar
S.G. Pna2; structure, nonpolar S.G. Imma, or nonpolar S.G.
Pbnm structure, where the latter two cannot harbor ferroelec-
tric order. The presence of intermixing of these phases over
broad composition ranges has also been suggested [28-33].
However, our recent total x-ray scattering studies showed that
the substitution of Bi for La up to a level of 40% does not
induce distinct phase transitions and segregation. Rather, it
leads to an overall distortion of the crystal lattice such that
its average symmetry is reduced to triclinic, but, locally, the
rhombohedral symmetry relationship between the positions
of the constituent atoms remains [34]. The situation with the
smaller in size RE species such as, for example, Sm, is more
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FIG. 1. (a) Fragment from the rhombohedral structure of
BiFeO;, featuring corner-sharing Fe (brown circles)-oxygen (blue
circles) octahedra with Bi (dark 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 ferroelectric. (b) Goldschmidt toler-
ance factor and average A-type cation size (r), for Sm,Bi;_,FeOs;.
For comparison, data for LaxBi;_,FeO; are also shown. (¢) XRD
patterns for Sm,Bi;_,FeOs, where x = 0.0, 0.05, 0.1, 0.15, 0.2, 0.3,
and 0.4. Blue rectangle highlights the evolution of Bragg peaks with
Sm content. The evolution is shown on an expanded scale in Fig. S1.
(d) Room temperature magnetic hysteresis curves for Sm,Bi;_,FeOs;.

complicated because (r)4 diminishes much faster with their
content [Fig. 1(b)]. The situation is further exacerbated by the
fact that the transition between the polar S.G. R3¢ and non-
polar S.G. Pbnm structure adopted by the end members BFO
and SmFeOs, respectively, is symmetry forbidden, suggesting
a possible coexistence of bridging phases. Then, it is not a
surprise that several authors have reported that the S.G. R3¢
to S.G. Pbnm phase transformation in Sm,Bi;_,FeOs occurs
over a broad composition range extending from x ~ 0.1 to
x ~ 0.25 [35-37], with variable levels of phase coexistence
between the two symmetries observed in the intermediary
composition range. Other studies have reported the emergence
of an intermediate antipolar PbZrO; type (S.G. Pbam) phase
in a narrow composition window between the S.G. R3¢ and
S.G. Pbnm phases that is centered at about x = 0.15, includ-
ing a coexistence of S.G. R3c, S.G. Pbam, and S.G. Pbnm
phases [20,38,39]. The emergence of a nonpolar S.G.Imma
bridging phase has also been suggested [40,41].

Here we address the ambiguity by employing total and
resonant synchrotron x-ray scattering coupled to computer
modeling to reveal the evolution of the crystal structure in
Sm,Bi;_,FeO3; when x varies from 0.0 to 0.4. Similar to the
case of La substituted BFO, we find that, locally, Sm substi-
tuted BFO preserves its polar S.G. R3¢ structure for x < 0.15.
Contrary to the case of La substituted BFO, Sm,Bi;_,FeO;
is found to undergo a phase transition to a locally antipolar,
S.G. Pnam-type structure when x approaches 0.2. When x
approaches 0.4, a locally nonpolar, S.G. Pbnm-type structure

emerges [42]. Notably, due to the large difference between
the size of Bi and Sm species, Sm,Bi;_,FeOs perovskites
appear to exhibit an overall triclinic lattice distortion which
seamlessly bridges the polar, antipolar and nonpolar phases
emerging with increasing x. The results explain the evolution
of ferroelectric and magnetic properties of Sm substituted
BFO without evoking a phase segregation scenario and may
serve as a structural basis for exploring RE substituted BFO
for piezoelectric and supercapacitor applications. They also
highlight the correspondence between chemical substitution
induced and temperature induced lattice distortions in RE
substituted BFO, including the phase transitions caused by
them.

II. EXPERIMENT

A. Sample preparation

Polycrystalline Sm,Bi;_,FeO3; samples, where x =0,
0.05,0.1, 0.15, 0.2, 0.3, and 0.4, were prepared by a traditional
solid-state synthesis using stoichiometric amounts of Bi, O3
(99.999%), Fe, 03 (99.999%), and Smy03 (99.9%). The start-
ing materials were intermixed, thoroughly ground, calcined at
980 K for 8 h, and then annealed at 1170 K for two days.
High-resolution powder diffraction patterns obtained on in-
house equipment are shown in Fig. 1(c). As shown below, the
pattern for pure BFO was successfully fit with a model based
on a thombohedral S.G.R3c structure, attesting to its phase
purity. The XRD patterns for Sm substituted BFO samples are
seen to show increasingly distinct features with Sm content
[see the light blue shaded area in Fig. 1(c) and Fig. S1 in
the Supplemental Material [43]], indicating the presence of
significant changes in the atomic arrangement. The changes
are discussed below.

B. Magnetic properties characterization

Magnetic properties of the samples were studied on a phys-
ical property measuring system (PPMS) at room temperature.
Experimental data are shown in Fig. 1(d). As expected, pure
BFO does not show any magnetic hysteresis, which is typ-
ical for AFM materials. The samples containing Sm show
increasingly broad magnetic hysteresis with Sm content that
exhibits a significant remanent and saturation magnetization.
The result confirms that the spin cycloid in Sm substituted
BFO is increasingly suppressed with Sm content, allowing the
weak ferromagnetism in BFO to emerge.

C. Synchrotron total x-ray scattering experiments

Total x-ray scattering experiments were conducted at the
beamline 1-ID-E, Argonne National Laboratory, using x rays
with energy of 90.024 keV (A = 0.1376 A), which is 500 eV
below the K edge of Bi (90.524 keV). The use of higher-
energy x rays is essential for collecting data to high wave
vectors, g (in our case gmax = 25 Al ), which is necessary for
obtaining high-resolution atomic pair distribution functions
(PDFs). Samples were packed in thin Kapton tubes and scat-
tered intensities were recorded with a single-photon-counting
PilatusX CdTe 2M detector. A representative two-dimensional
(2D) diffraction image for Si standard used to calibrate the
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FIG. 2. (a) 2D diffraction image for Si standard obtained with
a PilatusX CdTe 2M detector made of 24 CdTe sensor tiles. The
tiles are separated by one-pixel wide gaps appearing as horizontal
and vertical lines in the image. (b) XRD patterns for Si standard ob-
tained from the 2D image in (a) with (black) and without (magenta)
masking the gaps and overexposed pixels. Unphysical sharp dips
and spikes are present in the “unmasked” XRD data. (c) Computed
total and Bi-differential atomic pair correlation functions (PCFs)
g(r) = p(r)/p, (black) for pure BiFeOs. The individual partial PCFs
are also shown, each in a different color. Note that, as defined,
the PCF g(r) = p(r)/p, oscillates about 1 while the PDF G(r) =
4rrpolp(r) — 1] oscillates about zero. (d) Energy dependence of the
real f and imaginary f” dispersion corrections to the x-ray scattering
factor for Bi. The energies below the K edge of Bi used in the present
experiments are marked with arrows. Values for f” and f” at these
energies are also given.

detector is shown in Fig. 2(a). One dimensional (1D) x-ray
diffraction (XRD) patterns derived from the image are shown
in Fig. 2(b). As can be seen in Fig. 2(a), one-pixel-wide gaps
exist between the detector tiles which, if not accounted for,
would corrupt the 1D XRD patterns [red curve in Fig. 2(b)],
rendering them unsuitable for crystal structure studies. When
the gaps are properly masked, as done here, high quality
1D XRD patterns are obtained [black curve in Fig. 2(b)]. A
representative high-quality XRD pattern for Smg ;BigoFeOs3
is shown in Fig. 3(a). After due corrections for background
scattering and sample absorption, the corrected XRD intensi-
ties I(q) were converted to a so-called structure function, S(g),
defined as
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FIG. 3. (a) XRD patterns for Smy ; Big gFeO; taken 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 shown. (b) Total
(black) and Bi-differential (black) PDFs for Sm,Bi;_,FeO;, x = 0,
0.05,0.1,0.15,0.2, 0.3, and 0.4. Blue rectangles highlight the marked
evolution of selected PDF peaks with Sm content. (c), (d) Compar-
ison between the total and Bi-differential PDF for Smy ;BigoFeO;
over an extended range of interatomic distances.

where  (f(@))? =[Xcfi@. B  and  (f(gP) =
Y cifi(q, E)?. Here ¢; is the concentration of i-type atomic
species, f(q) = fo(q) + f(q. E) +if"(¢. E) is the x-ray
atomic scattering factor, g is the magnitude of the wave vector
(g = 4m sinB/A), 26 is the angle between the incoming and
outgoing x rays, A is the wavelength of the x rays used, and
f'(g.E) and f"(¢,E) are the so-called dispersion corrections
to f(g). A total atomic PDF G(r) for Smy ;BigoFeOs derived
from the S(g) via a Fourier transformation is shown in
Fig. 3(b). Total G(r)’s for all other samples, derived as
described above, are also shown in Fig. 3(b). The derivation
of S(g)’s and G(r)’s was done with the help of an improved
version of the software RAD [44].

By definition, G(r)= 4w r[p(r) — p,], where p(r) and p,
are the local and average atomic number density, respectively,
and r is the radial distance. The PDFs in Fig. 3(b) exhibit a
series of well-defined peaks at interatomic distances where the
local atomic density exceeds the average one, i.e., where well-
defined interatomic distances in the studied material appear.
Several of the peaks are seen to change systematically with
Sm content (light blue shaded areas), directly reflecting the
rearrangement of constituent atoms in Sm,Bi;_,FeO; taking
place when Bi is substituted for Sm species. Here it is to be
noted that atomic PDFs take into account both Bragg peaks
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and the diffuse component of the diffraction data and, hence,
are sensitive to both the average crystal structure and local
deviations from it, including lattice distortions in perovskites
arising from chemical substitution [45-52].

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

As obtained from a single diffraction experiment, e.g., by
using x rays with energy of 90.024 keV in our case, total
PDFs reflect all chemically distinct correlations between the
constituent atoms in the studied material, as follows:

G(r) =) wij(@)Gij(r), @)
ij
where G;;(r) are known as partial PDFs and the so-called
weighting factors w;;(g) are defined as

Cl.fl(qv E)Cj.fj(qv E)
(f(@))? .

In the case of pure BFO, there are six partial G;;(r) reflecting
Bi-Bi, Bi-Fe, Bi-O, Fe-Fe, Fe-O, and O-O pair correla-
tions. Typically, the correlations overlap heavily, as shown
in Fig. 2(c), making it difficult to interpret total PDF data
unambiguously. To obtain structure data with an increased
sensitivity to atomic correlations involving the ferroactive Bi
atoms, for all samples, we collected a second XRD pattern
using x rays with energy of 90.500 keV (. = 0.1368 A) that
is 24 eV below the K edge of Bi. The significant intensity
difference between the patterns obtained using x rays with
energy E; = 90.024 keV and E; = 90.500 keV [Fig. 3(a)]
comes from the difference in the atomic scattering factors
of Bi atoms for the two energies, which largely arise from
differences in the dispersion corrections f'(¢,E) and f”(q,E)
[see Fig. 2(d)]. From the two data sets, so-called differential
structure functions, DS(g),, defined as

1(q, E\) — 1(q, E2) = [{f*(E1)) — (f*(E)] 41
(FED)? — (f(E2))?

w(‘l)ij = (3)

DS(g)a =

’

“

were computed and Fourier transformed into Bi-differential
PDFs DG(r)g;. As obtained, the latter appear as a weighted
average only of correlations involving Bi atoms, that is, only
Bi-Bi, Bi-Fe, and Bi-O correlations in the case of pure BFO,
as follows:

DG(rg; = Y Awg; ;G (1), 5)

where the weighting factors are defined as
¢jfi(q. E)
(flgq, E))

and j = Bi, Fe, and O. As such, Bi-differential PDFs provide
an extra, Bi environment-specific data set for the struc-
ture modeling described below. The Bi-differential PDFs for
studied Sm,Bi;_,FeOs3 perovskites are shown in Fig. 3(b).
Differences between total and Bi-differential PDFs are high-
lighted in Figs. 3(c) and 3(d) over an extended range of
interatomic distances. More details about resonant x-ray scat-
tering experiments can be found in Refs. [34,53-56].

(6)

AwB,;_,- =

III. STRUCTURE MODELING

A. Crystal structure assessed by Rietveld analysis

The major difference between the suggested structure types
for pure and RE substituted BFO is the pattern of octahedral
tilts and coupled to them Bi atom off-centering, including
changes in the crystal structure polarity and unit cell param-
eters. In the polar S.G.R3c-type structure of pure BiFeOs,
Fe—Og¢ octahedra exhibit antiferrodistortive (Glaser notation
a~a a") tilts and the rhombohedral lattice parameter is es-
sentially the a, parameter of the aristotype cubic perovskite.
In the nonpolar S.G. Pbnm structure of SmFeOj3 orthoferrite,
Fe—Og octahedra exhibit out-of-phase tilts in the a and b
planes of the orthorhombic lattice and in-phase tilts along
the ¢ axis, corresponding to the (a~a~c') Glazer notation
[57], while the orthorhombic lattice parameters (a,b,c) appear
as a = \/2a., b = \/2a., and ¢ = 2a,. It is recognized that
the introduction of Sm in BFO induces lattice distortions,
which, according to some studies [58], reduce the average
crystal symmetry to antipolar S.G. Pbam (PbZrOs)-type for
0.1 <x<0.2 [59], where the tilting of Fe—Og octahedra
may be described in terms of the (a~a~c¢?) Glazer notation
and the orthorhombic lattice parameters appear as a = /24,
b=2./2a., and ¢ = 2a.. A number of studies suggest that
the symmetry is indeed reduced to an antipolar S.G. Pnam
(NaNbOs3)-type, where the complex tilting pattern of Fe—Og
octahedra is a combination of (a~a c¢")- and (a”a”a)-type
tilts, while the lattice parameters appear as a = /2a., b =
2./2a., and ¢ = 4a, [59]. Other studies suggest that, together
with a S.G. Pbam type phase, a Sm,Bi;_,O3; phase with a
nonpolar S.G. Imma-type structure (a’b~b~ octahedral tilts)
appears for 0.1 < x < 0.25 [40,41].

To assess the tilt pattern and related polarity of the crystal
structure for Sm,Bi;_,O3, both of which are important for the
ferroelectric properties, we carried out Rietveld analysis of
the XRD patterns. The analysis was performed using software
FULLPROF [60]. At first, the XRD patterns for the samples with
x < 0.15 were fit with a model based on the rhombohedral
S.G. R3c type structure of pure BFO. As expected, the model
(10 refinable parameters; see Table S1 in [43]) reproduced
very well the XRD pattern for pure BFO [Fig. 4(a)], which
was not the case with the Sm,Bi;_,O3 samples where x =
0.05, 0.1, and 0.15 [Figs. 4(b), 4(c), and 4(d)]. Moreover, the
rhombohedral S.G. R3¢ model completely failed to reproduce
the XRD data for Sm,Bi;_,O3; samples with x = 0.2, 0.3,
and 0.4 [Figs. 5(a), 5(b), and 5(c)]. The XRD data for the
samples with x = 0.2 and 0.3 could not be fitted with the non-
polar S.G. Pbnm model (14 refinable parameters; see Table
S1) either [Figs. 5(d) and 5(e)]. By contrast, a fit based on
the antipolar S.G. Pbam model (22 refinable parameters; see
Table S1) performed considerably better [Figs. 5(g) and 5(h)].
On the other hand, the nonpolar S.G. Pbnm model performed
better [Fig. 5(i)] in the case of Smg4BigcO3 as compared
to the antipolar S.G. Pbam model [Fig. 5(f)]. Altogether,
the results of Rietveld refinements showed that Sm,Bi;_, O3
is likely to be rhombohedral for x < 0.15 and orthorhom-
bic for x > 0.15, where the atomic arrangement changes to
nonpolar as x approaches 0.4. Because of the poor overall
quality of single-phase Rietveld fits (goodness-of-fit factors
considerably larger than 10%; see Fig. 5), prior studies have
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FIG. 4. Rietveld fits (black) to XRD patterns (red) for
Sm,Bi;_FeO; (x =0.0, 0.05, 0.1, and 0.15) based on a S.G.
R3c model. Vertical green bars show the position of Bragg peaks.
The residual difference (blue) is shifted downward for clarity. The
goodness-of-fit indicator R,,, varies from 5% (x = 0) to 9.8% (x =
0.15), i.e., it deteriorates with Sm content. The insets show the
model ability to reproduce the Bragg diffraction feature at 17.85°
highlighted in Figs. 1(c) and S1.

successfully attempted two-phase fits [35—41] and suggested
a phase segregation scenario for Sm,Bi;_,O3 with 0.1 < x <
0.4. This is not necessarily the case as our PDF modeling
results show.

B. Crystal structure assessed by small-scale PDF modeling

To assess the crystal structure of Sm substituted BFO in
a more precise manner, we analyzed the experimental total
PDFs which are more sensitive to lattice distortions in com-
parison to the respective XRD patterns. Initially, we fit the
PDFs with the structure models explored by Rietveld analysis,
which feature a single crystallographic unit cell. The fits were
done with the help of the software PDFGUI [61], where the
so-called instrumental resolution parameters ggamp and Gproad
were given values of 0.013 and 0.023, as determined by
measuring and analyzing a Si powder standard. As shown in
previous studies [34,62] and confirmed here [Fig. S2(a)], the
total PDF for pure BFO can be well fit with a rhombohedral
S.G. R3c type model. The model fits well the PDF data for
BFO [see Fig. S2(a)], but did not perform well in the case
of x =0.05, 0.1, and 0.15 samples [see Figs. S2(b), S2(c),
and S2(d)]. Furthermore, the rhombohedral model completely
failed to reproduce the PDFs for Sm,Bi;_, O3 samples with
x> 0.2 [e.g., see Figs. S3(a) and S4(a)]. The PDF for
Smy»BiggO3 was attempted to be fit by models based on the
nonpolar S.G. Imma and S.G. Pbnm structures, which failed as
data in Figs. S3(b) and S3(d) show. The antipolar S.G. Pnam
model performed somewhat better [Fig. S3(c)]. The model fits
to the PDF for Smg3Bip ;703 produced similar results. In the
case of Smg 4Big 603, however, the nonpolar S.G. Pbnm model
performed better in comparison to the S.G. Imma and S.G.
Prnam models (see Fig. S4). Overall, single unit cell-based

Rietveld and PDF analysis produced inconclusive results for
the structure of Sm,Bi;_,O3 samples with x > 0.15 largely
because they did not take into account the likely presence
of lattice distortions arising from the different size of Sm
and Bi species. We accounted for the distortions as shown
below.

In particular, prompted by the results of our study on La
substituted BFO, we approached the PDFs for Sm,Bi;_,O3
samples with x < 0.15 [Fig. 5(i)] with a model featuring a
triclinically distorted rhombohedral lattice, hereafter referred
to as a S.G. R3c¢/Pl-type model (14 refinable parameters;
see Table S1), where the average rhombohedral symmetry
of the crystal lattice is broken but the rhombohedral symme-
try relationships between the atomic positions are preserved.
Note that such a type of symmetry reduction is difficult to
explore by Rietveld analysis. As can be seen in Figs. 6(a),
6(b), and 6(c), the model reproduced the experimental PDF
data much better in comparison to the undistorted S.G. R3¢
model [Figs. S2(b), S2(c), and S2(d)]. From all tested mod-
els, a triclinically distorted antipolar S.G. Pnam/PIl model
refined best against the total PDFs for x = 0.2 and 0.3 sam-
ples [Figs. 6(d) and 6(e)], while the total PDF for the x =
0.4 sample was relatively well approximated by a model
based on a triclinically distorted nonpolar S.G. Pbnm/Pl
structure [Fig. 6(f)]. Notably, similar to the case of the S.G.
R3c/P1 model, the lattice parameters and angles for the S.G.
Prnam/P1 and S.G. Pbnm/P1 models are allowed to be refined
independently while the respective symmetry relationship be-
tween the atomic sites in the unit cells are left intact. The
results of small-scale PDF modeling where the average crys-
tallographic symmetry is broken indicated that the atomic
arrangement in Sm substituted BFO samples is BFO-like po-
lar for x < 0.15, changes to an antipolar for 0.15 < x < 0.3,
and becomes orthoferritelike nonpolar when x approaches
0.4. Because single-phase models reproduce the experimental
PDFs well, no phase segregation appears to take place for
any 0 < x < 0.4. Rather, the crystal structure experiences an
overall triclinic distortion which bridges the evolving polar
to an antipolar and then to a nonpolar atomic arrangement in
Sm, Bi;_,FeO; with increasing Sm content. This structure de-
scription, however, remains incomplete because models based
on a single crystallographic unit cell, be it distorted or not,
consider that the significantly different in size Bi and Sm
atoms occupy the same Wyckoff positions in the cell, i.e.,
the same size cavities in the perovskite lattice, ignoring the
fact that lattice cavities occupied by the larger in size Bi
species experience “negative” pressure from the nearby cavi-
ties filled with the smaller in size Sm species, and vice versa,
which would inevitably generate a variety of local octahedral
tilts and Bi off-centering patterns. Typically, crystallographic
unit-cell-based models would represent this variety as ab-
normally increased thermal atomic vibrations, which may
hinder the precise determination of atomic positions and ar-
rangement pattern necessary for properties calculation and
interpretation.

C. Crystal structure assessed by large-scale PDF modeling

To reveal the atomic structure for Sm substituted BFO
in full detail, we constructed structure models representing
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FIG. 5. Rietveld fits (black) to XRD patterns (red) for Sm,Bi,_,FeO; (x = 0.2, 0.3, and 0.4) based on rhombohedral S.G. R3¢ and
orthorhombic S.G. Pbam and S.G. Pbnm models. Vertical green bars show the position of Bragg peaks. The residual difference (blue) is
shifted downward for clarity. The goodness-of-fit indicator R,,, is given for each data set in %. The insets show the ability of particular models
to reproduce the Bragg diffraction feature at 17.85° highlighted in Figs. 1(c) and S1.

150 A x 150 A x 150 A configurations of about 330000 Bi,
Sm, Fe, and oxygen atoms in due proportions, where each
model appears as a perovskite lattice of the type shown in
Fig. 1(a). The large size of the models allowed us to con-
sider a statistically representative variety of distinct Sm and
Bi atomic sites. The initial atomic configuration for pure
BFO was generated using structure parameters resulting from
the single unit-cell-based fit shown in Fig. S2(a). The initial
atomic configurations for the samples with x = 0.05, 0.1,
0.15, 0.2, 0.3, and 0.4 we generated using structure param-
eters resulted from the single unit-cell-based fits shown in
Figs. 6(a)-6(f), respectively. The models were simultaneously
refined against the respective total and Bi-differential PDFs
by reverse Monte Carlo (RMC) simulations using software
FULLRMC [63]. During the refinement, Bi, Sm, and oxygen
atoms were constrained not to approach each other closer than
the Bi-O and Sm-O distances in BiFeOs; and SmFeO; per-
ovskites, respectively, whereas Fe-O distances were allowed
to range between 1.95A and 2.15 A. In addition, Fe-oxygen
and oxygen-Fe first coordination numbers were restrained
to stay close to 6 and 2, respectively, thus preserving the
connectivity of the modeled perovskite lattice. Initially, the
atoms were moved with a step of 0.025 A, which was re-
duced to 0.01 A in the final stages of the modeling. For all
compositions, it was terminated when no further improvement

in the quality of the model fits to the respective total and
Bi-differential PDF 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 resulted from the runs
did not differ greatly, the quantities extracted from them,
including bond angles, atomic volume, and lattice polarization
values reported below, were averaged out for the sake of
improving the accuracy of the model results. The RMC refined
models fit the experimental total and Bi-differential PDF for
pure and Sm substituted BFO in fine detail over a range of in-
teratomic distances including at least 10 crystallographic unit
cells (see Figs. 7-10 and S5). Representative atomic configu-
rations from the refined models are shown in Fig. 11. Here it is
to be noted that initial RMC configurations based on crystal-
lographic structure types that did not fit the experimental total
PDFs well could not converge to large-scale models that re-
produce the experimental total and Bi-differential PDFs well.
The reason is that, currently, RMC algorithms may not change
the lattice geometry of the initial atomic configuration, mak-
ing it imperative to start the RMC modeling of crystal systems
exhibiting lattice distortions from as realistic as possible ini-
tial configurations, such as, for example, configurations based
on crystallographic unit-cell-based models tested and refined
by preliminary Rietveld and/or PDF analysis, as done here.
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FIG. 6. Successful small-box fits (black) to total atomic PDFs
(red) for Sm,Bi;_,FeO; (x = 0.05, 0.1 and 0.15, 0.2, 0.3, and 0.4)
based on structure models shown for each data set. The residual
difference (blue) is shifted downward for clarity. The goodness-of-fit
indicator, R, is also shown for each data set in %. The fits are
superior to those shown in Figs. S2, S3, and S4.

IV. DISCUSSION

The RMC refined large-scale atomic configurations were
analyzed in terms of partial Bi-O and Bi-Fe atomic pair
correlations, Fe-O-Fe bond angles, and average volume occu-
pied by one ABO; formula unit, hereafter referred to as atomic
volume. Results are shown in Figs. 12(a)-12(c). As can be
seen in Figs. 11 and 12(a)-12(c), Bi-O pair correlations and
Fe-O-Fe bond angles change considerably with Sm content
reflecting the concurrent changes in the tilts of Fe—QOg oc-
tahedra and repositioning of Bi atoms in the cavities of the
perovskite lattice, leading to changes in the polarity of the
crystal structure when x approaches 20% and then 40%. On
the other hand, barring the overall contraction of the crystal
lattice, changes in Bi-Fe pair correlations [Fig. 12(b), i.e.,
the mutual positioning of Bi and Fe atoms, appear less well
expressed.

In particular, Sm,Bi;_,FeO3; multiferroics with x < 0.15
are seen to preserve the polar structure of pure BFO in terms
of an octahedral tilts pattern [see Figs. 12(c) and S6], where
Bi atoms are displaced from the center of the cavities be-
tween tilted Fe—Og octahedra in a manner consistent with
the emergence of ferroelectric order (see Fig. 11; top row).
It has been shown that the spontaneous polarization, Pg, in
rhombohedral BFO can be conveniently evaluated using the
relationship P; = 258 Az (uC cm~2), where Az is the differ-
ence between the relative displacements of Bi and Fe atoms
from their positions in a hypothetical nonferroelectric BFO

2
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FIG. 7. RMC fits (black) to the low-r part of (a),(c),(e) total and
(b),(d),(f) Bi-differential PDFs (red) for Sm,Bi;_,FeO; (x = 0.05,
0.1, and 0.15). The residual difference (blue) is shifted downward
for clarity. The goodness-of-fit indicator R,,, is also shown for each
data set in %. The fits are superior to those shown in Fig. 6. Colored
rectangles highlight differences between respective peaks in total and
Bi-differential PDFs.

~
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FIG. 8. RMC fits (black) to the higher-r part of (a),(c),(e) total
and (b),(d),(f) Bi-differential PDFs (red) for Sm,Bi,_,FeO; (x =
0.05, 0.1, and 0.15). The residual difference (blue) is shifted down-
ward for clarity. The goodness-of-fit indicator, R,,,, is also shown for
each data set in %. Colored rectangles highlight differences between
respective peaks in total and Bi-differential PDFs.
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Bi-differential PDFs.
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FIG. 10. RMC fits (black) to the higher-r part of (a),(c),(e) total
and (b),(d),(f) Bi-differential PDFs (red) for Sm,Bi,_,FeOs; (x = 0.2,
0.3, and 0.4). The residual difference (blue) is shifted downward
for clarity. The goodness-of-fit indicator, R,,, is also shown for
each data set in %. Colored rectangles highlight differences between
respective peaks in total and Bi-differential PDFs.

exhibiting a centrosymmetric atomic structure. For each of the
multiferroics, that difference was computed from the average
positions of Bi, Fe oxygen atoms in a thombohedral unit cell
obtained by backfolding the respective RMC refined atomic
configuration into the cell used to generate it initially, ren-
dering Az an ensemble averaged quantity. Using thus derived
Az values, we obtained an average P value of 98 uCcm™2
for pure BFO, which is in line with earlier experimental and
theoretical findings [64—66]. For the Sm substituted samples
we find that P; would gradually reduce to about 71 uC cm™2
when x reaches 0.15, which is close to experimental results
for high-quality Sm substituted BFO layers [67,68]. The re-
sults attest to the good quality of our structure study. On the
other hand, the pattern of octahedral tilts [see Figs. 12(c)
and S6] and Bi off-centering (see Fig. 11; bottom row) in
Sm,Bi;_,FeO; ferroelectrics with 0.15 < x < 30 appearing
similar to those observed with other antiferroelectrics from
the REFeO3; family [29,39,58]. When the level of Sm sub-
stitution approaches x = 0.4, the pattern of octahedral tilts
[see Figs. 12(c) and S6] and Bi off-centering (see Fig. 1;
bottom row) changes further to that observed with nonpo-
lar REFeOj; orthoferrites, including SmFeO; [37,57,69]. The
observation that large-scale monophase structure models are
capable of reproducing atomic pair correlations extending
over more than 10 unit cells of the crystal lattice reinforces
the conclusion based on crystallographic PDF analysis that
Sm,Bi;_,FeO5 ferroelectrics, where 0.15 < x < 40, do not
necessarily phase segregate, as suggested by prior Rietveld
studies. The conclusion is consistent with the results of our
recent study on La,Bi;_,FeO3; multiferroics, which were also
found to remain monophase up to x = 0.4. In contrast to the
case of La substituted BFO, however, Sm,Bi;_,FeO3; per-
ovskites undergo a structural transition when x approaches
0.2, where the atomic volume drops [Fig. 12(d)], the pattern of
Bi displacements and octahedral tilts change [see the changes
in first neighbor Bi-O distances and Fe-O-Fe bond angles in
Figs. 12(a) and 12(c)], and, furthermore, the average crystal
structure becomes centrosymmetric, leading to the disappear-
ance of FE, as observed by experiment [70,71]. In the vicinity
of the transition the crystal lattice is unstable, leading to a
predictable increase in the electromechanical coupling and
dielectric constant [37,72].

The magnetic properties of BFO follow the Goodenough-
Kanamori rules [73] stating that the partially filled 3d orbitals
of Fe atoms in perovskites would experience strong AFM
exchange interactions when they form an angle of 180°.
The increase in Fe-O-Fe bond angles towards 180° observed
when x increases towards x = 0.15 [follow the arrow in
Fig. 12(c)] would enhance the interactions and, hence, Ty
[see Fig. 12(d)], as observed by experiment. The strengthened
AFM order would weaken the spin spiral thus increasing
the canted magnetic moment of Fe atoms, i.e., enhancing
the weak ferromagnetism, which is consistent with the ap-
pearance of magnetic hysteresis [Fig. 1(d)] and the observed
increase in the coercivity, Hc, remanent, M;, and saturation
magnetization, M, for x < 0.15 [Fig. 12(e)]. When x in-
creases further, the structural distortions also increase further
and Sm,Bi;_,FeO; acquires a centrosymmetric structure, i.e.,
becomes less anisotropic. Hence the DM interactions would
vanish, leading to a destruction of the spin spiral [74], which
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x=0.3

FIG. 11. Representative atomic configurations from RMC refined large-scale structure models for Sm,Bi,_,FeO; (x = 0, 0.05, 0.1, 0.15,
0.2, 0.3, and 0.4) featuring a network of corner-sharing Fe—Og octahedra (brown) where Bi atoms (dark red) occupy the cavities between the
octahedra. The position of each atom is an average of the positions of at least 10000 respective atoms in the RMC model. Arrows show the
preferential displacement of Bi from the center of the cavities. The configurations are obtained by folding the 150 A x 150 A x 150 A RMC
models into 20 A x 20 A x 20 A cells. Note that Sm atoms are omitted for the sake of clarity. While the atomic configurations for x < 0.15
samples are seen to exhibit one type of octahedral tilt, those for x > 0.2 samples appear to exhibit at least two distinct types of octahedral tilts.

may explain the jump in the magnetization and coercivity
occurring when x approaches 0.2 [see Fig. 12(e), including
the inset]. The reduced crystallographic symmetry and ap-
pearance of a broad variety of octahedral tilts, i.e., Fe-O-Fe
angles (see Fig. S6), for the x > 0.2 samples may also con-
tribute to the observed jump because it would facilitate the
reorientation of Fe spins along more than one crystallographic
axis when the material is subjected to an external magnetic
field. Here it is to be noted that, due to thermal excitations,
the end member SmFeOj is also known to experience a spin
reorientation transition at a temperature (450 K) well below
its Ty (670 K) [75]. Furthermore, it is also known that, upon
heating to 1093 K, pure BFO experiences a transition from a
polar S.G.R3c structure to a nonpolar S.G. Pbnm structure,
accompanied by a 1.6% reduction in the unit cell volume
[76]. Then, it appears that the structural disorder induced
by the significant difference between the atomic radii of Sm
and Bi atoms and that induced by thermal excitations act
similarly, rendering the composition evolution of the structure
and magnetic properties of Sm substituted BFO similar to the
temperature evolution of the structure and magnetic properties
of the end members BiFeO3 and SmFeOs, respectively.
Studies have shown that most light RE substituted BFO
materials exhibit a similar structural evolution with RE
content, where the critical RE concentration at which the
materials acquire an anti-polar structure, and thus lose FE
order, appears to decrease as the RE size decreases due to
the lanthanide contraction [1,20]. The observed scaling re-
lationship between the decreasing size of RE species and
stability of FE order can be conveniently expressed in terms

of decreasing (r)4 [77]. According to our results for Sm
substituted BFO, the polar structure survives for (r)4 values
larger than 1.356 A (x < 0.15 for Sm substitution), while
a nonpolar structure emerges when (r)4 diminishes below
1.345 A (x > 0.3 for Sm substitution). The antipolar struc-
ture harboring AFE order appears when (r)4 is in between
these values [see the color-coded phase diagram in Figs. 12(d)
and 12(e)], which is in line with prior estimates [71]. The
RE substitution concentration at which an antipolar struc-
ture appears may be expected to increase and decrease for
RE species lighter (larger atomic size) and heavier (smaller
atomic size) than Sm, respectively. For example, because (r)
for La (r, = 1.36 A) substituted BFO would be larger than
1.356 A for any x, the material may be expected to never
exhibit an antipolar structure, which is an experimental fact.
On the other hand, for Dy (rpy = 1.24 A) substituted BFO,
the substitution window [(1).345 A < (r)4 < 1.356 A] within
which the material would exhibit an antipolar structure may
be expected to be between x = 0.1 and x = 0.19, which is
also in line with prior estimates [78]. Data for the atomic
volume can also be used to assess the structure state for BFO
solid solutions when both A and B atomic species are par-
tially substituted for others. For example, as our data for Sm
substituted BFO show, an antipolar structure emerges when
the atomic volume drops below 61 A3 [Fig. 12(d)]. A similar
critical atomic volume value for the emergence of antipolar
structure has been reported for Sr,Bi;_,(Mn,Fe;_,)O3 [79].
The precise establishing of the concentration region for the ex-
istence of FE and AFM orders in chemically substituted BFO
materials by using (r)4 and/or atomic volume as predictor
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FIG. 12. (Left) Partial Bi-O (a) and Bi-Fe (b) PDFs for
Sm,Bi,_,FeO; as computed from RMC refined models. Computed
Fe-O-Fe bond angles are shown in (c). Data for samples with x = 0,
0.05,0.1,0.15, 0.2, 0.3, and 0.4 are given in dark yellow, orange, gray,
red, blue, cyan, and green, respectively. The arrow in (c) highlights
the increase in the Fe-O-Fe bond angle, while x approaches 0.15.
The presence of more than two types of Fe-O-Fe bond angles in the
samples with x > 0.2, including their broad distribution, indicates
the emergence of at least two distinct patterns of octahedral tilts
in the antipolar and nonpolar phases of Sm,Bi,_,FeO;. The latter
is indeed well illustrated by the structure plots in Fig. 11. (Right)
Experimental data for the atomic volume V (black symbols) and Néel
temperature 7y (magenta symbols) are given in (d). Experimental
data for the coercivity H. (back symbols), remanent magnetization
M, (magenta symbols), and saturation magnetization M (red sym-
bols) are given in (e). Experimental data for the dielectric constant
¢ (black symbols) and saturation polarization P (red symbols) are
given in (f). Computed data for P, (magenta symbols) are also given
in (e). Light blue, red, and green rectangles highlight compositions
ranging between x = 0.0 and x = 0.15, x = 0.15 and x = 0.30, and
x = 0.30 tox = 0.4, where Sm,Bi,_,FeO3 appears as a ferroelectric,
antiferroelectric, and paraelectric, respectively.

variables may be very beneficial in the exploration of the ma-
terials for piezoelectric and high energy storage applications
[37,80,81], including through machine learning techniques
[82-84].

V. CONCLUSIONS

The substitution of Bi for Sm in BiFeOs; changes
the pattern of octahedral tilts and Bi displacements from
polar to antipolar and then to nonpolar as the Sm to Bi ratio
approaches, respectively, 0.2 and 0.4, while, likely due to
cation-cation repulsion, Bi—Fe distances do not change much.
The changes in the pattern of Bi displacements largely affect
the polarity of the crystal lattice, i.e., spatial arrangement
of electric dipoles, while that of octahedral tilts affect the
magnetic order. The small changes in Bi-Fe distances may
be associated with the observed weak variation of the lat-
tice polarization with Sm content. Because of the significant
lattice distortions arising from the difference in the size of
substituent Sm and substituted Bi atoms, the underlying po-
lar S.G. R3c, antipolar S.G. Pnam, and nonpolar S.G. Pbnm
structures share a common triclinic distortion, which appears
to lessen phase segregation phenomena in the 0 < x < 0.4
composition range. The results call for a reconsideration of the
phase diagrams for chemically substituted perovskites in gen-
eral and in particular RE-substituted BiFeOs, which appear
to exhibit universal behavior driven by lattice distortions that
can be controlled by adjusting the values for (r)4 and average
atomic volume.
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