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The results of the development and characterization of a new relaxor ceramic with
nominal compositionX)Pb,(In,Nb)O4(1 — X)Pb(Mg, ,5Nb,,3)O5 solid solution

with x = 0.4 are reported. The structural characteristics, including the long-range and
short-range order, forbidden reflections, and the existence of mixed ordering, were
studied by transmission electron microscopy. The most prominent microstructural
feature of this compound, which has composition variations in the micro- and
nano-regions, was investigated. The presence of the pyrochlore phase and the complex
arrangement of inclusions that originate from processing are illustrated. The electrical
characteristics of the compound including pyroelectric, piezoelectric, electrostrictive
and hysteresis properties are reported. Notable properties of the compound include a
reduced hysteresis loop and nonlinear behavior at high field.

I. INTRODUCTION ferroelectric compounds undergo some degree of struc-
tural ordering, which has been extensively studiet.
The outstanding properties of piezoelectric crystalsSome examples are Blsc,Ta)Q, Pb,(Mg,W)Og,
and ceramics can be related to the influence of morphoand Pb(Mg,sNb,,5)O5, which possess complex crystal
tropic boundary phases and the development of domainstructures.
Morphotropic boundary phase is important in terms of Studies on the fundamental crystal structures of the
composition, structure, and the division between at leaderroelectric and pyroelectric BBcTaQ have been car-
two different crystal structures.In Pb(ZrTi,_)O; ried out’®*3The structure of the relaxor BBcTaQ has
(PZT), a morphotropic phase boundary separates the febeen refined from high-resolution neutron time-of-flight
roelectric phase into two regions with distinct crystal powder diffraction data at both 400 and 4.2'KlIn
structures: one is a tetragonal phase with Ti-rich compoPh,ScTaQ at 4.2 K, in the ferroelectric state, the struc-
sition, and the other is the rhombohedral phase with Zr-richiure is rhombohedral with a space grogp. According
composition. In the region Zr/ T+ 53/47, the material has to the refinements, the structure of BlcTaQ in the
good piezoelectric properties, whereas in the solid solutioffierroelectric state differs from the paraelectric state by
regions 100/0 and 94/6, it is antiferroelectric with an or-cooperative ion shifts. The crystal structure of another
thorhombic structure, which lacks any piezoelectric propferroelectric oxide, PScNbQ,, which is related to
erty? There is also an abrupt change of the latticePb,ScTaQ, has also been studied in a similar manner
parameters close to the composition at the morphotropito that of PBScNbQ.*? The coordination polyhedra con-
phase boundary. Another material of significant complexitytain stereo-active lone electron pairs orFRtrhe SEé*
and importance is (1 x)Pb(Mg,,sNb,,)OzxPbTiQ,, in  and T&" ions are shifted away from the centers of their
which the morphotropic phase boundary isxat= 0.35.  respective octahedra towards the octahedral faces. These
This material has an overall cubic symmetry according testudies now enable a better understanding of the ways
x-ray and neutron diffraction studies but shows a compleXerroelectric phase transition takes place in both
domain configuration, which indicates the presence of &h,ScTaQ and PRScNbQ..
rhombohedral phase or an intermixing of both the te- By mixing Pb,(In,Nb)Ogz; (PIN) with relaxor
tragonal and rhombohedral phase$. Pb(Mg,,sNb,,5)O5; (PMN), we maintain the relaxor be-
The crystallographic parameter often seen as a dexavior across the phase diagram when the two materials
termining factor in the behavior of broad relaxation are in the disordered states. The combination of PIN
peak is structural ordering. A large number of Pb-basednd PMN produces morphotropic boundary phases with
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compositionsX)Ph,(In,Nb)O;:(1 — X)Pb(Mg, 5sNb,,5)O5;,  However, the pattern also shows the forbidden reflec-
with x = 0.10 to 0.9. These materials exhibit unusualtions indexed as 1/2 1/2 0. This reflection is often very
structural and phase transition properties. PIN is antiferdifficult to record due its vanishing intensity. It is also
roelectric and is highly ordered at 120 °C, whereas it ioften absent in x-ray and neutron diffraction patterns,
disordered at 90 °C. The structural ordering and the corthough it has been seen in synchrotron x-ray patt&tns.
sequent phase transition temperature are significantly aRecent studies by neutron diffraction show that these
tered with a decrease in PIN and a correspondingeflections can be allowed if the structure is considered
increase in the amount of PMN. The dielectric, electrorhombohedral with space grougs, indicating that the
mechanical, structural, and phase transition properties afrystals of PbScTaQ lack cubic symmetry in the para-
the morphotropic compositions that lie between PINelectric staté These reflections can also be permitted if
(100%) and PMN (100%) are unknown. The ceramicghere is mixed ordering of the B-sites cations. This is a
with composition PIN:PMN(40/60) are the subject of very plausible and valid consideration since the possibil-
the present investigation because they show reducdty of 1:1 ordering is too ideal to exist in BBcTaQ. One
hysteresis behavior. The compounds (0.4)PIN:(0.6)PMNan easily consider the presence of Tar S¢* clusters
shall thereafter be referred to as PIM (40/60) forin locally ordered configurations, allowing the weak and
simplification. diffuse reflections to be created.
The electron diffraction pattern in Fig. 1(b) recorded

from PIM(40/60) consistently showed the presence of a

II. EXPERIMENTAL family of 1/2 1/2 0 forbidden reflections, with exception-

Stoichiometric powders were prepared by the Colum&!ly high intensities compared with those of BoTaQ,
bite method-* The ceramics PIN and PMN were synthe- UPON heating to about 200 °C and cooling to about
sized using the precursors, Dy, Nb,O, and MgCQ, to  ~175 °C of the PIM sample, no evidence of a change in
form the required stoichiometric compouri§sCalcina- the forbldc_ien reﬂe_ctlons was notefd. In many Pb-based
tion was performed and the resulting powders mixed and€rroelectric materials, new domain patterns appear on
milled in acetone with ZrQ media. Eventually, pellets €00ling to below the Curie temperature. In PIM, how-
were pressed from the mixture, and the added bindefVer: NO domain patterns could be observed as the crystal
removed. The pellets were then sintered at various ten}¥@s cooled or heated. The conclusion easily drawn from
peratures. Specimens for transmission electron microdl€S€ patterns is that the structure is not a simple cubic
copy (TEM) were prepared by the conventional methodStructure with space groupm8m. It appears that the
of lapping, grinding, and polishing, followed by Argon p035|b|I|_ty of mixed order_mg the cations In, N_b, and Mg
ion milling. A JEOL-2010 (Atom Tech. Ltd., UK) TEM and the influence of PY displacements, especially at the

operated at 200 kV was used in this study. presence of three elements In, Nb, and Mg, is significant.
This is similar to the case of PIRf. This then contributes

to the fact that a rhombohedral phase with a pos$iSle

. OBSERVATIONS symmetry is operating the crystal structure.
- Figure 1(d) is a high-resolution image recorded along
A. Characterization of the crystal structure and the [001] direction. The image shows clusters of lattice
microstructure of PIM (40/60) fringes that differ in contrast with the neighboring clus-

The ceramics of PIM (40/60) were characterized byters of fringes. There is little thickness difference in the
TEM. The studies included the crystal structure, strucimaged area that could give rise to these contrast varia-
tural ordering, and intergranular inclusions. The TEMtions. The image indicates that the clusters with brighter
studies revealed the unique structural properties of PIMontrast originate from those atoms that have different
(40/60). Strong forbidden reflections often absent inscattering cross section compared with the neighboring
Pb-based materials were observed, and the structural atlusters of atoms. The clusters are ordered chemically
dering associated with the development of a superstrudistinct nano-regions. These nano-regions can coopera-
ture was ascertained. tively give rise to the relaxor behavior since every region

The forbidden reflections 1/2 1/2 0 an®D 0 inmany  would have slightly different electrical property from the
Pb-based ferroelectric ceramics are either completely atmeighboring region. In addition, such clusters represent
sent or appear very weak. These reflections are generallyixed ordering that create the extra weak reflections
illusive in that their presence is not predictable. To illus-shown in Figs. 1(a) and 1(b).
trate this, we use the case forSigTaQ. Figure 1(a) is To interpret the image in Fig. 1(d), we carried out
an electron diffraction pattern recorded from a ceramiextensive image simulations under a variety of different
grain of PRScTaQ at room temperature. The pattern in parameters. Two superstructure models were employed.
Fig. 1(a) shows the reflections that can be indexedn model 1, the superstructure consists of eight ordered
according toPnmBm with lattice constant 0.407 nm. and eight disordered clusters distributed randomly across
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FIG. 1. (a,b) Electron diffraction patterns recorded along the [001] crystal direction by TEM from grains of PST and PIM, respectively, illustrating
the presence of the forbidden 1/2 1/2 0O reflection, marked with arrows. The 1/2 1/2 0 reflection often appears when the crystal has a high degree
of structural order. Long exposure is often needed to record this reflection. (c) The diffraction pattern recorded from PIM shows the 1/2 1/2 1/2
reflection (marked with an arrow) along the [110] crystal direction, which originates from 1:1 cation ordering of the structure. (d) Highsmesolutio
TEM image showing regions of white contrast alongside those of dark contrast. The diffraction pattern in (c) originates from this region, which
gives rise to the 1/2 1/2 0 reflection. The contrast variations in the image could well arise from the presence of various cations that cluster together
creating a state of mixed order. In PIM (40/60), three different cations are capable of forming a state of mixed order. (e) Calculated image showing
three regions of disordered superstructure. These are shown by arrows. The calculated image agrees well with certain regions of the HRTEM in
(d), illustrating the relevance of mixed ordering along the [001] direction. The distance between the bright spots is 0.58 nm.

the structure. Each cluster inclé x 5unit cells. images show a realistic match between the HREM and
In model 2, the structure contains three disorderedhe calculated images. The detailed results are extensive
clusters, and the remaining structure is ordered. Thand require publication elsewhere.

mixed-ordered superstructure contains a total of Another notable aspect of the structure of PIM (40/60)
2200 atoms. To illustrate the relevance of mixed orderis the presence of a superstructure reflection associated
ing, the simulated image in Fig. 1(e) is presented, whictwith structural ordering. This reflection is marked in
contains three disordered superstructures. This calculatdedg. 1(c). This reflection has been traditionally known as
image is in good agreement with the disordered region4/2 1/2 1/2 in all the Pb-based ferroelectric materials
of the real high-resolution electron micrograph (HREM)indexed with Pm3m. Indeed, dark-field imaging with

in Fig. 1(d). Considering the many calculations carriedthese reflections shows structurally ordered and disor-
out, qualitatively and semi-qualitatively, the calculateddered domains that appear as dark and bright features
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[Fig. 2(a)]. An interesting aspect of these domains in PI
is their unusually small size reminiscent of a partially
ordered structure. However, in Pb-based ceramics, a pa
tially ordered structure gives rise to weak superstructure
reflections. In the PIM ceramics, the superstructure re
flection is often very bright, as can be seen in Fig. 1(c)
At this stage, it is not known what factors in PIM result
in very bright superstructure reflections, which are assof
ciated with unusually small and clustered ordered do:
mains. It should be stated that careful study of th
diffraction patterns originating from the ordered re-
gions shows streaking and diffuse scattering in the form___
of spirals, indicative of short-range ordering. It is
considered unusual that bright superstructure reflection =

could originate from such disordered clusters. An ex- .«
ample of diffuse scattering is shown in Fig. 2(b). (a)

(b) (c)

FIG. 2. (a) Dark-field image showing the configurations of the struc-FIG. 3. (a) Island features resembling domain structures in a crystal of
turally ordered domains in a crystallite of PIM (40/60). The domains PIM (40/60). The islands appear oriented along a certain crystal di-
were imaged using 1/2 1/2 1/2. Bright domains are ordered, whereagction, but they are in fact chemically inhomogeneous regions. The
dark domains are disordered. The ordered domains are the small whitehite regions or boundaries are Pb deficient but can be In and Nb rich
clusters, situated within the disordered dark regions. A group ofor deficient. Dark regions constitute the matrix close to the nominal
white ordered domains is illustrated with an arrow. (b) Diffraction but are still slightly Pb-deficient. (b) A higher magnification image
pattern with crystal direction parallel to [110] from PIM showing the illustrating the morphology of a Pb-deficient and In- and Nb- rich
presence of diffuse scattering in the form of two spiral arms, indicatingregions. (c) The result of x-ray microanalysis illustrating the compo-
disorder and short-range order in the crystals of PIM. sition of a white region which is In and Pb deficient.
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Extensive studies carried out show no evidence for thé&ig. 3(c), which shows significant Pb and In deficiency.
presence of ferroic domain patterns in the PIM (40/60)Iit should be stressed that 5% to 10% deficiencies in Pb
ceramics. Domains of various features and crystallograwere noted across all the grains, including the boundaries
phy that often occur in most ferroelectric and ferroelasticand their islands. The grains were therefore Pb-deficient
compounds were not observed in these ceramics. Howdue to the volatile nature of Pb at high temperatures. In
ever, features that resemble domains were observed. Aaddition to Pb-deficiency, the volatile nature of indium
example is shown in Fig. 3(a), which shows islands sepacauses its segregation into the In-rich boundaries that
rated by boundaries or walls. These boundaries appeaiist throughout the grains. We could therefore conclude
oriented along a crystallographic direction, but subsethat the bright contrast of the boundaries originates from
guent studies showed that they are chemically nonstodeficiencies in In, Pb, and excess Nb. X-ray diffraction
chiometric regions with no specific crystallography. A indicated the presence of a peak that was indexed as
higher-resolution image [Fig. 3(b)] obtained in TEM il- pyrochlore phase. We think that the material present at
lustrates the irregular morphology of the boundariesthe boundaries constitutes the pyrochlore phase.

There is no specific crystallographic facet associated Numerous inclusions of average size about 5 nm
with this boundary. Extensive x-ray microanalysis indi- were seen dispersed across the crystallites. An example
cated that the boundaries have significant indium ands shown in the TEM micrograph in Fig. 4(a). The image
lead deficiencies, in the range 50% to 100%. Theyshows that these inclusions are imbedded within the
were also Nb rich on the order of 5% to 10%. X-ray grains and are crystalline. Due to their small size, it was
microanalysis carried out indicates that the chemicadifficult to identify their individual crystal structures, but
compositions outside the boundaries were close to theicroanalysis showed that they are mainly In- or Nb-rich
nominal. The results of the x-ray microanalysis recordednclusions. Another example, the high-resolution image
from the white regions or boundaries are presented in Fig. 4(b), shows the morphology, crystallinity and

(b) (d)

FIG. 4. (a) TEM image showing numerous nanoscale intergranular inclusions in a grain of PIM. Moiré fringes often accompany such inclusions.
(b) High-resolution image showing nanoscale inclusions, their orientations and crystallinity. The white matter surrounding some inclusions is
chemically inhomogeneous and nonstoichiometric material. (¢) SEM micrograph showing normal crystallites in PIM. (d) X-ray microanalysis
recorded in TEM illustrating. Top: composition of a normal crystallites. Bottom: the composition of an inclusion, which is highly Pb and
Mg deficient.
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FIG. 5. The figures illustrate the electrical properties of the PIM (40/60) ceramics. (a,b) The temperature dependence of the dielectric constant
and loss are illustrated. (c,d) Dielectric hysteresis loop and room temperature strain versus square of electric field, respectively. THelenost nota
property of the ceramic, is the reduced hysteresis loop in (c).

orientations of several such inclusions. The images ofoss peak shifts from -7 to 0 °C when the frequency
the inclusions might seem similar to those of normalchanges from 1 to 100 kHz. Hysteresis measurements
crystallites in a polycrystalline ceramic. The image inwere performed at room temperature using a modified
Fig. 4(c) is a scanning electron micrograph showing theSawyer—Tower circuit at a frequency of 50 Hz and a
normal crystallites in PIM. Whereas these crystallites arenaximum electrical field of 2 MV/m [Fig. 5(c)]. A very
large, the inclusions are nanometer scale and differ islim loop and nonlinear behavior at high field were ob-
composition from the normal crystallites. The results ofserved, revealing relaxor behavior.

the x-ray microanalysis obtained in the TEM from the The maximum polarization reached was gC/cn?
inclusions and the normal crystallites are presented imvhile the remnant polarization was less than&cn¥. The

Fig. 4(d). It can be seen that one of the inclusions haglectromechanical strain was measured using a laser
virtually no Pb and is Mg deficient. These inclusions areinterferometer, and the maximum field applied was
intergranular and are not caused by atom milling, which7 kV/cm [Fig. 5(d)]. The strain shows nonhysteresis be-
can sputter tiny particulates onto the sample under cehavior and varies with the square of the electrical field.

tain conditions. The field-related electrostrictive coefficient ;M1 was
calculated as 1.2 x I6° m?V?, which is of the same
B. Electrical properties of PIM (40/60) order of magnitude as those of the best PMN-relaxor

. . solid solutions. The polarization related electrostrictive
The temperature dependence of the dielectric per: P

mittivity e, and loss of (40)PIN:(60)PMN ceramics goeﬁlm&nt/glwggliuéaiefozafna?églng o the relation
show typical relaxor behavior [Figs. 5(a) and 5(b)]. The *** S ' '

peak in the relative permittivity shifts toward higher

temperatures with increasing frequency. The transition temY: CONCLUSIONS

perature at 1 kHz is about 20 °C, at which the relative Electron microscopy studies of PIM(40/60) revealed
permittivity has a maximum value 10000. At 1 kHz, the strong 1/2 1/2 0O reflections that are forbidden when re-
loss tangent at maximum is 0.1 and increases slightlyerred to the space groupm3m. The presence of these
with increasing frequency. The temperature of thereflections indicates substantial mixed ordering of the
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