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Coupling between octahedral tilting and ferroelectric order in tetragonal
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Strong coupling between local polar displacements and a commensurate octahedral tilting is
proposed to explain the onset of classic ferroelectric behavior in tetragonal tungsten bronzelike

dielectrics Ba,La,Nd;_,Nb;Ti,Oys.

The ferroelectric phase transition is associated with a

discontinuous non-lock-in transformation of an incommensurate tilted structure to a commensurate

superstructure.

In a manner reminiscent of perovskitelike oxides,

the driving force for

commensurate tilting increases as the average ionic radius of the rare-earth ion decreases; no
classical ferroelectric transition is observed for compositions with x>0.75, which remain
incommensurate and exhibit only relaxor behavior below room temperature. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2355434]

Complex oxides crystallizing with tetragonal tungsten
bronzelike structures constitute one of the major families of
dielectrics which are known to exhibit either ferroelectric or
relaxor ferroelectric behavior.! The tetragonal tungsten
bronze (TTB) structures, which can be viewed as perovskite
derivatives A,[],_BX; with x<0.75,% consist of layers of
[BX,] octahedra (Fig. 1) sharing corners to form pentagonal
(A1), square (A2), and trigonal (C) tunnels, which are
stacked so that the octahedra in the adjacent layers share
corners.” The larger A cations typically reside in the pentago-
nal and square tunnels, although examples of compounds
with smaller cations occupying the triangular tunnels are
known. The ideal TTB structures exhibit a tetragonal
P4/mbm symmetry with a,~12.4 A and c¢,~4 A.

Recently, novel ceramics with promising ferroelectric
properties for capacitor applications have been reported 1n
the TTB-like systems Ba,ReTi;Nb,O,s (Re=rare earth).**
Further studies of these materials with Re=Bi*, La’*, Nd*,
Sm?*, and Gd** demonstrated that both Bi- and La-based
compounds exhibit relaxorlike behavior, whereas their Nd-,
Sm-, and Gd-based analogs are classical ferroelectrics.>®

X-ray diffraction patterns of the Ba,ReNb;Ti,O;5 (Re
=Bi**, La’*, Nd**, Sm*, and Gd**) compounds have been
indexed using a prototype tetragonal TTB cell,’ and the
structure of Ba,LaNb;Ti,O;s has been refined using both
x-ray and neutron powder diffractions.” The refinements,
which confirmed segregation of Ba and La into the pentago-
nal and square tunnels, respectively, suggested occurrence of
a P4/mbm— P4bm phase transition between 400 and
100 K, accompanied by polar displacements of Nb and Ti
along the ¢ axis. However, electron microscopy studies of
the Ba,ReNb;Ti,05 compoundss’6 revealed deviations from
the ideal TTB symmetry caused by two distinct types of
two-dimensional structural modulations: (type 1) an incom-
mensurate (IC) modulation described by the wave vectors
q1=(i+5)(a:+b:), q2=%c; (asterisk indicates reciprocal
space), which was observed for both Bi- and La-based relax-
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orlike compounds, and (type 2) a commensurate modulation
with q1=%(a:+b2), q2=%c:, as observed for the Nd-, Sm-,
and Gd-based phases exhibiting classical ferroelectric behav-
ior. The first modulation, if commensurate (6=0), would
give rise to an orthorhombic supercell with a=2,2a,,
b= |2a,, c=2,. The second modulation generates an ortho-
rhomblc supercell with the lattice parameters a=b= |2a,
and c=2c,.

The IC modulation (type 1) is encountered in numerous
TTB ferroelectrics [e.g., BazN.'cle5015,7’8 Ba,Sr;_Nb,Og
(Refs. 9-11) and has been studied extensively using various
diffraction and imaging techniques. Most structural studies
agree that this modulation is associated with octahedral
tlltmg,8 112 however the correct representatlon of its nature
(i.e., 1ntergrowth versus harmonic'"'?) remains debatable.
The commensurate (type 2) modulation so far has been ob-
served only for the Ba,ReNb;Ti,0,5 (Re=Nd, Gd, and Sm)
compounds6 and no detailed structural studies of this modu-
lation have yet been reported. The appearance of this com-
mensurate structure has been attributed to a relatively small
size'® of the Nd, Gd, and Sm ions (<13 A) as compared to
La, Bi, Na, Sr, and Pb (>1.3 A), which typically reside in
the square tunnels of the TTB structures.® In the present con-
tribution, we conducted a variable-temperature study of the
structural behavior and dielectric properties in the
BaLaNb;Ti,O;5—BaNdNb;Ti,O;5 system to determine the
relation between the two types of structural modulation and
their effects on the dipolar order.

The Ba,La;_Nd ,Nb;Ti,O,5 ceramic samples with x=0,

1 1 3 . . . .
1> 3» 1» and 1 were synthesized using a conventional mixed-
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FIG. 1. Schematic diagram of the TTB structure projected along the ¢ axis.
The pentagonal (A1), square (A2), and trigonal (C) sites are indicated.
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FIG. 2. Variable-temperature [110], zone axis electron diffraction patterns
recorded from a single grain of the Ba,L.aNb;Ti,O,5 compound. The funda-
mental reflections are indexed according to the ideal TTB tetragonal cell.
Note the gradual disappearance of the satellite reflections at h+(i—5),
k+(};—5), and l+%, which manifest an IC <« P4/mbm transition.

oxide processing route as detailed in Ref. 6. The equilibrated
single-phase powders were sintered at 1450 °C in air for 4 h
on a zirconia tile. The phase purity of the samples was con-
firmed using x-ray powder diffraction. The samples were
analyzed in transmission electron microscope (TEM)
equipped with the heating/cooling sample holders and oper-
ated at 200 kV. Variable-temperature dielectric measure-
ments were conducted in the frequency range from
5 Hz to 13 MHz using an impedance analyzer.

As reported previously,s’6 room-temperature electron dif-
fraction patterns of Ba,L.aNb;Ti,O;5 exhibit incommensurate
satellite reflections h+(i—5), k+(3—l—5), l+% in the (110),
(subscript o refers to the ideal a, X ¢, TTB cell) but not the

(110),, reciprocal lattice sections of the fundamental tetrag-
onal structure.® In situ heating experiments for this com-
pound revealed a reversible IC« P4/mbm phase transition
around T=473 K (Fig. 2). The transition temperature was
defined as the temperature at which the appearance of satel-
lite reflections, as visually observed in the diffraction pat-
terns, changes from sharp to diffuse; however, the diffuse
satellite spots were still visible at higher temperatures before
disappearing at 7>725 K. In situ cooling of the IC phase
down to 100 K produced neither lock in to a commensurate
structure nor any other phase transition. The parameter o,
which describes the deviation from commensurate periodic-
ity (2a,) along the [110], direction of the basic TTB cell,
varies from 0.050 to 0.034 with the temperature decreasing
from 473 to 100 K, respectively. Assuming 6=0, the reflec-
tion conditions in the electron diffraction patterns fit both
the Amam and Ama2 symmetries (a=22a,, b= |2a,, and
¢=2,). The Ama2 space group is consistent with the non-
centric symmetry identified for the average Ba,LaNb;Ti,O 5
structure at low temperatures.5 This space group has been
reported previously for a commensurate approximant of the
IC phase in the TTB-like compounds Ba,NaNbsO 15,8
BaxSrl_XszOﬁ,“ and K0'525FCF3.12

Room-temperature electron diffraction patterns and the
reconstructed reciprocal lattice for the Ba,NdNb;Ti,Os
compound have also been reported plreviously.6 The reflec-
tion conditions suggest an orthorhombic unit cell with a
~b= |2a, and c=2c, and either Imam or Ima2 symmetry;
however, its room-temperature ferroelectric response sug-
gests that the latter noncentric space group is correct. Cool-
ing this sample down to 100 K produced no detectable
changes in the Ima?2 structure, while heating above ~400 K
induced a reversible phase transition to an incommensurate
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FIG. 3. Variable-temperature [110], zone axis electron diffraction patterns
recorded from a single grain of the Ba,NdNb;Ti,O,5 compound. The reflec-
tions are indexed according to the ideal tetragonal TTB cell. The Ima2
superstructure reflections at h+%, k+%, and l+% are replaced by the IC
satellites at 7=~400 K, which gradually disappear at higher temperatures,
consistent with a sequence of phase transitions Ima2 < IC < P4/mbm.

structure with satellite reflections at the positions h+(i—5),
k+(3—l—5), and l+% (Fig. 3). The reciprocal lattice of this
high-temperature incommensurate form of Ba,NdNb;Ti,05
was identical to that of the room-temperature form of
Ba,LaNb;Ti,O,5 (Fig. 2). The Ima2+IC transformation
was abrupt, consistent with a first-order transition. Further
heating caused gradual disappearance of the incommensurate
reflections, which vanished above 820 K, indicating a tran-
sition to the prototype tetragonal TTB structure (Fig. 3).
Since Ba,NdNb;Ti,05 is paraelectric above 400 K.° we as-
sumed P4/mbm rather than P4bm symmetry for the high-
temperature polymorph. The IC+« Ima2 transition is not
of the lock-in type, since it relates two distinct structural
modulations.

Similar heating/cooling analyses of the
Ba,La,Nd,_ Nb;Ti,O5 (xzi,%,%) samples confirmed the
occurrence of a phase transition sequence [ma2«—IC«—
P4/mbm across the solid solutions with the transition tem-
peratures decreasing with the increasing La content. The
samples typically exhibited a grain-to-grain variation of the
transition temperature with the broadest range observed for
the x=% composition, where a mixture of the IC and Ima?2
phases was present down to 100 K. The x=% sample also
contained a residual IC phase at low temperatures. The
Ima?2 «1C transition temperature, as determined using elec-
tron diffraction, decreases from =350 K for x=0.25 to
~265 K for x=0.75.

The results of variable-temperature dielectric measure-
ments for the Ba,La,Nd;_,Nb;Ti,O5 solid solutions are
summarized in Fig. 4. The samples with x=0, i, and % all
exhibit a relatively sharp, frequency independent maximum
of dielectric constant g, at the temperatures corresponding
approximately to those of the IC« Ima2 transition. A sig-
nificantly broader maximum for the x=% sample (compared
to x=0, 41-1, %) was attributed to a heterogeneous mixture of La
and Nd causing a spread of the IC« Ima2 transition tem-
peratures, as confirmed by TEM. All four samples exhibited
some frequency dispersion of the dielectric constant and di-
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FIG. 4. Variable-temperature dielectric constant &, (at 1 MHz) for the solid
solutions Ba,La Nd,_Nb;Ti,05.
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FIG. 5. Schematic diagram describing the octahedral tilting in the Ama2
(left) and Ima?2 (right) superstructures; the tilting directions are indicated
using arrows. The tilting in the Ama?2 structure, which can be predicted from
symmetry considerations for an array of rigid [BO4] octahedra, has been
reported in Refs. 8 and 12. The tilting in the /ma2 phase was obtained from
the neutron powder diffraction refinements for the Ba,NdNb;Ti,O,5. The
diagram shows a single (001), layer of octahedra.

electric loss at temperatures (=200 K) below a ferroelectric
phase transition; this dispersion became more pronounced
with the increasing La content. For the Ba,LaNb;Ti,0;5 (x
=1), a single broad peak with a frequency dependent6 maxi-
mum which signifies a relaxorlike behavior was observed.
Thus, the TEM and dielectric measurements combined indi-
cate that the IC < Ima?2 phase transition induces a long-range
dipolar order yielding a classical ferroelectric transition.

As a part of the present study, we determined the nature
of the displacive modulation in the Ima2 phase of
Ba,NdNb;Ti,0,5 from structural refinements using neutron
powder diffraction data (for Ba,NdNb;Ti,0,s, attempts to fit
the P4/mbm and P4bm models to the neutron diffraction
data yielded poor statistical parameters. In contrast, the Ima?2
model provided a satisfactory fit to the experimental data).
The refinement details will be reported separately. Our re-
sults confirmed that, similar to the IC structure, the Ima?2
modulation originates from octahedral tilting (Fig. 5); how-
ever, the tilting topologies in the two structures are different.
The Ima?2 structure features a single tilting pattern [desig-
nated as A and circled in Fig. 5(b)] along with antiphase
rotations of octahedra in successive layers along the ¢ axis.
In contrast, the Ama2 approximant of the IC phase exhibits
two distinct tilting configurations [A and B in Fig. 5(a)] and
no antiphase tilting about the ¢ axis.™

The onset of the IC« Ima?2 transition in the solid solu-
tions correlates with the size of the cations in the square
tunnels, as suggested by the transition temperature, which
decreases with increasing the substitution of larger La (R
=1.36 A)'"* for smaller Nd (R=1.27 A). In the TTB struc-
tures, octahedral tilting affects the coordination environ-
ments of the cation sites in all three types of tunnels. There-
fore, the type of tilting and the periodicity of the tilting
modulation (commensurate or IC) are likely determined by
the competing bonding requirements of the cations in the
pentagonal (Ba) and square (La or Nd) tunnels. Considering
the relatively small difference between the sizes of La and
Nd (AR=0.09 A), the energy balance for the two structures
must be rather subtle, and even small spatial fluctuations of
the La/Nd ratio are likely to cause substantial variations of
the local transition temperatures, as was observed for the
solid solution samples.

The relaxor behavior observed in the La-based com-
pound can be attributed to the occurrence of polar clusters,
associated with the off-center Nb/Ti displacements, which
grow in size with decreasing temperature. These polar dis-
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placements are supported by the neutron diffraction refine-
ments at 100 K (e.g., below Tm),5 where the clusters become
large enough to produce a detectable effect on the average
structure. Long-range dipolar correlations are likely pre-
cluded by the random fields associated with the chemical
disorder of Ti** and Nb>* cations."> The IC tilting modula-
tion has been observed previously in TTB-like compounds
which exhibit both relaxorlike'> and classical ferroelectric'®
behavior, suggesting that this modulation per se has little
effect on the dipolar order. Recent refinements of the IC
modulation in Ba,Sr;_,Nb,Og compound12 also confirmed
only a weak effect of this modulation on the Nb displace-
ments. In contrast, according to our present results, the tilting
modulation in the Ima2 structure, being accompanied by a
significant distortion of octahedra, couples strongly to the
polar cation displacements so that the change in tilting type
upon the IC—/Ima?2 transition promotes long-range ferro-
electric ordering with a sharp maximum of dielectric con-
stant. The residual low-temperature relaxation observed in
pure BaNdNb;Ti,O;5 can be attributed to the remaining
random-field effects, whereas for the solid solution samples,
this relaxation likely originates from the residual IC phase.

The coupling of octahedral rotations to dielectric polar-
ization has been demonstrated in other ferroelectric oxides
such as Pb(Zr,Ti)O; (Ref. 17) and various Aurivillius
compounds.18 In particular, for Aurivillius phases, a ferro-
electric Curie temperature scales with the tolerance factor ¢
in the perovskite blocks, and the amplitude of tilting at room
temperature correlates directly with the magnitude of the
spontaneous polarization.18 We believe that no such correla-
tions between octahedral tilting and dipolar order have been
reported to date for TTB-type compounds because a tilting
transition of the IC« Ima2 type has never previously been
reported.
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