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Centimeter-sized single crystals of Ba2LaFeNb4O15 were
grown from a high-temperature solution by using LiBO2 flux
and a sealed platinum assembly. The obtained single crystals
display the same physical properties as their ceramic coun-
terparts. A frequency-dependent dielectric permittivity maxi-
mum was found (Tm = 100 K at 5 kHz), which indicates re-
laxor behavior. Magnetic susceptibility measurements re-
vealed purely paramagnetic behavior between 10 and 350 K.
X-ray diffraction measurements of Ba2LaFeNb4O15 single

Introduction

Materials with the tetragonal tungsten bronze (TTB)
crystal structure can display a large variety of physical
properties depending on their chemical composition; these
include photoelectrochemical properties,[1] properties suit-
able for use as solid oxide fuel cell anodes,[2–5] nonlinear
dielectric behavior, and piezoelectric, pyroelectric, ferroelec-
tric, and relaxor responses.[6] For these latter properties,
TTB niobates are particularly relevant, owing to the “ferro-
electrically active” nature of the Nb5+ ions. The general for-
mula of TTB-type materials may be written as
A2BC2M5O15, in which the A sites contain large ions such
as alkali and alkaline-earth ions, the B sites can contain
rare-earth ions, and the octahedral M sites accommodate
cations such as Ti4+, Nb5+, and Ta5+. The C sites are usu-
ally empty in ferroelectric TTB materials with the notable
exception of K3Li2Nb5O15. The presence of crystallographi-
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crystals revealed an incommensurate structure at room tem-
perature with a bidimensional modulation characterized by
vectors q1 = (α, α, 1/2) and q2 = (α, –α, 1/2) with α = 0.295(1).
This crystal growth method offers a promising elaboration
route to centimeter-sized crystals of niobate-based com-
pounds, which may not be grown from the pure liquid phase,
especially those with a tetragonal tungsten bronze (TTB)
structure.

cally nonequivalent A, B, and M sites, and an extra C site
provide additional degrees of freedom with respect to per-
ovskites, for example, for the manipulation of the crystal
structure, and hence these materials offer huge composi-
tional flexibility.[7]

The most widely studied members of this family are bar-
ium sodium niobate Ba2NaNb5O15 (BNN), the archetype
of TTB ferroelectrics, which displays interesting nonlinear
optical, electro-optical, and piezoelectric properties. Many
studies of these materials in single-crystal form can be
found in the literature. Several deal with pure and rare-
earth doped BNN growth experiments performed by the
Czochralski technique.[8–23] Microtwins, related to the or-
thorhombic structure of BNN, and cracks caused by ther-
mal expansion along the c axis in the ferroelectric phase
transition[14,24] are observed in such crystals. Crystalline
fibers grown by the laser-heated pedestal growth
(LHPG)[25–29] and the micro-pulling-down technique (μ-
PD)[30–33] do not suffer such formation of cracks and twins.
These growth techniques can produce high quality BNN
crystals of limited size (below 1 mm diameter). Since 2006,
the optical properties of BNN single crystals (with sizes up
to 2�2 �3 mm3) activated with trivalent lanthanide ions
and grown in Na2B4O7 flux have been examined.[34–36]

Structural features play a crucial role in the physical
properties of TTB niobates, especially their dielectric prop-
erties. In the paraelectric state, the TTB structure is ex-
pected to be centrosymmetric with space group P4/mbm.[37]
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In the polar state, dipolar moments are usually induced by
displacements of niobium ions along the c axis within their
octahedral sites to yield a structural description in the
noncentrosymmetric space group P4bm. Although early
structural investigations on BNN[38–41] and Sr1–xBaxNb2O6

(SBN)[42–43] proposed a commensurate model for the crys-
talline structure of these TTB niobates, some structural sub-
tleties were also pointed out (barium position splitting, oc-
tahedral tiltings).

Schneck et al.[44] and Labbe et al.[45] revealed the incom-
mensurate character of the crystal structure of SBN, which
is similar to the previously discovered incommensurability
in BNN[46] and appears in combination with ferroelastic
properties.[47] Simon et al.[48] showed that SBN crystals ex-
hibit anisotropic dielectric behavior. They behave as re-
laxors along the [001] direction and as ferroelectrics along
the [100] direction; such features are possibly related to the
existence of structural modulations. Recently, the incom-
mensurate structure of SBN was solved and refined as a
five dimensional (5D) modulated structure in the su-
perspace formalism.[49] In 2012, Graetsch et al.[50–51] ob-
tained single crystals of undoped Ca0.28Ba0.72Nb2O6 and ce-
rium-doped Ce0.02Ca0.25Ba0.72Nb2O6, which also displayed
an incommensurately modulated TTB structure describable
in a 5D superspace.

In addition, several TTB materials revealed different di-
electric properties depending on the modification of the
TTB structure by the rare-earth ions introduced inside the
square channels. Studies of the Ba2RENb3Ti2O15 (RE =
rare-earth atom) compounds containing trivalent ions such
as Bi3+, La3+, Nd3+, Sm3+, and Gd3+[52–55] demonstrated
that both Bi- and La-based compounds exhibit relaxor be-
havior, whereas Nd-, Sm-, and Gd-based analogs are classi-
cal ferroelectrics. In Ba2RENb3Ti2O15 compounds, devia-
tions from the ideal TTB symmetry caused by an incom-
mensurate modulation was associated with relaxor behav-
ior, whereas a commensurate modulation was observed for
phases exhibiting ferroelectric behavior.[56–60] The above ex-
amples demonstrate the intricate relationships between the
composition, structure, and properties of TTB systems,
which were illustrated in an original way by the study of
Ba2REFeNb4O15 composite multiferroic ceramics.[61] At
room temperature, the crystal structure of Ba2REFeNb4O15

was described in a “pseudotetragonal” symmetry, space
group Pba2 (no. 32), with a ≈ b = 12.514(1) Å and c =
3.941(1) Å, and there was suspicion of the existence of
structural modulations.[61] The Ba2REFeNb4O15 family
also shows an interesting correlation between structural and
dielectric properties, which depends on the size of rare-earth
cations. An uncommon evolution from ferroelectric to re-
laxor properties was found in the related solid solution
Ba2PrxNd1–xFeNb4O15.[62] The accommodation of rare-
earth ions in the square channels of the TTB framework
appears to be the critical parameter that governs these di-
electric behaviors. Indeed, a distortion of the octahedral
framework is observed and is especially significant for
the ferroelectric representatives (RE = Nd, Sm, Eu; Fig-
ure 1).

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2

Figure 1. (a) Crystal structure of TTB that shows the small rare-
earth cations inside the square channels surrounded by oxygen oc-
tahedra and the direction of the displacement of these octahedra.
Schematic representations of (b) two layers of octahedra along the
c axis in the commensurate TTB matrix and (c) the octahedral
tiltings along the c axis induced by the rare-earth ion inside the
square sites for the TTB matrix, which results in a doubling of the
c parameter.

In these rare-earth substituted TTB compounds, and
more specifically in the Ba2REFeNb4O15 family, single crys-
tals are necessary for investigation of the intrinsic physical
and structural properties as well as their anisotropy. Focus-
ing on these objectives, the high-temperature solution
growth of Ba2REFeNb4O15 (with RE = La, Pr, Nd, Sm,
and Eu) has been undertaken and has already allowed the
identification of a successful growth strategy.[63] However,
in these initial experiments, the evaporation of the LiBO2

flux impeded the growth of centimeter-sized single crystals
and altered the quality of the as-grown crystals as well as
their chemical homogeneity within the same batch. Hence,
the optimization of the crystal growth process is of great
importance, especially the inhibition of the flux volatiliza-
tion under a controlled atmosphere by using a sealed plati-
num assembly crucible to obtain chemically and crystallo-
graphically homogeneous crystals. In addition, temperature
cycling during the growth process and the approximate de-
termination of Tsolidus allowed centimeter-sized crystals to
be obtained.

This work focuses on the lanthanum-based compound,
namely, Ba2LaFeNb4O15 (BLFNO), which is considered as
the prototype of the Ba2REFeNb4O15 family. Following
preliminary experiments that gave essential insight into the
30/70 mol-% region of the BLFNO–LiBO2 phase dia-
gram,[63] we present the optimized growth conditions that
led to centimeter-sized BLFNO single crystals. Their chemi-
cal, physical, and structural properties were investigated by
means of electron probe microanalysis/wavelength disper-
sive spectroscopy (EPMA/WDS) analysis, dielectric and
magnetic measurements, and single-crystal X-ray diffrac-
tion.

Results and Discussion

The obtained BLFNO crystals were trapped in the re-
maining flux load and no weight loss of the assembly was
detected. Single crystals ranging from millimeter to centi-
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meter size grew within the whole load volume. Crystals with
increasing size were actually spread from the bottom of the
crucible to the surface of the load (Figure 2a). A centime-
ter-sized crystal (Figure 2b) was extracted and cut after ori-
entation by means of the back-reflection X-ray Laue dif-
fraction method (Figure 2c). An oriented crystal with final
dimensions 3� 4�5 mm3 was obtained with faces perpen-
dicular to the [100], [010], and [001] crystallographic direc-
tions with an accuracy of about 1°.

Figure 2. Centimeter-sized as-grown BLFNO crystals (a) partially
trapped in the solidified flux and (b) following removal of the
LiBO2 flux. (c) As-grown BLFNO single crystal and (d) oriented
single crystal showing the [100], [010], and [001] crystallographic
axis.

Chemical Composition and XRD Analysis

EPMA performed on several crystals confirmed
the formation of the TTB phase with uniform
Ba2La0.9Fe0.8Nb4.2O15 composition (Table 1). Small quanti-
ties of maghemite and fergusonite phases were also detected
as side products by XRD. Their formation is consistent
with a deviation from the stoichiometric composition
Ba2LaFeNb4O15 in the as-grown crystals. For this reason,
special attention was paid to microprobe EPMA/WDS
analysis, to check the homogeneity of both the crystals and
the batch. In contrast with the crystals that were grown
under uncontrolled atmosphere conditions, the endother-
mic flux volatilization of which entailed large thermal fluc-
tuations at the liquid top, the as-grown crystals obtained
here display a uniform black color and are devoid of com-
position variations. The growth conditions and control of
the nucleation by temperature cycling have, thus, been opti-
mized for the growth of centimeter-sized and chemically
uniform BLFNO crystals.

Table 1. Chemical compositions of crystals determined by micro-
probe EPMA/WDS analysis.

Crystal Composition

A Ba2.03(2)La0.87(2)Fe0.78(2)Nb4.22(2)O15.07(2)

B Ba2.03(2)La0.88(2)Fe0.77(2)Nb4.23(2)O15.08(2)

C Ba2.05(2)La0.89(2)Fe0.77(2)Nb4.23(2)O15.10(2)

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3

The Ba2.03(2)La0.88(2)Fe0.77(2)Nb4.23(2)O15.08(2) formula-
tion, obtained by considering a fully occupied octahedral
framework, displays a readjusted Fe/Nb ratio, which com-
pensates for the lanthanum losses and maintains electrical
neutrality.

Dielectric Properties

The systematic faceting of the crystals suggests that the
crystallographic face that has the slowest growth rate is the
(001) face, which is perpendicular to the polarization direc-
tion. Indeed, in the TTB structure, the off-centering of ni-
obium ions within the octahedra often induces dipolar mo-
ments that are oriented along the c axis. Therefore, this situ-
ation is highly favorable for dielectric characterization, be-
cause the measurement can be performed with electrodes
perpendicular to the polarization direction. The (001) faces
of the oriented crystal were sputtered with gold electrodes
for dielectric measurements. The real and imaginary parts
of the dielectric permittivity ε� and ε�� were then extracted
for both measurements (Figure 3).

Figure 3. Variation of the real ε� and imaginary part ε�� of the com-
plex dielectric permittivity of a BLFNO crystal, measured along
[001] on heating from 5 to 300 K before (a) and after (b) post-
annealing at 900 °C under O2.

The dielectric measurements revealed broad, frequency-
dependent maxima in both the real and imaginary parts of
the dielectric permittivity. Such features are characteristic
of relaxor behavior. It is thus shown that our flux-grown,
centimeter-sized BLFNO crystals exhibit a relaxor behavior
similar to that observed in the corresponding ceramics.[64]

Moreover, this result confirms that the relaxor behavior of
BLFNO is an intrinsic response of the TTB framework.

However, contrary to what is observed in ceramics sam-
ples, a rapid increase of dielectric losses on heating of as-
grown single crystals is observed and suggests the onset of
electronic conduction in the crystal. As this conduction
phenomenon was substantially reduced by post-annealing
treatment in an oxidizing atmosphere, oxygen vacancies are
likely to be involved. Oxygen vacancies can be created or
suppressed by annealing in reducing (N2) or oxidizing (O2,
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air) atmospheres, respectively. The effect of such annealing
conditions on the dielectric properties of oxides has been
extensively reported.[65–69] In the case of our BLFNO crys-
tals, it should be recalled that they were grown in a plati-
num assembly sealed under vacuum, that is, in a slightly
reducing atmosphere. The growth conditions may thus
favor the formation of oxygen vacancies in as-grown single
crystals, the concentration of which is reduced upon anneal-
ing in an oxidizing atmosphere.

The transition temperature (Tm = 112 K at 1 MHz) and
deviation temperature (Td = 190 K at 1 MHz, deviation
from Curie–Weiss behavior) after annealing are slightly dif-
ferent from the corresponding temperatures determined for
the as-grown crystal (Tm = 118 K and Td = 170 K at
1 MHz). These discrepancies in the Tm and Td values of as-
grown and annealed crystals may actually be related to the
sensitivity of the TTB polar lattice to oxygen vacancies (as-
grown vs. annealed). Beyond these variations of Tm and Td,
the relaxor behavior is retained in both as-grown and an-
nealed crystals.

Magnetic Properties

Surprisingly, the magnetic susceptibility of BLFNO sin-
gle crystals exhibits Curie–Weiss paramagnetic behavior
over the 14–300 K temperature range. This is in great con-
trast with the magnetic susceptibility of BLFNO crystals
reported in ref.[63] A negative Curie paramagnetic tempera-
ture θp = –17.4 K was obtained, which indicates antiferro-
magnetic (AFM) interactions between electronic spins. The
effective magnetic moment in this compound is ca. 4.91 μB/
Fe3+ ion, which is lower than the free ion effective magnetic
moment 2[S(S + 1)]1/2μB ≈ 5.92 μB.

A deviation from the Curie–Weiss line appears at
ca. 14 K (Figure 4a, inset) and is probably caused by the
development of AFM correlations at low temperatures. In
addition, although the M(H) curve at 300 K is perfectly lin-
ear, the same curve at 4 K exhibits a slight S shape (Fig-
ure 4b). However, the ratio χ/χC–W ≈ 1.2 remains very low
down to 4.2 K.

Figure 4. Magnetic measurements on crushed crystals. (a) Inverse
of magnetic susceptibility vs. temperature from 2 K to room temp.
(inset from 2 to 16 K) under 0.01 T displays the paramagnetic be-
havior of BLFNO single crystals, and the χT vs. T plot does not
exhibit a minimum. (b) Magnetization at 4 and 300 K.

The absence of long-range magnetic order down to 4 K
suggests that the AFM couplings are slightly frustrated.
Taking into account that for a random distribution of Fe3+

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4

ions, which is supported by the Curie–Weiss behavior over
an extended T range, the average distance between Fe3+

ions in is ca. [3/(4πnFe)]1/3 ≈ 4.5 Å, as least five different
superexchange (SE) pathways can be recognized in this
crystal structure.

In the simplest situation, the sign and magnitude of these
couplings can be estimated by means of the Goodenough–
Kanamori–Anderson (GKA) rules.[70] For example, these
rules predict that (1) a 180° Fe–O–Fe coupling yields strong
AFM exchange integrals (ca. 750 K, strong σ AFM over-
lapping and weak π AFM overlapping), (2) a 90° Fe–O–Fe
coupling leads to moderate AF exchange integrals
(ca. 200 K, σ and π AFM overlapping), and (3) a 180° Fe–
O–O–Fe coupling results in weak AFM exchange integrals
(ca. 75 K). The GKA rules also predict that for Fe–O–Fe
angle values between approximately 125 and 150° an upturn
in exchange spin should occur. On one hand, SE pathways
such as Fe(1)–O(1)–Fe(1) (180°), Fe(2)–O(5)–Fe(2)
(ca. 168°), and Fe(2)–O(3)–Fe(2) (ca. 171°) should lead to
AFM couplings, which could explain the overall negative
θp. The fact that the χT product decreases continuously
down to 4.2 K (Figure 4a) without exhibiting any minimum
suggests that SE paths such as Fe(1)–O(4)–Fe(2) (ca. 145°)
and Fe(2)–O(2)–Fe(2) (ca. 140°), which could be ferromag-
netic (FM), are negligible.

Crystal Structure

The space group, the lattice parameters and the modula-
tion vectors were determined by investigation of two single
crystals (with a Kappa CCD four circles diffractometer and
an IPDS II STOE two circle diffractometer), which are re-
ferred to as crystal 1 and crystal 2, respectively. It was found
that the Bravais lattice of the main structure is primitive
and the extinction conditions are compatible with space
group P4/mbm (no.127). The evidence of structural modula-
tion was found in several samples at room temperature, in-
cluding crystal 1 and crystal 2. The reconstructed (0kl) and
(h0l) precession photographs (crystal 1) revealed satellite re-
flections positioned exactly halfway between each row of
main reflections along c*, which indicates that the kZ com-
ponent of the modulation vector is 1/2.

The positions of the first-order satellite reflections ob-
served in the (hk0.5) plane (Figure 5), with respect to their
corresponding main reflections, can be indexed by a bidi-
mensional modulation described by two modulation vectors
q1 = (α, α, 1/2) and q2 = (α, –α, 1/2) with α = 0.295(1). The
value of α is evidence that BLFNO single crystals adopt
an incommensurately modulated crystal structure at room
temperature. This bidimensional modulation is compatible
with the P4/mbm space group associated with the main re-
flections. This leads to a 5D crystal structure in the su-
perspace formalism, which will be described elsewhere.

Refinements of the basic structures were performed in
the space group P4/mbm for both crystal 1 and crystal 2.
Details of the data collection and refinement are summa-
rized in Table 2, and the atomic parameters are listed in
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Figure 5. Reconstructed image from observed BLFNO single-crys-
tal data of the (hk0) (left) and (hk0.5) (right) planes with hklq1q2

indexations for some mean and satellite reflections, respectively.

Table 3. Restraints were introduced in the refinement to
maintain electroneutrality and to force a full occupation of
the octahedral framework.

Table 2. Crystal data and data collection and refinement details for
crystals 1 and 2 (common characteristics of both crystals are gath-
ered at the top of the table).

Ba2La0.96(1)Fe0.94(1)Nb4.06(1)O15

M = 1081.01 gmol–1

λ = 0.71073 Å, Mo-Kα, T = 293(2) K
tetragonal, P4/mbm, Z = 2

Crystal 1 Crystal 2

a [Å] 12.5202(2) 12.4942(18)
c [Å] 3.9364(1) 3.9406(8)
V [Å3] 617.05(2) 615.15(2)
ρcalcd. [gcm–3] 5.818 5.836
μ [mm–1] 14.455 14.5
F(000) 958 958

Diffractometer Nonius Kappa CCD IPDS II STOE
Scan strategy ω/φ φ
[θmin–θmax] [°] [3.25–33.74] [2.31–32]
Limiting indices –18 � h � 19 –18 � h � 18

–19 � k � 19 –18 � k � 18
–6 � l � 6 –5 � l � 5

Measured reflections 6134 7423
Independent reflections 268 294
Reflections with Fo � 4σ(Fo) 695 625

Refinement program SHELXL97
R[F2 � 2σ(F2)] 0.0272 0.0312
wR(F2) 0.0534 0.0641
S 1.176 1.461
Total reflections 715 628
Refinement parameter 49 49
Extinction coefficient 0.0138(6) 0.0129(7)
ρmin/ρmax [eÅ–3] –1.119/1.155 –1.632/1.627

Both refinements converged to satisfying agreement fac-
tors and comparable atomic positional and equivalent iso-
tropic displacement parameters. The refined chemical com-
positions are identical but are significantly different from
those extracted from EPMA characterization. However,
one should keep in mind that these compositions are associ-

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5

Table 3. Positional and equivalent isotropic displacement param-
eters for BLFNO crystals 1 and 2.

Atom Position x y z Ueq [Å2] Occupancy

Crystal 1: Ba2La0.96(1)Fe0.94(1)Nb4.06(1)O15

Ba1 8j 0.3392(1) 0.1797(1) 0.5 0.0151(4) 0.5
La1 2b 0 0 0.5 0.0091(2) 0.96(1)
Fe1 2d 0.5 0 0 0.0141(2) 0.22(1)
Nb1 2d 0.5 0 0 0.0141(2) 0.78(1)
Fe2 8i 0.07482(4) 0.21511(4) 0 0.0081(2) 0.18(1)
Nb2 8i 0.07482(4) 0.21511(4) 0 0.0081(2) 0.82(1)
O1 2c 0.5 0 0.5 0.031(2) 1
O2 4g 0.2185(3) 0.2815(3) 0 0.0134(10) 1
O3 8i 0.1335(4) 0.0655(3) 0 0.0308(12) 1
O4 8i 0.3430(3) 0.0070(3) 0 0.0226(9) 1
O5 8j 0.0763(6) 0.1983(5) 0.5 0.040(2) 1

Crystal 2: Ba2La0.96(1)Fe0.94(1)Nb4.06(1)O15

Ba1 8j 0.3382(3) 0.1792(3) 0.5 0.0134(7) 0.5
La1 2b 0 0 0.5 0.0065(2) 0.96(1)
Fe1 2d 0.5 0 0 0.0112(3) 0.18(1)
Nb1 2d 0.5 0 0 0.0112(3) 0.82(1)
Fe2 8i 0.07479(5) 0.21490(5) 0 0.0059(2) 0.19(1)
Nb2 8i 0.07479(5) 0.21490(5) 0 0.0059(2) 0.81(1)
O1 2c 0.5 0 0.5 0.026(3) 1
O2 4g 0.2190(4) 0.2810(4) 0 0.0100(13) 1
O3 8i 0.1332(5) 0.0661(5) 0 0.0288(16) 1
O4 8i 0.3427(4) 0.0070(4) 0 0.0191(12) 1
O5 8j 0.0748(8) 0.1992(6) 0.5 0.038(2) 1

ated with an incomplete structural model that does not take
into account the bidimensional modulation that affects the
TTB framework. The nature of this modulation (positional,
occupational or both) may affect the overall composition
as evaluated by crystallographic means.

In the refined crystal structures, the barium sites within
the pentagonal channels are fully occupied. The O2, O3,
and O4 atoms, which form the equatorial square of the
NbO6 octahedra associated with the Nb(2) site, display oc-
tahedral distortion with small variations of the Nb–O dis-
tances and changes of the intra-octahedral O–Nb–O angles
ranging from 81.23 to 97.81° (Figure 6a). Owing to its sym-
metry, the Nb(1)site (Wyckoff position 2d) is not affected
by such distortions, and the cation–oxygen lengths are
equivalent for this regular octahedron (Figure 6b). The dis-
tortions affecting the Nb(2) site result in slight shifts of the
centers of negative charges, so small dipolar moments lo-
cated in the (ab) plane are present in BLFNO single crystals
at room temperature. The absence of a macroscopic sponta-
neous polarization, as demonstrated by dielectric measure-
ments would then be due to the fourfold symmetry axis
located at the center of the square channels, as it implies a
perfect compensation of in-plane dipolar moments. In the
basic structure, this situation could be compatible with an
antiferroelectric state, although the actual polar state of the
sample should account for the structural modifications as-
sociated with the incommensurate modulation. These may,
for example, either hinder the full compensation of in-plane
dipolar moments to yield ferrielectric behavior or suppress
the distortions at the origin of the in-plane dipolar mo-
ments. It should be noted that in-plane dipolar moments



Job/Unit: I30008 /KAP1 Date: 08-04-13 10:26:10 Pages: 10

www.eurjic.org FULL PAPER

have been observed in some lead-containing TTB ferroelec-
trics.[71]

Figure 6. ORTEP drawings at 50 % probability level with atom la-
beling. O–Nb–O distortion angle [°] and Nb–O bond length [Å]
reported (a) along the (ab) plane for the square channel containing
La3+ ions (not represented) and (b) for local oxygen environments
for Nb1/Fe1 and Nb2/Fe2 cations in their respective octahedral
sites.

The atomic displacements ellipsoids of the O atoms are
anomalously elongated in the basic structure, either perpen-
dicular (O1 and O5) or parallel (O2, O3, and O4) to the
tetragonal c axis (Figure 6b). This suggests that the large
atomic displacement parameters of the anionic framework
in the basic structure encompass a static contribution from
displacive modulations, in addition to the thermal vi-
brations of the atoms. The atomic displacement ellipsoids
of the O atoms are similar to those reported for calcium
barium nitrate (CBN).[50]

These modulations are likely to play a role in the dielec-
tric behavior of BLFNO crystals. Furthermore, the modifi-
cation of Tm and Td by post-annealing under oxygen shows
that the dielectric properties are sensitive to oxygen vacan-
cies. Thus, one may expect that oxygen vacancies may also
affect the aperiodic modulation that takes place in the an-
ionic framework. Correlations between defects and struc-
tural and dielectric properties in TTB have been previously
investigated,[72] however, determination of such correlations
in BLFNO first require a thorough study of the 5D modu-
lated structure.

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6

In our early studies of the Ba2ReFeNb4O15 (BREFNO)
family,[61] we envisaged the existence of such aperiodic fea-
tures. However, we did not actually expect them in the lan-
thanum representative, which is paraelectric at room tem-
perature, as we supposed they were related to the ferroelec-
tric state. Thus, the present observations, and the possible
existence of in-plane dipolar moments associated with a
ferri- or antiferroelectric state, may help us to understand
some overlooked aspects of the crystal chemistry of TTB
ferroelectrics.

Conclusions

Centimeter-sized BLFNO single crystals have been
grown by a high-temperature solution growth method un-
der optimized conditions (sealed platinum assembly, ther-
mal cycle). Direct observation of the solidus was possible
following a preliminary experiment, thanks to the use of an
inverted thermal gradient, which could prove useful for the
exploration of growth conditions. A combination of
EPMA/WDS analysis, dielectric and magnetic characteriza-
tions, and single-crystal XRD analysis firmly established
that the high-temperature solution growth process allows
for the growth of higher quality, centimeter-sized, chemi-
cally and structurally homogeneous BLFNO crystals. This
process should prove fruitful for the growth of other repre-
sentatives of the BREFNO family and could probably be
used to grow others niobates for which molten-state growth
methods are inadequate.

The chemical, structural, and physical properties of
BLFNO crystals are preserved with respect to the corre-
sponding polycrystals. A slight modification of the chemical
composition, consistent with the behavior observed in poly-
crystalline Ba2REFeNb4O15 samples, was detected from
EPMA, XRD, and magnetic properties studies. The relaxor
behavior of BLFNO crystals was confirmed. In contrast
with previous studies, paramagnetic behavior was observed
for BLFNO crystals down to 14K, a temperature below
which a deviation from Curie–Weiss behavior was observed
because of AFM interactions. An incommensurately modu-
lated structure was revealed in BLFNO single crystals at
room temperature. The modulation vectors can be ex-
pressed as q1 = (α, α, 1/2) and q2 = (α, –α, 1/2) with α =
0.295(1). Refinement of the basic structure revealed the
possible existence of in-plane dipolar moments, which
should be confirmed by further investigations dedicated to
the description of the crystal structure as a 5D aperiodic
crystal in superspace formalism.

These results and the ability to grow centimeter-sized sin-
gle crystals offer promising perspectives for the crystal
chemical understanding of TTB structured materials.

Experimental Section
Synthesis: The synthesis of BLFNO powders was performed by
a conventional solid-state reaction. High purity starting reagents,
barium carbonate BaCO3 (Cerac, 99.9%), lanthanum oxide La2O3
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(Cerac, 99.99%), iron oxide Fe2O3 (Rectapur, 99%), and niobium
oxide Nb2O5 (LTS chemical, 99.95%), were used. La2O3 was first
dried at 900 °C for 10h to remove hydroxy groups and then mixed
with other oxides and carbonate in stoichiometric proportions by
ball-milling (agate balls and mortar) in ethanol for 1h30 with an
alternated rotation (every 15 minutes) at 500 rpm. The mixture was
then heated to 1280 °C for 12h to obtain the TTB phase, which
was confirmed by powder XRD analysis at room temperature. The
data were fully indexed with a TTB unit cell, and there was no
evidence of secondary phases.

30/70 mol-% Region of the BLFNO–LiBO2 Phase Diagram Investi-
gated for Crystal Growth: As demonstrated by Castel et al.,[63] the
growth of single crystals of BLFNO requires precise control of the
growth conditions to obtain chemically homogeneous TTB crys-
tals. In this first study, growth attempts were undertaken in a top-
open platinum crucible under air, and the volatilization of the
LiBO2 flux proved to be an important and uncontrolled growth
parameter. Several growth attempts have shown a high rate of nu-
cleation of BLFNO crystals with a high volatilization rate of the
flux. This was detrimental to the growth of crystals with dimen-
sions larger than a few millimeters. Moreover, crystals analysis
highlighted substantial variations of the crystals composition as
well as different crystallographic structures.

In the present work, we aimed to understand the 30/70 mol-% re-
gion of the BLFNO–LiBO2 phase diagram in the temperature
range 850–1330 °C, which was previously investigated for the
growth of BLFNO crystals.[63] BLFNO flux growth under a con-
trolled atmosphere was achieved for the first time. LiBO2 was cho-
sen as solvent with a BLFNO/LiBO2 molar ratio of 3:7, as pre-
viously determined.[63] BLFNO and LiBO2 powders were mixed
together by dry ball-milling for 1h, and the final mixture was com-
pacted into 1 cm high and 1 cm diameter pellets. A platinum cruci-
ble was loaded with BLFNO–LiBO2 mixture (20g) in the form of
powder and pellets (Figure 7). To minimize the volatilization of the
solution during the growth and with the assumption that the LiBO2

vapor pressure at ca. 1300 °C ranges from 10–3 to 102 atm,[73–75]

the crucible was then placed in a platinum chamber. This external
Pt chamber was sealed under primary vacuum (4� 10–3 mbar) in
such a way as to avoid buckling during the thermal process.

Figure 7. (a) Schematic drawing of the Pt chamber assembly closed
with a Pt cap that contains an inner platinum crucible loaded with
BLNFO–LiBO2 powder mixture. (b) Top view of crucible and
chamber assembly used for high-temperature solution growth of
BLNFO.

The Pt crucible and chamber assembly was placed into a vertical
resistive furnace with a 3 °Ccm–1 axial thermal gradient. This ther-
mal configuration was designed to initiate the crystal growth and
remove the latent heat of crystallization at the bottom of the inner
crucible. Thus, this would allow us to overcome the thermal fluctu-
ations at the top of the liquid that are likely to be induced by the
endothermic and unsteady flux volatilization.

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7

Two growth attempts were performed. In experiments 1 and 2, the
temperature was increased to 1273 and 1323 °C, respectively, with
a dwelling time of 24h. The solutions were cooled to 850 °C at a
rate of 1 °Ch–1. Finally, the last part of the growth was monitored
with a –30 °Ch–1 temperature slope down to room temperature.

The first and second growths led to as-grown BLFNO crystals with
average sizes of 3 and 6 mm, respectively (Figures 8 and S1). No
weight loss for the whole Pt assembly was measured, which proves
that LiBO2 volatilization was successfully controlled by means of
this new set-up. Consequently, the control of the supersaturation
of the solution was made possible by exclusive variation of the
temperature of the Pt assembly and, thus, more steady crystal
growth could be performed than that for previous experiments with
top-open crucibles.[63]

Figure 8. Experiment 1: (a) As-grown BLFNO singles crystals lo-
cated at the top of the solidified solution. (b) Millimetric LaNbO4

parasitic crystal formed by partial BLFNO decomposition during
the growth. (c) View of the bottom part of extracted solidified solu-
tion after growth. (d) The solid–liquid boundary corresponding to
the solidus temperature (1275 °C) in the 30/70 mol-% region of the
BLFNO–LiBO2 phase diagram was clearly evident.

After removal of the LiBO2 flux from samples by dilution in HCl
for several hours, powder XRD measurements confirmed the
crystallization of the BLFNO phase and two secondary phases
(Figure S2), ferrimagnetic maghemite γ-Fe2O3 (ICDD 39–1346)
and fergusonite LaNbO4 (ICDD 22–1125). During both growth
runs, crystals of LaNbO4 were obtained as a side product (Fig-
ures 8b and S1a). In experiment 2, numerous and large white crys-
tals of LaNbO4 were obtained, whereas experiment 1 yielded fewer
and smaller LaNbO4 crystals. Few details can be found in the lit-
erature about single-crystalline LnNbO4 lanthanide orthoniobates.
They adopt the fergusonite structure and can display luminescent
properties[76–77] and a ferroelastic transition.[78] Apart from a sin-
gle-crystal structural study in 1977 by Tsunekawa et al.[79] and crys-
tal growth by the Czochralski method,[80] previously investigated
LnNbO4 crystals were prepared by flux growth methods,[81–83] and
Octaviano[84] recently reported the use of the floating-zone method
at 1300 °C. Our experiments thus show that the BLFNO phase
grown in LiBO2 flux is not the only stable phase over the 850–
1330 °C temperature range. This suggests that BLFNO could exhi-
bit an incongruent behavior, which may lead to a different stoichi-
ometry of the BLFNO single crystal than the one expected from
the initial BLFNO solute.

In addition, the nucleation rate of the BLFNO crystals was found
to be slightly higher during the first experiment, in which the load
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was not completely molten. According to the thermal gradient set
(measured without Pt chamber assembly) in the vicinity of the so-
lid–liquid boundary observed in Figure 3d, the solidus temperature
was found to be around 1275 °C for the 30/70 mol-% BLFNO–
LiBO2 mixture. Above this temperature (i.e., at higher heights in
our assembly), we observed that the nucleation and growth of nu-
merous BLFNO single crystals increases as their location lies closer
to the surface of the load. Although experiment 2 has shown a
complete melting of the load, which led to the growth of larger
BLFNO crystals and numerous crystals of secondary phases, ex-
periment 1 led to smaller BLNFO crystals and a lower proportion
of smaller LaNbO4 crystals. An attempt to grow large-sized crystals
of BLNFO with low formation rates of γ-Fe2O3 and LaNbO4

phases was considered and is presented in the following.

Large-Sized BLFNO Crystal Growth: As previously described, a
30/70 mol-% BLFNO–LiBO2 mixture (20 g) was used. The as-
sembly used previously was placed into a vertical resistive furnace
with a lower inverted thermal gradient G = 0.5 °Ccm–1. The cham-
ber was then sealed under primary vacuum (4�10–3 mbar). The
growth temperature was set to 1293 °C, which is intermediate be-
tween the temperatures investigated in the previous experiments.
The cooling rate was reduced to make the crystal growth process
steadier. The classical way of growing crystals from solutions,
which presents a high probability of polynucleation rate, as widely
described by Elwell and Scheel,[85] was carried out and is described
in Figure 9. It consisted of: (1) Thermal homogenization of the
solution with a 24h dwelling time at 1293 °C. (2) A first crystals
growth step with a –0.4 °Ch–1 temperature slope down to 1261 °C.
(3) Dissolution of the smaller grown crystals by fast heating of
the solution to 1278 °C. (4) A second crystals growth step with
a –0.2 °Ch–1 temperature slope down to 1223 °C to enlarge the
remaining largest crystals formed during the first growth step.

Figure 9. Thermal treatment applied for the BLFNO growth (left)
and measured thermal profile in the Pt assembly (right).

The system was finally cooled to room temperature at a rate of
–30 °Ch–1. No rotation of the crucible was set, so that crystal
growth was only affected by buoyancy-driven convective motions
and chemical diffusion of species within the solution.

Physical and Structural Characterizations of Large-Sized BLFNO
Crystals: Capacitance and dielectric losses were measured from
500 Hz to 1 MHz on heating from 5 to 300K. The measurements
were performed first on an as-grown BLFNO crystal and then on
the same crystal post-annealed at 900 °C for 3 h under O2 atmo-
sphere. The magnetic susceptibility of crushed crystals was mea-
sured with a superconducting quantum interference device
(SQUID) magnetometer at 2–300 K and under an applied magnetic
field of 0.1 T. Single-crystal XRD analysis was performed with a

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim8

Kappa CCD four circle diffractometer at ICMCB, Université de
Bordeaux, and with an IPDS II STOE two circle diffractometer at
the Laboratoire de Cristallographie, Ecole Polytechnique Fédérale
de Lausanne, both with monochromatized Mo-Kα radiation. The
crystal structure was refined with SHELXL97[86] by using the
WINGX32 software package.[87]

Supporting Information (see footnote on the first page of this arti-
cle): Details of EPMA on large-sized BLFNO single crystals. Pow-
der XRD patterns and images of crystals grown in experiment 2.
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veals an incommensurate structure at roommeter-Sized Ba2LaFeNb4O15 Crystals from
temperature with a bidimensional modu-High-Temperature Solution under a Con-
lation characterized by vectors q1 = (α, α,trolled Atmosphere
1/2) and q2 = (α, –α, 1/2) with α = 0.295(1).
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