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Abstract. Four compounds of the Bi,Ti;0,,/BiFeQ; system with
the formula BiyBi, _(Ti,Fe), 04,3, 0 = 3, 4, 4.5 and 6 were studied
using high-temperature X-ray powder diffraction and differential
thermoanalysis methods, The crystal structure of then = 6 phase
was refined by the Rietveld method. An unusual behaviour of ther-
mal expansion attributed to an orthorhombic-to-tetragonal trans-
formation was revealed. For all the compounds, the lattice parame-
ter ¢ vs temperature T dependence has three regions in the range
of T = 20 =730 °C interpreted as (1) expansion of the initial or-
thorhombic phase, (2) a pronounced structure reconstruction to
the tetragonal phase, (3) an expansion of the tetragonal phase.

The crystal structure of Bi, Ti;Fe O, based on 6-layer-perovskite
blocks 1s proposed from X-ray powder diffraction data. The Rict-
veld refinement of the structure in the orthorhombic space group
F2mm with lattice parameters ¢ = 5.4699(3), b = 5.4924(3), ¢ =
SISSINAR, =94, R, = 11.9, Revpy = 4.7, Rg = 4.4 %)) shows
that a distorted 6-layer model fits the data of Bi;Ti;Fe 0.,

Keywords: Perovskite phases; Phase transitions: Thermal EXpih-
sion; X-ray scattering

Introduction

The Aurnivilbus family of layered Bi-containing oxides is
well known for its ferroelectric properties. Aithough these
phases were first described more than 50 years ago [1] and
their ferroclectric properties were found 10 years later by
[2], layered perovskites still attract considerable interest in
particular due to the recent observation of fatigue free be-
haviour and low coercive fields in thin films [3]. According
to {4} B1 titanates are of great technological interest because
of their applications as non-volatile ferroelectric memories
and as high-temperature piezoelectic materials. Usually,
crystal structures of these phases are described as a combi-
nation or intergrowth of (Bi,0,)?* layers and
(An—1Bn0s,.43)°" perovskite—like blocks, where A is a
twelve co-ordinated cation, e.g. Na, K, Ca, Sr, Ba, Pb, Bi,
etc., and B is an octahedral cation such as Fe, Ti, Nb, Ta,
Cr, etc. Here n is the number of octahedral layers in a per-
ovskite-ike block. The structural studies of these phases
concern mainly the compounds with n = 1... 4 or their in-
tergrowth analogues.

Compounds from the BiyTi,0,,/BiFeQ, system represent
semiconducting, ferroelectric and ferromagnetic properties
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[5. 7-9]. BiyT1;0;; (n=3) shows high-electrical conduc-
tivity like BisTi;FeO,s (n=4) [4]. For the latler, measure-
ments of the magnetoelectric coeflicient were reported in
[6]. According to [7], BisTi;FeQys and BigT13Fe,0, 5 exhibit
simultaneous electrical and magnetic ordering, The mag-
netic measurements of BigFe Ti30,4 (n="7) indicate antifer-
romagnetic behaviour for the compound [8]. An eight-
layered compound BigFesTi;O,; behaves like a superparam-
agnet [9] and transforms from that state to an antiferromag-
netic state around 400 K.

In the BisTi;0,y/BiFeO; system compounds with the
general formula Bi,Bi, _(Ti,Fe), 01,43, 0 = 3, 3.5, 4, 4.5,
3, 6, 8 were synthesised by solid state reaction and charac-
terised by X-ray diffraction (XRD) in [5}; the phases with
n = 4, 5 and § were found before also in [10]. Diffraction
data for the n = 3, 4. 5, 8 compounds were presented in the
PDF database. The crystal structures of these compounds
with n = 3, 3.5, 4 were determined in the orthorhombic
system by [1, 11—14, and 21}, respectively. The orthorhom-
bic cell parameters, ¢ and 5, of these structures are in the
range 5.40—547 A. The number of perovskite-like fayers
varies along the [001] direction and the ¢ value changes cor-
respondingly: 32.8 A (n=3) [11], 37.1 A (n=3-4) [12],
41.2 A (n=4) [14}. The structure of Bi,Ti;0,; was deter-
mined both on the basis of an orthorhombic [22] and a
monociinic {15] space group.

Up to now the nature of the ferroelectric-paraelectric
(FE-PE} transition is not fully resolved. Recently, a number
of high temperature powder neutron diffraction (PNDj
studies has revealed that the initial polar orthorhombic
structure transforms either into a non-polar orthorhombic,
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or into a4 non-polar tetragonal structure at a femperature
coincident with the Curie temperalure, The structure of
Ri, Ti,0,> (n=3) has been refined by the Rietveld mcthod
in the orthorhombic space group B2¢h (no.dl) at 25, 500
and 650 °C and in the tetragonal space group [4/minm
(n0.139) at 800 °C [11]. For BisTi;Fe0,s (n=4) the poly-
morph phase transition from the polar space group A2,am
(no.36) to the non-polar group f4/numm was studied 1n de-
tail using PND data {17}, Its transition temperature deter-
minad as ~730 °C is coinaident with the Curie temperature
of the FE-PE transition. In contrast, two Sr-containing Au-
rvillius  compounds, SrggsBiy Ta;Oy {n=2} [16] and
SrBi,Ti40¢5 (n=4) [14], do indeed undergo a two-step tran-
sition, proceeding from A2 ,am to {4/pumm via an intermedi-
ate paraelectric orthorhombic Amam (n0.63) phase
Whereas the Sr-containing 2-layer phase SrBi;Nb,O, ap-
pears to transform directly to a fetragonal paraelectric
phase 4/mnrm (no. 139) {17]. the high-temperature synchro-
tron X-ray diffraction study {18] confirms that orthorhom-
bic BRaBixTi,0,s (42,am) continuouslty transforms into a
tetragonal structure at about 700 K. However, it wds un-
clcar whether an mtermediate phasc (space group Amuam)
exists over a very limited temperature range or not. 50, the
nature of the FE-PE transformation 1s not yet clear.

The present study is especially aimed al the investigation
of the thermal behaviour of four Auriviilius phases with the
gencral chemical formula Bi,Bi,_(TLFe),Osp.3, n = 3, 4,
4.5 and 6 using high-temperature X-ray powder difiraction
(HTXR D) and differential thermoanalysis (DTA) methods.
Also, the structure of the compound BiyT13Fe:0,; will be
refined using X-ray powder diffraction data and the Ruet-
veld method.

Experimental

Polyerystalline samples were prepared using traditional solid-state
technique from pure-grade Bi:Os. analytical-grade Fe;O; and
cxtra— pure grade TiQ,. From the initial mixture of (0.5.x+2}81,0
+ 0.5xFe204 + 3Ti0., where x = 0, 1, 1.5, 3 corresponds to x mol
of BiFeQ; per 1 mol of Bi3Ti;04,, the compounds with n = 3, 4,
4.5 and 6. i. e B Ti;O}1, BisFeTi;05. BijTigFe 053 and Bl
Fe.Ti,0,, were synthesized. The starting reagents were ground in
a vibratory miil, pressed into tablets, and than heated in several
steps each at higher temperature with intermediate regrindings be-
tween each steps. The synthesised materials were characterised by
XRD using DRON 2 and D5000 powder diffractometers (Cuko
radiation) and by scanning electron microscopy with ABT-53 [3].
The XRD data for the compounds with n mainly 4.5 and 6 were
recently deposited by us in the PDF database (PDF # 34-240 and
# 54-1044). The chemical composition of the compounds was deter-
mined using microprobe analysis on AX1000/885 (Table 1). Ac-
cording to the electron microscopy data all powders contaim a little
amount of an additional phase with chemical composition ndi-
cated also i Fable 1.

The thermal behaviour of the Aurivillius phases with n = 3, 4, 4.5,
6 under heating in air was studied by HTXRD using a DRON
3M diffractometer (NPO Burevestnik; 35 kV, 20 mAL CuKa A=
1.5418 A radiation, graphite monochromator and scintillation de-
tector) in the temperature range 20 °C —730°C. The diffraction
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Table 1T Chemical composition of Bi;Bi, _(T1.Fe), 01, . 4 from mi-
croprobe data for compounds of the By, TiiOy, — BiFe(O; system

[3].
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Figure I Orthorhombic celi parameters a, b, ¢ as a function of the
number of octahedral lavers (n} i a perovskite-like block.

duta for the Rietveld refinement was collected at room temperature
on a D300 powder diffructometer {(CuKo-radiation, air atmos-
phere, step-scan mode with step width 0.017 1 28). The structure
refinement has been carried ouf with the program Rietica 1.7.119].
All samples have also been investigated by DTA in the range of
temperatures 20 7C 1300 °C.

Thermal behaviour of Aurivillius phases of the
Bi Ti;O»/BiFeO; system

At room {emperature the orthorhombic cell parameters -
creased linearly with increasing number of octahedral layers
in a perovskite-hike block (Fig. 1),

The temperature dependence of the cell parameters {or

4.5), and Bi1;T1:Fes0,; (n=6}, as derived from powder
HTXRD data, is shown m Fig. 2 a, b, ¢, d respectively. For
comparison, the data for the n = 3 phase I[rom {1} and for
n = 4 from [14] are designated by x" in Fig. 2. Since the
cell parameters ¢ and » (5.46x0.03 A} and hence the reflec-
tion pairs ftkl, khl are very close to each other in the com-
pounds studied, it 1s difficult to determine @ and b values
accurately. To define the point where the orthorhombic cell
parameters ¢ and » become equal to each other, we ana-
lyzed the changes of the full width at half maximum
(FWHM) with temperature for umque reflections and for
reflection pairs. For example, for BisTizFeQ,s {(n=4) Lhe

cally does notl change under heating: (.33° 1 20 at 20 °C
and 0.31° at 640 °C. whercas the FWHM of the reflection
pair 200 and 020 (I/1, = 30 %) decreased from 0.45° (20) at
room lemperature up to 0.31° at 680 °C {Fig. 3b), We sup-
pose that in that point (¢ = b} the orthorhombic structure
transforms into a fetragonat one.

The dependence ¢ vs T for the compounds with n = 3,
4. 4.5 and 6 could be divided into threc ranges: (1} the low-
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Figure 2 Orthorhombic cell paramcters «, b, ¢ as a function of temperature (abscissa tn °C) (a) BigTi:04- (n=3), (b) BiTi,FeO: (n=4),

{C) BiHTif,Ft':_;O;; {1’1:4.5}, {d} Bi';Ti;Fﬂ;Og] “126).
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Figure 3 Temperature dependence of the full width at half maxi-
mum (FEWHM) for the umque reflection 119 and for the retlection

patr 020. 200 of the compound n = 4.
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Figure 4 Lincar thermal expansion coefficient o, as a function of
the number of octahedral layers n for the orthorhombic (OR) and
intermediute region (OR—T).

temperature orthorhombte (OR) region with lower thermal
expansion, {2} the intermediate orthorhombic — tetragonal
(OR—T) region with greater expansion and (3) the high-
temperature tetragonal (T) region with lower thermal cx-
pansion. The thermal expansion cocfficient o, calculated
for the intermediate region is about 2-4 times larger than
that for low-temperature orthorhombic phases (Fig. 4). It
should be noted that the high-temperature neutron diffrac-
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Figure 5 Typical temperature dependence of the cell parameter ¢ of
Bi- {a} and Sr-contaming {b) Aunvillius phases.

fion data forn = 3and n = 4 from {11, 14] are 1n agreement
with our HTXRD data (Fig. 2, x). As reported by {11, 14]
for BisTi;FeQ,5, according to the Rietveld refinement at
clevated temperatures there 18 no evidence of any intermedi-
atc phase: only the direct transformation from the FE or-
thorhombic 1into the PE tetragonal phase is noted. Thus
we assume that this unusual ¢ vs T dependence could be
interpreted as follows: firstly the orthorhombic modifi-
cation expands under heating, then the same or a similar
orthorhombic structure rebuilds towards tetragonal sym-
metry. We see that cell parameters ¢ and » become closer
1o cach other, whereas along the ¢ direction the siructurc
expands significantly. Obviously, the {Ti,Fe)Og octahedral
axis becomes parallel to the ¢ direction. So, we observed
the region (OR—T) of thorough structure reconstruction.
At further heating we saw presumably the expansion ol the
high-temperature tetragonal phase.

The high-temperature data for BaBi 11,05, as reported
by [18]. allows the same division in the evailuation of ccll
parameters on heating to be made like 1 our Bi-phases. (n
(14, 16, 17] another character of structure {ransformation
was observed for Sr-containing Aurivillius phases. The ¢ cell
parameter vs. temperature variation 1s shown schematically
in Frg. 5a and Sb for Bi {this work) — and for Sr-containing
phases. Both curves exhibii two kinks, but in the case of the
Bi-phase the structure within the intermediate region has a
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Figure 6 Differential thermoanalysis (DTA) data for (a) Bi Ti;0,.
{ﬂ;'—"j}.. (b} BigTi;FﬁOlS {IT':4}.. {C) Bi”TiﬁFﬁ.‘:;Ojﬂ (H:4.5},¢ fd)
By Tiske;0;) {n=6). AT = T.-T, temperature difference between
sample, T, and reference, T.. Changes of AT shown indicate endo-
therniic reactions.

greater value of thermal expansion, whereas for Sr-phases
almost zero cxpansion is observed.

The DTA results are presented in Fig, 6. A weak endo-
thermic clfect was observed in the range of temperatures
630-740 °C forall samples studied. It could be associated
with an OR-»T transformation. Generally, the DTA endo-
thermic effect is in good agreement with HTXRD data
(Fig. 2). For example, the temperature of the DTA endo-
thermic effect (660 °C), of the ¢ = b point (676°) and of the
Cunie temperature (675°) are practically equal to cach other
tfor the n = 3 phase.

»0, the HTXRI data represent a new region (OR—T) of
mtensive structure reconstruction for all compounds inves-
tigated. The evaluation of the cell paramcters for then = 6
phasc revealed a more complicated character. Actually, on
the ¢ v¢ T temperature dependence we could define one
more point near 400 °C, where the dependence changes its
slope.

A crystal structure model of Bi;Ti;Fe;0,, (n=6)

As far as we are aware. there is only one crystal structural
study of the Aurivillius phase Bi; TiyNbO,, with the ¢ par-
ameter 57.99 A that could be attributed to a 6 fayer-struc-
ture [20]. A careiul single crystal structural analysis made
it clear that 1t 1s mdeed the intergrowth phase with Bi-
TINDO; (n=2) and Bi; T30 (n=3) slabs {20},

For Bi;TisFe;0,; we propose here a structural model
based on 6-layered perovskite blocks (Fig. 7). The model
was constructed with starting coordinates being derived
from those of the F2Zmm (no.42) 4-layer BisTizFeQ;s struc-
iure [13] by the incorporation of two additional octahedral
tayers (2 X BiFeO3) to the 4-layer-block. Bi;TisFes0,, was
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refined in the orthorhombic space groups F2mm and 42,um
with the code Rielica, since the structure of BisTi3Fe05
was also reported having F2mmr [13] as well as 42, am SVHI-
metry [14]. The rcsults obtained in these groups are similar
to each other what did not enable us to distinguish them.
Finally, we applied the more symmetrical group FZnum
(Table 2). The background was modelled using a 5th order
polynomial approximation. The peak-profile was described
by a pseudo-Voigt function. The displacement parameters
for Ti/Fe atoms as well as for the oxygen atoms were con-
strained to be cach equal in order to stabilise the refine-
ment, As 1t 1s noted in the Table I, according to the mi-
croprobe data, the initial sample contained the admixture
(<5 %) of a phase with the composition Bty Tig y4ter 170,
50 we uscd the positional parameters of the orthorhombic
compound Bi,Fe,Oq (space group Pbam (no.55)) [23] for
this additional phase. The profile parameters and the unit
cell (a=7.840(3) A. h=8.445(4) A, ¢=5.958(3) A) only were
refined for the add-phase. The best Rietveld refinement
(Fig. 7) was achieved with reliability factors (R-values)
listed in Tablc 2.

Selected bond distances are presented in Table 4. Rela-
tively high R-factors are probably caused by structural de-
fects. The FWHM for the 001 reflections is two to threc
times larger than that for other maxima. Obviously, the
number of layers in a block is not constant in the structure.
but the 6-layer phase dominates. Since X-ray diffraction is
much more efficient for the localisation of heavy Bi atoms
than for O atoms, the values of the estimated standard devi-
ations for atomic parameters and, correspondingly. for the
interatomic distances especially of oxyeen atoms are much
larger than that of Bi atoms {Table 4).

The structure of Bi;TizFe;0;,, as any other Aurivillius
structure, could also be described in terms of crystal chem-
istry with oxocentered anions [24] as an alternation of per-
ovskite blocks and Bi-O layers build up from OBi, tetra-
hedra by sharing of edges (Fig. 7).

Table 2 Crystaliographic data for Bi;Tt,Fe O,

Formula Bi-TiyFes05,
Temperature {in () 22

Space group F2mn {no.42)
Z 4

Formula weight {in mass units) 2HLIO
Deensity D, (in 1% g/m?) 7.74

a {in A) 3.4699( 3)

& (in A} 5.4924(3)
c{in A) 57.55H3)
V{in A [ 729.0

28 range {in *) 10.3-95.8
Step srze (n 22603 .01
Radiation Cukix

R, in %%} 9.4

R, {1n %%) 119

RH {Iﬁ "l 4.4

R-:::r.p {ill t}’i'r} ¢.7

¥2 (1.5

No. ol reflections (o, + o) 528

N, of variables 52

e e ] R e e e s AT
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Figure 7 Model of crystal structure of Bi;T1.Fe O, and the Rietveld data plot (+ observed pattern, solid line for simulated pattern. bottom

line for difference).

Tabie 3 Atomic parameters for Bi; Ti:Fes Qo

CIELIETRE LI RYTETTT PE T TN TS S Py

B (in AY

Atom X ¥ 4
Bit TE (.6 (.1 {LAR(17)
Bil 0.4 - 02 2] D77 (.62 16}
Bi3 0.4 0033 3447301 0.75(17;
Bid )] —BAOLID (1223112} 15315
TilgFely® (1.1 002117 333K (6402}

T2 Fels® (4.0} (L.053(5) (.3954(3) (642}
Tid(Fedy* (.0 (L.025(7 D.3671{3} {3042

01 {14} 0.629{1h (.0 {(1.6{35)

(O 1.294¢ 19} 0.805(18) G971} 0.6

(3 5.0 0e07(13) 0.834(1) .6

04 199(13) 0.828()5) 0.402(1) (3.6

05 0.6 (L{I58(17} f.356(1) .6

{1 (L 226{18) 0.723(16} 0.312¢1) ()4

Q7 (4 G.3541%) B213(F) (3.6

(3% (.25 0234040 {123 0.6

Tifle sites are considered to be occupied at random by FTiFe=0.5/0.5
Conclusions

The HTXRD study of Bi,TisOp, BiFeTi;Ox,

Biy, Tigke4045 and Bi;Fe;T1:0,; showed an unusual behav-
our of the cell parameters especially for the ¢ vs T depen-
dence. For all compounds studied three temperature regions
could be distinguished: {1} the low-temperature OR region
of the thermal expansion of the mitiai orthorhombi¢ phase,
12} the OR—1 intermediate region of structure reconstruc-
tion; {3} the thermal expansion of the resulting tetragonal
phase T. The hnear cocfficient of thermal expansion along
the ¢ direction within the intermediate region 18 2-4 tumes
larger than that for the OR as well as for the T phase. This
1s caused by a structural reconstruction. No evidence of a
structural phase transition was found. For the 6-layer struc-
ture an additional temperature region has been observed,

7. Anorg. Alle Chem. 2005, 631. 1603— 1608 zaac.wiley-veh.de

Table 4 Sclected bond lengths of the Biy Fi.Fe 0,y structure

[FL 1%

ALom pair Bond kength Alom paw Bond length

(A {11 Al
Bil —~ Bil” I R75k% Til - (O3 R ETEY
EBi2 24 [5{2)*? 6 1.99(7) * 2
Oy 1.93fa* 2
{7 131 16}
Biz - B2 3.8758%4 (e - O 1.97
B13 $.2336(2) T O3 2.26{8)
3 LOj(5 * 2
Bid - Bi5 3RTAR™ (34 UL e T,
13i4 4.47923( 2 5 2.2M7
{2 o 06
Tid - O | 97(3
B4 - B4’ 3ATIE* ()} 241y 2
Bid* KRN IR L {32 O7(11p* 2
134" 30624 (2] *2 O3 1.493 (8
SF O 1.95%
Bl — (] 204 (12) B2 - {0 325 (4y#0
1 2RI {12 {3} 332 (52
02 2.52 {41%4 (33 L EEEY
02 2.60 (574 03 2.84¢2)%2
(] 345 {12y {33 .09 (R
(Bib - .03 {34 23682
(e 235 (ayF2
(B2 - (% 25
Bid — (4 3.37(0hy%2 Bid  OX 23T R R
04’ 3.56(Ky2 0%’ 2 AN IR
(5 2.36(9} 6 ZRE11y%2
05’ 2 T2 O L0111+
15" 3149 37 2.51{%)
{6 2039 *2 7 2 RT2 2
6’ JE2(]1*2 (7 ERER Y

{3y (8 3.08 (B4 O3 2 qu

which could be associated with an ntermediate OR phase,

The structure of Bi;Fe;T1;05, has been refined in the or-
thorhombic space group F2mm using X-ray powder diffrac-
tion data. The 6-fayer model for this struciure 1s build up
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by the incorporation of two additional octahedral layers (2
X BiFe(,) to the 4-layer-block of BisFeT1;0, structure.
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