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Two high-temperature paraelectric phases in S§gBi, 1Ta,0q

C. H. Hervoches, J. T. S. Irvine, and P. Lightfbot
School of Chemistry, University of St. Andrews, St. Andrews, Fife KY16 9ST, United Kingdom
(Received 16 March 2001; published 22 August 2001

SryeBIi» 1TaOq is shown, by Rietveld refinement of powder neutron-diffraction data, to undergo two phase
transitions at elevated temperature. The low-temperature ferroelectric (dpase groupp2,am) transforms
to a paraelectric phag@dmam at T.~375°C. This phase does not transform to the expected tetragonal phase
(I4/mmm) until T~550°C. The transition fronA2;am to Amaminvolves not only loss of the displacive
mode along the polaa axis, but also loss of a Tactahedral tilt mode around theaxis.
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The Aurivillius family of layered bismuth-containing ox- differ dramatically from those of the Onodera, determined by
ides encompasses many ferroelectric materials, a fact whiddXD and provide, we believe, a much more precise insight
has been known since the pioneering work of Smolehskiiinto the structural behavior of this important material.
and Subbargoforty years ago. In recent years, considerable A 10 g polycrystalline sample of $§Bi, ;Ta,0q suitable
interest in these materials has been rekindled due to the olier PND was prepared by traditional solid-state reaction. Sto-
servation of fatigue-free behavior and low coercive field inichiometric quantities of BO;, SrCQ;, and TaOs were
ferroelectric thin films of SrBiTa,Oy«(SBT) and related mixed, ground, and heated together at 850 °C for 24 h, fol-
materials® This makes SBT currently the material of choice lowed by two firings of 24 h at 1000 °C. Preliminary PXD on
for potential applications in ferroelectric random accessa Stoe STADI/P powder diffractometer, revealed that the
memories(FeRAM’s). The properties of SBT itself may be sample was phase pure. Powder neutron-diffraction data
tailored subtlely by altering the stoichiometry to a slightly Bi were collected on the high-resolution powder diffractometer
excess composition, nominally SBi,,Ta00,* which  HRDP at the CLRC ISIS Facility, U.K. Data were collected
shows a much larger spontaneous polarizationl0 in a thin-walled cylindrical vanadium can at temperatures of
uCcm ) and highefT, (400 °C) than that of stoichiometric 110, 200, 250, 300, 350, 400, 450, 500, and 550 °C, each

SBT (5.8 uCcm 2 and 335 °C, respectivelyln addition to
the single crystal x-ray study of SBTdetailed crystallo-

graphic characterization of both SBT and an off- zgg | .

stoichiomectric composition, §§Bi, 1Ta0q, in their room- $

temperature ferroelectric phases, has recently been carried 210 1 ¢

out by Shimakawat al.® using powder neutron diffraction 190 1 %

(PND). This technique is considerably more suitable to the . 1704 . .

study of these materials in bulk polycrystalline form than “ 150 - *

powder x-ray diffraction(PXD) due to the smaller variation 130 - ‘e

in the scattering factors for the elements involved; i.e., x-ray 110 M *e
scattering is too dominated by the scattering of the heavy 90

atoms to allow precise and meaningful location of oxygen 70 } . [ ‘
atom positions. Until now, however, powder neutron- 200 300 400 500 600
diffraction techniques have only been applied to the study of T CC

the ferro- to paraelectric phase transition in one Aurivillius (C)

phase, viz. BiTi;O;,. Recent reporfsof the thermal behav-

ior of both SBT and S$ysBi, Ta,0, however, have sug- 0.01 - .
gested that the two compositions may undergo a differing 0.009 - o*
sequence of phase transitions at elevated temperature, and a 0.008 4 o

very recent variable temperature PXD stlidyas proposed 0.007 .‘

an intermediate phase may exist fory §Bi, 1TaOq in the _ 0.008 - ¢ *

region 237 °G<T<397 °C, based on anomalous changes in £ 0.005 - * "

lattice parameters vs temperature. That study also proposed a 0.004 M

model for the high-temperature pha&s 477 °Q in space 0.003 -

groupl4/mmm which is the “expected” highest symmetry 0.002 -

structure for an Aurivillius phase, and has been confirmed in 0.001 |

the case of BjTi;O;, by our own PND analysi§We have 0 ‘ ' ; :
now carried out our own variable temperature PND study of 200 300 400 500 600

Sry sBi, 1Ta0g and confirm that there are, indeed, two high-
temperature phase transitions, in agreement with the hypoth-
esis of Onoderat al. In detail, however, our present results
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FIG. 1. Dielectric constant v§ showingT.~375°C.
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FIG. 3. Lattice parameters for &Bi,» 1Ta0Oq as a function of
temperature, determined from Rietveld refinement of powder
neutron-diffraction data.

lection lasting approximately 2 h. The HRPD instru-

ment operates in time-of-flight mode, with fixed detector
banks. Only the data from the high-resolution “backscatter-
ing” banks (26~168°) were used for subsequent Rietveld
analysis using the GSAS suft2 Al the refinements were

out using a data range 068<2.5A. Dielectric
re collected by a.c. impedance spectroscopy using a
n 1255 Frequency Response Analyser with a 1287

Electrochemical Interface. Measurements were performed
using an ac amplitude of 20 mV over the frequency range

100 mHz-1 MHz.
FIG. 2. Crystal structure of th&2,am ferroelectric phase of Impedance data showed a single Debye-type arc. The re-
SIy gBi» 1Ta,0g at 110 °C. sponse indicated a highly resistive electronic component in
parallel with a temperature-dependent dielectric component.

The dielectric constant increases with temperature up to
375°C and then decreases sharply as temperature is further

1

FIG. 4. Final Rietveld profile for
Sty gsBi21Ta0g at 110 °C A2,am).
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TABLE |. Refined structural parameters forgQgBi, 1 Ta,O4 at
110 °C, space group2,am, a=5.52252) A, b=5.52462) A, and
€=25.03386) A.

Atom X y z Uiso (x100)

Sr(1p 0P 0.247215 O 1.61)
Bi(1)  0.455516) 0.768711) 0.2001@14) 2.6(1)
Ta(l)  0.513820) 0.745614) 0.4149614) 1.008)
o(1) 0.518727) 0.298521) 0 1.62)
0(2) 0.513722) 0.691715) 0.3413722) 2.32)
0@3) 0.729522) 0.998318) 0.2507233) 1.51)
0(4) 0.752426) 0.986217) 0.0702622) 1.82)
o(5) 0.788223) 0.970915 0.5838123) 1.52)

@ccupancy of site: 0.85 Sr/0.1 Bi.
bFixed to define origin of polar axis.

TABLE Il. Refined structural parameters for,@Bi, ;Ta,Oq at
450 °C, space groupmam a=5.53502) A, b=5.53762) A, and
¢=25.075%5) A.

Atom X y z Uiso (X100
Sr(1) 0.25° 0.240118) O 3.1
Bi(1) 0.75 0.760613)  0.2001%13) 4.91)
Ta(1) 0.75 0.748614)  0.4145412) 1.757)
o(1) 0.75 0.278026) 0 3.92)
0(2) 0.75 0.695416)  0.3414122) 4.02)
0(3) 0 0 0.2501(89) 2.5(1)
0(4) 0 0 0.0722(24) 3.1(2)
0(5) 0 0 0.5821425) 3.803)

@ccupancy of site 0.85 Sr/0.1 Bi.

®There is a shift of\x=0.25 between the settings of space groups

A2,;am and Amam

TABLE Ill. Refined structural parameters for aeBi, 1Ta,Og at
550 °C, space group ldimm a=3.917216) A and c=25.11425)
A

Ull U22 U33
Atom X y z (x100° (x100) (x100)
Sr(1® 05 05 0 2.2) 292 444

Bi(l) 05 05 0200143 562 562 5.002)
Tal) O 0 04144214 151 1.51) 3.12)

0O(1) 0 0 0 5.53) 553) 1.64)
0(2) 0 0 0.3406921) 10.03) 10.03) 2.6(3)
(0](c)) 0 0.5 0.25 2.8) 282 3.22
O(4) 0 0.5 0.07728L1) 4.7(2) 1.02) 6.52)

#ccupancy of site: 0.85 Sr/0.1 Bi.
bAnisotropy refinement carried out.
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FIG. 5. Projections of one perovskite unit along thexis show-
ing loss of the octahedral tilt mode aroumd (a) A2.,am, (b)
Amam

increasedFig. 1). This shows clear evidence of a ferroelec-
tric to paraelectric transition &t,~375°C.

Refinement of the PND data at 110 °C was carried out
using the model of Shimakawat al. in space group
A2,am.® The crystal structure in this phase is shown in Fig.
2. We note that in stoichiometric SgBIb,Oq there is partial
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disorder of the Sr/Bi cations over the two sité=., the  we also applied it to the data at 110 °C. The reSUWﬁ!pr
[Bi,O,] layer site and the perovskit site).'* However, in  values for the four Rietveld refinements were: 110°C
this case, neither our PXD data nor the PND data provided-5.01/7.6% @A2,am), 7.06/9.1% (Aman): 450°C
any evidence for a similar disorder, presumably due, in part;-3.55/6.4 % A2;,am), 3.62/6.5%(Amam for 39 and 29

to the Bi excess nature of this composition. The occupanciegariables in the case &2,am andAmam respectively. This

of these sites were therefore kept fixed throughout all subseanalysis shows unambiguously that #seammodel for the
guent refinements. High quality Rietveld fits were obtainedntermediate phase is valid, as the observed very slight im-
in this model for all temperatures up to 550 °C. At this stageprovement inxy? in going to the lower symmetry phase, at
it became apparent that the transition to the “parent” phaséb50 °C can be taken as insignificant. The final Rietveld fit for
in 14/mmm had occurred. Therefore, the refinement atthe A2;am model, at 110°C, is given in Fig. 4. We have
550 °C was also carried out in this space group, with a hig§hown, therefore, thqt the following series of phase transi-
quality fit again being obtaineGoodness-of-fit indiceg?  1ONS occurs for SygeBis 1Ta;04:

=3.49Ryp=6.4%) and x?=3.17(R,,=6.1%) for the 375 °C 550 °C

A2;am and I4/mmm refinements, respectively At this A2,am — Amam — |4/mmm

stage, the thermal evolution of the lattice parameters was Ferro- Para- Para-

plotted (Fig. 3). An unexpected feature can now be seen,
providing unambiguous evidence for an intermediate phas
transition, rather than a transition directly froAR2,am to
[4/mmm The orthorhombicity [2(b—a)/(b+a)] of the
sample actuallyncreasesn the range 250°€T<375°C,
with the maximum orthorhombicity coinciding with a change
of slope in thec parameter vg, at ~375 °C. This correlates
with a measured . for the present sample of 375°C. To-
gether, these data confirm the existence of an intermedial
phase in the region 3T <550 °C. Careful scrutiny of the
neutron powder diffraction data at 450°C suggested thag
there had been no change in lattice type, for example to
F-centred orthorhombic system, which has been suggested
a possible intermediate phase in some Aurivillius system
For example, the presence of reflections 23310 2and 033
confirm theA-centered nature of the lattice. Therefore, a re-
finement of the 450 °C data was performed in the centrosym
metric space groupmam compatible with the observed sys-
tematic absences, and the simplest supergroup of We would like to thank EPSRC for financial supp¢id
A2,am. [We note that the presence of the 033 reflectionC.H.H. and for provision of neutron-diffraction facilities at
also negates the possibility of the alternative space groufsIS. We thank Dr. K. S. Knight and Dr. R. M. Ibberson for
Abam,] As a comparative test of the validity of this model, help in the neutron data collection.

Final refined crystallographic parameters for the three phases
Sre given in Tables I-Ill. The structure of,3EBi, 1TaxOgq in

the ferroelectrid2,am phase given in Fig. 1. The difference
between theA2,am and Amamstructures is firstly that the
displacive mode along the polar ax& is lost and, secondly,
that a rotational mode of the Tg@ctahedra, around the
axis, of the perovskite unit is also logh space group Abam
his rotational mode would not be 19sfThis is best seen by
comparison of the-axis projections one octahedral layer
f the structureqFig. 5. The reasons for this unexpected
ehavior are not yet understood in detail, but they may de-
end subtlely on the nature of the individual cation sites
o hin the structure, and the number of perovskite layers
present. A future comparison with related Aurivillius phases
SrBi,Nb,Oq, BisTizO15 and SrBjTi4Oq5 having 2, 3, and 4
perovskite layers, respectively, is planned; the latter two do
Aot appear to show an intermediate paraelectric phse.
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