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Crystal structures of the high-pressure synthesized perovskite phases of the (1-x)BiFeq 5Sco 503-xLaFeg 55¢o.503 (0
= x < 1) system and their temperature and pressure behaviours were studied using laboratory and synchrotron X-
ray diffractions as well as neutron diffraction. At room temperature, the as-prepared phases with x < 0.05 have an
antipolar structure with the Pnma symmetry and with the \/Zap X 4ap x 24/ 2ay, superstructure (where a, is the
pseudocubic perovskite unit-cell parameter). An incommensurately modulated phase with the Imma(00y)s00
superspace group is observed for 0.10 = x < 0.33, while a non-polar Pnma phase (\/ 2ap x 2ap ¥ \/ 2ap) is stable
when x > 0.34. The antipolar Pnma phase in the as-prepared samples with composition corresponding to x =
0 transforms into the polar Ima2 one via irreversible annealing-caused transformation accompanied by a formation
of a high-temperature intermediate polar R3c polymorph, while the antipolar Pnma phase in samples with x =
0.05 is stable until the decomposition temperature. In the solid solutions with 0.10 = x < 0.33, increasing
temperature was found to result in a reversible transformation of the Imma(00y)s00 phase into a non-polar Pnma
one. The transition temperature decreases with increasing x. A hydrostatic pressure of few GPa was also shown to
induce a reversible Imma(00y)s00 — Pnma transformation.

1. Introduction compound, namely high values of both the Néel temperature and the

Curie point, the modulated spin ordering that averages the net magne-

Bismuth ferrite, one of few type-I multiferroics, is a unique model
object for fundamental studies on structure-dependent magnetic and
polar orderings and their interrelations [1]. In addition to the evident
possibilities of practical applications of BiFeO3 as multiferroic material in
magnetic field sensors, electrically switchable magnets, magnetic mem-
ory and spin electronic devices [2], new areas of applications such as
photovoltaics, photocatalysis, and electric energy storage [3-5] were
recently demonstrated. However, in the overwhelming majority of cases,
practical application of BiFeOs requires chemical modifications, which
are generally needed to overcome the drawbacks intrinsic to this
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tization to zero and very high electroconductivity [1,6,7].

Many materials were obtained by means of chemical modification of
bismuth ferrite. They mostly result from atomic substitutions in the bis-
muth site (see e.g. Refs. [8-11], and references therein). More than 10
at.% replacements of iron, as a rule, are impossible to achieve using
conventional synthesis techniques and require high-pressure synthesis
[12-19]. Therefore, Bi(B,Fe)O3 compositions are much less studied than
(A,Bi)FeOs.

We previously reported a high-pressure synthesized BiFe(sScy503
ceramics and described crystal structures of the perovskite phases
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detected at different stages of annealing [20]. As-prepared (non--
annealed) samples were found to have antipolar orthorhombic Pnma
symmetry with the \/ 2a, x 4a, x 2\/ 2a, superstructure resulted from
displacements of Bi>* and unusual “+ + — — + + — —” octahedral tilting
about the orthorhombic b axis (pseudocubic [010],). We showed that
annealing induces transformation of the antipolar phase of BiFe( 5S¢ 503
into a polar R3c phase, which is turned into a polar Ima2 phase (2a, x
\/ 2a, x \/ 2ap) on cooling. The Ima2 phase represents an original type of
a canted ferroelectric structure where Bi®" cations exhibit both polar and
antipolar displacements along the orthogonal [110], and [110], pseu-
docubic directions, respectively. The crossover Pnma — R3¢ — Ima2 is
irreversible at atmospheric pressure. Direct return Ima2 — Pnma transi-
tion (irreversible as well) is possible at room temperature under high
pressure only [20].

In this paper, we report on high-pressure synthesis and crystal
structure characterization of the compositions derived from
BiFe( 5S¢0.503, in which bismuth is substituted by lanthanum over the
entire range (Bij.,La,FepsScos03, hereinafter BLxFSO, 0 = x < 1).
Bismuth-to-lanthanum substitution in BiFeOs is known to lead to series of
structural phase transformations [9,11,21]. New perovskite phases and
phase transitions (both reversible and irreversible) were anticipated in
BLxFSO as well. Besides, such a substitution is one of the simplest ways to
decrease to ferroelectric transition temperature [22] and reduce high
conductivity of BiFeg 5S¢ 503 [23].

Actually, the solid solution series prepared and studied in this work is
a section of the quasi-quaternary BiFeO3-BiScOs-LaFeOs-LaScO3 system
(Bij.xLaxFeySc1403, 0 = x < 1 and 0 = y < 1) at the 1:1 Fe/Sc ratio
(Scheme 1).

Some particular BLXFSO compositions were characterized earlier. In
particular, the composition with x = 0.20 was found to crystalize in
perovskite structure with incommensurate modulation that is described
using the Imma(00y)s00 superspace group [24]. We also showed that the
compositional crossover from the incommensurately modulated anti-
polar Imma(00y)s00 phase to the non-polar Pnma phase in BLxFSO at
room temperature occurs between x = 0.33 and 0.34 with no range of
phase coexistence [22].

2. Experimental procedure

The BLxFSO ceramics of the entire compositional range (0 = x < 1)
were synthesized under high pressure from the ball-milled stoichiometric
mixtures of the high-purity oxides and from the precursors produced via a
sol-gel combustion route using nitrates of the respective metals. A sol-gel

BiFeO, y—> BiFey5S¢050; BiScO,
0 —t———t———+—+—> '
e

High-pressure
x T synthesis only @
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T synthesis methods
1 \ o
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Scheme 1. The x-y range of the BijlLa.Fe,Sc;,03 solid solutions with the
tentative compositional fields in which perovskite phases can be obtained using
the conventional solid-state synthesis or the high-pressure synthesis only. The
blue circles indicate the previously reported BLxFSO compositions [20,22,24,
25], red solid circles correspond to the compositions studied in this work.
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method for the precursor preparation was used only to ensure precise
chemical composition of the samples in the narrow compositional range
0of 0.30 = x < 0.35 in which the BLxFSO solid solutions were studied with
a step of Ax = 0.01. Details of the precursor preparation and the high-
pressure synthesis can be found in Refs. [20,22]. The single-phase
perovskite ceramics with compositions in the range of x > 0.8 were
also prepared using the conventional ceramic route.

The microstructure of the ceramics was studied using a Hitachi SU-70
scanning electron microscope (SEM) operated at 25 kV.

An X-ray diffraction (XRD) study of the obtained samples was per-
formed using a PANalytical X'Pert Powder diffractometer (Ni-filtered
CuKo radiation, PIXcel'® detector, and the exposition corresponded to
about 2 s per step of 0.02° over the angular range of 10-100°) at room
temperature. In situ XRD measurements were conducted in an Anton Paar
high-temperature chamber (HTK 16 N) in a temperature range between
300 and 870 K.

To estimate the stability limits of the high-pressure stabilized
perovskite phases, the obtained ceramic samples were annealed at tem-
peratures between 870 and 1120 K with a 50 K step followed by XRD
study at room temperature after each step. The samples were put in a
furnace heated to the certain temperature and quenched in air after a 2-h
dwell.

Synchrotron XRD studies were performed at the CRISTAL diffraction
beamline by means of micro powder diffraction at high pressure using a
Membrane Diamond Anvil Cell (MDAC). Neon was used as a hydrostatic
pressure transmitting medium. The diffraction data were collected at
room temperature between ambient pressure and 20 GPa upon
compression and decompression, using a CCD Rayonix SX165 detector
with an exposition time of 2-5 min. Powder diffractorgams were
extracted from the images using the Dioptas software suite [26]. The
beam energy was 29.8 keV (A = 0.416 10\) and the spot size was 40 pm x
40 pm fwhm.

Neutron powder diffraction data were collected at the ISIS pulsed
neutron and muon facility of the Rutherford Appleton Laboratory on the
WISH diffractometer located at the second target station [27]. The
sample was loaded into a cylindrical 3-mm-diameter vanadium can and
measured in a temperature range of 1.5-300 K, with the exposition time
of 0.5 h using an Oxford Instruments cryostat.

Rietveld refinements of the diffraction data have been performed
using FULLPROF package [28] and JANA 2006 software [29].

3. Results and discussion

Based on an analysis of room-temperature neutron and X-ray
diffraction patterns of the as-prepared samples (see Fig. S1 of the Sup-
plementary Materials), the compositional ranges of the BLxFSO perov-
skite phases were estimated. In the compositional range of 0 = x < 0.05,
the structural phase was identified to be an antipolar Pnma one with the
\/ 2a, x 4a, x 2\/ 2ay, superstructure (g, is the pseudocubic perovskite
unit-cell parameter). An incommensurately modulated phase with the
Imma(00y)s00 superspace group was observed for 0.10 = x < 0.33. The
BLxFSO compositions with x > 0.34 were found to crystallize in a non-
polar Pnma (\/ 2a, x 2a, x \/ 2ay) structure. No ranges of phase coexis-
tence have been detected.

The same sequence of the structural phases was observed in the Bij.
xLay,FeO3 (BLxFO) solid solutions with x > 0.10 [21]. BLxFO can be
formally considered as a section of the Bi;.,La,Fe,Sc;,O3 system at y =
0 (Scheme 1). BLxFO is one of the most studied BiFeOs-derived systems,
since the entire series can be prepared using the conventional ceramic
technique. However, the antipolar Pnma (\/ 2a, x 4a, x 2\/ 2ap) phase
observed in Big gaLag.18FeO3 was found to exhibit no irreversible struc-
tural transitions similar to those detected in the same antipolar phase of
BiFe(5Sco.503 [23]. The main feature of the BLxFO series (which is
typical of any systems where bismuth is substituted by a rare earth
element) is the phase coexistence. Wide ranges of coexistence (in both
the compositional scale and the temperature scale) between the antipolar
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Pnma (\/Zap X 4a, x 2\/2ap) and the non-polar Pnma (\/2ap X 2a, x
\/ 2ap) phases were reported [8,9,11]. The nature and the content of the
coexisting phases are still a matter of discussion.

A phase coexistence is typical for compositions derived from BiFeO3
because their energy landscape consists of several almost degenerated
phase states [30]. External impacts, such as pressure applied at the
synthesis, can change the balance between those states and make some of
them more favourable. The BLxFSO phases were synthesized under high
pressure followed by a quenching down to room temperature. No tran-
sition could occur during the quenching since the kinetics was frozen.
Therefore, the structural phases of the as-prepared samples are meta-
stable. This is the main difference of the BLXFSO phases from the BLxFO
ones that were produced at ambient pressure under equilibrium condi-
tions. Moreover, owing to their metastable nature, the high-pressure
prepared phases can exhibit the conversion polymorphism phenome-
non [31], namely the annealing-stimulated irreversible transitions
(provided that the annealing temperature does not exceed the point
when metastable phase decomposes into stable (non-perovskite) com-
positions). The Pnma — R3c — Ima2 irreversible transformation in
BLOFSO [20] (see Introduction) is the prominent example of this
phenomenon.

To facilitate a comparative analysis of the structure distortions over
the whole compositional range studied, the lattice parameters obtained
from the refinements were recalculated into the primitive perovskite
unit-cell parameters and angles (a, = ¢, # bp, @y = 7p = 90° # Pp) using the
relations between the basis vectors of the distorted structures and the
parent cubic cell reported in Refs. [20,32]. These parameters are closely
related to macroscopic strains of the parent perovskite structure and have
a clear geometrical meaning. The compositional dependence of the
normalized unit cell volume (V, = V/Z, where V is the unit cell volume
and Z is the number of the perovskite molecular units per the unit cell) is
shown in Fig. 1. The Vj(x) behaviour of BLxFSO solid solutions is qual-
itatively similar to that of the BLxFO system [21], although the latter is
non-univocal because of the wide compositional ranges of phase coex-
istence. In both BLxFSO and BLxFO, the fastest variation of V}, with the
lanthanum content is observed in the range between the incommensur-
ately modulated phase with the Imma(00y)s00 superspace group and the
non-polar orthorhombic Pnma phase. In the lanthanum-rich ranges (x >
~0.4), V, is weakly dependent on x. Non-monotonic behaviour and
discontinuity in the compositional variation of the unit cell volume were
observed in other perovskite solid solutions with lanthanum-to-bismuth
substitutions and attributed to competitions between the
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Fig. 1. The normalized unit-cell volume of the BLxFSO perovskite phases as a
function of the lanthanum content (x) with the tentative borders of the phase
ranges. The space groups and the superstructures are indicated (a, is the pseu-
docubic primitive perovskite unit-cell parameter).
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electrostatic-type interaction resulted from La>* and the covalent bond
associated with a lone-pair configuration of Bi®t [33,34].

Fig. 2 depicts the compositional dependence of the BLXFSO primitive
perovskite unit cell parameters. One can see that in the range of the antipolar
orthorhombic Pnma structure (0 = x < 0.05) the parameters a, and b, both
decrease with increasing x. In the range of the incommensurately modu-
lated structure derived from Immm (0.10 = x < 0.33), a, decreases and b,
increases, while when x > 0.34 (the range of the non-polar Pnma structure),
the trend changes, namely a, increases and by, decreases. Itis interesting that
in the vicinity of composition with x = 0.33 the metric of primitive perov-
skite unit cell is almost cubic: a, ~ by and S, ~ 90°.

The perovskite ceramics prepared under high pressure were step-by-
step annealed as described in Experimental procedure. The annealing
temperature was increased until the reflections of the cubic sillenite-type
Bi;9ScO30 phase were detected in the XRD patterns [35]. The thermal
stability limit was defined as the temperature which is 50 K lower than
the temperature at which the sillenite-type phase appears. The stability
limit temperature of the BLXFSO perovskite phases was found to depend
on the lanthanum content and increases with increasing x (Table 1).

Typical microstructure of the high-pressure synthesized BLxFSO ce-
ramics is shown in Fig. 3. No regular variation of the microstructure with
increase of lanthanum content (which resulted in formation of perovskite
phases of a different symmetry) has been observed. The average grain
size of the ceramics prepared using a sol-gel combustion route was found
to be by a factor of 2-3 smaller than that of the ceramics obtained from a
mechanical mixture of the oxides.

As mentioned in Introduction, annealing of the as-prepared high-
pressure stabilized BLOFSO leads to the irreversible Pnma — R3c — Ima2
crossover. An attempt to transform a composition with 5 at.% of
lanthanum was unsuccessful: the Pnma phase remained up to 970 K.
Increasing temperature to 1020 K resulted in decomposition of the
orthorhombic BL0O.05FSO into the rhombohedral BiFeOs-based phase,
Bij9ScO3p and some other non-perovskite phases. The temperature de-
pendences of the unit cell parameters of BLOFSO and BL0.05FSO are
shown in Fig. 4.
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Fig. 2. The primitive perovskite cell parameters of the BLxFSO phases as a
function of the lanthanum content with the tentative borders of the phase
ranges. The space groups and the metric relations are indicated. Error bars are
smaller than the symbols.
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Table 1
Temperatures of the thermal stability limit of the BLxFSO
perovskite phases.

Composition Temperature
0=x<0.35 970 K

0.35 < x < 0.40 1070 K

0.40 < x < 0.60 1120 K

x> 0.80 stable until melting

As seen from Fig. 4, the values of the primitive perovskite cell pa-
rameters a, and b, of the antipolar orthorhombic Pnma phases of BLOFSO
and BL0.05FSO as well as their temperature variations are respectively
very similar. However, as opposed to BLOFSO, an annealing of
BL0.05FSO at temperatures up to its thermal stability limit has resulted in
no structural transformation.

The temperature dependences of the normalized unit-cell volume and
the primitive perovskite cell angle of both BLOFSO and BL0.05FSO are
shown in Figs. S2 and S3 of the Supplementary Materials.

The second and all the next subsequent thermal treatments with
maximum temperature of 920 K demonstrated a reversible Ima2 < R3c
transition in BLOFSO (Fig. S4) and no transition in BLO.05FSO.

It was revealed from refinement of the XRD patterns of the BLXFSO
perovskite phases with incommensurate modulation described by the
Imma(0,0,y)s00 superspace group (0.10 = x < 0.33) that the y value,
which is characteristic of the correlated displacements of Bi3t [24] in-
creases with increasing x (Fig. 5). The case of y = 0.5 corresponds to the
commensurate displacements.

An increase of temperature was found to lead to reversible phase
transition (without phase coexistence) in BLxFSO with 0.10 = x < 0.33
from the incommensurately modulated phase to the non-polar ortho-
rhombic phase isostructural to LaFeO3 (Pnma, \/ 2a, X 2a, x \/ 2ay) (see
Fig. S5 in the Supplementary Materials). Fig. 6 shows the temperature
dependences of the unit cell parameters of BL0.10FSO and BL0.32FSO
perovskites.

All the BLxFSO phases with incommensurate modulation demon-
strate the same thermal behaviour of the primitive perovskite cell pa-
rameters a, and b, at the temperature-induced transition into a non-polar
Pnma phase, namely a, > b, below T¢ and a, < b, above T¢ (Fig. 6).

Temperature dependences of the normalized unit-cell volume and the
primitive perovskite cell angles of BL0.10FSO and BL0.32FSO are shown
in Figs. S6 and S7.

It was also found from the refinement that the temperature variation
of the y value in the incommensurately modulated BLxFSO perovskite
phases is constant (0.512 + 0.002) within the experimental error.

The structural transition temperature expressed as a function of x is

P m—
a) x=0.05

-
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Fig. 4. Temperature dependence of the primitive perovskite cell parameters aj,
(solid circles) and by, (solid squares) of the as-prepared BiFeq 5Sco 503 (top panel)
and Big gsLag.osFeo.55¢o.503 (bottom panel) upon annealing. The shadow zones
indicate the phase coexistence ranges. Error bars are smaller than the symbols.

shown in Fig. 7.

It was found from the in situ pressure synchrotron XRD study that the
incommensurate modulation in BLO.20FSO persists up to 2.9 GPa (see the
XRD patterns in Fig. S8). At 2.9 GPa, the Imma(00y)sO0 phase of
BL0.20FSO transforms into an orthorhombic phase with the same non-
polar Pnma structure as that observed in this composition at ambient
pressure above 700 K. The pressure dependence of the primitive perov-
skite unit cell parameters of BLa0.20FSO is shown in Fig. 8.

It should be noticed that at the pressure-induced Imma(00y)s00 —
Pnma transition, the primitive perovskite cell parameters a, and by, keep
the same ratio, a, > by, both below and above Tc.

Fig. 3. SEM images of the fractured surfaces of the BLXFSO ceramics (x = 0.05-0.40) synthesized under high pressure from a mechanical mixture of the respective
oxides (a,b,d,f) and from the powders prepared using a sol-gel combustion route (c,e).
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Fig. 5. Compositional dependence of the y value in the incommensurately
modulated BLxFSO perovskite phases with the Imma(00y)s00 superspace group.

Fig. S9 depicts the pressure dependences of the normalized unit-cell
volume and the primitive perovskite cell angle of BLa0.20FSO.

The y value of BLO.20FSO as a function of pressure is shown in Fig. 9.
One can see that pressure acts to suppress the incommensurate modu-
lation. At the same time, the structure with incommensurate modulation
persists up to the pressure values of a few GPa, until a transformation into
the non-polar Pnma phase occurs. At this pressure, the y value is still
above 0.5. Such a wide pressure range of stability suggests the possibil-
ities to produce epitaxial films of the metastable perovskite phases with
controllable incommensurate modulation on the substrates that would
provide a compressive stress.

One can conclude from comparison of the composition- (x), temper-
ature- (T) and pressure- (P) dependent behaviours of the incommensur-
ately modulated BLxFSO phases that although the respective
dependences of the unit-cell volume and the y value are different (4V,/
Ax < 0, AV,/AT > 0 and AV,/AP < 0; Ay/Ax > 0, y(T) ~ const and Ay/AP
< 0), an increase either in the La content, temperature or pressure in-
duces transformation into the non-polar orthorhombic structure accom-
panied by a negative jump in unit-cell volume.

4. Conclusions

Reversible and irreversible phase transformations between high-
pressure stabilized perovskite phases in the entire range of the perov-
skite Bij.,LayFeq 5S¢ 503 solid solution system were studied using labo-
ratory and synchrotron X-ray diffraction. The following compositional
sequence of structural phases was observed in the as-prepared ceramics
at room temperature: an antipolar Pnma phase with the \/ 2a, x 4ap x
2\/2ap superstructure for x < 0.05, an incommensurately modulated
phase with the Imma(00y)s00 superspace group for 0.10 = x < 0.33, and
a non-polar Pnma phase (\/Zap X 2a, x \/ 2ap) for x > 0.34. No
compositional ranges of phase coexistence were detected. The composi-
tional behaviour of the normalized unit-cell volume of the Bij,La,.
Fe, Sco.503 perovskites is strongly non-linear in the range of 0 = x <
0.60, which is attributed to competitions between the electrostatic-type
interaction resulting from La®" and the covalent bond associated with
a lone-pair configuration of Bi**. The temperature stability limit of the
Bij xLayFeo 5Sco 503 perovskite phases at ambient pressure is about 970 K
(for a composition with x = 0) and slightly increases as the lanthanum
content is increased. Compositions with x > 0.8 can be prepared using
the conventional ceramic route. Annealing of the as-prepared samples
with composition corresponding to x = 0 induces an irreversible
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Fig. 7. The transition temperature (T¢) of the of the BLXFSO perovskite phases
with the incommensurately modulated structure as a function of the lanthanum
content (x) with the tentative borders of the phase ranges.

structure transformation Pnma — R3¢ — Ima2, while annealing (up to the
thermal stability limit) of those with x = 0.05 results in no phase tran-
sition. In the perovskite solid solutions with 0.10 = x < 0.33, an increase
of temperature induces a reversible phase transition from the incom-
mensurately modulated Imma(00y)s00 structure to the non-polar ortho-
rhombic Pnma one. The transition temperature decreases as the La
content is increased. The same type of a reversible transformation,
namely Imma(00y)s00 — Pnma occurs when pressure is increased. The y
value, which characterizes the incommensurate modulation, decreases
with increasing pressure but remains above 0.5 until the transition (2.9
GPa in the solid solution with x = 0.20).
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are smaller than the symbols.
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Fig. 9. Pressure dependence of the y value in the incommensurately modulated
as-prepared Biggolag 20FepsScosO3 phase with the Imma(00y)sO00 super-
space group.
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