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Abstract

Many Aurivillius phases of ferroelectric complex bismuth oxides ‘are currently known. With the formula
Bi,A,,_,B,, 0,3, they all consist of Bi,O, layers interleaved with perovskite-like A, _B,,Os,, . layers. Their
crystal chemistry and their chemical stability in relation to the number, m, of octahedral sheets within the
perovskite-like layers and to various cationic substitutions, have been analysed. The possibility of their ordered
intergrowth, i.e. the formation of the homologous series BiyA,, B, . Og, .o of mixed-layer structures has been
examined and a comprehensive review of their dielectric properties with respect to various chemical substitutions
and to different formation processes has been achieved, permitting an outline of their future potential applications.

1. Introduction

The family of so-called Aurivillius phases [1, 2] is
generally formulated as Bi,A,, B, 0, ,;, or more
conveniently (Bi,O,)A,,_B,,Os,,, ), since the phases
are built up by the regular intergrowth of (Bi,0,)**
layers and perovskite (A,,_,B,,0s,,_ )" slabs where A
is a combination of cations adequate for 12-coordinated
interstices such as Na*, K*, Ca%*, Sr**, Pb** Ba?",
Lo+, Bi**, Y**, U**, Th**, . .. etc., B is a combination
of cations well suited to octahedral coordination, like
Fe“, Cr3+, GaB+’ Ti4+, Zr4+, Nb5+, Ta5+’ M06+, W6+’

. etc. and m is an integer which corresponds to the
number of two-dimensional sheets of corner-sharing
octahedra forming the perovskite-like slabs.

The idealized structures of the first three members of
this family (m = 1, 2 and 3) are shown as a perspective
drawing in Fig. 1 and projected along [100], and [110],
(where the suffix p denotes the cubic perovskite subcell)
on Figs. 2 and 3 respectively.

The double-sided Bi,O, sheets are of the kind fre-
quently found in bismuth oxy-compounds, i.e. made up
of square pyramidal BiO, groups sharing their basal
edges. All'the compounds are tetragonal, or more fre-
quently pseudo-tetragonal (with slight orthorhombic
distortion). Their a and b axes lie along [110], so that
arb=x \/2ap ~0.54 nm. Their ¢ axes are inherently
long: ¢/2 ~(m + 1) 0.413 nm.
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It may be noted that the bismuth atoms of the Bi,0,
sheets occupy positions close to virtual A sites, and also
that the pyramidal BiO, groups share edges in such a
way that successive slabs of perovskite structure are in
antiphase, displaced by 3[110],. Many compounds be-
longing to this family were synthesized by Smolenskii es
al. [3] and Subbarao [4, 5]. To date, more than 70
compounds have been reported, including a consider-
able number of ferroelectrics; some of them are re-
ported in Table 1. They correspond to m values ranging
from 1 to 8, but only members of the series for m less
than or equal to 5 have now been thoroughly character-
ized by electron diffraction and high-resolution electron
microscopy. The actual existence of the others is there-
fore doubtful. For example, in the case of the m =8
compounds, Bi,Ti;Fe;0,;, whose existence was
claimed by Ismailzade and co-workers [16, 17], an
electron microscope study has shown that it consisted
of a mixture of m =4 and m = 5 compounds [18§].

The aim of this paper is to give an up to date review
of the crystallochemical and dielectric characteristics of
these fascinating compounds.

2. Crystal chemistry

All these ferroelectric compounds can be described in
terms of relatively small amplitude, displacive perturba-
tions away from a high symmetry, prototype, tetrago-
nal parent structure (space group symmetry [4/mmm,
a,=b,~0.385nm), presumed to correspond to the

¢ 1992 — Elsevier Sequoia. All rights reserved
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Fig. 1. A perspective drawing of the undistorted Fmmm parent structures: (a) Bi,Ti;O,, (m = 3); (b) Bi, TiNbO, (m = 2); (c) Bi, WO,

(m=1) (from z ~0.25 to z =0.75).
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Fig. 2. Idealized structures of: (a) Bi,WO, (m=1); (b)
Bi; TiNbO, (m = 2); (c) Bi,Ti;0,,. All projected along [100],.

non-polar structure stable above the high temperature
ferroelectric~paraelectric phase transition which occurs
at their respective Curie temperatures (Figs. 1, 2 and 3).
In fact all the known ferroelectric Aurivillius phases
have been described on the basis of a doubled
orthorhombic (pseudo-tetragonal) diagonal cell (a =
a,+b,,b=—a,+b,) and of an A-type (for even m)
and B-type (for odd m) Bravais lattice, so formally
transforming the 74/mmm (a, = b, ~ 0.385 nm, ¢) pro-
totype structure to an Fmmm (a ~ b ~ 0.385ﬁ nm, ¢)
underlying, non-polar, parent structure. The real struc-
tures of Bi, WO, (m =1), Bi;NbTiO, (m =2) and

o o '
oy ey YA

NN AN

[110]
Bi,WOg Bi3TiNbOg  BigTizOqp
(a) (b) (©

Fig. 3. Idealized structures of: (a) Bi,WO,: (b) Bi;TiNbO,; (c)
Bi, Ti;Oy,. All projected along [110],.

Bi,Ti;O,, (m =3) as determined by Newnham and
co-workers [16, 19, 20] and recently refined by Withers
and co-workers [21-23], are shown in Fig. 4.

The deformation from the. prototype structure is a
direct consequence of an anisotropic behaviour of the
lone-pair Bi** cation. We will analyse it in the case of
the Bi;NbTiO, compound [24]. We can see in Fig. 5,
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TABLE 1. Examples of reported Aurivillius Bi,A,,_,B,, O, .3 compounds
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m = 1: Bi,WO, [6], Bi,MoO [7]. Bi,TeOj [8], Bi,NbO,F, Bi,TaOsF and Bi,TiO,F, [9]
m = 2: Bi, TiNbO, [4, 10], Bi,PbNb, O, [4, 5], Bi,CaNb,O, [4. 5], Bi sNa, sNb,O, (1]
m = 3: Bi,Ti,O,, [4], Bi,LaTi,0,, [11, 12], Bi, sNa, sNb,O,, [13]
m = 4 Bi,BaTi,O,; [4], BisTi,GaO,; [4], BisTi;FeO,s [4], Bi,sNa,sTi,O,5 (4]
m = 5: Bi,Pb,Tis0, [4], Bi;NaNb,O,, [1], Bi, sNa; sNbsO, [13]. Bi,Pr.Ti;Fe,0,, [14. 15]
m =6: Bi,Pb,TisOs, [13]
m =T: Bi,Pb,Ti,0,, [13]
m =8: Bi, Ti,FesO,, [16]
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Fig. 4. (011) sections of: (a) Bi,WOq: (b) Bi;TiNbOy; (c)
Bi,Ti,O,, real structures. Dashed lines indicate strong Bi-O
bonds.

where short Bi—~O distances are visualized, that two kinds
of atomic movements are observed:

(i) Atomic movements parallel to (001) (Fig. 5(a)):
the Nb,Ti atoms are shifted along the polar axis ¢ away
from the centre of the octahedra and the octahedra
rotate about c. This leads to a global decrease of the a
and b parameters and to a slight orthorhombic distor-
tion (b < a).

(ii) Atomic movements parallel to (100) (Fig. 5(b)).
Because of the very short Bi(1)-O(1) distance, the first
is the rotation of the (Nb,Ti)O¢ octahedra around a. This
rotation is enhanced by the fifth strong bond Bi(2)-O(2)
contracted by the Bi(2) atom of the (Bi,0,) layers with
one of the apex O(2) atoms of the perovskite layer, in
addition to the four Bi(2)-O(3) bonds of the square
pyramid configuration. The corresponding (Nb,Ti)-O(1)
distance increases strongly. This results in a strong
elongation of the octahedra along ¢ and, despite tilting
around &, in an increase of the thickness of the perovskite
layer, i.e. of the ¢ parameter.

In conclusion, the distortions caused by the asymmet-
ric Bi** cations result in an increase of the ¢ parameter
and a decrease of both a and b parameters, together
with an orthorhombic distortion.
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Fig. 5. Comparison of the distorted perovskite layers of the
Bi, TiNbQ, structure with an ideal cubic layer (SrTiO,). The very
short Bi(1)-O(1) distance and the fifth strong Bi(2)-O(2) bond
are indicated by dotted lines.

The replacement of the asymmetric Bi’* cations by
symmetric La** cations should logically cancel the dis-
tortions, and therefore should result in the opposite
evolution: this is actually observed with the Bi;_,
La, TiNbOQj solid solution (0 < x < 1) where the evolu-
tion of the unit cell parameters and their composition is
shown in Fig. 6. Such a phenomenon is logically not
observed when the octahedral cations Nb’* are replaced
by Ti** and W°" cations, as in the Bi;Ti,, ,o,Nb; _,
WO, solid solution (0 < x < 1) (Fig. 7).

2.1. Stability

As in pure perovskite structures, it is the relative size
of cations A and B which determines, via the classical
tolerance factor ¢ =(r,+ 0.140)/\/§(rB + 0.140), the
stability of the structure. The possibilities are, however,
reduced because of the necessity for adjacent Bi,O, and
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Fig. 7. Bi;Ti,, ,,Nb,_ W _,0,: evolution of the lattice parame-
ters with x.

perovskite layers to conform to the same lateral dimen-
sions.

In fact, Subbarao [4] noticed that the tolerance fac-
tors for the perovskite layer were in the range 0.81—
0.93, i.e. had a narrower range than that observed for
perovskites (0.77—-1.01). Similarly, Ismailzade and co-
workers [16, 25] calculated the tolerance factors and
concluded that a layer structure may be formed if
0.87 <1 <0.99. By examining the solubility limit of
various cations in A and B sites of Bi,Ti;O,, Arm-
strong and Newnham [26] noticed that:

(i) The lattice parameter, a, for Bi,Ti,O,, (0.383 nm)
is approximately halfway between the estimated lattice
parameter of the unconstrained Bi,Ti,O,, perovskite

layer (0.389 nm) and that of the unconstrained Bi,O,
layer (0.380 nm).

(ii) The bismuth atoms in the perovskite layer can be
replaced by atoms with ionic radii between 0.134 nm
(Ca®* in 12-coordination) and 0.161 nm (Ba?") and
cations in the range 0.059 (W®*) to 0.065 (Fe**) nm
can substitute for Ti** in the octahedral site. It must be
noted that the octahedral site in pure oxide perovskites
accepts cations ranging in size from 0.0535 (Al**) to
0.087 (Ce**) nm.

(iii) In both cases, the lower limit of the ionic radii is
determined by the stability of the perovskite layer and
the upper limit by the mismatch between the Bi, O, and
perovskite layers.

The pyramidal coordination of bismuth atoms within
the Bi,O, layers is unattractive to symmetric cations
and potential candidates are therefore limited to Pb?*
and La’* which form similar pyramidal Pb,0O, and
La, O, layers in the red PbO polymorph and La,MoQ,
respectively. However, if La®* cations actually substi-
tute partially for Bi** cations of the (Bi,0,)2*, since in
the Bi, ,La, Ti;O,, solid solution the upper x limit is
2.8 according to Armstrong and Newnham [26] and
even 3 according to Ismailzade and Mirishli [17], and
since a solid solution Bi,_, La, WO, has been observed
by Watanabe et al. [27] for 0 < x < 1.1, on the contrary
Pb?" substitution seems limited to the A site of the
perovskite layers and the lead analogues to bismuth
titanate are not observed. The absence of interlayer
bonding may be the reason. A Pb,0, layer would be
electrostatically neutral, reducing the attractive forces
between layers.

As far as anionic substitution is concerned, and con-
trary to what might have been supposed, considering
the early synthesis by Aurivillius [9] of the layered
oxyfluorides Bi,NbO,F, Bi,TaOsF (m =1) and
Bi, TiO,F, (m = 2), the substitution of fluorine for oxy-
gen according to Bi,A,,_B,0;,.5_,F, is very
difficult to realize since the only oxyfluorides so far
isolated with certainty are Bi;Ti,O4F (m =2,n=1),
PbBi;Ti;O0,F (m=3,n=1) [28], Bi,PbTiTaOF,
Bi,PbTiNbOyF (m =2,n=1), Bi;Ti,WO,,F and
Bi,; TisO, F [29]. The last two compounds are members
of a new family of mixed-layered bismuth compounds
which will be described in a following chapter.

2.2. High values of m

Theoretically, all the values from m =1 to m =
(pure perovskite) are possible in so far as the geometri-
cal rules of ion packing are respected within the per-
ovskite layers and the elastic strains induced by the
connection of the different two layers are acceptable.
Only a few systems have been systematically investi-
gated in order to try to synthesize high-order super-
structures: they correspond to various mixtures:
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Na, sBi, sNb,Oy—nNaNbO;,
i'e' BiZ.SNam - l.Sme 03m +3
Bi, Ti,0,,-nPbTiO,.

Le. Bi4Pbm — BTim O}m +3 [ 13]
Bi, Ti;O,,—nBiFeO,.
lC) Bi4Bin173Ti3 Fem—303m+3 [17]

Bi,CaNb,OQy,-aNaNbO,,

i.e. Bi,CaNa,, _,Nb, O, .1 130, 31)

The results are often confusing and contradictory,
which is not surprising if one considers the difficulty in
unambiguously characterizing such phases and accu-
rately indexing powder X-ray diffraction patterns. Nev-
ertheless, it clearly appears that phases with m > 5
are very difficult to synthesize and order. Kikuchi and
co-workers’ [32] efforts to prepare members with m > 7
in the lead system and m > 5 in the sodium system were
unsuccessful. They justified these results on the basis of
an elastic model which showed that, in such a system,
increasing m results in an increase in the lateral dimen-
sions of the perovskite layers and therefore in the layer
mismatch.

Horiuchi and co-workers [30, 31] have shown that
in the sample with the nominal composition
Bi,CaNb,O,—8NaNbO;, the phases with m = 6-8 ap-
pear predominantly. However, all these phases grow
only in limited regions in which different values of m
intergrow very finely and in a disordered way (see
lattice images of Fig. 8). An increase in the annealing
time during synthesis does not result in a substantial
change in the structure. This presumably suggests that
the minima in the free energy curves of these phases are
almost equal.
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Fig. 8. 1 MV high-resolution electron microscope images of the
Bi,CaNa,, ,Nb,, O,,,,; phases showing the disordered inter-
growth of phases mainly with m =5 and 6. The incident beam is
normal to the (100) and (110) planes for (a) and (b) respectively
(from Horiuchi and co-workers [29, 30]).

2.3. Mixed-layered structures

The frequent occurrence of microsyntactic (disor-
dered) intergrowths suggests the possibility of forma-
tion, in selected systems and with a favourable thermal
treatment, of recurrent (ordered) intergrowths. It is
effectively tempting to imagine a new family of mixed-
layer type bismuth compounds whose structure would
be built up by a regular intergrowth of one half the unit
cell of an m meniber superstructure and one halif the
unit cell of an (m + 1) member superstructure along c.
They would have the formula

(BIZOl)( Am -1 Bm O3m +1 ) + ( Bi203 )Am' -1 Bn1'o3m’ +1 )»
i'e' B14 Am + -2 Bm + 111'03(m ')~ 6

or, if we suppose that only m and (m + 1) members can
be intergrown,

BI4A2H -1 B?_n + 1 06;1 +9

The ideal structures of the first three members of this
new homologous series are shown in Fig. 9.

In fact, various ordered intergrowths have been re-
cently observed and isolated as macroscopic pure
phases. They are reported in Table 2.

The a and b parameters have values in the range
0.541-0.547 and 0.544-0.547 nm and the ¢ parameter
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Fig. 9. Schematic illustration of the first three members of a
homologous series of mixed layer structures with general formula
Bi4A2n -1 B'.’n + 1 O(m -9
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TABLE 2. Known BijA,,_|B,,. 0, ., mixed-layer compounds

Intergrowth Compounds References
n=1(1+2) Bi; TiNbWO, 32

BisNb,O,5 33

Bi, ;Nay, sNb,WO, 32

Bis Ti, sW, 505 34
n=2(2+3) Bi, Ti,NbO,, 32,35

Bi, Ti, TaO,, 32

Bi, SrTi; Nb,O,, 32

Bi,BaTi; Nb,O,, 32

Bi, Ti, s W50, 33
n=3(3+4) Bi;SrTi, 0,, 32, 36

BizBaTi, 0,, 32, 33, 34, 38

Big PbTi,0,, 32

Big sNa, s Ti,0,, 32

Bi, Ti, CrO,, 33, 34, 37, 38

is almost one-half of the sum of the ¢ values of the
respective members intergrown. Their structures have
been confirmed by high-resolution electron microscopy
and in some cases refined by matching the experimental
and computer-simulated images (se¢ Figs. 10 and 11).
However, they are not easily prepared and if elastic
interactions alone seem to be responsible for the long
periodicity [33] their stability is still the subject of much
speculation.

2.4. Dielectric properties

As mentioned above, the majority of the Aurivillius
phases are orthorhombic and ferroelectric at room tem-
perature, with polar axes parallel to a.

Recent refinement of the crystal structures of Bi, WO,
[23], Bi;TiNbO, [21] and Bi,Ti,O,, [22] have clearly
shown that the octahedral shape of the oxygen frame-
work in the perovskite slabs of the parent structure

Fig. 10. High-resolution image of BiyTizCrO,; recorded at
500 kV (after Gopalakrishnan et al. [33]).
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Fig. 11. High-resolution image of Bi, Ti,NbO,, taken at 1000 kV
(a); simulated image (b); model structure viewed along [110] (c)
(after Horiuchi ez al. [35]).

remains nearly intact and that the main structural cause
of ferroelectricity in these three compounds is the a axis
displacement of Bi atoms in the perovskite A sites with
respect to the chains of TiOg octahedra and not, as
previously believed [12], the perovskite B atoms moving
towards an octahedral edge (see Table 3).

However, in the case of Bi,Ti;O,, whose symmetry
changes from tetragonal to monoclinic below the Curie
temperature, there is a small component of this polar-
ization along the ¢ axis: single crystals show hysteresis
loops with saturation polarization of 0.3-0.5Cm™2
along the g-axis and 0.04 C m~2 along the c¢ axis [40].

The room temperature dielectric permittivities range
between 100 and 200, with dielectric losses less than 1%.
The Curie temperatures, as well as the nature of the

TABLE 3. The relative contribution to the calculated sponta-
neous polarization (C m?) of the three types of F2mm motion
along the a direction (after Withers et al. [39])

Compound Oct.® B® Oote

Bi, Ti,O,, 0.221 0.117 0.032
Bi, TiNbO, 0.147 0.097 0.025
Bi, WO, 0.114 0.251 0.097

2The contribution due to the averaged shift along a of the
B, O,, ., part of the perovskite slabs. "The contribution due to
the averaged motion back in the opposite direction of the per-
ovskite B cation with respect to its surrounding oxygen octahedral
framework. “The contribution due to the averaged motion along
the a direction of the oxygen ions within the Bi, O, layer.
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associated phase transition, change with both the num-
ber m of perovskite layers and the nature of the octahe-
dral andfor the cubooctahedral cations. Systematic
trends are difficult to draw from these evolutions, ex-
cept perhaps that, as shown in Fig. 12, for given m and
octahedral cations, the smaller the ionic radius of the
cubooctahedral cation the higher the corresponding
Curie temperature [41]. However, the dielectric proper-
ties of these interesting materials can be modulated and
tailored in several ways as, e.g. in chemical substitu-
tions or anisotropic ceramic processing.

During the last thirty years many substitutions in-
volving both octahedral and cubooctahedral cations
have been performed. The most spectacular changes are
observed when lanthanoid cations are substituted for
Bi** in the cubooctahedral cavities: the Curie tempera-
ture strongly decreases and the ferro—-paraelectric tran-
sition becomes more diffuse than in the unmodified
phase (see. e.g. the case of La-substituted Bi;TiNbO,
[24] in Fig. 13). The influence of octahedral substitution
is logically less important, since the cations involved
(Ti**, Nb*>~, W) are not very different in size and do
not play a major structural role in the polarization
process. As a consequence the transition remains sharp
(Fig. 14). In the case of a mixed substitution (e.g.
Bi** + Ti** > M?* + Nb**) the Curie temperature de-
creases with the decreasing Bi content [3, 42].

By comparison with barium titanate (BaTiQO,) or
lead zirconate titanate (PZT) ceramics, the bismuth
layer compounds are characterized by: (i) lower dielec-
tric constants; (ii) higher Curie temperatures; (iii) lower
temperature coefficients of the resonant frequency; (iv)
stronger anisotropic electromechanical coupling factors;
(v) a lower ageing rate (Table 4). Thus, such materials

T (K) " '

«MFBioNb,0q
1073 o
aM BlzTﬂzOg T
! AMTBigTigOqs
873 \. 4
673, 4
473 1
L ]
L -\ )
273 Ly SqPy B‘l\ .

1.20 140 180 Ryins)

Fig. 12. Evolution of the Curie temperature of some bismuth
layered compounds with the ionic radius of the cubooctahedral
M" cations.
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Fig. 14. Evolution of the dielectric constant of Bi;Ti,,Nb,_,
W.»,0, with x.

may be used in piezo- or pyroelectric devices working at
higher frequency and up to higher temperatures than
conventional piezoceramics. For instance, Bi,Ti;O,,-
based ceramics are commonly used in accelerometers up
to 400 °C.

However, as the spontaneous polarization move-
ments are restricted to the a, b plane (the ¢ axis compo-
nent can be neglected), the piezoactivity is much lower
than for PZT ceramics (Table 4). Conventionally sin-
tered ceramics are difficult to pole because of their very
high coercive fields (more than 5 MV m™').

The trends in layered bismuth oxide materials pro-
cessing therefore involve mainly:

(1) Single crystal growth for ferroelectric optic
devices.

(ii) Grain orientated ceramics, usually obtained by
fused salt synthesis, followed by hot forging. The mate-
rials are therefore strongly anisotropic; poling is easier
in the plane normal to the forging direction, leading to
properties highly decoupled along the two perpendicu-
lar directions (Fig. 15).
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TABLE 4. Typical characteristics of some piezoceramics

BaTiO,* PZT 1 PZT 2 Bi,Ti,O,,* BPTN® NBT® PBT®
T.(K)* 403 603 508 948 618 931 833
g 1900 500 2900 160 106 140 150
10° tan 5¢ 10 30 160 30 - 30 -
Ky 0.49 0.62 0.70 0.14 0.14 0.15 0.10
kye 0.21 0.30 0.35 0.06 0.07 0.03 0.04
ke 0.38 0.50 0.63 0.10 - - -
dgy (pC N-1)f 190 160 525 16 13 16 12
dyy (pC N1 —80 -70 —220 -7 -7 -3 -5
Qme 500 2000 90 500 - - -
Work range (K) <373 <503 <423 <723 <523 <723 <673

*Commercial materials. ®BPTN: Bi, ;Pb, ,Ti, ;Nb, ;O,,; NBT: Na, ;Bi, s Ti,O,s; PBT: PbBi,Ti, O, [43, 44].
¢T.: Curie temperature. “Tan &: dielectric loss. *k: electromechanical coupling factor.

'd: piezoelectric strain constant. 8Q,,: mechanical quality factor.

10-3.8r } 4 : } } '
PbBi,Ti
104 "0B14T4015 HEW R 4
31 Forging axis ! 1
64 4
44 o'. -+
[ ]
ol OF |
A 0N
o=ttt IT(K)
273 473 673 873

Fig. 15. Temperature dependence of the dielectric constants of
Bi,PbTi,0,5 (OF = ordinary forging, HF = hot forging). Insert is
an electron micrograph ( x 5000) showing the grain orientation.

(iii) Thin films. As it is now possible to deposit thin
films directly on the integrated semiconductor driving
circuits, the main field of application concerns random
access memory devices in which submicron films are
needed because polarization switching must be obtained
with the low voltage levels (3—5V) generally used in
microelectronics. They can be prepared by techniques
such as sputtering, evaporation, chemical vapour depo-
sition, laser ablation and sol—gel deposition. The dielec-
tric properties (remanent polarization, coercive field)
and the fatigue or ageing characteristics depend
strongly on the microstructure and on the thickness of
the film as well as on the nature of the electrodes.
Further work is needed to fully optimize the properties
of these ferroelectric thin films.
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