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Ferroelectricity in Ordered Perovskite cooperative distortion and tilting because of various bond
BaBio s>"(Bio.2"Nbg )O3 with Bi3*:6s? Lone Pair length mismatches. From this point of view, the perovskite
at the B-site BaBiO; (BBO) would be an ideal compound, which is a well-

known charge density wave semiconductor that becomes
R. V. K. Mangalam, P. Mandal| E. Suard; and superconducting upon substitution of Baions by Kt

A. Sundaresan* ions1011 BBO is a charge-ordered perovskite, wheré'Bi

Chemistry and Physics of Materials Unit, Jawaharlal Nehru ions with 63 lone pair and Bi* ions with 68 are ordered in
Clentre E;‘gg gxd/anged SC(IjentlfIC Research, Jakléur P. O., a 1:1 or rock-salt type at the B-site so that the formula can
Bangalore 560064, India, and Institut Laue Lange 6, Rue  pe witten as B&Big s> Bio<"Os. The crystal structure of
Jules Horowitz, 38042 Grenoble Cedex 9, France 05 =205 3% crysta
BBO has been reported to be monoclinic with a centrosym-
Receied April 26, 2007 metric 12/m space group on the basis of the Rietveld
Revised Manuscript Recegd July 6, 2007 refinement of powder X-ray and neutron diffraction data and
Development of lead-free ferroelectric materials are im- analysis of electron diffraction patter#On the other hand,

portant because of the toxicity of lead in the widely used analysis of convergent beam electron diffraction (CBED)
material lead zirconium titanate (PZT) in deviéé#lthough revealed broken inversion symmetry with a tricliniel{

PZT is isostructural and isovalent with BaGi(BTO), the space group? Though there is no consensus on the structure
ferroelectric properties are superior to BTO because of the of BBO, we thought that there could be a polar distortion
contribution from stereochemically active?dsne pair of ~ due to the lone pair electrons that may not be revealed by
PI?* ions. A similar role of lone pair electrons has been the average crystal structure but may manifest on the
recognized in other materials with 8i 6 ions? For ferroelectric properties. Because the BBO shows considerable
example, in the Aurivillius family of layered bismuth oxides, dc conductivity, we decided to replace®Biions by other

a class of ferroelectrics with general formula,®**- pentavalent cations such as®SbNbk°*, and T&" ions and
(M,-1R:0sn+1)%", the contribution to ferroelectricity comes investigated structural and ferroelectric properties. In this
mainly from BE' ions. The structure of these materials paper, we report the observation of ferroelectricity with high
consists of perovskite blocks (MiR\Osn+1)?", separated and  Curie temperaturelg ~ 400°C) in BaBis®"(Bio 2> "Nby -
sheared along 1/2[111] by rock-salt-structurecb(3#" Os (BBN). Analysis of room-temperature neutron diffraction
layers? There exist another class of materials that exhibit data of BBN showed that the room-temperature structure is
ferroelectricity as well as ferromagnetism in the same phase.rhombohedral with centrosymmetric space gr&@p High-
These materials have the perovskite structure with the temperature X-ray diffraction (XRD) patterns revealed that
formula ABG;, where A is a cation containing a stereoactive there is a structural transition from the room-temperature
lone pair such as Bi: 65 and B is the transition metal rhombohedral phase to high-temperature cubic phase with
ions with unpaired electrorfs! In these perovskites, the the space grouprfBm.

origin of ferroelectricity is associated with the stereochemical
activity of the A-site cation and the magnetism is due to
transition metal ions at the B-sité.In all these compounds
discussed above, the contribution to the electric polarization
comes from the cation with lone pair electrons that occupies
rock-salt type layers or the A-site of the perovskite structure.

Ferroelectric study of perovskite materials having B-site data were collected using a D2B instrument 1.5938 A)

cations W't.h lone pair eIeptrons IS not known in the I|terz_atur§. at Institut Laue Langevin (ILL), Grenoble, France. Rietveld
Such studies would be interesting because the coordination___. . .
refinement was carried out on the neutron data using the

and bonding with oxygen are different at A and B sites. .

Furthermore, the B®octahedra are known to undergo program General Struc_ture Analysis System (GSH3).
capacitor for ferroelectric measurement was made by sput-

tering gold on both sides of the pellet by DC sputtering. The

Stoichiometric amounts of BaG(Bi,0s, and NBOs were
mixed and heated at 750 and 880 for 12 h with several
intermittant grindings. The resulting material was pressed
into pellets and sintered at 98C for 12 h in a flowing Q
atmosphere. The phase purity was checked by Bruker D8
Discover X-ray diffractometer. Powder neutron diffraction
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Figure 1. Observed, calculated, and difference neutron difraction pattern
of BaBips>" (Bio.2"Nbg °7)O3 at room temperature, fitted in tHe8 space
group. Tick marks are the symmetry allowed reflections. Neutron diffraction

data were collected using the instrument D2B at ILL, Grenoble, France. 2t
Although our intent was to replace Biions in BaBhs*"- ol -
Bios O3 by Nb°* ions, we could succeed in getting a single- o 00 200 =0 200 s
phase material only up to 60% substitution. Beyond this limit, Temperature (°C)
BasNb,O15 appeared as secondary phase. Therefore, we haverigure 2. Temperature dependence of (a) real and (b) imaginary part of
investigated the material with the composition BafBi(Bio - the dielectric constant.
Nbo2°")Os. X-ray and neutron diffraction patterns of BBN ) o
could not be indexed in the monoclinic structure/gip of observation that BBN shows ferroelectricity at room tem-

the parent compound BBO, but they were found to be similar Perature. The refinement gave a fairly good it ¢ 1.25),

to those of BaBjsSh,:Os, which has a rhombohedral butthe errors on oxygen positions were at the third decimal
structure R3) at room temperatur.It should be mentioned ~ With Rwp = 5.58% which is slightly higher than that (5.44%)
here that theR3 phase also exists in the parent compound for R3. Therefore, we conclude that the space gre@jpetter

BBO as one of the high-temperature phaéé.Subse-  describes the structure of BBN.

quently, all diffraction lines in both X-ray and neutron A brief discussion on various structural transitions occuring
diffraction patterns of BBN could be indexed with the in the parent compound (BBO) is essential to understand
rhombohedral symmetry. Further, structural refinement was the structure of BBN. BBO undergoes several structural
carried out on the neutron data using the structural model of phase transition in the temperature range—-425 K, the
BaBiosShy s03.1° The fitted neutron diffraction pattern ob-  low-temperature monoclinid@:/n) to the room-temperature
tained at the convergence is shown in Figure 1. A good fit monoclinic (2/m) at 132 K,I2/mto the rhombohedraR3)

with reliable agreement factors (see the Supporting Informa- at 430 K, and finally, to the high-temperature culier@m)

tion) confirmed that the BBN has rhombohedral structure phase at 820 K. A similar structural behavior is reported for
with R3 space group. There are two crystallographic sites another derivative of BBO, namely, BaBBhy s0s, except

for B cations,{0,0,G and{0.5, 0.5, 0.5. The first one is that the transition temperatures are lower: 250 KI&im
completely occupied by Bi(l) ions and other one is occupied to R3 and 515 K forR3 to Fm3m, and the low-temperature

by Bi(ll) and Nb ions. The average bond lengths of B0 structure P2,/n) is not formed at all. It is interesting and
and Bi(I)/Nb—0O are 2.300(3) and 2.052(3) A, respectively. important to note a pressure dependent study on 8aBi
The different bond lengths can be understood from the Sk s0;, which revealed that the ambient pressure and
difference in ionic radii of Bi*, Bi**, and NB* ions in temperature rhombohedral phase undergoes a phase transition
octahedral coordinatiol.From the inspection of the bond  to the monoclinid 2/m structure. These studies confirm that
lengths and a comparison with their corresponding bond hoth pressure and temperature can induce these structural
lengths for BBO and BaBiShysOs (2.29 and 2.11 A and  changes. The fact that the transition temperatures are lower
2.31 and 2.199 A, respectively), we suggest that Bi ions in BaBiysShy =0; is due to the substitution of smaller 8b
occupying theg 0,0,G site are in the trivalent state and those jons ¢ = 0.60 A) for larger Bf* ions ¢ = 0.76 A) or a
occupying the[0.5, 0.5, 0. site are in a pentavalent state. chemical pressur®. This is in agreement with the present
The BF* and NI§* ions are distributed randomly in t§@.5, observation that substitution of smaller Nkons (0.64 A)

0.5, 0.3 site. Although this structural modeR3, resulted gt the BF* site in BBO results in the rhombohedral structure
in reliable agreement factors and structural parameters, weat room temperature. It must be emphasized that all these
made an attempt to verify the noncentrosymmetric space structures are characterized by centrosymmetric space groups.

group R3, a subgroup ofR3, because of the present Figure 2a shows the real part of dielectric response of BBN
vari fr ncies (100 Hz to 1 MHz function of
(14) Larson, A. C.; Von Dreele, R. Bseneral Structure Analysis System at various frequencies ( 00 to . ) a.s a function o
(GSAS)Los Alamos National Laboratory Report LAUR 86-748; Los ~ t€mperature. It can be seen that the dielectric constant has a

s AKIamOSEi NagorJlaIHLaborztog: JLoi A_Ia;]mog gIM,ZﬁOOO. 2. Zhou, O broad maximum around 408C, where the value of the
ennedy, B. J.; Howard, C. J.; Knight, K. S.; Zhang, Z.; Zhou, Q. : - - -
Acta Crystallogr., Sect. 2006 62, 537. dielectric constant is very highy7.5 x 10 for 100 Hz.

(16) Shannon, R. DActa Crystallogr., Sect. A976 32, 751. However, the dielectric constant at room temperature is very
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Figure 3. Room-temperature ferroelectric hysteresis measured at various
driving voltages at 1 kHz after electric poling at 520.

low (~100). The broad maximum in dielectric constant
indicates a diffuse phase transition from paraelectric to
ferroelectric. Also, there is a shoulder at around 248Ghat
may result from the disorder at the B-site because of a
decrease in the degree of long-range ordering éf Bind
Bi®" ions at high temperatures. The dielectric maximum
decreases drastically with an increase in frequency. Further
the maximum at 400C shifts toward higher temperature
with increase of frequency, whereas the maximum at 480
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ature phase is cubic, we performed Rietveld refinement using
the program Fullprof® This gave a good fit to the datg?(

= 3.76) with Rgragg = 5.0%. Because the temperature
dependence of the dielectric constant exhibits a very broad
transition with a shoulder at+480 °C and because of the
absence of XRD data between 450 and 700it would be
difficult to infer the exact temperature at which the structural
transition occurs.

The polarization with respect to electric field curve of the
sample after an electric poling is shown in Figure 3. The
sample shows a hysteresis loop with a remanent polarization
of 0.187uC/cn? and a coercive field of 16.93 kV/cm for a
driving voltage of 3 kV at the frequency of 100 Hz. The
nonlinear bulky hysteresis loop is indicative of a lossy
ferroelectric system. However, the observation of ferroelec-
tricity is in contradiction with the centrosymmetric structure.
There are various possible explanations for the observed
ferroelectricity. It is probable that the distortion is small,
which cannot be identified by X-ray or neutron diffraction,
and CBED studies may be required for examining the
presence or absence of inversion symmetry as reported for
BBO and BiMnQ.131°The other possibility is that there may
be a local distortion in the structure due to lone pair electrons
of Bi®" ion, which gives rise to the polarization. Such a local
distortion has been suggested for the observation of a weak
ferroelectricity in a centrosymmetric YCgvased on pair
distribution function (PDF) analys?.

In summary, the structure of BagNby ;053 perovskite has
been determined by neutron diffraction. It is an ordered
perovskite with a rhombohedral (R8tructure whose chemi-

°C does not change significantly. The frequency dependencecal formula can be written as Bai3#"(Bio.2> N ") Os.

of the dielectric maximum is an indication for relaxor
ferroelectric. The imaginary part of dielectric constant also
shows a similar broad maximum centered at around°450
as seen in Figure 2b. Though theMNlinn is ferroelectrically

Although the average structure is described by a cen-
trosymmetric space group, it exhibits ferroelectricity at room
temperature. The observation of ferroelectricity is consistent
with a phase transition at around 420 that is revealed by

active, the appearance of ferroelectricity in the present systemboth the temperature dependent on dielectric constant and

is mainly due to Bi" ion with a 6% lone pair. This is
supported by the observation of ferroelectricity in BaBi
Shy 503, which does not contain niobiuf.

Temperature dependence of powder X-ray diffraction

powder X-ray diffraction measurements. The room-temper-
ature rhombohedral structure transforms to cubic structure
at high temperature.

showed that there is a structural transition between 450 and Acknowledgment. We thank Prof. C. N. R. Rao for valuable

700°C (see the Supporting Information). From the inspection
of the peak at 2 = 52°, it appears that the transition occurs
continuously, which is consistent with the observed broad
dielectric transition. This peak is composed of three reflec-
tions (233, 013, and 1)2n the rhombohedral phase, which
becomes a single broad peak at 7@ Considering that

the broadening of this peak is caused by the high temperature

it can be indexed as a 422 reflection in thedm cubic
phase, as already reported in BBO and BaBiy 503, where
the rhombohedraR3) phase transforms to high-temperature
cubic (Fm3m) structure!s To confirm that the high-temper-

(17) Mangalam, R. V. K; Suard, E.; Sundaresan, A. unpublished results.

discussions and suggestion.
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pattern at higher temperatures and table for structural parameters
from Rietveld refinement of room tempearature neutron diffraction
data for BaBj /Nby s0; (PDF). These materials are available free
of charge via the Internet at http://pubs.acs.org.

CMO071130A

(18) Roadriguez-Carvajall. Phys. B1993 192 55.

(19) Belik, A. a.; likubo, S.; Yokosawa, T.; Kodama, K.; Igawa, N.;
Shamoto, S.; Azuma, M.; Takano, M.; Kimoto, K.; Matsui, Y.;
Takayama-Muromachi, El. Am. Chem. So®007, 129, 971-977.

(20) Ramesha, K; Llobet, A; Proffen, Th; Serrao, C. R; Rao, C. NJ.R.
Phys.: Condens. MatteR007, 19, 102202.



