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ABSTRACT

The structural study of (Ko.5Bio5)ZrO3 compound (KBZ) evidenced a cubic ABO3 perovskite
structure (space group: No 221 Pm3m, lattice parameter: a = 0.4157 nm). Above room
temperature, the lattice parameter increases linearly, with linear expansion coefficient o = 6.4 x
10° K''. No phase transition or decomposition occurs up to 1273 K (1000°C). Below room
temperature, small anomalies in Differential Scanning Calorimetry (DSC) and dielectric losses

(tan(0)) remain structurally unexplained and will need further investigation. Furthermore, KBZ
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appears as difficult to sinter. Although the A-site of the ABOj3 perovskite lattice is occupied by
two ions of different valences (K*/Bi*", mixed occupancy), we did not detect relaxor behaviour in
KBZ dielectric properties. However, electrostriction was observed at room temperature. This
property, combined to the limited thermal evolution of the relative permittivity indicate that KBZ

may be an interesting material, provided that the sintering can be improved.

Introduction

Currently, electronic devices are omnipresent in our everyday life, which make piezoelectric and
ferroelectric materials an important and discreet part of our life. These materials are used
everywhere: cars, mobile phones, electronic memory systems... Nowadays, Pb(Zr1.xTix)O3 (PZT)
are the most used compounds due to their high electromechanical properties, low-cost, and the
possibility to use them in a large range of applications [1]. However, lead is a harmful element
associated to health and environmental issues. Therefore, the use of lead is now restricted by
European regulations (RoHS, WEEE) [2,3]: lead is still tolerated in electronic devices but has yet
to be replaced.

Consequently, a huge scientific effort started about 20 years ago in order to find lead-free
compounds suitable to substitute PZT. Nowadays, most of the lead-free materials considered have
a ABO;s perovskite structure: (1) BaTiO3-based materials, (i) niobates such as (K,Na)NbO3 (KNN),
(111) alkaline titanates like (Nao.sBio.5)TiO3 (NBT) or (Ko.5Bi0.5)TiO3 (KBT) and (iv) solid solution
of these materials such as (1-x)(Nao.5Bi05)TiO3 - xBaTiO3 (NBT-BT) [4-16].

Among these materials, NBT is promising because of its ferroelectric — piezoelectric properties
(dz3 = 80 pC/N, Pr = 38 uC/cm?) [17,18]. NBT was first reported by Smolenskii in the 1960s,

proving the possibility to substitute Pb** by (Na'/Bi**) pseudo-ion in the A-site of the ABOs



perovskite lattice, confirmed for (K*/Bi*") by the discovery of KBT [19]. Thus, it was tempting to
try substitutions in the B-site, like for the PbTi03 or BaTiO3 perovskite compounds, for which the
existence of PbZrO; and BaZrO3 compounds proves this possibility.

Smolenskii first considered this substitution, suggesting the existence of the (Nao sBio.5)ZrOs;
(NBZ) and (Ko.5Bi0.5)ZrO3 (KBZ) compounds [20]. Unfortunately, he reported only dielectric
measurements, without X-ray diffraction (XRD) patterns. In 1995, a study devoted to the dielectric
properties of the NBT-NBZ-KBT-KBZ system reported the possible occurrence of NBZ and KBZ
compounds, (without XRD pattern) [21]. In 2007, NBZ was evidenced, XRD pattern reported
[22,23] and the NBZ compound studied [21-28]. In contrast, there are very few reports devoted to
KBZ. Indeed, most of the articles focus on solid solutions with other compounds, such as KBT or
KNN [21,29-34].

According to the only available XRD data [35], KBZ should be cubic, without any piezoelectric
or ferroelectric properties (Pm3m centrosymmetric space group). However, these XRD data are
based upon unpublished results. Currently, there is no report on structural study of KBZ.
Therefore, the cubic structure and space group shall be confirmed. In addition, KBZ presents a
mixed occupancy of the A-site. As for NBT or PMN [36,37], this mixed occupancy can induce a
relaxor behaviour and perhaps electrostrictive properties. To our knowledge, such phenomenon
was never studied for KBZ. Therefore, the aims of the present work are: (i) to determine the
structure of KBZ compound, (ii) to study its electrical properties (relaxor behaviour,
electrostriction) and (iii) to search for possible phase transitions above and below room
temperature
1. Materials and Methods

The KBZ compound was synthesized in alumina crucible, using KoCOs (Aldrich, 99+%), Bi1,03

(Puretech, 99.975%) and ZrO; (Alfa Aesar, 99.978%) in stoichiometric amounts. The calcination



was carried out at 800°C for 4h (5°C.min"! ramp). After synthesis, X-Ray diffraction (XRD, 6/20
diffractometer, Bruker D8, Cu Kal) evidenced for a perovskite compound (similar to PDF 00-
067-0245). As previously reported, unreacted ZrO> was also observed (around 3.4 mol%)
[28,29,31]. A larger batch prepared for neutron diffraction experiments (20g) unfortunately
revealed a larger amount of ZrO; (16.9 mol%). The weight losses (volatilization of potassium and
bismuth) were also checked and are lowers than 0.5 %. The crystallographic study has been led
both by neutron powder diffraction (NPD, Leon Brillouin Laboratory, 3T2 diffractometer, Saclay,
France) and XRD. Powder XRD data were collected at 20°C (12 hours, step size: 0.0118406°, 26
= 20-120°, Cu Kal, A=1.5406 A). Structural resolution was performed by the Rietveld method
(Jana 2006 software [38]). Dilatometry measurements were performed before sintering (25-
1000°C, Setaram TMA Setsys Evolution 1600). A plasticizer and a binder (polyethylene glycol
and polyvinyl alcohol) were added to the powder before shaping, which was performed by uniaxial
pressing (250 MPa, 10 mm diameter). Sintering was carried out at 900°C for 4h (5°C.min"! ramp).
Dielectric measurements were performed between 80K and 450K using an impedance analyser
(Agilent 4194A). In order to search for phase transitions, thermal analysis was performed on
powders (100-350K, DSC Q1000, TA Instruments; 300-1273K, DTA/TG Setaram Labsys Evo
1600). High temperature X-Ray diffraction (HT-XRD) was also used (300-1273K) in order to
study high temperature behaviour.

2. Results

2.1. Structural study at room temperature

2.1.1. X-ray powder diffraction

After synthesis and as noticed hereabove, XRD pattern evidenced the occurrence of unreacted
ZrO> (3.4 mol%), in addition to the KBZ perovskite compound. Considering the reported

diffraction pattern (PDF 00-067-0245) and the absence of extra peaks nor splitting of perovskite



peaks, KBZ should be cubic. The calculation of the Goldschmidt tolerance factor “t” supports this

assumption. Its value is defined as: = M, where Ra, Rp and Ro are respectively the ionic
V2.(Rg+Rp)

radii of A ion (coordination number CN = 12), B ion (CN = 6) and oxygen ion [39—41]. This factor
is only a guide for the prediction of stability and distortions of perovskites structures, considered
as stable for 0.88 <t < 1.05. The cubic prototype structure (Pm3m) corresponds to t = 1. Fort <1,
the structure is distorted and presents octahedra tilting, described by Glazer with 23 possible tilt
systems [42,43], later reduced to 15 possible systems by Howard and Stokes [44]. Fort > 1, the B
ion is too small for the octahedral site. The cation move out of the octahedra center in order to
reduce the B-O bond length and decrease its coordination number. This case generally leads to
polar -ferroelectric structure (like BaTiO3 or PbTiO3).

For KBZ, t=0.97 (t = 1.04 for the polar ferroelectric tetragonal titanate compound KBT). Thus,
KBZ is very close to cubic. The attempts to refine the structure using other symmetries associated
to low distortion (orthorhombic, rhombohedral or tetragonal) led to unrealistic results. Therefore,
the most probable solution is cubic, as reported for KBT-KBZ- solid solution [29].

The atomic positions were first defined as in the prototype cubic perovskite structure, with
(K*/Bi*") at the origin of the cell. The ratio K/Bi had also been refined and showed a small
difference with the initial composition. The agreement factors for the refinement are acceptable,
even if R, and Ryp may be a bit high (Table 1 — fig. 1). However, the atomic displacement

parameters (ADP) are quite high for (K*/Bi**) and oxygen ion.



Table 1: Refined crystallographic parameters for KBZ obtained by XRD, with final formula

(Ko.48Bi0.52)ZrO3
Atoms Site Occupancy X y z Uiso
K la 0.48 0 0 0 0.1445
Bi la 0.52 0 0 0 0.1445
Zr 1b 1 0.5 0.5 0.5 0.0033
O 12h 1 0.5 0.5 0 0.0296

Space group: Pm3m
GoF =2.41 Rp=6.19%

Second phase: ZrO> 3.4mol%

K/Bi Ratio: 0.48 / 0.52

Rup = 8.68%
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Figure 1: (a) Room temperature XRD pattern of KBZ powder and results of the Rietveld

crystallographic refinement, taking into account ZrO- as a second phase (b) representation of the

obtained KBZ structure along the [001] direction (color online)

For PMN, structural studies revealed a long-range mean cubic structure (Pm3m). The global

Mg:Nb chemical order (B-site) is 1/3:2/3, but locally deviates from this ratio, inducing local polar

clusters responsible for the PMN relaxor properties. Therefore, PMN mean structure was described

either by an ordered structure or by a local disorder involving the A-site or the B-site, or even both

sites simultaneously [45,46]. For KBZ, we attempted to reduce the ADP for (K'/Bi*") pseudo-ion



by splitting of the “1a” (0 0 0) site, but this did not lead to consistent improvements. This result,
with high ADP factors, has finally the same order of magnitude as the values reported for
equivalent compounds such as KBT and NBT [47,48]. Therefore, these high values could be due
to the mixed occupancy of the A site. Indeed, on one hand, Bi*" ion is non-spherical
(stereochemical activity of the 6s® lone electron pair), on the other hand K* ion is spherical and
thus should occupy the center of the A-site. These considerations will need further study of the
local order.

2.1.2. neutron powder diffraction

The high isotropic ADP parameter on the oxygen site could be due to a structural disorder, as
observed for PMN. This possibility has been studied in a second step by Neutron Diffraction,
which allow a better resolution on oxygen ions.

The first refinement had been carried out with atoms positioned as in the prototype cubic
perovskite, presented in the XRD pattern (Fig. 1). The agreement factors obtained are a bit high
(GoF = 4,60, Rp = 3,55%, Rwp = 5,59%) but acceptable, indicating that the structural model can
be improved. Attempts to reduce the ADP factors for the (K/Bi*") ion (Ui = 0.0890), by modifying
their positions, were unsuccessful. Then, we tried different possible positions for the oxygen ions,

that also present high ADP factors (U; = 0.0312). Most of them led to lower quality results or
diverging refinement. However, splitting the 3¢ oxygen site (0,%,%) on the 12h site (0,%,9()
improved subsequently the quality of the refinement (GoF= 2,87, Rp= 2,65%, Rwp= 3,49%) and
decreased the ADP factor of oxygen ions to more satisfying values. (Table 2) The observed

calculated and differences curves of this final refinement are represented in figure 2.



Table 2: Refined crystallographic parameters for KBZ obtained by neutron diffraction (NPD)

Atoms Site  Occupancy X y z Uiso
K la 0.51 0 0 0 0.0864
Bi la 0.49 0 0 0 0.0864
Zr 1b 1 0.5 05 05 0.0023
o 12h 1 0.567 05 0 0.0006

Space group: Pm3m K/Bi ratio: 0.51/0/49
GOF: 2.87 Rp =2.65% Rwp =3.49%

Second phase: ZrO; = 16.9mol%

This result indicates, at least locally, a departure from the prototype cubic structure. This could
be the sign of precessing octahedral chains, as observed for example in the RbAl>Tbs4F2, compound
[49]. Such a structural feature could be induced by mismatching of K/Bi ions with respect to the
perovskite octahedral framework, resulting in such precessing chains that would not appear “tilted”

(on average, they are straight) but that could stabilize in a periodic or aperiodic modulated

structure.
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Figure 2: (a) Room temperature neutron diffraction pattern of KBZ powder obtained by neutron

diffraction and the results of the Rietveld crystallographic refinement, taking into account ZrO; as

a second phase (b) representation of the obtained KBZ structure along the [001] direction (color

online)



Finally, the structure of KBZ is cubic (Pm3m, a, =4.158A), described as a shared corner network
of ZrOs octahedra, without octahedra rotation (Glazer notation is a’a’a’) The K*/Bi*" pseudo-ion
occupies the cuboctahedral A-site between 12 ZrOs octahedra. The distance between A-ion and
oxygen-ion is 2.94 A, in good agreement with the sum of the ionic radii of K*/Bi** pseudo-ion and
oxygen ion (1.51 + 1.40 =2.91 A). The Zr-O bond length (2.079 A) is only slightly lower than the
sum of the ionic radius of Zr*" and oxygen ion (0.72 + 1.40 =2.12 A).

2.2. Electrical properties

As the refined structure is centrosymmetric, KBZ is not expected to have piezoelectric nor
ferroelectric properties [50]. Furthermore, since the room temperature structure is cubic, phase
transitions can possibly occur below room temperature. In addition and because of the mixed
occupancy of the A-site by the (K'/Bi**) pseudo-ion, KBZ can also exhibit relaxor and
electrostrictive properties. Thus, the electrical properties were studied as a function of temperature
(&r, tan(0)), as well as the thermal behaviour (DSC and DTA/TG).

Unfortunately, the KBZ compound appears as difficult to sinter. Dilatometry measurements
performed up to 1273 K (1000°C) evidenced that there is nearly no shrinkage for this temperature
range (0.7% - Fig. S1). Increasing the sintering temperature led to an important weight loss
(volatility of K/Bi ions). Sintering using other technics (Spark Plasma Sintering, reactive sintering)
did not improve the final density. However, XRD measurements on the final pellets showed that
there was no decomposition of the perovskite compound during the sintering process up to 1273K
(1000°C). The only second phase observed remains ZrO». Therefore, we performed electrical
measurement for sintered samples with relative density only between 80% and 90%.

2.2.1. Electrostriction
Concerning the room temperature properties, measurements of the mechanical displacement

induced by electrical field were performed, in order to check for electrostriction. Current density



was also measured in order to confirm the assumption of high conductivity due to a lack of
densification (same pellet for both measurements). The J = f(V) curve (fig. 3) evidences that DC
conduction appears quickly (around 1000 V/mm), confirming poor insulating properties related to
low densification of the sample. Furthermore, mechanical displacement measurements (fig. 3)
revealed electrostriction (parabolic law). The evaluation of the electrostrictive coefficient by fitting
of the strain curve led to M33 = 4.5+ 0.2 x 102° m2.V!, four order of magnitude smaller than for
PMN [51]. However, due to the important DC leakages it was not possible to determine totally the
slope of the curve. Therefore, this phenomenon will need further study, notably by improvement

of the density of the samples.
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Figure 3: representations of (left) displacement measurement and (right) leakage current density

j=1f(V) as a function of voltage and electric field for KBZ pellet (color online)

2.2.2. Dielectric properties as a function of temperature
In order to check for relaxor behaviour and possible phase transitions, the relative permittivity

&r and dielectric losses tan(d) were investigated between 80K and 450K (100Hz to 1MHz, fig. 4).
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The behaviour was not studied at higher temperature due to poor densification. Indeed, the tan(o)
values increase quickly above 300-350K, indicating conduction, thus confirming room
temperature J = f(V) measurements. Around 350-400K, a “hump” is observed in &;. Considering
tan(d) values (more than 10% for lowest frequencies), this phenomenon is likely associated to an

extrinsic source (defects, space charges, interfacial phenomena...).
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Figure 4: Evolution of (a) the relative permittivity & and (b) the dielectric losses tan(d) as a
function of temperature for different frequencies (524.8Hz, 1kHz, 5.25kHz, 10kHz, 33.1kHz,
69.2kHz, 100kHz, 331.1kHz, 691.8kHz and 1MHz; the black arrows indicate increasing

frequencies) (color online)

2.3. Thermal evolution and possible phase transition below room temperature

The low temperature part of the permittivity curves (100 — 300K, Fig. 4) presents a nearly linear
increase of .. The only anomaly (between 100K and 250K) is a broad dispersion of tan(d), of very
small amplitude, which is frequency dependent. Simultaneously, there is not perceptible peak of

&r, and only a small dispersion of permittivity as a function of frequency. Thus, this anomaly may

11



not be associated to a relaxor behaviour and could be the signature of a minor structural relaxation
(BOs polyhedra tilting?).

Therefore, DSC measurement was carried out in this temperatures range, in order to check for
the possibility of a phase transition (Fig. 5). However, we did not detect any thermal phenomenon
indicating a phase transition between 100K and 250K. Nevertheless, a small discontinuity of the
baseline was detected (280-290K for cooling run and 250-260K for heating run). This small
anomaly may not be directly connected to that observed during dielectric measurements, although
it appears near the temperature at which the tan(d) dispersion closes. Further structural
investigation below room temperature will be necessary in order to identify the origin of this

anomaly.
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Figure 5: DSC of KBZ powder between 100K and 350K (the arrows indicate heating and cooling
run respectively). The green symbol (*) point out an anomaly observed during heating (250-260K)
and cooling (280-290K) runs (color online)
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2.3. Thermal evolution above room temperature

In order to search for phase transition above room temperature (or decomposition), HT-XRD
was also performed (Fig. S2). Logically, there is no evidence of a symmetry change with
temperature (room temperature structure is prototype structure). The thermal evolution of the
lattice parameter is linear (fig. 6), in agreement with the absence of phase transition. The
corresponding expansion coefficient is o ~ 6.4.10 K'!, similar to other perovskite compounds
[52]. The study of possible structural changes above room temperature has also been led by
DTA/TG (Fig. 7), showing two thermal phenomena. The first one (450K) is irreversible and
associated to a small weight loss. Thus, it could be due to water desorption. The second one (860-
885K) is reversible, of small amplitude, and is probably correlated to the transient small extra peak
observed by HT-XRD. Since these XRD small peaks are not connected to KBZ, this thermal event
is probably associated to unreacted ZrO; secondary phase. However, the weight losses are very
limited (0.25 — 0.3%), confirming that KBZ compound is thermally stable up to up to 1273K

(1000°C), as observed during sintering study.
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Conclusion

To sum up, the structure of KBZ was studied by room temperature XRD. KBZ presents a
prototype cubic perovskite structure (a, = 4.158A, Pm3m). Some structural disorder was also
evidenced for the K*/Bi** pseudo-ion. Since the room temperature space group is centrosymmetric,
KBZ presents logically neither piezoelectric nor ferroelectric properties. Unfortunately, KBZ
appears difficult to sinter and only low relative densities were obtained (80-90%). However,
electrostriction was observed at room temperature, which is a favourable situation to induce
ferroelectric/relaxor/piezoelectric properties by appropriate chemical substitution. Because of the

mixed occupancy of the A-site by the (K'/Bi*") pseudo-ion, KBZ could also exhibit relaxor
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properties, similar to the one of PMN. However dielectric measurements could not confirm the
existence of such relaxor behaviour. Above room temperature, KBZ remains cubic up to 1273K
(1000°C) without any decomposition. Below room temperature, a small reversible thermal
anomaly is observed by DSC (250-290K). Further structural study will be necessary in order to
check for a possible phase transition associated to this phenomenon. However, the occurrence of
electrostriction combined to the limited evolution of the relative permittivity as a function of
temperature indicate that this compound may be an interesting material, provided that the sintering

of KBZ can be improved.
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