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The (1 — x)BiFeO3;—xLaFeOj5 system has been investigated and characterized by room-tempera-
ture and high-temperature laboratory and synchrotron powder X-ray diffraction, electron diffrac-
tion, high-resolution transmission electron microscopy, differential scanning calorimetry, and
magnetization measurements. At room temperature, the ferroelectric R3¢ phase is observed for
0.0 < x < 0.10. The PbZrOj;-related v/2a, x 2v/2a, x 4a, superstructure (where a, is the parameter of
the cubic perovskite subcell) is observed for Bij g,Lag 13FeO3, while an incommensurately modulated
phase is formed for 0.19 < x < 0.30 with the v2a, x 2a, x \/2a, basic unit cell. The GdFeO;-type
phase with space group Pnma (\/_ap X 2ay, X \/_ap) is stable at 0.50 = x < 1. Bij goL.ag 13FeO3 has no
detectable homogeneity range (space group Pnam, a=5.6004(1) A b=11.2493(3) A c=15.6179(3) A)
The incommensurately modulated Big ;sLag »sFeOs structure was solved from synchrotron X-ray
powder diffraction data (/mma(00y)s00 superspace group, a = 5.5956(1) A, b = 7.8171(1) A, ¢ =
5.62055(8) A, q=10.4855(4)c*, Rp=0.023, R,,p =0.033). In this structure, cooperative displacements
of the Bi and O atoms occur, which order within the (AO) (where A = Bi, La) layers, resulting in an
antipolar structure. Local fluctuations of the intralayer antipolar ordering are compensated by an
interaction with the neighboring (AO) layers. A coupling of the antipolar displacements with the
cooperative tilting distortion of the perovskite octahedral framework is proposed as the origin of the
incommensurability. All the phases transform to the GdFeOs-type structure at high temperatures.
Big goLag 13FeO5 shows an intermediate PbZrOs-type phase with \/Qap X 2\/§ap x 2ay, (space group
Pbam; a = 5.6154(2) A, b =11.2710(4) A, and ¢ = 7.8248(2) A at 570 K). The compounds in the

compositional range of 0.18 < x < 0.95 are canted antiferromagnets.

1. Introduction

BiFeO; is a perovskite- -type oxide crystalhzmg 1n space
group R3c with a = 5.579 A and ¢ = 13.869 A at room
temperature (RT) and ambient pressure (AP). BiFeOs has
received renewed and tremendous interest recently as a
very rare example of a single-phase RT multiferroic.' In
multiferroic systems, two (or all three) of the properties
(anti)ferroelectricity, (anti)ferromagnetism, and ferro-
elasticity are observed simultaneously.®* In BiFeOs, the
ferroelectric Curie temperature (7g = 1100 K) and the
antiferromagnetic Néel temperature (7y = 640 K) are

*Author to whom all correspondence should be addressed. E-mail:
Alexei.Belik @nims.go.jp.

(1) Wang, J.; Neaton, J. B.; Zheng, H.; Nagarajan, V.; Ogale, S. B.; Liu,
B.; Viehland, D.; Vaithyanathan, V.; Schlom, D. G.; Waghmare,
U. V.; Spaldin, N. A.; Rabe, K. M.; Wuttig, M.; Ramesh, R. Science
2003, 299, 1719.

(2) Catalan, G.; Scott, J. F. Adv. Mater. 2009, 21, 2463.

(3) Hill, N. A. J. Phys. Chem. B 2000, 104, 6694.

(4) Eerenstein, W.; Mathur, N. D.; Scott, J. F. Nature 2006, 442, 759.

(5) Choi, T.; Lee, S.; Choi, Y. J.; Kiryukhin, V.; Cheong, S.-W. Science
2009, 324, 63.

(6) Zeches, R. J.; Rossell, M. D.; Zhang, J. X.; Hatt, A. J.; He, Q.;
Yang, C.-H.; Kumar, A.; Wang, C. H.; Melville, A.; Adamo, C.;
Sheng, G.; Chu, Y.-H.; Ihlefeld, J. F.; Erni, R.; Ederer, C;
Gopalan, V.; Chen, L. Q; Schlom, D. G.; Spaldin, N. A.; Martin,
L. W.; Ramesh, R. Science 2009, 326, 977.

©2010 American Chemical Society

both well above RT,? and this compound continues to
surprise with fascinating properties.®

Various chemical substitutions in BiFeO3 have been
investigated. Special attention has been paid to Bi;— Ln .-
FeO; solid solutions (where Ln denotes rare-earth
elements), because the magnetic B sublattice (of an
ABO; perovskite) remains undisturbed in this case.””
Bi** and La®" ions have almost the same ionic radius.
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However, “the exact nature and even the number of
structural phase transitions, as a function of La doping,
is still an open question”.? The earlier published data are
controversial. Four structural variations in the (I — x)-
BiFeO;—xLaFeOj; system were reported without detailed
symmetry assignment (the R3¢ symmetry at0 < x < 0.19,
a PbZrOj;-type phase at 0.20 < x =< 0.55, and two other
phases with the boundary at x = 0.75)."*!> A generally
accepted picture includes six compositionally and crystal-
lographically distinct phases with the R3¢, P1, C222,
C2224, Pn2ya, and Pnma space symmetries with bound-
aries at x = 0.06, 0.24, 0.40, 0.55, and 0.7.'°"** Unclear
phase relationships in this system can be at the origin of
the controversy in the reported properties. For example,
ferroelectric properties were reported to survive up to x =
023 x=04,"%0or x=0.5.1

Recent work on the (1 — x)BiFeO;—xLaFeO3 system
has introduced even more controversy.>> 2’ Either five
(R3¢, P1, P4mm, P4/mmm, ana)25 or three (R3¢, Imma,
Pnma)®®?" structural variations have been suggested.
In this work, we performed an accurate and detailed
investigation of the (1 — x)BiFeO;—xLaFeO; system.
We found four structural modifications: R3¢, Pnam
(PbZrO;-related with v/2a,x2+/2a,x4a,), an incommen-
surately modulated phase with v/2a, x 2a, x v/2a, and
the Imma(00y)s00 superspace group, and Pnma (GdFeOs-
type with v2a, x 2a, x \/2a,). We suggest that the
discrepancy in the literature is caused by the lack of
thermodynamic equilibrium and by the presence of the
ferroelectric R3¢ and canted antiferromagnetic Pnma
(GdFeOs;-type) end members in many of the previous
works.

2. Experimental Section

2.1. Synthesis of (1 — x)BiFeO;—xLaFeOj;. Samples were
synthesized from stoichiometric mixtures of Bi,O3 (99.9999%),
Fe,03 (99.999%), and La>O5 (99.9%). La,O5 was annealed at
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1270 K before use. Initial mixed powders were pressed into
pellets and annealed at different conditions (which are specified
below for each composition) on platinum plates. One pellet of
each composition was used to prevent direct contact between the
platinum plate and the remaining part of the sample, because of
a possible reaction between platinum and Bi,O;.? The heating
and cooling time was 4 h for each annealing temperature. The
annealing time at each temperature was 12 h (if not specified).
The final annealing temperature will be given below. The
samples were reground after each annealing step and pelletized
before further annealing.

2.2. Characterization of (1 — x)BiFeO;—xLaFeQ;. Powder
X-ray diffraction (XRD) data were collected at room tempera-
ture on a Rigaku Model Ultima III diffractometer, using Cu Ko
radiation (for a 26 range of 5°—100°, a step width 0f 0.02°, and a
counting time of 2—10 s/step). Room-temperature (RT) and
high-temperature (HT) synchrotron powder X-ray diffraction
(SXRD) data were collected on a large Debye—Scherrer camera
at the BLO2B2 beamline®® of SPring-8 from 290 K to 950 K. HT
SXRD data were collected for 5 min at each temperature point,
with a heating time of 1—2 min from one temperature point to
the next one. The incident beam from a bending magnet was
monochromatized to 2 = 0.41905 A. The samples were con-
tained in (boro)glass and quartz capillary tubes with an inner
diameter of 0.2 mm, and the capillary tubes were rotated
during measurements. The SXRD data were collected in a 20
range from 2° to 75° with a step interval of 0.01° (the data from
2° to 50° were used in the refinements). Diffraction data were
analyzed by the Rietveld method with Rietan-2000*° and
Jana2006.%

Magnetic measurements were performed on a SQUID mag-
netometer (Quantum Design, MPMS) between 2 K and 400 K in
an applied field of 1 kOe under both zero-field-cooled (ZFC)
and field-cooled (FC; on cooling) conditions. Isothermal mag-
netization measurements were performed between —50 kOe and
50 kOe at 5 K and 300 K.

Differential scanning calorimetry (DSC) curves were re-
corded on a Mettler Toledo DSC1 STAR® system at a heating/
cooling rate of 10 K/min under N, flow from 293 K to 970 K in
open platinum capsules.

Electron diffraction (ED) and high-resolution transmission
electron microscopy (HRTEM) investigations were performed
on crushed samples deposited on holey carbon grids. ED
patterns and energy-dispersive X-ray (EDX) spectra were ob-
tained using a Tecnai G2 microscope equipped with an energy-
dispersive X-ray analysis (EDAX) attachment. HRTEM experi-
ments were performed using the Tecnai G2 microscope operated
at 200 kV and a Titan G3 electron microscope equipped with an
aberration image corrector operated at 300 kV. HRTEM image
simulations were made using the JEMS software.

3. Results

3.1. The R3c Phase. The R3¢ phase was found in the
Bi-rich samples of the Bi;_,La FeOj3 system (x ~ 0—0.5)
after annealing under the following conditions: 870 °C
(12 h) +910°C (12 h) + 910 °C (12 h). However, a single
R3c phase was obtained only for x = 0.05 and x = 0.1.
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Figure 1. Electron diffraction patterns of the Pnam PbZrO;-related
phase in the Big gsLag.1sFeO3 (1025 °C) sample.

Other samples were mixtures of three phases: R3¢, PbZrOs-
related phases, and Pnma GdFeOs-type phase (see Figure
S1 of the Supporting Information). The existence of three
perovskite phases in the quasi-binary BiFeO;—LaFeOj3
system indicates that the phase equilibrium has not been
reached. The R3¢ phase is stable in the x = 0.1 sample up
to 1000 °C and partially decomposes at 1025 °C, releasing
Fe,O5 and Bi,O5. The lattice parameters of the R3¢ phase
in BigoLag FeO; are a=5.5778(1) A and ¢=13.8066(3) A.
The R3¢ phase disappears in the samples with x > 0.18
with further annealing at higher temperatures.

3.2. The Pnam PbZrO;-Type Phase. A mixture of the
R3c phase and the Pnam phase with the PbZrOj;-type
structure was observed at x = 0.15 and 0.17 samples
annealed at 1025 °C. This indicates a two-phase region
between these phases. A pure Pnam phase was obtained
at 1025 °C for x = 0.18 only (a = \/Zapo = 5.6004(1), b =
2\/§ap =11.2493(3), c =4a, = 15.6179(4)A (ay, is the param-
eter of the perovskite subcell)). The lattice parameters and
space symmetry of the Pnam phase were confirmed by
electron diffraction. The ED patterns of the Pnam phase
are shown in Figure 1. They can be indexed in an
orthorhombic unit cell with the lattice parameters as
determined from powder XRD. The reflection conditions
0kl (k 4 [=2n) and K0l (h = 2n) are in agreement with the
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Figure 2. Electron diffraction patterns of the incommensurately modu-
lated (IM) Big 7sLag »sFeOs (1075 °C) phase. The enlarged portion of the
[010] ED pattern demonstrates nonoverlapping second-order satellites.

space group Pnam or its acentric subgroup Pna2;. The
average chemical composition of the x = 0.15 sample
determined by the EDX analysis was Bi:La:Fe =
41.8(1.5):8.7(6):49.5(1.4) (the expected composition is
42.5:7.5:50).

3.3. The Incommensurately Modulated (IM) Phase.
The IM phase appears as a single phase in the x = 0.19
sample at 1025 °C. Its compositional range expands up to
x = 0.3, when the anncaling temperature is increased to
1075 °C. The ED patterns of the x =0.25 sample confirm
the formation of an incommensurately modulated struc-
ture (see Figure 2). The basic spots can be indexed on a
body-centered orthorhombic unit cell with a = \/iap, b=
2ay,, c= \/Zap. Arrays of satellite reflections, clearly visible
on the [010] ED pattern (see Figure 2), are associated with
each basic spot. The incommensurate position of the
satellites is highlighted in the enlarged part of the [010]
ED pattern, where the satellites corresponding to H + 2q
and H — 2q (where H is the reciprocal vector of the basic
spot, and q is the modulation vector) do not coincide. The
indexation can be performed with the (3 + 1)-dimensional
approach with a diffraction vector h= ha* + kb* + lc* +
mq, q ~ 0.48¢*. Besides the reflection condition imposed
by the body-centered lattice, the Ok/m (m = 2n) reflection
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Table 1. Selected Parameters from the Rietveld Refinement for
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Table 2. Atomic Positions, Atomic Displacement Parameters (ADPs), and

Big.75L.ag.25FeO3 Modulation Parameters for Bij ;sLag ,sFeQ3*
formula Bi0.75L30425FCO3 atom X1 Xo X3 Xg A Usso (AZ)
space group Imma(00y)s00
a 5.5977(1) A Bi”  0.0505(4) Ya —0.0072(2) 0.283(3) '/, 0.0117(3)
b 7.8172(1) A, U, = 0.004(1), U.; = 0.0054(5)
¢ 5.62061(8) A La¢ 0 0.267(1)  —0.0072(2) 0.016(3)
q 0.4855(4)c* Fe 1, 0 0 0.0098(3)
unit cell volume, ¥/ 245.861(9) A’ Ayq = 0.0059(7)
calculated density 7.975 g/em’ . O(l) 0.433(2) s 0.067(1)  0.316(3) '/» 0.012(3)
radiation synchrotron X-ray, 1 = 0.41905 A 0(Q) s —0.0386(7) s 0.017(2)
20 range 3.5° <20 < 52.5° Ayq = —0.035(2), 4., = —0.024(3)
20 step 0.01°
Rp 0.023 “Modulation functions for the Bi atom for the parameter 4, defined in
Ryp 0.033 a restricted interval, are given by the following: U;(x4) = Efizo Ui
goodness of fit, GOF 2.52 ortho,(x4), where the orthogonalized functions, obtained through a
Rp Schmidt orthogonalization routine, are given by orthog(x4) = 1 and
all reflections 0.029 ortho;(x4) = —1.890 + 3.024 sin(27x,). * g(Bi) = 0.75. “g(La) = 0.125.
main reflections 0.028
first-order satellites 0.030

condition is evident from the [100] ED pattern. The /k0
(h,k # 2n) reflections were often observed on the [001] ED
pattern, because of twinning with the [100] ED pattern.
Single-domain [001] ED patterns can be occasionally
found without the 71k0 (h,k # 2n) reflections. This suggests
the superspace group Imma(00y)s00. The powder XRD
pattern of the IM phase (x =0.25) was indexed using the
ED data resulting in a = 5.5977(1) A, 5=7.8172(1) A, ¢ =
5.62061(8) A, q = 0.4855(4)c*. The EDX analysis of the
x=0.25 sample provided the Bi:La:Fe=40(2):13(2):48(2)
composition (the expected one is 37.5:12.5:50). The
y-component of the modulation vector slightly decreases
as the La content increases (from y = 0.4899(4) for x =
0.19 to y = 0.4739(7) for x = 0.28) and monotonically
decreases as the temperature increases, to y = 0.4765(4)
for x=10.25 at 670 K.

3.4. The Pnma GdFeO3-Type Phase. A two-phase re-
gion between the IM and Prnma phases was observed for x
=0.35—0.45at 1075 °C. Single-phase Pnma samples were
obtained for 0.50 < x < 0.95at 1160 °C (1 h). The compo-
sitional dependence of the lattice parameters of the Pnma
phase and the unit-cell volume for the entire system is
given in Figure S2 of the Supporting Information.

3.5. Crystal Structure of the Incommensurately Modu-
lated Bij 75.ag ,5FeO3 phase. The atomic coordinates of
the Biy ssLag 4sFeO5 (space group Imma)?’ structure were
used as a starting model for the average structure. A ran-
dom distribution of Bi*" and La** (*/4Bi** and '/,La’*")
over the A-position was assumed. The refinement of the
atomic coordinates and atomic displacement parameters
(ADPs) in the isotropic approximation resulted in poor
reliability factors (Rg = 0.131, Rp = 0.059). The ADPs
of the Bi/La, Ol, and O2 atoms were unusually high
(>0.035 10%2). Shifting the Bi/La atom and O1 atom from
the 4e to 8i position by random displacement from the 1,
mirror plane decreases the ADPs for these atoms and the
reliability factors decrease to Ry = 0.086, Rp = 0.047.
Therefore, the average model gives a poor description of
the structure, but it does indicate that the modulation is
probably related to atomic displacements of the A-ca-
tions and the oxygen atoms along the a-axis ({110},
direction).

In the Imma(00y)s00, the m, mirror plane shifts the
modulation phase by ! /». Being applied to the X1, a.X3.X4
position of the Bi and Ol atoms, it transforms it to
—x1," [ a.x3," [o+x4. Assigning a steplike occupational mod-
ulation with A ="'/, for the Bi and O1 position allows one
to model the ordered arrangement of the atoms shifted
either to the positive or negative direction along the
a-axis: with A ="/,, the atoms with opposite displacement
directions never coexist at the same place of the three-
dimensional (3D) structure. One can assume that the
displacement occurs because of the localization of the
lone pair on the Bi’" cation requiring strong short
covalent bonds to some oxygen atoms, which would be
the Ol atom. It suggests that the displacements of Bi and
O1 should be conjugated to keep a short Bi—Ol1 intera-
tomic distance (i.e., these atoms should always belong to
the same 7-section of the (3 + 1)D space, #(Bi) = #(O1)).
The x} coordinates of the centers of their occupational
domains then are related as x3(O1) = x3(Bi) — yz(Bi) +
yz(O1). However, the x} coordinate for these atoms is not
fixed by symmetry. We found the refined x§ value to be
slightly larger than '/, (x§ ~ 0.28; see below and Table 2).
This value, together with the y-component of the mod-
ulation vector, defines the exact positions of the occupa-
tional domains. A more-detailed explanation of the sym-
metry relationships between the occupational domains
and the resulting polar and antipolar structures is provided
in Figures S3—S7 in the Supporting Information.

The derived arrangement of the occupational domains
was used as input for the refinement. The Biand La atoms
that jointly occupy the A-position should be treated
separately. Indeed, if, for the Bi*" cations, the driving
force for the polar displacement is obvious, such force is
absent for the La®" cations. The refinement of the aniso-
tropic ADP for the La atom revealed that the Uy,
component is the smallest one, whereas the U,, compo-
nent is the largest, indicating possible random displace-
ment along the b-axis. The x, coordinate of the La atom
was shifted from '/, and the ADP was refined in the
isotropic approximation. Since only the first-order satel-
lites were observed, only corresponding harmonics were
taken into account. For the Bi atom, they were taken in
the orthogonolized form. The coefficients of the modula-
tion functions, which were comparable to their standard
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Figure 3. Experimental, calculated, and difference synchrotron powder X-ray diffraction (SXRD) profiles for Bij 75sLagsFeOs.
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Figure 4. Interatomic Bi—O distances versus internal coordinate 7 (1 =
X4 — qryy) in Big 75Lag»5FeO3. Symmetry codes are given in Table 3.

deviations, were set to zero. Selected crystallographic
data and reliability factors for Big 75Lag,5sFeO3 are pro-
vided in Table 1. Atomic positions, ADPs, and modula-
tion parameters are listed in Table 2. Experimental,
calculated, and difference SXRD profiles are shown in
Figure 3. Interatomic distances, as a function of the
internal coordinate 7 (= x4 — qr,y), are shown in Figures
4 and 5 and are listed in Table 3.

3.6. HRTEM Investigation. The [210] HRTEM image
of a well-ordered crystallite of the Prnam phase is shown in
Figure 6. This orientation corresponds to the projection
of the structure along the {001}, direction. The ¢ = 4a,
superstructure is visible on the image as brighter rows of
the most prominent dots repeating every four perovskite
unit cells. The presence of this superstructure is confirmed
by a Fourier transform (inset), showing clear superlattice
reflections.

The [010] HRTEM image of the IM phase is shown in
Figure 7. Under these imaging conditions, the brighter
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Figure S. Interatomic La—O and Fe—O distances versus internal coor-
dinate  (r = x4 — qr,y) in Big 75Lag ,5FeO3. Symmetry codes are given in
Table 3.

dots correspond to a low projected potential (columns of
the oxygen atoms and the places where the Bi and Fe
columns are shifted apart). The modulation is seen as a
variable brightness of the most prominent dots, particu-
larly visible on the right part of the image. The image,
calculated from a commensurate approximant of the IM
structure (focus /= —15 nm, thickness ¢ = 1.6 nm) is in
excellent agreement with the experimental image.

3.7. Phase Transitions in (1 — x)BiFeO3;—xLaFeOs;.
The DSC data showed two anomalies for samples with
0.18 = x < 0.30: one weak anomaly near 670—675 K (on
heating) for all of the samples, because of an antiferro-
magnetic—paramagnetic phase transition'*'> and the
second stronger anomaly due to the structural phase
transition to the Pnma GdFeOs-type phase (centered at
777 K for x=0.18, at 755 K for x=10.20, at 682 K for x =
0.25,at 610 K for x=0.30 on heating) (see Figure S8 of the
Supporting Information). The second anomaly on the
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Table 3. Main Interatomic Distances and Bond-Valence Parameters for
Biy.7sLag.2sFeO3

Main Interatomic Distance (A)

distance average min max
Bil—01 (x,5,2) 2.18(2)  2.16(2)  2.227(16)
Bil—O1' (—x+'/2.,—z+')») 2.500(9)  2.494(9)  2.506(9)
Bil—01% (x—'/o,—y+'/o,—z+"/5)  2.535(10) 2.515(10) 2.555(11)
Bil—O1* (—x+'/5,p,—z="/2) 3.175(9)  3.15709)  3.193(9)
Bil—O01* (x—'/o,—y+'/o,—z="/)  3.190(10) 3.184(10) 3.200(10)

Bil—0O1° (—x,y.2)
11— X052
Bil—02
Bil —02] (—xit'/o,—y+'/o,—z+'/2)  2.865(9)
Bil—02% (x—' /o y+"/2.2="12)
Bil—023 (—x,—y,—z)
Bil—02* (—x+/5,—y.2="/»)
Bil—02’ (x,y+'/2,~2)
Bil—02° (—x,—y+'/2.2)
Bil—02" (x—'/o,y,—z+'/5) 3.218(12) 3.040(9)  3.324(15)
BVS(Bi) 292(5 2.71(4)  3.12(6)
Lal—0l1 (x,y,2)
Lal—O1' (—x,—y+'/5,z
Lal=01> (=x+'/2.y. =24 o).

3.48(2)  3.440(16) 3.50(2)
2.749(10)  3.032(8)
2.834(13) 2.72009)  2.901(17)

2.321(10)  2.243(11)  2.466(8)

2.465(10) 2.465(10) 2.465(10)

Lal—O13 (x='/o.—y+'/o,—z4'/5)  2.505(8)  2.505(8)  2.505(8)
Lal—02 (x..2) 3.116(9)  2.980(11) 3.275(11)
Lal—02' (x—=" /o, 0+"/5.2=)) 2.467(8)  2.299(11) 2.662(11)
Lal—02% (—x,—y+'/2.2) 2.938(9)  2.773(11) 3.088(11)
Lal—02® (—x+'/5.—y,z="/5) 2.660(8)  2.482(11) 2.821(11)
Lal—02* (—x,—y,—z 2.638(8)  2.482(11) 2.822(11)

Lal—02° (—x+'/o,—y+'/o,—z+"/2) 2.918(9)
Lal—02° (x,y+'/5,—2) 2.490(8)  2.299(11) 2.662(11)
Lal—02" (x—"/5.y,—z+")») 3.135(9)  2.980(11) 3.275(11)
BVS(La) 293(3)  2.87(2)  2.99(3)
Fel—Ol (x,y,2)

2.773(11)  3.088(11)

Fel—01' (x,—y,—2) 2.029(3)  2.025(2)  2.031(3)
Fel—02 (x,y.2)

Fel—-02' (—x,—y,—2) 2.016(7)  1.960(11) 2.078(10)
Fel—02% (—x+'/5,—y,z—1/5)

Fel—02? (x+'/2,y,—z+'/2) 2.011(7)  1.960(11) 2.078(10)
BVS(Fe) 3.002)  3.002)  3.01Q2)

DSC curves becomes broader as the La content increases.
The phase transition to the Pnma GdFeOs-type phase
was also confirmed by HT SXRD data measured for the
Pnam (x=0.18) (Figure 8a) and IM (x=0.25) (Figure 8b)
phases. In the x = 0.18 sample, weak superlattice reflec-
tions corresponding to the ¢ = 4a, superstructure disap-
pearat~570 K, and the intermediate PbZrO;-type v/2a;, x
2\/§a!p X 2a, Pbam structure is formed. The refined
lattice parameters at 570 K are a = 5.6154(2), b =
11.2710(4), ¢ = 7.8248(2)A. Note that superlattice reflec-
tions corresponding to the ¢ = 4a,, were clearly observed
for the Pnam phases at room temperature on both
laboratory (see Figure S1 of the Supporting Information)
and synchrotron XRD patterns (see Figure 8a), in con-
trast to Bip gsNdg 1sFeO5."! At 860 K, the reflections from
the Pnma (GdFeOs-type) phase appear in the x = 0.18
sample. Note that no DSC anomaly has been detected in
Big goLag 1gFeO3 corresponding to the Pnam—Pbam
phase transition, probably because the structural changes
are very small. The IM phase is stable up to ~620 K.
Reflections corresponding to the Pnma (GdFeOs-type)
phase appear from 670 K (Figure 8a). A coexistence of
both phases is observed up to 860 K, indicating a first-
order phase transition. The lattice parameters of the
Pnma GdFeOs-type phase of Big75Lag,sFeO3 at 950 K
are a = 5.6201(1) A, b = 7.9238(1) A, ¢ = 5.5763(1) A,
and the refined structural parameters and temperature
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Figure 6. [210] HRTEM image of the Pnam PbZrOs-type phase. The
Fourier transform is shown as an inset.

Figure 7. [010] HRTEM image of the IM phase. The calculated image
(focus f=—15 nm, thickness 7= 1.6 nm) is outlined by a white border.

dependences of the lattice parameters are given in Table
S1 and Figure S9 in the Supporting Information.

3.8. Magnetic Properties. Temperature-dependent mag-
netization measurements for Bi;_,La, FeO; (x = 0.2,
0.25, 0.3, 0.35, and 0.4) revealed no anomalies below
400 K (see Figure S10 in the Supporting Information).
Field-dependent magnetization measurements for the
samples with 0.18 < x=<0.95 showed well-defined hystere-
sis loops at 5 K and 300 K, which is typical for canted
antiferromagnets (see Figure S11 in the Supporting
Information).

4. Discussion

Using a combination of diffraction techniques, we have
established the existence of four distinct phases in the
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(1 — x)BiFeO3;—xLaFeO5 system. The ferroelectric R3¢
phase is stable at 0.0 < x < 0.10. A two-phase region
(0.15 = x < 0.17) separates the R3¢ phase from the Bij g>-
Lag ;gFeO3; compound with the PbZrOs-related ﬂap X
2v2a, x 4a, perovskite-based structure and the Pnam
space symmetry. The Pnam phase does not demonstrate a
detectable homogeneity range. The IM phase is formed
at 0.19 < x < 0.30, and the Pnma GdFeOs-type phase

(@) Bigg:Lao1sFeOs

(b) Big.7sLag2sFeOs

35 4 45 5 55 6 6.5 7

26 (deg): 1 =0.41905 A

Figure 8. High-temperature synchrotron powder X-ray diffraction (HT
SXRD) patterns of (a) Bigg,LagsFeO3 and (b) Big7sLag,sFeOs. (The
solid circle symbol (@) represents a characteristic reflection of the
GdFeOs;-type phase with space group Prma (ﬁap X 2ay, X \/fap). Arrows
show superstructure reflections corresponding to ¢ = 4a,.)

- P o= o= -
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(v2a, x 2a, % +/2ay) is stable at 0.50 < x < 1. A two-
phase region was also observed in the 0.35 < x < 0.45
range, separating the IM and Pnma phases.

Our results explain the controversy about the number
of phases in the (1 —x)BiFeO;—xLaFeO; system. Note
that the synthesis was often performed at 850—950 °C
with short annealing times:' 7123725 however, our results
suggest that, at a temperature below 1000 °C, the equi-
librium state cannot be reached in this system. During the
synthesis, the end members (the R3¢ and GdFeOs-type
phases) are formed first.® It seems that the properties have
been measured on multiphased samples; in particular, the
presence of the ferroelectric R3¢ phase is a possible reason
for the observation of ferroelectric properties up to x =
0.4—0.5.">1%

The most intriguing issue of the bulk (1 — x)-
BiFeO;—xLaFeO; system is the presence of the IM
structure. An overview of the Bij 75Lag »5FeO5 structure
is given in Figure 9. The primary modulation of the
displacement of the Bi and O1 atoms is clearly visible. It
is caused by a displacement of the Bi and O1 atoms along
the a-axis toward each other. This local configuration is
shown in Figure 10. These displacements occur along the
(110}, direction and have a polar character (i.e., create a
local electric dipole, associated with the chain of the Bi
and Ol atoms running along the g-axis). The dipoles
associated with the chains mutually compensate each
other, resulting in an antipolar structure. This compensa-
tion occurs mainly as intralayer ordering, where, within
the y = '/, or 3/, layer, the perfect antipolar ++ — —
sequence of the Bi—O1 chains is only locally violated by
insertion of a ++ + or — — — fragment (the plus and
minus signs mark the relative direction of displacement of
the chains). This creates a local uncompensated dipole
moment in the ((Bi,La)O1) layer. The structure compen-
sates this moment by adopting the opposite direction of
chain displacement in the neighboring ((Bi,La)O1) layer,
so that local fluctuations of the intralayer ordering are
compensated by interaction with the neighboring layers.
One can speculate that the displacement is caused by
a localization of the lone pair on the Bi*" cation. Such
localization requires a strong covalent bonding between

y=3/4
y=1/4

Figure 9. Overview of the Biy ;5Lag »5FeOs5 crystal structure. The Bi atoms are shown as green spheres, the La atoms are not shown for clarity, and the Fe
atoms are inside of the octahedra. The plus and minus signs mark the displacement directions of the Bi atoms in the Bi—O1 chains running along the a-axis.
The in-phase displacement in the y = /4, */4 (BiO1) layers prevails in the structure. Note the antiphase displacements at the region where the ++ — —

sequence is violated by the — — — fragment.



292 Chem. Mater., Vol. 23, No. 2, 2011

C

Figure 10. Local configuration in the Bij ;sLag,5FeOs crystal structure.
The Bi atom is shown as a gray sphere, and the Fe atoms are shown as
orange spheres. Oxygen atoms are located at the corners of octahedra.
The displacements of the Biand O1 atoms are marked with red and yellow
arrows, respectively.

Biand some oxygen atom; this bond is formed between Bi
and Ol atoms, shortening the Bi—O1 interatomic dis-
tance. This can be considered as a driving force for the
polar displacement. The secondary modulation occurs
because of displacement of the O2 atoms within the ac
plane. Locally, the result of this displacement can be
considered as the ¢ octahedral tilt component added to
the a®»~ b~ tilt system of the average Imma structure (the
tilt notations are given according to ref 31). However,
noticeable deformation of the FeOg octahedra also inter-
leaves with the a" component: in the regions of the + + +
or —— — fragments, the tilt is becoming smaller and
deformation prevails. It is possible that the driving force
for the incommensurability is the coupling of the polar
displacements and the a' octahedral tilt through the
lattice strain, but the exact nature of this coupling can
be clarified only if the displacement modulations of the O2
atom will be characterized with higher precision, which
requires powder neutron diffraction data. The coupling
between the displacements of the Bi—O1 chains and the a™"
octahedral tilt component is confirmed by the structural
phase transition from the IM phase to the Pnma GdFeOs;-
type phase upon heating. An ordered displacement of the
Bi—Ol1 chains and the associated strain are suppressed by
heating, and the a*h~ b tilt system is established, corre-
sponding to the Pnma symmetry.

The IM phases have antipolar atomic displacements;
however, this does not necessary mean that they should
exhibit antiferroelectric properties similar to PbZrOs.
The same can be assumed for Big g,Lag 13FeO3 with the

(31) Howard, C. J.; Stokes, H. T. Acta Crystallogr., Sect. B: Struct. Sci.
1998, 54, 782.
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PbZrOs-related structure. The electric field required for
the observation of double polarization—electric field
(P—E) hysteresis loops may be larger than the breakdown
field. Some thin-film samples of Bi;_,Ln, FeO3; (Ln=Sm,
Gd, and Dy) show double P— E hysteresis loops at certain
Ln concentrations.'> However, to the best of our knowledge,
there are no such observations in bulk Bi;_,Ln FeO3
materials.

The isovalent substitution in Bi;_,Ln,FeO3 (where
Ln is a rare-earth element) is sometimes termed as the
application of “chemical pressure” to BiFeOs.> The
GdFeOs-type phase is stabilized at lower x for smaller
Ln’" ions. The smaller the Ln>" ion, the narrower the
stability ranges of other modifications. La*>" has almost
the same ionic radius as Bi**. Therefore, the Bi,_,La,-
FeOj; solid solutions exhibit the largest variety of struc-
tural modifications among Bi;_,Ln . FeOs. It is interes-
ting to note that the application of external pressure to
undoped BiFeOj; also produces more structural varia-
tions, including the PbZrO;-type phase with the v/2a,, x
2V2a, x 4a, superstructure™ and the GdFeOs-type
phase.* The stain effect in thin films is another parameter
that can modify subtle phase relations in the Bi;_.La,.
FeOs; system, resulting in shifts of phase boundaries and
phase sequences.**
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