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Phase transition in BaBLbNb,Ogy: Implications for layered ferroelectrics
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Synchrotron powder diffraction methods have been used to determine the structure of the layered ferroelec-
tric oxide BaBpNb,Og (BBN) above and below its Curie temperature. Although BBN is found to be tetragonal
above and below the ferroelectric-paraelectric transition, there is clear evidence for a structural phase transi-
tion. The low-temperature ferroelectric structure is found to be well described in spacel groap while the
high-temperature structure is in the more commdimmm space group. The identification of the low-
temperature tetragonal structure resolves a long-standing question as to the origin of ferroelectric behavior in
BBN and related oxides.
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Layered Bi oxides such as BaBlb,O4 (BBN) and In the present work we use high-resolution synchrotron
SrBi,Nb,Oy (SBN), together with their Ta analogs x-ray-diffraction methods to investigate the structure of BBN
BaBi, Ta,Oq (BBT) and SrByTa,Oq4 (SBT), have received re- over a wide temperature range. This study revealed strong
newed interest following the observation that their ferroelec-evidence for a crystallographic phase transition, near 300 K,
tric properties are superior, for use in memory devices, tahat is near the observed ferroelectric to paraelectric transi-
those of the currently employed PbZf®bTiO; solid solu-  tion. We conclude that this involves the transition from a
tion (PZT) ceramics- The complex electrical properties of low-temperature noncentrosymmetric structure.
these Bi oxides originate from an intimate interplay of struc- BaBi,Nb,Ogy was prepared from a stoichiometric mixture
tural and electronic effects associated with the Biléne-  of BaCQ;, Bi,O3, and NBOs that was heated at 900 °C for
pair electrons. 15 h, 1000°C for 15 h, and 1200°C for 24 h, regrinding

The crystal structures of both BBN and BBT are de-between steps. The variable temperature structural properties
scribed as consisting §Bi,0,]2" layers and perovskitelike of BBN were studied by monochromatia € 0.748896 A)
[BaM,0;]%" units that contain two layers of corner sharing x-ray powder diffraction at the National Synchrotron Light
M Og moieties. It has been suggested using both powder nesource (NSLS BNL, Beamline X7A. Diffraction patterns
tron and synchrotron x-ray methods that both BBN and BBTwere recorded with increasing temperature from 20 K using
are tetragonal at room temperature, with their structures dea closed-cycle cryofurnace to obtain the desired tempera-
scribed in the centrosymetrle/mmmspace group. Despite tures. A linear position sensitive detector was employed in
this, both BBN and BBT are clearly ferroelectric at room these measurements. Typical diffraction patterns of BBN are
temperature. shown in Fig. 1 for the temperature range 20—500 K. At all

There have been intense discussions on the cause of themperatures the patterns could be indexed on a tetragonal
ferroelectric behavior in BBN and BB¥ In one interpreta-  cell. All diffraction patterns were suitable for Rietveld refine-
tion tetragonal BaBNb,Oq is regarded as containing clus- ments, yielding lattice parameters and atomic positions. Ad-
ters with orthorhombic symmetry, and the observed ferroditional neutron diffraction patterns were recorded on the
electric properties are a consequence of polarizatiomigh resolution powder diffractometer for thermal neutrons
fluctuations within theéab) plane induced by these domaths. (HRPT) at the Swiss Neutron Sour¢sINQ). Tables | and Il
On the other hand, Blaket al. concluded that the broad show the results of refinements at 500 and 250 K, respec-
phase transition in BBN can be attributed to the Bi and Batively, while Table Il shows the lattice parameters over the
atoms disordering,as originally postulated in Ref. 4. entire temperature range.

Recently the authors of Refs. 5 and 6 reported the pres- Figure 2 illustrates the temperature dependence of the lat-
ence of two crystallographic phase transitions in bothtice parameters. There is a clear change in the rate of expan-
SrygBis 1Ta,0y and SrBjTa,Oy. In each case the room- sion of the cell parameters near 300 K. Since the measure-
temperature orthorhombigspace groupA2,;am) ferroelec- ments were conducted in a cryofurnace, this change is not a
tric phase transforms to the high-temperature tetragonaionsequence of changing from a cryostat to furnace. We pro-
(14/mmn) paraelectric phase via an intermediate orthorhompose that this anomaly is a result of a structural phase tran-
bic (Aman) paraelectric phase. Macquaet al® noted that sition. We note that the lattice parameters refined in either
both these transitions are allowed to be continuous. Shik4mm or [4/mmm are essentially identical. As indicated
makawaet al2 found no evidence of a low-temperature te- above, the patterns remain consistent with a tetragonal struc-
tragonal to orthorhombic phase transition in BBilthough  ture to 20 K. An additional very-high resolution pattern was
their study, employing a conventional x-ray source, did notcollected at 20 K using a secondary monochromator crystal
extend to above room temperature, and so did not probe thia front of the detector. This improves the resolution of the
transition to the paraelectric phase that occurs above 330 Knstrument toAd/d=2x10"°. Even at this very high reso-
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TABLE I1l. Atomic coordinates for BaBiNb,Oy at 250 K
(I4mm). Neutron-diffraction data were used in the refinement.
Atom X y z Beo (A)?
; Ba 0 0 0.498®) 1.21)
500 K H/mnm Bil 0 0 0.6945%7) 5.53)
Bi2 0 0 0.29266) 0.7(2)
i l"l i ﬂl‘llmll M!H HUBTT AR (N SR AL IRE B T Nbl 0 0 0085W) qu)
' Nb2 0 0 0.90987) 0.3(1)
o1 0 0 0 2.91)
02 0 0.5 0.249@3) 1.001)
- 0O3a 0 0 0.15848) 1.92)
'E n 03b 0 0 0.83927) 1.62)
250 K J/mimnm O4a 0 0.5 0.07877) 1.6(1)
O4b 0 0.5 0.92217) 1.41)
(RN }II (B8] I:IIIIIIIII HLEVAESTEER B0 0BG 11 12 O DY R I K AU I
w: I clearly undergoes a ferroelectric-paraelectric transition just
above room temperature, i.e., where the crystallographic
phase transition occurs. It is most likely that upon cooling
the transition is from the paraelectrld/mmm state to a
+ ferroelectric state. With the aid of the computer program
250 K Jmm ISOTROPY? we identified those space groups that can be ob-
tained from the parent4/mmmstructure by a recognizable
N D e pattern of ferroelectric cation displacemeftisat is, where
T — the cations were displaced along the 100, 110, or 001 direc-
o 20 30 4 30 e 70 tions). The four possible space groups are shown in Fig. 3.
This figure also includes the centrosymmetric space group,
26 angle (degrees) Amam that is obtained froni4/mmmby tilting of the M Og

octahedra around 110-type axes. This space group has been

observed, at high temperatures, in SBb,0 and

Sy gBi» 1 Ta,Og. > Of these five space groups ongmmis

tetragonal, the remaining space groups are orthorhombic or

lution there was no evidence to suggest the structure at 20 K the case ofCm monoclinic. A feature in Fig. 3 is that

was orthorhombic, although there was some anisotropic pedki€re is no mode involving simple rotation of the octahedra

broadening consistent with an incommensurate structurdhat will allow a continuous transition from4mm to

Therefore, we concluded that the structure is tetragonal fromh2:2m. If the MOg octahedra in thé4mmstructure were to

20 to 500 K, and that there is a tetragona|_tetragona' phaé@ t|lted, the most attractive rotation would be about the

transition near 300 K. Neutron-diffraction measurements aZ-axis to give space group4,nm. The structures of the

room temperature and 20 K failed to reveal any evidence of

superlattice reflections indicative of orthorhombic symmetry.  TABLE IIl. Refined lattice parameters for BaBib,0, as a

Likewise, attempts to observe orthorhombic domains usindunction of temperature in space grougsnm andl4/mmm

TEM have been unsuccessful.
Since the pioneering work of Smolenskii numerous work- 1emP-(K)* 2 A cA) Ry (%) Ry x°

ers have examined the electronic properties of BBN. BBN  oqg 3.924978) 25.54187) 6.39 8.02 8.470

50 3.9246R9) 25.54268) 6.52 8.21  8.026
100 3.925183) 25.54878) 6.32 7.99  7.408

FIG. 1. Diffraction patterns for BaBNb,Og4 at 500 and 250 K
fitted with thel4/mmmestructure; the pattern at 250 K is also fitted
with the 14mm structure.

TABLE I. Atomic coordinates for BaBNb,Oy at 500 K

(14/mmnj.
150 3.9258(8) 25.55818) 6.44 797 8.414
Atom x y 7 B, (A)2 200 3.926168) 25.56877) 6.24 791 8574
250 3.927018) 25.58328) 6.29 8.03 8.274
Ba 0 0 0.5 1.4 300  3.92758) 25.59768) 6.27 800  7.554
Bi 0 0 0.70272) 3.4(1) 350 3.9265(8) 25.59737) 5.76 717  6.327
Nb 0 0 0.0888) 0.31) 400 3.92641) 25.60889) 5.98 765 6.085
o1 0 0 0 0.13) 450 3.9268(9) 25.62287) 5.68 7.29  4.617
02 0 0.5 0.25 0.®B) 500 3.9269(8) 25.63447) 6.19 7.87 3.983
03 0 0 0.1581) 0.73)
04 0 0.5 0.077¢7) 0.7(3) #The lattice parameters quoted are from the refinementgimm

for 20—250 K and 4/mmmfor 300-500 K.
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the displacement of the Nb atoms away from theAQylane . o oA

in the ferroelectric phase. ¢ B2
We believe three pieces of evidence favor our explanation LW 0
for the origin of the ferroelectricity in BBN. First, the tran- p

sition from the paraelectrit4A/mmmphase to the ferroelec-

tric A2,am phase has been observed in both SBT and the _ ] ]
Bi-rich oxide Sg gBi» ;Ta,06 analog‘r.’*6 Group theory shows FIG. 4. Comparison of the structure of BaRb,0O, fitted with

this transition can occur continuously, albeit via thenam  the!4mmmmodel(top) and thel 4mm model (bottom.
intermediate phas&There is no suggestion from our previ-

ous study of SBT(Ref. 6 or from the work of Ref. 5 on _ .

Sr0,85Bi2_1yI'a209 for( a tw?))-phase region. This is consistent Finally, Table Il shows that wh_lle tr_]e patterns recordeq
with a continuous phase transition. All the available experi—above 300 K can be adequately fitted |n'the centrosymmetric
mental evidence suggests the tetragonal to orthorhombi|c4/m_mmStrUCture' thd 4mm model provides a comparable
transition will be continuous, and it is reasonable to expecfuality fit to the low temperature data and accounts for the
that once domains with orthorhombic character form the)pbserved ferroelectric behavior. . . .
will rapidly propagate. Consequently, at 20 K the diffraction The broadness of the_ ferroeIectrlc—pgraelectrlc transition
pattern should show clear evidence of an orthorhombi(.SFJggeStS that local bonding .e:ffects are important and cation
phase. The observation that the structure at 20 K is metridiSOrder can alter the transition temperature. To date, how
cally tetragonal and the diffraction patterns do not show any@tion disorder alters the transition temperatidees it in-

reflections indicative of the orthorhombié&2,am) phase at crease or decrease itas not be‘?” est_abhshed. Itis, hpwever,
20 K is a strong argument against the microdomain theor))."'n“kely thfat the_ Iargt_e change in lattice parameters is due to
a change in cation disorder. The structural refinements show

there is apparently no change in the extent of the Ba/Bi cat-
ion disorder upon heating from 300 to 500 K, with the dis-
order remaining constant at around (5)80 Ba occupancy in

‘ Nb2
®
Bil

r, » T,

S ’ the BiL,O, layers. This is consistent with the previous study
[mem s3] [Cmo)] [mmmociaa) fFmm2@a2)]  [Hmm #107) of Ismunandar and Kennedywho reported that heating
. ) samples to 1000 °C causes only very minor changes in the
T, X,

extent of cation disorder.

The orthorhombicA2,am phase can be distinguished
from the tetragonal4/mmm by, among other features, the

FIG. 3. Relationship between the space groups observed iH’Iting _Of t_he MOs octahedra. This tilting_is simi_lar to that
ABi,M,04, A=Ba, Sr andM =Nb, Ta. The solid lines show tran- seen in S'mple p_erOVSk'tes such a$ C%T!'@a“‘?' is related
sitions allowed to be continuous by group theory and the dashetP the relative size of the perovskifetype cation (B‘Z?‘+)
line indicates that the transition fro/mmmto Cmmust be dis- and theM-type cation (NB"). Reducing the effective size of
continuous! 4/mmmandl 4mm are tetragonal whildmam Imm2,  the A cation (e.g., by partially replacing Ba with Bi®")
Fmm2 and A2,am are orthorhombic.Cm is monoclinic. Only ~ Will increase the tendency for, and magnitude of, the tilting
I4/mmm and Amamare centrosymmetric. The modes associatedof the NbQ octahedra. Such tilting alone is not sufficient to
with the change in symmetry are indicatgeief. 7). induce ferroelectricity, as seen in the paraelectimam
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phase. We accept that cation disorder is important in thesexistence of such a transition resolves the long-debated ques-
materials(and is most probably responsible for the broadnession as to the origin of ferroelectricity in the tetragonal Au-

of the ferroelectric-paraelectric transitlpmowever we con- rivillius oxides.

tend that this is not the origin of the ferroelectricity.

In conclusion, we have shown the presence of a crystal- This work was funded by the Australian Research Coun-
lographic phase transition near room temperature ircil. Work at Brookhaven was supported by the U.S. Depart-
BaBi,Nb,Oy. We believe this is from the paraelectric ment of Energy, Division of Materials Sciences under Con-

[ 4/mmm structure to the ferroelectricdmm structure. The tract No. DE-AC02-98CH10886.
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