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Preface

Ceramic materials research is currently increasing as ceramics entail a quickly
expanding field due to the vast range of both traditional and special applications in
accordance to their characteristics and properties. Electric and magnetic ceramics,
bioceramics and ceramics related to the improvement of environmental parameters,
consist important areas of research demonstrating high potential and particularly
great interest. Research in these fields requires combined knowledge from several
scientific fields of study (engineering, physical sciences, biology, chemistry, medicine)
rendering them highly interdisciplinary. Consequently, for optimal research progress
and results, close communication and collaboration of various differently trained
researchers such as medical doctors, bioscientists, chemists, physicists and engineers
(chemical, mechanical, electrical) is vital.

Some of today’s most interesting research topics in the electric and magnetic ceramics,
included in this volume, are covered by discussing studies on: Ba(Zro2Tios)Os and
BaTiOs ceramics prepared by spark plasma sintering targeting to the fabrication of
lead-free piezoelectrics; the influence of Sr and Zr content on the dielectric properties
of (Bai-xSrx)(TiosZros)Os ceramics; the influence of various dopants and manufacturing
parameters on properties; integrated piezoceramics as a base of intelligent actuators;
the ceramic based intelligent piezoelectric energy harvesting devices and of ultrasonic
piezoelectric ceramic power transducers. Additionally several other studies are discussed like,
the studies of advanced PMN-PT ferroelectric systems and of modern types of
hexaferrites in connection to their applications in agriculture, medicine, computer
engineering, telecommunication and television. Also, the studies of relaxor dielectrics,
of the dielectics anomalies at high temperatures, of the properties of polymer based
nanodielectrics and those of glass ceramics with para, anti or ferroelectric active
phases, are developed in this book. The studies on structural, morphological, magneto-
transport and thermal properties of antimony substituted (La,Pr)2sBa1sMnixSbxOs
perovskite manganites and of metal oxide ZnO-based varistor ceramics used to protect
circuits against excessive voltages are also discussed.

Ceramics are now commonly used in the medical fields giving rise to the category of
ceramics termed “bioceramics”. Bioceramics and bioglasses are ceramic materials that
are biocompatible, non-toxic and non-inflammation causing. These materials must
encompass certain properties and to be used in certain applications it is required to be,
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bioinert (not interactive with biological systems), bioactive (can undergo interfacial
interactions with surrounding tissues), biodegradable, soluble or resorbable
(eventually replaced or incorporated into tissue). Much work has been carried out the
last years on bioceramics since there is a great demand on the market of biomedical
applications. Ambitious goals appeared in the field including developing sensing
devices made with ceramics and organic matter (i.e., collagen), developing ceramics
with piezoelectric properties, manufacturing electromagnetic wave-sensing ceramics
or composites for transfer of energy in the eye or the ear as well as for nerve signal
transduction. Also, the combination of nanotechnology and biomaterials seems to
have unlimited potential for future applications.

Some very interesting topics from today’s research in bioceramics, included in this
volume, are: The studies on biocompatibility; studies on the Role of Aluminum
Ceramics in Total Hip Arthroplasty assisting the development of new ceramic
components that will be beneficial for patients; the biological, mechanical and optical
properties of zirconia dental ceramics which have emerged as versatile and promising
materials; the studies of silicon nitride ceramics and the rationale for their use in
biomedical applications; the marine-based carbon and silicon carbide scaffolds with
patterned surface for tissue engineering applications; the use of bioglass additive in
zirconia for reducing the latter’s sintering temperature and production cost while
maintaining the biocompatibility of the final product; the comparative studies in
patients after implantation of apatite-wollastonite glass-ceramic and b-tricalcium
phosphate used to fill the bones after curettage of bone cycts

Furthermore, the role of ceramics in the field of environmental protection has been
increasing drastically over the last years. Environmental cleaning/decontamination,
stabilizing toxic and hazardous elements, waste treatment and recycling,
environmental conservation, ecological building, protection from electromagnetic
fields and radiation are some of the today’s fields of research in the brad area that
relates ceramics to the environment.

Rather interesting research, included in this volume, is focused on water cleaning from
toxic elements, through the development of techniques for obtaining potassium
polytitanate nanoabsorbent ceramics for the removal of lead ions from water. Other
interesting included is research on the developments in stabilization mechanisms,
incorporation efficiencies, metal leaching properties of product phases aiming to
stabilize metal bearing toxic wastes by incorporation into the matrix of ceramic
products. Ceramics’ production result to thousand of tones of wastes and very useful
research is underway on the utilization of these wastes in ecoefficient concrete and
precast concrete products.

The current book consists of twenty-four chapters divided into three sections.

Section I includes fourteen chapters in electric and magnetic ceramics which are
dealing with modern specific research on dielectrics and their applications, on
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nanodielectrics, on piezoceramics, on glass ceramics with para-, anti- or ferro-electric
active phases, of varistors ceramics and magnetic ceramics.

Section II includes seven chapters in bioceramics. These chapters include review
information and research results/data on biocompatibility, on medical applications of
alumina, zirconia, silicon nitride, ZrOs, bioglass, apatite-wollastonite glass ceramic and
b-tri-calcium phosphate.

Section III includes three chapters in applications of ceramics in environmental
improvement and protection, in water cleaning, in metal bearing wastes stabilization
and in utilization of wastes from ceramic industry in concrete and concrete products.

Constantinos A. Sikalidis
Department of Chemical Engineering
Aristotle University of Thessaloniki, GR
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Preparation and Properties of BaTiO3; and
Ba(Zr,Ti)O; Ceramics by Spark Plasma Sintering

Hiroshi Maiwa
Shonan Institute of Technology

Japan

1. Introduction

In this chapter, the dielectric and electromechanical properties of Ba(Zr2Tios)O3; and BaTiO3
ceramics prepared by spark plasma sintering (SPS) are reported. Those of ceramics prepared
by conventional sintering are also reported for comparison with the SPS-prepared ceramics.
The obtained information is helpful for possible application to the fabrication of lead-free
piezoelectrics.

1.1 BaTiO; and Ba(Zr,Ti)Os

Barium titanate has recently attracted attention due to the demand for lead-free
piezoelectrics. Barium titanate ceramics prepared by microwave sintering (Takahashi et al.,
2006, 2008) or two-step sintering (Karaki et al., 2007) with fine grains approximately 1 pm in
size show excellent piezoelectric properties. These high piezoelectric properties are
considered to be due to the small grain size. It is well known that the suppression of grain
growth results in low-density samples by conventional sintering. Therefore, spark plasma
sintering (SPS) was applied in the present study.

Zr-doped BaTiOs; (BZT) ceramics are interesting materials that exhibit linear field-induced
strain for actuator applications. We have previously reported the microstructure and the
dielectric and electromechanical properties of these materials in thin film form (Maiwa et al.,
2010); however, a characterization of the ceramic BZT with fine grains has not yet been
carried out.

1.2 Spark plasma sintering

SPS is a process that uses electrical discharge between particles under pressure of several
megapascals. SPS enables a compact powder to be sintered to a high density at a relatively
low temperature and with a shorter sintering period.(Munir et al., 2006, 2011) In addition,
SPS has an advantage over conventional sintering in that it suppresses exaggerated grain
growth. Thus far, SPS has been applied to fabricate various piezoelectric ceramics, the
reported results indicate that SPS is a powerful technique and opens the possibility of
processing ceramics with controlled sub-micron grain sizes.(Hungria et al., 2009) Lead
titanate (Kakegawa, 2004), NaNbOs; (Wada et al., 2003), and NaxK1..NbOs (Zhang, 2006)
ceramics have been prepared by SPS. SPS has also applied to preprare BaTiOs ceramics and
exhibited high dielectric constant of 10000; however, electromechanical properties has not
been reportred(Takeuchi et al., 1999).
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2. Experimental

2.1 Sample preparation

The starting powder used were commercial Ba(Zro1Tio9)Os and Ba(Zro2Tios)Os ceramic
powder (Sakai Chemicals, Japan) and BaTiO; ceramic powder (Toda Kogyo, Japan) . These
powders were prepared by the hydrothermal method. The purities of the sample powder
were more than 99%. In the case of conventional sintering, the powder was supplemented
with 1% polyvinyl alcohol (PVA) binder, pressed in a die at a pressure of 80 MPa and
sintered in air for 2 h from 1100 to 1450°C. In the case of SPS, no binder was added to avoid
residual organics. Since the pellet is pressed during SPS, a binder is not required. For SPS,
SPS-511S (SPS Syntex Inc., Japan) was used; raw powder was placed in a graphite die (10
mm diameter), and sintering was carried out in air atmosphere at a pressure of 60 MPa. The
temperature was increased to 900-1100°C within 11 minutes and maintained at that
temperature for 5 minutes, after which the pressure was released and the sample was cooled
to room temperature. Since the pellet as-sintered by SPS at 1100°C is black and conductive,
the pellet was annealed at 900-1400°C for 12 h in air.

2.2 Characterization

The surface of the sintered ceramics was observed by scanning electron microscopy (SEM,
Hitachi S-2100A). The sintered samples were polished and then produced electrodes using a
silver paste. Measurements of the electric field-induced displacement and polarization in
BZT ceramics were performed using displacement sensor (Mahr GmbH, Millimar Nr. 1301,
Germany) and a charge-amplifier circuit (Kitamoto Electronics, POEL-101, Japan). An
alternating electric field of 0.1 Hz was used in these measurements. Prior to the small-signal
measurements, including resonant-antiresonant methods and ds3 measurements with the das3
meter, the ceramic specimens were polarized for 20 min in a silicone bath under a DC field
of 20 kV/cm at room temperature. The resonant-antiresonant methods were carried out
using an impedance analyzer (HP 4192A) for an additional 24 h after the polarization. The
d33 meter (Chinese Academy of Science ZJ-3B, China) was used for the ds3 measurements.

3. Structure and properties

3.1 Ba(Zr,Ti)O3

Dielectric properties were evaluated in both Ba(Zro1Tip9)Os and Ba(Zro2Tios)Os ceramic.
Structure and electromechanical and piezielectric properties were evaluated mainly in
Ba(Zro<2Tio,8)O3(BZT20) ceramic.

3.1.1 Density and microstructure

Ba(Zr,Ti1)O3 (BZT, x=0.1, and 0.2) ceramics are prepared by SPS and conventional
sintering. By application of SPS, the Ba(Zr,Ti)Os; ceramics with more than 96% relative
densities could be obtained by the sintering at 1100°C for 5 minutes in air atmosphere. The
grain growth is suppressed in the ceramics prepared by SPS, the average grain sizes were
less than Imicron. Carbon contents of SPS prepared BZT ceramics and the conventionally
sintered BZT are 0.15% and 0.024%, respectively.(Maiwa, 2008b) It should be noted that the
SPS prepared BZT ceramics examined carbon content contained organic binder intentionally
for comparison. Since the organic binder is not added to SPS prepared ceramics usually,
carbon contents of the SPS prepared ceramics would be less than 0.15%.
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The SPS-BZT20 ceramics prepared by SPS at 1100°C and then annealed at 1100°C, 1200°C,
and 1300°C were 5.89, 5.87, and 5.83 g/cm3, respectively. These ceramics were almost fully
sintered. SEM images of the BZT20 ceramics prepared by SPS and normal sintered are
shown in Figs. 1 and 2, respectively. The SPS-BZT20 ceramics annealed at 1200°C were
found to have very small grains less than 1 pm in diameter. In the SPS-BZT20 ceramics
annealed at 1300°C, small grains less than 1 pm in diameter and relatively large grains
several tens of microns in diameter coexisted. Since SPS provided rapid sintering at 1100°C
within 5 minutes, grain growth was suppressed. As described later, grain growth is limited
by normal sintering at 1300°C and lower, and the fine grains of as-SPS ceramics are taken
over after a lower post-annealing temperature of 1200 and 1300°C. The grains of the SPS-
BZT20 ceramics annealed at 1400°C were all relatively large, more than several tens of
microns in diameter.

In conventional sintering, the relative density was found to increase and the grains grew
with increases in the sintering temperature. The relative densities of the ceramics sintered at
1300, 1350, 1400, and 1450°C were 4.67, 5.03, 5.68, and 5.77 g/cm3, respectively. These values
were lower than those of the SPS-BZT20 ceramics. It should be noted that the normally
sintered ceramics contained pores, as show in Fig. 2. The average grain sizes were
approximately 1 pm for the samples annealed at 1300-1400°C, with the size increasing
slightly with temperature. Grain growth occurred over the range from 1400-1450°C.

ol

_ ‘.Hm RS I\

Fig. 1. SEM images of the Ba(ZroTios)Os ceramics SPS-prepared at 1000°C and annealed at
(a) 1200, (b)1300°C, and (d)1400 °C.

Fig. 2. SEM images of the Ba(ZroTio8)O3 ceramics normally sintered at (a) 1300, (b) 1350, (c)
1400, and (d)1450.

3.1.2 Dielectric properties

Figure 3 and 4 show the temperature dependence of the dielectric constant and loss tangent
of the Ba(Zro1Tio9)O3 and Ba(Zr2Tips)Os ceramics in the temperature range of 30 - 150°C,
respectively. The dielectric anomalies in these Ba(Zro1Tio9)O3 and Ba(ZrTio8)Os ceramics
occur at approximately 90 and 40°C, respectively. These coincide well with reported values.
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With increasing sintering temperature in normal sintering, the jumps accompanying the
dielectric anomaly become clear. The temperature dependence of the SPS-prepared BZT
ceramics is relatively mild, and the nominal value is higher than that of the sample sintered
at relatively lower temperatures of 1200 and 1250°C. The mild temperature dependence of
the SPS BZT ceramics is considered to be due to small grains. The relatively high dielectric
constant is attributed to the high density.

It was reported that by Takeuchi et al. BaTiO3; SPS-prepared at 1000°C and with grains less
than 1 pm does not show a broadening transition but a sharp transition. (Takeuchi et al,
1999) Kinoshita et al. reported that fine-grained BaTiO3 ceramics with 1.1 pm grains exhibit
sharp transition.(Kinoshita & Yamaji 1976) In this study, the broad transitions are observed
in Ba(Zro1Tio9)Os ceramics with 0.56 pm grains and Ba(Zro2Tios)O3 ceramics with 0.86 um
and 0.53 pm grains. At present, the reason for the difference in transition between pure
BaTiO3 and zirconium-containing BaTiO; system is not clear. It is considered that the relaxor
nature of the zirconium-containing BaTiO3 system induces a broadening of the transition in
ceramics with larger grains, than pure BaTiOs ceramics. In the BaTiO3-BaZrO; system,
dielectric relaxation is induced by the addition of nonpolar BaZrO;, and disorder is
considered to be expanded by separating a large number of small grains. The transition is
further broadened in small-grained samples of SPS Ba(Zro2Tio8)Os, supporting the above
speculations.

There is another point to be compared with pure BaTiOs. It has been reported that the
dielectric constant of pure BaTiOs at room temperature has been determined for ceramics of
approximately 1 um grain size. In this study, no marked increase in dielectric constant at
room temperature is observed in Ba(Zro1Tio9)Os and Ba(Zr2Tios)Os ceramics. Compared
with the conventionally sintered ceramics of the same grain size, the SPS-prepared
Ba(Zrp1Tio9)Os and Ba(Zrp2Tios)Os ceramics exhibit relatively larger dielectric constants at
room temperature; however, this is mainly due to the increase in their densities.

The dielectric properties of the SPS-prepared ceramics are understood to be dependent on
the enlargement of the small grains of the ceramics sintered at low temperature, as shown in
Fig. 1. It is reasonable to say that no marked increase in the dielectric properties of the
materials occurs in the SPS-prepared samples; however, the elimination of pores plays a
major role in increasing dielectric constant. It is difficult to discuss the effect of density on
dielectric constant quantitatively. Conductivity affects dielectric constant through
capacitance; however, is difficult to take conductance into account in the calculation of
dielectric constant. Moreover, the formularization of pore distribution is difficult. By
assuming a model of a series of capacitors consisting of air and dielectrics materials, the
thicknesses ratio of air to the dielectrics of 1/1000, and a dielectric constant of 5000 in the
dielectrics, the measured dielectric constant becomes 17% of the pure dielectrics. Although
this model is too simple; however, it shows that the elimination of pores enhances the
dielectric constant, and it can roughly explain the high dielectric constant of the dense
ceramics prepared by SPS in the entire throughout measured temperature range. In other
words, the dielectric constants of the small-grained Ba(Zro1Tio9)Os and Ba(Zro2Tios)Os
ceramics are weakly temperature-dependent basically. The low dielectric constants of the
small-grained ceramics normally sintered are due to the low density. While, SPS-prepared
ceramics are dense and composed of small grains, their dielectric constant is high and
weakly temperature-dependent.
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The ceramics with low density exhibit a relatively high loss tangent, probably due to a large
numbers of defects. SPS and normally sintered ceramics with high densities exhibit smaller
loss tangent, generally less than 2%. An increase in loss tangent accompanying dielectric
anomaly is more clearly seen in the Ba(Zr2Tios)Os ceramics, probably due to the greater
diffusivity of the transition.
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3.1.3 Electromechanical properties

The Strain/Field in the SPS Ba(Zro1Tio9)Os and Ba(Zro.Tios)Os are 76pm/V under
24.5kV/cm and 252pm/V under 13.9kV/cm, respectively. Figures 5 and 6 show the field-
induced strain of SPS-BZT20 ceramics annealed at 1200 and 1300°C and the BZT20 ceramics
normally sintered at 1300 - 1450 °C, respectively. The SPS-BZT20 ceramics annealed at
1200°C exhibited a strain loop with less shrinkage and lower displacement. Since the strain
hysteresis behavior accompanying shrinkage is derived from ferroelectric domain
switching, ferroelectric domain activities are suppressed, probably due to the residual stress
or small grains, or both. The SPS-BZT20 annealed at 1300°C exhibited a strain loop with
large shrinkage and larger displacement. The SPS-BZT annealed at 1400°C was too leaky to
measure the dynamic strain loop under application of a DC field of 10kV/cm and higher.

In the case of normal sintering, the BZT20 ceramics sintered at 1350°C exhibited the highest
strain among the samples measured. The sample sintered at 1300°C exhibited smaller strain
due to the small grains, low density, or both. The samples sintered at 1400 and 1450°C
exhibited smaller displacement than that sintered at 1350°C. The grain sizes of these samples
were considered to be larger than appropriate for this material. The strain loops became
more hysteretic with increasing sintering temperature. In the case of pure BaTiOs, the
ceramics with a grain size of 0.61-0.74 um exhibited the largest field-induced strain, and the
ceramics with smaller and larger grains exhibited lower strain. The results obtained here for
BZT followed the grain size dependencies seen in pure BaTiOs.

The unipolar field-induced strains of these samples were also measured. The general
tendencies were the same as those observed with the bipolar strain loops. The dynamic
strain/field at 20 kV/cm of SPS-BZT annealed at 1300°C and the BZT20 ceramics normally
sintered at 1350 °C were 290 and 280 pm/V, respectively. These two values are comparable;
however, the SPS-BZT20 yielded a more linear strain curve compared with the sample
normally sintered at 1350°C. This difference can be shown clearly in the dependence of
electric field on dynamic dss, which is calculated from the strain/field. The results are
shown in Fig. 7. Considering the relatively low dielectric constant of 1204, the reason for the
linear strain of SPS-BZT20 is considered to be due to the suppressed polarization
rotation.(Maiwa 2008a) The lower hysteretic strain with good linearity for the SPS-BZT20
ceramics is unique and might be desirable for actuator applications that require analogue
operations.

3.1.4 Static piezoelectric properties

The clear resonances were observed only for the SPS-BZT annealed at 1300°C and the BZT20
ceramics normally sintered at 1400 °C, as shown in Fig. 6. The piezoelectric properties
calculated by the resonance method are included in Table 1. In the case of the SPS-BT, the
Qm and kp values are 44-62 and 16.2-17.5, respectively, which are smaller than the Qm and
kp values of 325 and 25.1 (%) for the SPS-BZT20 annealed at 1300°C. The reason for this
difference is not clear, but the unique microstructure composed of submicron and coarse
grains might play a role in producing the reasonably high Qm and kp values. These
ceramics exhibit a small loss tangent, generally less than 2%.

The ds3 values measured with the ds3 meter are shown in Fig. 7. This measurement method
is more sensitive than dynamic measurement. The low values are derived from the
insufficient polarization due to the grains being too small or high conductivity of the
samples. The ds3 values for the SPS-BZT20 annealed 1300°C and the BZT20 ceramics
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normally sintered at 1400 °C are of 126 and 138pC/N, respectively. Yu et al. have reported
ds3 values of 130pC/N measured in Ba(ZrgsTio92)Os ceramics by resonance-antiresonance
measurements (Yu et al.,, 2002), and the values obtained in this study are reasonable in
comparison with the values.

6-66
0:05
(a)
0.04—
9 0.03 9
£ £
g s
a 0.0 &a
0:01
-30 -20 -10 0 10 20 30 -
=0-64 6-04
Electricfield (kV/cm) Electricfield (kV/cm)

Fig. 5. Field-induced strain of the Ba(Zro2Tios)O3 ceramics SPS-prepared at 1100°C and then
annealed at (a)1200 and (b)1300°C.
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Fig. 7. Field dependence of the dynamic ds3 calculated from the unipolar field-induced
strain of the Ba(Zro,Tio)O3 ceramics SPS-prepared at 1100°C(SPS) and then annealed at
1300°C and normally sintered at 1400°C(Normal).
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Fig. 8. Resonance-antiresonance measurement of the Ba(Zro2Ti0s)O3 ceramics SPS-prepared
at 1100°C and then annealed at 1300°C(SPS) and normally sintered at 1400°C(Normal).

Sample Qm kp (%) Dielectric d31(1012C/N)
constant

SPS1300 312 25 1204 43

Normal 1400 119 21 7869 91

Table 1. Piezoelectric properties of the Ba(Zro2Tios)O3 ceramics SPS-prepared at 1100°C and
then annealed at 1300°C (SPS1300) and normally sintered at 1400°C(Normal 1400).
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3.2 BaTiOs

Density, dielectric and preliminary electromechanical properties were evaluated in the
BaTiO3 creramics SPS-prearred at 900°C. Electromechanical and piezielectric properties
were evaluated mainly in the BaTiOs creramics SPS-prearred at 950°C.

3.2.1 Density and microstructure

The as-sintered pellet prepared by SPS at 900-1100 °C was black and conductive. Although
SPS was carried out in air atmosphere, the samples were deoxidized by heating the carbon
die. By post-annealing at 900-1200 °C for 12 h in air, the pellet was oxidized and became
white and insulating. These features are similar to those of the Ba(Zr,Ti)Os. The relative
densities of the BT ceramics prepared by SPS at 900-1100 °C were 5.84-5.97 g/cm3. These
ceramics are almost fully sintered. Compared with Ba(Zro2Ti0s)O3 ceramics, the BT ceramics
can be sintered at lower temperatures. This is due to the smaller particle size or the nature of
the pure BT. In conventional sintering, the relative densities of the samples increase with
sintering temperature, as shown in Fig. 10. SEM images of the BT ceramics prepared by
conventional sintering and by SPS are shown in Figs. 11 and 12, respectively. The average
grain sizes of samples of these ceramics are shown in Fig. 13. It is noted that grain growth is
promoted by high-temperature annealing and suppressed by SPS. The average grain sizes of
the BT ceramics prepared by SPS at 900-1200 °C, which increase with annealing
temperature, are below 1 um. These values are almost equivalent to those of ceramics of the
same composition conventionally sintered at 1100-1200 °C. Figures 14 and 15 show the X-ray
diffraction patterns of the BT ceramics prepared by normal sintering and by SPS,
respectively. The diffraction peaks of the starting powder are broad and no splits due to the
distortion from cubic structure are observed. The cubic structure of fine BT powder has been
frequently reported. The peaks of the as-SPS ceramics, the ceramics prepared by SPS
without annealing, are broad and shifted to a lower angle. The lattice elongation is caused
by deoxidization. The X-ray diffraction patterns of the ceramics conventionally sintered at
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1100 °C and the ceramics prepared by SPS at 900 °C and then annealed at 900-1100 °C were
different in terms of the normal splitting peaks, with 1:2 intensity ratio of tetragonal (002)
and (200) observed in the ceramics conventionally sintered at 1200 and 1300 °C. This is due
to the structural change derived from the stress in the small grain below 1 pm.
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Fig. 10. Relative densities of BaTiO; samples.

Fig. 11. SEM images of the BaTiO; ceramics normally sintered at (a) 1100, (b) 1200, (c) 1300,
and (d) 1400 °C.
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Fig. 12. SEM images of the BaTiO; ceramics SPS-prepared at 900 °C and then sintered at (a)
900, (b)1000, (c) 1100, and (d)1200 °C.
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Fig. 15. X-ray diffraction patterns of starting powder and the BaTiO3 ceramics SPS-prepared
at 900°C and then sintered at (a) 900, (b)1000, (c) 1100 and (d)1200 °C.

3.2.2 Dielectric properties

Figure 16 shows the dielectric constant of the BT ceramics at room temperature. Figure 17
shows the temperature dependence of the dielectric constant of the BT ceramics prepared by
normal sintering and by SPS in the temperature range of 30-150 °C. The dielectric constants
at room temperature of the BT ceramics prepared by SPS and then annealed at 1000 and
1100 °C, whose grains are 0.61-0.74 pum in size, are highest among the samples prepared in
this study. This result agrees well with the reported values. It was reported by Takeuchi et
al. that BT ceramics SPS-prepared at 1000 °C with grains of less than 1 pm size, showed a
dielectric constant of 10000. (Takeuchi et al., 1999) Kinoshita and Yamaji reported that the
fine-grained BT ceramics with 1.1 pm grains exhibited a high dielectric constant of
approximately 5000.(Kinoshita & Yamaji, 1976) Arlt et al. reported that the fine-grained BT
ceramics with 0.7 pm grains exhibited a high dielectric constant of approximately 5000 at
room temperature.(Arlt et al., 1985)

The transition temperature is another point to be compared with previous reports on pure
BT. The dielectric anomalies in the BT ceramics occur at approximately 120 °C. In this study,
a lowering dielectric anomaly with annealing temperature was observed, as shown in Fig.
17. Kinoshita and Yamaji reported that the fine-grained BaTiOs ceramics with 1.1 um grains
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exhibited a negligible shift compared with the ceramics with 53 um grains.(Kinoshita &
Yamaji, 1976) Takeuchi et al. reported that the BT ceramics SPS-prepared at 1000 °C and
with grains of less than 1 um size showed a shift in the Curie temperature.(Takeuchi et al.,
1999) It has been reported that the Curie temperature of the pure BT ceramics with fine
grains shifts to a lower temperature. (Line & Glass, 1977) (Xu et al., 1989) The decrease in
the Curie temperature is due to the effects of the fine grains.
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Fig. 16. Dielectric constant of the conventionally sintered BaTiO3 ceramics.
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Fig. 17. Temperature dependence of dielectric constant of the BaTiOs ceramics SPS-prepared
at 900°C and then sintered at (a) 900, (b)1000, (c) 1100 and (d)1200 °C.
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3.2.3 Electroimechanical properties

The field-induced displacement of the BT ceramics prepared by SPS at 900 °C were
measured. The bipolar field-induced strain loops of the BT ceramics prepared by SPS and
then annealed at 900-1200 °C are shown in Fig. 18. With increasing annealing temperature,
the strain loops became slim. This is due to the ease of the domain motion in larger grains. A
larger displacement of the BT ceramics prepared by SPS was observed in the samples
annealed at 1000 and 1100 °C, which have larger dielectric constants than the samples
annealed at 900 and 1200 °‘C. The unipolar field-induced strain loops and calculated
dynamic ds; of the BT ceramics prepared by SPS and then annealed at 1000 and 1100 °C are
meaured.(Maiwa 2008a) The strain/field values at 15 kV/cm of the BT ceramics prepared
by SPS and then annealed at 1000 and 1100 °C are 540 and 530 pm/V, respectively. These
values are comparable to the reported high remanent ds3 values of the BaTiOs ceramics
prepared by microwave sintering or two-step sintering,.
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Fig. 18. Field-induced displacement of the BaTiO3 ceramics SPS-prepared at 900 °C and then
sintered at (a) 900, (b)1000, (c) 1100 and (d)1200 °C.

The bipolar polarization and field-induced strain loops of the SPS-BT, conventionally
sintered, and two-step-sintered BT ceramics are shown in Figs.19-21, respectively. Note that
the SPS-BT ceramics exhibit relatively thin polarization loops. Large hysteretic strain loops
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are obtained in the ceramics sintered at a high temperature of 1400 °C. The large hysteresis is
due to the effects of polarization rotation in larger grains. The unipolar strain and derived
dynamic ds; values of these BT ceramics are measured.(Maiwa, 2009) SPS-BT ceramics
exhibit relatively large strains regardless of their fine grains. Compared with the fine-
grained BT ceramics fabricated by other methods, such as the BT ceramics conventionally
sintered at 1300 °C and the BT ceramics two-step-sintered at 1300 °C, the SPS-BT ceramics
exhibit high ds;. The field-induced strain loops of the SPS-BT ceramics are linear; this
corresponds to the flat dynamic ds; behavior under high field. Large hysteretic strain loops
and high calculated ds; values are observed in the ceramics sintered at high temperature.
The calculated ds; values of these samples decrease markedly under high field. These
phenomena can be explained as follows. The samples exhibit large induced strains due to
polarization rotation under low field, and the induced strains decrease together with the
completion of polarization rotation. In the case of the SPS-BT ceramics, the observed linear
strain behavior is considered to be due to the suppressed polarization rotation and
electrostrictive strain reflected by the high dielectric constant, or both mechanisms.
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Fig. 19. Polarizations and field-induced strains of the BT ceramics SPS-prepared at 950 °C
and then annealed at (a)1000 and (b)1200 °C.
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Fig. 20. Polarizations and field-induced strains of the BT ceramics conventionally sintered at
(a) 1300 and (b) 1400 °C.

3.1.4 Static piezoelectric properties

The piezoelectric properties calculated by resonance methods are included in Table 2. The
SPS-BT ceramics are characterized by high d3; and low Qm. Compared with the fine-grained
BT ceramics fabricated by other methods, the SPS-BT ceramics exhibit high dsi. Relatively
high d3; values correspond to large field-induced strains. Here, I discuss the origin of the
large difference between dj; obtained by the resonance methods and ds; calculated from the
slope of the dynamic-field-induced strain measurement. The major differences of these
measurements lie in the driving frequency and field amplitude. The frequencies and electric
field amplitudes in the resonance methods and the dynamic measurement are 200-300 kHz
and 14-15 V/cm, and 0.1 Hz and 20-30 kV/cm, respectively.

A slow and high-field dynamic measurement detects the displacement including
polarization rotation that requires large energy. A rapid and low-field resonance method
eliminates the displacement due to polarization rotation. The dynamic ds; values calculated
from the linear part of the slope under a high field of more than 20 kV/cm are 200-350
pm/V generally. These values roughly correspond to twice the d3; value calculated by the
resonance method, indicating that the explanations above are reasonable. Qm is related to
the internal stress. The low Qm of the SPS-BT ceramics suggests the presence of high
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Fig. 21. Polarizations and field-induced strains of the BT ceramics two-step-sintered at
(a) 1300 and (b) 1400 °C.

Sample Density |Grain Qm |kp |Dielectric |d3 Loss Np
(g/cm3) |size (um) (%) |constant |(10-12C/N) [|tangent |(Hz-m)
SPS1000 5.98 0.7 62 (16.8 | 5444 66 0.02 2753
SPS1100 6.00 1.3 44 |17.5| 5491 73 0.024 2653
SPS1200 5.95 25 51 |16.2 | 3406 51 0.039 2743
Normal1300 5.87 3.6 169 |14 3356 44 0.014 2796
Normal1400 5.78 26 936 |38.7 | 2333 99 0.0068 | 2942
two-step1300 | 5.15 1.2 216 (8.9 | 3850 39 0.015 2408
two-step1350 | 5.55 3.1 243 (17.1 | 3360 56 0.013 2806
two-step1400 | 5.82 7.5 530 (38 2236 87 0.0075 | 2978

Table 2. Piezoelectric properties of the BaTiOs ceramics.
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internal stress in the SPS-BT samples. By considering the distorted X-ray diffraction peaks
and decrease in transition temperature, it is speculated that the high internal stress still
remains in the SPS-BT ceramics even after 12 h postannealing. Regardless of the fabrication
methods, the kp of the fine-grained BT ceramics is low generally. This is probably due to the
insufficient poling treatment of the fine-grained samples.

4. Conclusion

By application of SPS, dense Ba(Zr,Ti)O3; and BaTiO3 ceramics with fine grains can be
obtained. The properties are quite unique, which cannot be easily obtained by other
methods. And this method offers applicability to other dielectric and piezoelectric materials
and may yields unique properties similar with the ones observed in BaTiOs based ceramics.
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1. Introduction

Embedded functionality is one main focus of technology in the upcoming century. The
embedded structures are able to work as sensors and/or actuators at the same time, making
a passive structure to a mechatronic device. In this chapter we focus on structures
comprehending piezoceramics as actuators. Pierre and Jacques Curie discovered the
piezoelectric effect in 1880. With this effect a material itself can effect a small displacement
by voltage application. Only for resonance applications like speaker the reachable
displacement is adequate. For most technical drive systems the reachable displacement of a
piezoelectric actuator seems insufficient. This changes with the utilization of displacement
amplification systems. A displacement amplification system transforms the high force but
small displacement of the piezoactuator to a moderate force with useful displacement.

These displacement amplification systems are composed of passive structures of steel,
polymer or ceramics and the piezoactuator itself. Basic amplification systems are bending
actuators and flat leverage actuators. Bending actuators or bimorph actuators are composed
of a thin piezoceramics actuator and a passive steel or ceramic plate opposite. The shrinking
of the piezoceramic actuator’s length by voltage application results in a bending movement
allowing only very small forces. The flat leverage actuator uses the piezoactuator, the
leverages and joints. Critical for these systems are the joints and the stiffness. If there is
minimal backlash in one joint it will absorb the displacement of the piezo. With rising
stiffness of the system the applicable force rises, but the reachable displacement will shrink.
In this chapter we give an introduction to piezoceramics, conventional piezoactuators and a
new manufacturing technology. Then we focus on displacement amplification systems
developed by the authors in recent years. We optimise the structures for high amplification,
maximal stiffness and maximum speed of the actuator depending on the field of application.
Afterwards our focus changes to two applications for amplification systems developed by the
authors. Finally we discuss the capabilities of piezoceramics from the technical point of view.

2. Piezoceramics

The piezoelectric effect means the linear electromechanical interaction between the
mechanical and the electrical state in crystalline materials with no inversion symmetry. An
overview for sensor applications gives (Gautschi 2002) for actuator applications one can use
(Janocha 2010). The direct piezo effect discovered in 1880 by Pierre and Jacques Currie
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means that a structure disposed to physical loads generates a proportional charge or
voltage. The direct piezoelectric effect is used for different types of sensors transforming
physical loads to an electric signal. The inverse piezoelectric effect means to deform a
structure by charge or voltage application. Using the inverse piezo effect the ceramics
reaches a maximal elongation change of about 0.02 to 0.1 per cent of the initial length
depending on the used material by an applied electric field of about 2000 V/mm. The
piezoelectric (3,1)-effect or transversal effect means the extension in the direction of the field.
The (3,1)-effect or longitudinal effect means a contraction orthographic to the field. The
actuator has to be polarised before use in field direction. It is important not to excess the
materials Curie temperature to avoid the loss of polarisation. The actual field of application
of piezoceramics comprises ink-jet printers, loud speakers, valves and diesel fuel injection
systems (Janocha 2010).

Piezoactuator basics and applications

With (Ruschmeyer 1995) one can find a basic book about piezoceramics. Constitutive
equations describe the piezoelectric effect of all materials using a linear model. The
constitutive equations (1) and (2) represent the coupled behaviour of mechanical and
electrical properties of an element, neglecting thermal or other coupling effects. On the
electrical side displacement D and on the mechanical side strain S is composed of one part
resulting from the electrical field E and a second part resulting from mechanical stress T

D=d-T+s" -E 1)

S=s".T+d-E @)

Material data is given by electric permittivity e, piezoelectric load constant d and mechanical
compliance s. Equations (1) and (2) give constitutive equations in scalar formulation, where
the electrical field and strain have the same direction, which corresponds to the (3,3)-
piezoelectric effect, or are perpendicular as in the case of the (3,1)-effect. Stress and strain
always have the same direction.

The constitutive equations applied to cuboids (Figure 1) with basic area A and length L,
whose electrodes are supplied with a voltage U = E - L, deliver the charge Q = D - A stored
on that element

Q =dF +C.U 3)

and the change of length AL
AL = L d-u 4)

Cm
Here
F=T-A )
describes the force acting on the surface A, ¢, = specifies the spring constant and
"osEL

C =5-% is the capacity of the element. Eq. (5) shows how the actuator’s force can be
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influenced directly by adapting its area A. But eq. (4) indicates that the elongation AL will be
small, due to the restrictions of supply voltage and the piezoelectric constant of available

materials.
[
L
U
AL

To overcome these restrictions and to generate larger motion, several construction principles
of piezoactuators are common. The bender type uses the (3,1)-piezo-effect in relative long
thin strips. At least two of these strips are connected together in assembly comparable to a
bimetal, to get the required bending. Benders generate large motion in the mm range with
the disadvantage of decreasing forces, which is the limiting factor for applications. Stack
actuators use the (3,3)-piezo-effect and add the elongations of a large number of n thin
elements to generate a larger motion

Fig. 1. Piezoelectric element

F
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As effective area A as well as the acting stress T remains unchanged, eq. (5) shows that very
high forces are possible. Simply adding stacks allows only limited motions, related to the
total length L, ~ n- L of the actuator and suffers from a reduced stiffness of the actuator
expressed by the reduced spring constant in eq. (6). Thus, in the case of stack actuators,
range of motion is the limiting factor for applications. There are further actuator
construction types like crossbow actuators etc. that promise a better compromise between
force and motion but with the need for a more complex assembly and much higher cost.

AL F
«— —

E

AN

r 3
v

La
Fig. 2. Planar piezoactuator

To adapt actuator characteristics to the requirements of applications, motion amplification
systems (MAS) can be used (Kasper, Heinemann und Wagner 1998), (Kasper 2002). In this
paper the focus is set on mechanical solutions, as they offer a better way of integration into
ceramic structures. Mechanical MAS in many cases utilize implementations of the law of
lever
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where F is force, x is motion, 1 is the effective lever length and index 1 means the primary,
index 2 the secondary side of the lever. They offer a simple mechanical construction, but
have problems with friction, backlash and stiffness. To avoid these drawbacks and to ease
handling, frame constructions are used, which integrate several tasks like motion
amplification, pre-stress generation and safe mounting. Unfortunately all types of MAS
increase size and moved masses of the actuator. This is a contradiction to an optimized
actuator system, fine tuning all its components, which is required for today’s applications.

2.1 Structured actuators

Analyzing the structure of typical piezo-driven systems in order to improve integration of
separated functional elements, the actuator itself and the MAS are good candidates for
doing a first step. Both elements are connected by a critical interface, where very small
motions have to be transmitted together with very high forces. As mentioned above,
piezoelectric actuators use two principles to generate force and motion as required by an
application. Benders use the (3,1)-effect to generate motion in the mm range. Due to bending
the complete actuator with a very large lever arm, only forces up to 1 N can be generated.
Stack actuators on the other hand use the (3,3)-effect to generate much higher forces in the
range of several kN. But range of motion is restricted to 50 to 100 pm.

An alternate approach is to use the (3,1)-effect like a bender actuator to generate a large
motion due to the large effective length L4 of a planar actuator. Figure 3 shows how the size
of motion AL is determined by the actuator’s length La and strength of the electrical field E.
The necessary supply voltage therefore is given by the actuator’s thickness. To reduce it, the
actuator can be produced from several layers. From a practical point of view, only a small
number of layers will be needed. Integrating a MAE into this planar actuator can be done in
several ways. An important distinguishing feature of an MAE is the integration in the same
plane as the actuator or generating motion perpendicular to this plane.

Combination of Elements
I E, X |F
e s—x N——
Stacks (3,3-effect) Benders (3,1-effect)
» Large force »Large motion
» Small motion (small effective length) »Small force (large lever)
E x F /
S e
Combination: Linear motion + (3,1)-Effekt + MAS by mechanical structuring
=» Large force + large motion

Fig. 3. Combination of Elements
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Planar systems offer the advantage that all components are located in the same physical
plane. As a consequence they can be produced from piezoceramic plates or discs within one
structuring process. Figure 4 shows two variants of planar systems. Variant a) is driven by
the length reduction of a central plate. Two levers, one on each side, amplify this motion up
to 2x88 um, while delivering a force of 4 N. Variant b) utilizes another method of motion
amplification by adding respectively subtracting the motion generated by the bars of a
meander structure.

Planar Systems Spatial Systems

a) b) c) d) e)
Two-sided Symmetric One-sided Hybrid Hybrid
Lever system Two-sided Lever system One-sided One-sided
Meander System Lever system Disc system
2x88 247 64 281 511 Motion [pm]
4 0.8 1 20 40 Force [N]
70x25 70x25 70x25 70x25 pr352 Area [ mm2]

Fig. 4. Actuator prototypes using several construction principles

Variant c) uses a tongue in the middle of a base plate. If the base plate shrinks, due to an
electric field, the passive tongue acts as a kind of two-side supported lever system and
bends perpendicular to the base plate. Optimizing the tension distribution and designing
solid joints with the aid of a FE-simulation, a motion of 64 pm can be achieved.
Unfortunately forces are down on a level of 1 N. To avoid these limitations that are closely
related to the solid joints used in these designs, a hybrid construction can be chosen. Variant
d), which is constructed very similar to variant c), but replaces the ceramic lever by one
made of spring steel, gets much better results of 281 pm motion and 20 N force. The lever
will be fixed in outbreaks of the ceramic plate using special mounting elements. The
strongest advantage of the hybrid type is the flexibility to adapt geometric and material data
at critical points in a wider range than this can be done for a pure ceramic actuator. Variant
e) shows the best results until now. More than 500 pm motion and a force of 40 N can be
generated by combining a ceramic base disc with star-like MAE made of spring steel.
Activating the piezoceramic disc will shrink its diameter. This radial motion is amplified
and transformed to a movement of the top of the MAE perpendicular to the disc.

2.2 Synthesis of tense piezoceramic structures
Here is presented a methodology developed for synthesis of closed structures for micro- and
nano-applications, utilizing the advantages of structured piezoceramics, tense



Advances in Ceramics —
28 Electric and Magnetic Ceramics, Bioceramics, Ceramics and Environment

piezoactuators and closed robot kinematics structures. The synthesis of closed kinematic

structure with piezoceramic actuators is investigated for three case studies:

e  Synthesis for parallel structures in which the basic links are connected, only by means
of driving chains of the piezoceramic actuators.

¢  Synthesis for parallel structures in which the basic links are connected in a serial chain.
The driving chains of the piezoceramic actuators are attached parallel to the links of the
basic serial chain.

e  Synthesis for parallel structures in which the basic links are connected in a parallel
chain. The driving chains of the piezoceramic actuators are attached parallel to the links
of these chains.

A synthesis of kinematics schemes with definite degrees of freedom based on the

synthesised structures is developed in the paper. The class of the kinematic joints of the

links and the immovable link are selected. Examples and graphic interpretation of the
solutions are presented in the paper.

Synthesis of closed structures based on piezo structured ceramics.

In order to be tensed, piezoceramic structures must be composed with parallel or closed
topology. To achieve tension in closed piezoceramic structures it is possible to use
predefined deformation in elastic joints or antagonistic interaction of the redundant
actuators (Chakarov, et al. 2007).

Here the synthesis of basic closed structures for micro- & nano-manipulation tasks will be
presented. According to the Mechanism and Machine Theory the basic closed kinematic
structures include links with a number of 3, 4 or more kinematic joints, which we describe
with n; (j23). The following relation (Chakarov und Parushev 1994) among the number of
basic links in the closed kinematic structure is used:

i+3
2:i=Y(j-2)n )
=3
Here
i=p-n ©)

is the difference between the number of the all kinematic joints p and the number of all links
n in the closed kinematic chain:

n=>n;. (10)

The possible variants of the basic links of the closed kinematic structures are derived using
(8), which are presented in Table 1. In the table there are limitations on the difference (9)
i<4, and on the number n? of the basic links in the closed structure:

n’=%'n<3, (11)
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The variants of the basic links shown in Table 1 allow closed structures synthesis by means
of link coupling directly among them, or by means of sequential kinematics chains including
one or more links of type n.

n’ i=1 i=2 i=3 i=4

1 n=1

2 n=2 ns=2 n=1,n¢=1 n:=1,n=1

n3=1,0g=1 ;=1 ng=1

3 n3=2,14=1 15=2,16=1 n;=1,n5=1,n¢=1
m=1,0,=1,n=1 n=1,0=1,n71
n=3 n=2,n6=1

=1,05=2

Table 1. Possible variants of basic links of closed kinematic structures

In Table 2 are shown the possible closed structures received from Table 1, included only
basic links. In Table 2 the links n3, n4y and so on are presented by the symbols

! m , representing the number of their joints by bubbles.

| =1 i=2 i=3

1 4

2 | 3-3 44 35 5-5 4-6

3 3-3-4 | 3-4-3 | 3-6-3 | 3-4-5 |3-5-4| 4-3-5 | 4-4-4

Table 2. Closed kinematic structures obtained by direct coupling of basic links

The variants of the basic links shown in Table 1 allow closed structures synthesis of link
coupling by means of sequential driven kinematic chains based on piezoceramics.
Piezoceramic structures can be assumed according to the Mechanism and Machine Theory
as a combination of rigid links and polarised ceramic elements. The polarised ceramic
elements can be estimated as actuators for linear motion, which can be modelled by the
kinematic chain shown in Figure 5. It includes two links 1 and 2 and a joint T with linear
motion, which can perform drive functions and two rotational joints R by which the actuator
is attached to the driven links. The rotational joints can be created by introducing elastic
areas in the ceramics or by additional elastic joints.



Advances in Ceramics —
30 Electric and Magnetic Ceramics, Bioceramics, Ceramics and Environment

Fig. 5. Kinematic chain of linear actuator.

Three case studies of closed kinematic structure synthesis for micro- and nano-
manipulation tasks

The closed kinematic structure synthesis for micro- and nano- manipulation tasks can be
investigated for three case studies:

n0 |[i=0 i=1 i=2 i=3 i=4
2 2-2 3-3 4-4 5-5 6-6

Table 3. Synthesised closed kinematic structures for case A)

A) Synthesis for parallel structures in which the links nj, (j=3) (Table 2) are connected in
between, only by means of sequential kinematics chains like as driving chains clearly seen in
Figure 5. The driving kinematics chains, presented in Figure 5 are sequential chains
including two links from type nz and three joints.

The possible kinematics structures for cases i < 4 and n® = 2 defined as a result of the
synthesis are shown graphically in Table 3, where the driving chains are shown by the
symbol in Figure 5. The simplest closed structure 2-2 (ny =2) can be found in Table 3, too.
The number of driving chains m depends on the number of the basic links (9) and on the
difference (11) as follows:

m =1i+n0. (12)

B) Serial - parallel structures synthesis including the basic links nj, (>3) in Table 1 connected
in a serial chain that can be included and binary links no. The total number n§ of the links
of basic serial chain includes links n;, (j23) shown in Table 1 and binary links n. The driving
chains, presented in Figure 5 connect the free joints of the links nj, of the basic serial chain
in between them. A restriction is imposed for structures synthesis only including number m
of the driving chains higher than the number of the joints connecting the links of the serial
chain. The reason for this restriction is the fact that all the joints of the basic serial chain are
driven by means of parallel driving chains. The kinematics structures defined as a result of
synthesis for n°=1, 2 according to Table 1 are shown graphically in Table 4 on the left side. In
Table 4 the possible kinematic structures are shown for case i < 2 and the number of the
links of basic serial chain n$ = 2, 3. The number of the driving chains m in this case is
defined by i in equation (9):
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m=i+1. (13)
Here, the same graphical symbols as in Table 3 are used for the link and the driving chain
definition. The difference in the arrangement of the links in Table 2 is also assessed. The
simplest closed structure ny =2 is shown in Table 4, too.
C) Parallel structures synthesis including the basic links nj, (7=3) in Table 1 connected in
between in a parallel chain that can be included and binary links n,. The total number n§ of
the links of the basic parallel chain includes links nj, (j=3), shown in Table 1, and binary links
nop.
The driving chains (Figure 5) connect the free joints of the links nj of the basic parallel
chain in between them. The number of the driving chains in this case is defined by the
difference (9) as: m =i.
The kinematic structures defined as a result of synthesis for n’=2, 3 and i =1, 2 according
Table 1 are shown graphically in Table 4 on the left. On the right of Table 4 the possible
kinematic structures are shown for case i =1, 2 and the number of the links of basic parallel
chain np =3.

noB i=0 i=1 i=2 “OB i=1 1=
2 2-2 3-3 4_4 33 Iy
3 3-2-3 4-2-4

2-3-3 2-4-4 3-3-4

2-4-2 2-5-3 3-4-3

Table 4. Synthesised closed kinematic structures for case B) and for case C)

Synthesis of kinematics schemes for micro- & nano-manipulation tasks based on the
synthesised structures.

A synthesis of kinematics schemes with definite degrees of freedom h based on the
synthesised structures can be developed. To create the kinematics schemes with definite
degrees of freedom, the class j of the kinematics joints pj of the links and the immovable link
are selected. The synthesis is performed separately for case A), B) and C) about structures of
Tables 3 and 4.
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A) For parallel structures of Table 3 the number of the degrees of freedom usually is equal to
the number of the actuators h = m. If the number of the actuators m is larger than that of the
degrees of freedom m>h we have actuation redundancy. This can be used for achieving the
tensity, improving the dynamic parameters and removing any backlash in the device. The
redundancy is presented by the difference:

m-h=r. (14)

To create the kinematics schemes with definite degrees of freedom, the class j of the
kinematic joints pj of the links has to be selected. The number and the class of the kinematics
joints are defined by the actuators. Each actuator according to Figure 5 possesses one linear
motor joint (T) and two revolution joints (R). The linear joints apply 5 restrictions to the
movements, thus the joint possess one degree of freedom. Their number p} is equal to the
number of the actuators:

ps=m (15)

The revolution joints of the parallel structures of Table 3 can apply different number of
restriction j = 1...5, defining the degrees of freedom of the device using the well known
equation:

5
h=6-n-3j-P, (16)
=1

where n is the number of all mobile links and Pj is the number of all kinematics joints of
class j.

As any actuator has two movable links and one of the basic links n? is immovable, the
number of all mobile links is:

n=n’-1+2'm. (17)
As the number of all kinematics joints of class j=5 includes the number of linear joints ps!
and the number of revolution joints pg of class 5 according (15) it leads to:
P; =p5 +p5 =m +pf. (18)
According (17) and (18) equation (16) assumes the form:
5
h:6~(n0—1)+7~m—2j~pf, (19)
j=1

As any actuator according Figure 5 has two revolution joints, the total number of revolution
joints is defined by the number of actuators m:

5
;Pf =2-m. (20)
<
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For any structural scheme of Table 3 defined by parameters n® and i (i=m+n9), above two
equations (19) and (20) allow to determine one or more variants of allocation of the different
class joints and synthesis of kinematics schemes with desired degrees of freedomh=m-r.

If we use elastic revolution joints (geometric closed), the class of joints is limited j = 3, 4. 5.
The possible revolution joints pj according equations (19) and (20) for structures of Table 3

(n%=2) with h=1,2,3 and i=0,...

,4 are shown in Table 5.

i=0, m=2 i=1, m=3 i=2, m=4 =3, m=5 i=4, m=6

1| ps=1,ps=3 ps=4,ps=2 | ps=7,ps=1 p+=10 ps=1,ps=11
Ps=1, ps=2,ps=3 | Ps=1, ps=3, ps=2 Ps=1, ps=8, ps=1 Ps=2, ps=9, ps=1
p=2,  ps=4 | ps=2,ps=3,ps=3 | Ps=2,ps=6, ps=2 Ps=3, ps=7, ps=2
Ps=3,p=1,ps=4 |  ps=3,ps=4,ps=3 ps=4, p+=5, ps=3
ps=4, ps=2, ps=4 Pa=3, ps=3, ps=4
p3=5> > P5=5 P3=5> P4=1> p5=5

2| p=1,ps=3 p+=3, ps=1 ps=8 p=1, p4=9, p=2, ps=2,ps~10
ps=1,ps=3,ps=2 | p3=1, ps=6, ps=1 p+=7,ps=1 ps=3, ps=8, ps=1
P3=2,ps=1,ps=3 | pa=2, pi~4, ps=2 Pa=3, ps=5, ps=2 ps=4, ps=6, ps=2
pP3= =3, Ps= 2,[)‘ =3 | 4, Ps= =3, ps= =3 P3=5, P4=4, Ps= =3
p:=4, ps=4 P:=5, ps=1, ps=4 P3=6, ps=2, ps=4
p3:75 s Ps =5

3 p4=6 p3=1 . p4=7 p3=2 . p4=8, p3=3, p3=3, p4=9

X p:=1,ps=4,ps=1 | pa=2, ps=5, ps=1 ps=6, ps=1 ps=4, p=T,ps=1
p3=2, p4=2, p5=2 p3=3, p4=3, p5=2 p3=4, p4=4, p5=2 p3=5, p4=5, p5=2
P3:4, P4:1= p5:3 p3:5> P4:2> p5:3 P3:6> P4:3> p5:3
p3:6> » P5:4 PSZT, p4:1> P5:4

Table 5. The possible revolution joints for case A)

B) Serial - parallel structures of Table 4 (left side) allow the basic serial chain to determine
the degrees of freedom of the device h. The joints of this chain can be elastic and can bear
the necessary motion restrictions. The actuators are treated as identical structural groups
with zero degrees of freedom (Figure 6). The class of the rotation joints of the actuators are
chosen in such a way according to (16), do not change the degrees of freedom of the basic
chain. The class of the rotation joints for the spatial (3D) case are shown in Figure 6.

1 P 2
P4 3 P3
Fig. 6. Class of the actuator joints for the spatial (3D) case

The number of the actuators usually is equal to the number of the degrees of freedom m=h.
If the number of the actuators m is larger than that of the degrees of freedom m>h we have
actuation redundancy presented through difference (14). This can be used for achieving the
tensity, improving the dynamic parameters and removing the backlashes in the device.

The class of the joints of the basic serial chain is determined according equation (16)
presented as:

5
h=6-(ng—-1)-Yj-p; . (21)
j=1
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where n and p? are the number of the links and the joints of the basic serial chain. The
joints number of the basic serial chain is determined according the number of its movable
links using equality:

5
nd-1=3p0. @2
=1

For each structure of Table 4 with desired degrees of freedom h, above two equations (21)
and (22) allow determining the class of basic chain joints and their number. If the class of
revolution joints is limited j = 3, 4. 5, the possible joints p;j of the basic serial chain with h=1,
2,3,4,5 degrees of freedom and n% =2, 3 are shown in Table 6.

H 1 2 3 4 5
n§ =2 p5=1 p4=1 p3=1 X X
nd = X p5=2 p4=1, p5=1 p4=2 p3=1, p4=1

Table 6. The possible joints p; of the basic serial chain

Each basic joint of class j must be included in (6-j) closed cycles with the actuators of
structure to get the drivability. The joints with definite class of the basic chain can be either
revolution or linear, as well.

C) In the parallel structures of Table 4 (right side) the actuators are treated too as identical
structural groups with a zero degrees of freedom (Figure 6). The basic parallel chain
determines the degrees of freedom of the device h. The number of the actuators is equal to
the number of the degrees of freedom m = h, or it is larger of them m > h. The class of joints
pi° of the basic parallel chain is defined by equation (16) as:

5
h=6-(ng ~1)~>j-p} - @)
j=1

where nj and p? are the number of the links and the joints of the basic parallel chain. The
total number of the joints of the basic parallel chain is equal to the number of its links:

5
ng=>p; . (24)
j=1

Above two equations allow for each structure of Table 5 (right side) included nBO links, to
specify the class of the joints of the basic parallel chain with h degrees of freedom. If the
class of elastic revolution joints is limited j = 3, 4, 5, the possible solutions for structures with
h=1, 2,3,4,5 degrees of freedom and nB0=3, 4 are shown in Table 7.

h 1 2 3 4 5

nY = p3=1, p4=2 p3=2, p4=1 p3=3 X X
p3=2, p5=1

nY =4 p3=1, p4=1, p5=2 p3=1, p4=2, p5=1 p3=2, p4=1, p5=1 X X

Table 7. The possible joints pjof the basic parallel chain
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3. Integrated displacement amplification system examples

The first and the second example show two displacement amplification systems for very
precise positioning in 3D. The aim was to synthesize a mechatronic handling device with 3
degrees of freedom - two degrees affect the orientation the third affects the translation. The
amplification system is appropriate for cell manipulation. For this purpose two prototypes
were experimentally investigated utilizing the synthesized kinematic structures based on
cases A) and B).

The development of an adaptive Gas-Spring-Damper System (GSD) resulted in a need for a
very fast high flow pneumatic fluid restrictor. The appropriate application area of an
adaptive Gas-Spring-Damper is a passenger cars suspension strut. Other possible
application areas are seat or cabin dampers. GSDs comprises mostly of two or three air
chambers with different working directions. A fluid restrictor connects these air chambers.
The GSD behaviour as a spring and damper system depends on geometries of the air
chambers and the air flow controlled by the fluid restrictor. For the development of an
adaptive GSD one requires a variable fluid restrictor for controlling the damping mode of it.
The second example presents the fluid restrictor and the integrated piezoelectric
displacement amplification system developed for controlling the GSDs gas flow. The
displacement amplification system comprises a piezoceramic ring, where the piezoelectric
(3,1)-effect is used, and spokes which connect the ring to an inner bearing. To improve the
amplification we designed several structures which differ in spoke thickness, material and
position. Alteration of the piezo design does not seem promising. Plungers extend the
spokes for sealing the long holes embedded in the housing, enabling building up a fluid
restrictor from the displacement amplification system. The third example shows the
integration of the displacement amplification in a pneumatic fluid restrictor.

3.1 Mechatronic handling device with three piezoelectric actuators

The mechatronic handling device is based on the kinematic structure with two links of the
basic serial chain nj =2 (structure type of case B)) and three degrees of freedom h=3. The
number of the actuators is equal to the number degrees of freedom of the device m =h = 3.
According to equation (13) and Table 4 (left side), structure 4-4 corresponds to the chosen
parameters. The structure is symmetric and each basic link can be chosen as an immovable
one as it is shown in Figure 7 a). Following equations (21), (22) and results in Table 6, the
possible joints distribution of the basic serial chain is ps=1. On the above it can be build up a
kinematics scheme of a device for micro- and nano-manipulation tasks as shown in Figure

c) d)

Fig. 7. Development of the handling device with structured piezoceramics (type B) with
n$ =2 and h=m=3
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7b). Actuator chains in the scheme are chosen according Figure 6. The basic chain includes
two links marked as 0 and 7, connected by means of one elastic joint ps, allowing one linear
and two rotational movements. Link 0 is chosen as immovable one. Based on this scheme a
simulation model (Figure 7 c) and a device prototype (Figure 7.d) with structured
piezoceramics are developed. (Kasper, Al Wahab, et al. 2006)

3.2 Mechatronic handling device with six piezoelectric actuators

It is based on the kinematic structures with two links of the basic serial chain ny=2 (structure
type A) and three degrees of freedom h=3. The number of the actuators is 3 and therefore
bigger than the number of degrees of freedom of the device, as follows: m = h+r =3+3 = 6.
According equation (12) and Table 4 (left side) structure 6-6 corresponds to the chosen
parameters. The structure is symmetric and each basic link can be chosen as immovable one
as it is shown in Figure 7 a). Based on the equations (21) and (22) and results in Table 6, the
possible revolution joints distributions are the following;:

p3=3, ps=9;  ps=4, ps=7,ps=1; Pps=5, ps=5, ps=2; ps=6, ps=3, p5=3 and ps=7, ps=1, ps=4.

a) b) <) d)

Fig. 8. Phases of design during development of the handling device with structured
piezoceramics (type A) with np=2 and h=3, m=6.

In this case a kinematics scheme with joints p3=6, p4=3, ps=3, is chosen as it is shown on
Figure 7 b). Actuator chains in the scheme are chosen according to Figure 6. The basic two
links are indicated as 0 and 1, while link 0 is chosen as the immovable one. A simulation
model and a device prototype with structured piezoceramics built up that scheme are
shown on Figure 8 c) and d).

3.3 Air flow restrictor

The requirements of the fluid restrictor are speed and high flow rate to be able controlling
the GSD damping mode. In most operational mode the pressure difference between the air
chambers is small and depends in particular on the stimulation of the road. It can vary
between a few Pa and some bar for extreme road unevenness at high speed. The operational
pressure for a GSD application lies between 5 and 20 bars. Restrictions are here the overall
size, which rises with decreased pressures, and the technology to provide the compressed
air. Due to the application area the fluid restrictor must resist all shocks caused by road
unevenness (Béarecke, Kasper und Al Wahab 2008) and (Kasper, Barecke, et al. 2008).

Displacement amplification system

The displacement amplification system comprises a piezoceramic ring (Figure 9 and
Figure 10). Voltage application on the piezoelectric actuator causes it to enlarge in thickness.
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The piezoelectric (3,1)-effect causes a contraction of the ring and coincidental reduces its
diameter. Six spokes connect an inner bearing to the piezoceramic ring. They can’t contract
like the piezoceramic ring due to their high longitudinal stiffness. This leads them to bend.
This results in an angular movement of the actuator and a rotation on the outside of the
piezoceramic ring. Important influencing factors for the displacement amplification are the
adjustment, and thickness of the spokes. Thicker spokes have a higher bending stiffness, so
they are working against the rotation, therefore decreasing the maximum amplification. For
maximum displacement amplification one can reduce the eccentricity, but on the other hand
this reduces the operational torque.

Fig. 9. Discrete displacement amplification prototype

Figure 9 shows an early prototype for the displacement amplification system. The
piezoelectric ring is cut out of a quadratic plate by jet cutting. Bearings and spring steel
spokes are eroded from a steel block. This amplification system is manually assembled. The
amplification system has a diameter of about 80 mm. The piezoelectric actuator is 1.5 mm,
the spokes are 0.4 mm thick and have an eccentricity of 0.8 mm. To avoid electrical
breakdown between the piezoceramics ring and the bearing resides adhesive tape. The
measured displacement of this prototype is 0.45 mm.

The left side of Figure 10 shows a prototype manufactured with the technology of insert
moulding. A carbon fibre polymer is mould over the piezoceramic ring. This prototype
reaches a displacement of about 0.3 mm. The right part of that Figure shows a FEM
simulation for this amplification system. The results of the simulation and the measured
values are about the same size. This could be aroused by geometry meanderings like draft
angle due to the moulding process. The insert moulded spokes have a trapezoid format
which is need for the demoulding process.

Further development of the displacement amplification system

Calculations showed that the needed amplification wasn’t reached by these first prototypes.
An improved amplification system has to be developed. To reduce the restoring force of the
bended spokes thinner spokes have to be used. It is possible to use spring steel inlays with a
thickness of 0.3 mm or even thinner dimension. Insert moulded spokes have a boundary for
spokes thickness at about 0.5 mm. Thinner spokes could clog the capillary of the moulding
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form which is handled by an increased moulding pressure. This increased moulding
pressure degrades the piezoceramics so we can’t use it. In summary with spring steel inlays
we could decrease injection pressure and rejection rate due to broken piezoceramics.

The left of Figure 11 shows a displacement amplification system with spring steel inlays.
The spring steel spokes are connected by insert moulding to the inner bearing. Outer
bearings connect the spring steel inlays to the piezoceramic ring. The spring steel inlays
ends are rounded by brazing to prevent them cutting the carbon polymer. The moulding
process has to fill seven independent cavities. The right of Figure 11 shows the mounting
position of the displacement amplification system. It is arranged in a housing containing six
outlet notches of 1x10 mm. In the closed position discs at the end of the displacement
amplification system cover the outlet notches. With an applied voltage the ring rotates and a
voltage proportional air flow crossing area is uncovered. The valve additionally
incorporates six areas of air flow with an approximate crossing section of 0.7x10 mm. Very
important for the use of the fluid restrictor in the GSD is the leakage of the closed restrictor.
The circumferential line surrounding all outlet notches is proportional to the leakage. The
additional length of this parameter is 130 mm. It was calculated, that a leakage minimization
is possible with a production accuracy of about 10 pm.

40,00 (mm)

Fig. 10. Displacement amplification system made by insert moulding (left),
displacement amplification system FEM simulation results (right)
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Fig. 11. Improved displacement amplification System using steel spokes (left),
fluid restrictor with improved displacement amplification system (right)

Actuator Displace- | Maximal | First
ment moment | eigen
pm Nm frequency

Hz

Discrete 410 6 248

Insert 400 0,18 121

moulding

New 1.0 470 0,54 197

New 0.8 570 0,44 155

New 0.7 630 0,38 144

New 0.6 710 0,33 129

Table 8. Displacement amplification for miscellaneous actuators



Advances in Ceramics —
40 Electric and Magnetic Ceramics, Bioceramics, Ceramics and Environment

Table 8 illustrates a comparison of different types of displacement amplification systems:
The discrete amplification system shown in Figure 9, the first insert moulding prototype
shown on the left side of Figure 10 and the first improved amplification system (New 1.0)
shown in Figure 11 are similar with respect to the maximum displacement. This results from
the constant eccentricity of the spokes of one mm. From these the discrete prototype using
only steel as bearing and spokes provides the maximal torque. The new amplification
system has a tripled force compared with the first insert moulding prototype and also
improves the amplification. Varying the spokes eccentricity down to 0.6 mm with the new
displacement amplification system allowed us improving the displacement further up to
over 700 pm. With a restoring force of the previous actuator it had to overbear this was not
possible. This force is proportional to the second moment of area of the spokes which rises
with the third order of the spokes thickness. The Figure shows the first natural frequency of
the actuator in addition. This should be higher than 100Hz for our application; all actuators
achieve that. The higher eigenfrequencies of the amplification systems are all above 1000 Hz.
With the example of the air flow restrictor one can see the benefits of the integration of
different materials in one displacement amplification system. Therefore a sophisticated
manufacturing technology like piezoceramic injection moulding and piezoceramic insert
moulding is needed.

Piezoceramic manufacturing technology

The main common shaping process of piezoceramics is isostatic dry pressing, where powder
granulate is pressed into the form. The slip casting is used for producing thin foils with
controllable tolerances. These technologies have an issue with complex geometries. These
complex geometries are needed for the integrated amplification systems. Therefore a new
shaping technology for piezoceramics is needed.

A new shaping process of piezoceramics is the Ceramic Injection Moulding (CIM), which is
a manufacturing technology that allows generating very complex structures of
piezoceramics. For this process the PZT-powder is mixed with a thermoplastic binder
system to a feedstock, which can be moulded at a temperature of 160°C. The required
moulding tool that includes the three-dimensional cavity for the actuator has to be designed
in CAD considering the materials shrinking behaviour on later process steps. To avoid
incomplete filling one simulates the filling process with the CAD-model of the filling cavity
under consideration of material properties. In general melt fronts due to different injection
points for one cavity have to be avoided in the CIM process, because of the appearance of
entrapments when the part gets sintered. After the forming, the binder system must be
removed by thermal treatment. To compact the piezo grain structure one sinters the
piezoceramic actuator at 1300°C. Next process steps were the metallization, which is done
by sputtering and polarization with 4 kV per one millimetre thickness at 90°C. While the
thermal disposal of the binder and the sintering process the actuator shrinks. This allowance
must be reminded while designing the cavity for the actuator. The ceramic injection
moulding process can be used for all of the actuators in the displacement amplification
systems getting geometric optimized actuators.

Ceramic injection moulding supersedes finishing treatment of the actuator preparing it for
its use in the amplification system. For early prototypes one can use water jet cutting for two
dimensional processing. Here the ceramic plate is glued with thermal glue on a metal plate,
preventing it from breaking while water jet cutting. Afterwards it is heated and separated
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from the metal plate. One has to observe using thermal glue with lower melting point than
the curie temperature of the piezoceramic actuator.

Another possible finishing technology is laser cutting. A high energy laser is needed which
gives only a very short energy impulse avoiding depolarisation. Ultrasonic manufacturing is
also possible with moderate costs. With ultrasonic manufacturing the ceramic could break
due to the finishing process. For a large scaled amount of actuators these finishing processes
are too expensive.

5. Conclusion

This chapter gave a short introduction to piezoceramics. Starting from flat and bending
actuators with the need for moderate force and displacement at the same time, structured
actuators where introduced. The structured amplification systems started from flat ones,
went on with lever systems and finished with three examples of complex amplification
systems. While the first amplification system is only from piezoceramics, the later ones
integrate steel gaining more force and displacement amplification. The last amplification
system integrates additional carbon fibre polymer. This allows an integrated manufacturing
process and increases displacement amplification.
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1. Introduction

Ferroelectric (1-x)[Pb(Mg1,3Nbz,3)O3]-xPbTiO3 (PMN-PT) solid solutions are known for their
exceptional electromechanical properties, sometimes one order of magnitude larger than
classical PbZr«TixOs; (PZT) ceramics. Prepared with a suitable x composition, PMN-PT is
technologically important for fabricating some of the most important solid state devices
such as a piezoelectric transducer, actuator, FERAM, etc. PMN-PT ceramics, thin films or
single crystal forms can be prepared with high piezoelectric coefficients, a high dielectric
constant and a low dielectric loss. Some compositions of PMN-PT single crystals exhibit a
very high piezoelectric coefficient (ds3) and electromechanical coupling coefficients (kss) (dss
~ 1240 pC/N and ks3 ~ 0.923), a high dielectric constant (¢ ~ 3100) with low dielectric loss
(tand ~ 0.014) compared to those of polycrystalline ceramics (ds3 ~ 690 pC/N and k33 ~ 0.73)
(Park & Shrout, 1997; Viehland et al., 2001). Recently, researchers have also reported that
PMN-PT single crystals have high remanent polarization (P; ~ 35 nC/cm?) at a low coercive
field (Ec ~ 3.4 kV/cm), a high dielectric constant (e ~ 2500), low loss tangent (tand ~ 0.031),
the highest piezoelectric coefficient (ds; ~ 1500 pC/N) and a high electrochemical coupling
coefficient (ks3 ~ 0.82) for <112> grain-oriented PMN-PT ceramics (Sun et al., 2004). The
piezoelectric coefficient dij determines the stress levels induced by a given electric field and
thus is the parameter most frequently used to describe the performance of an actuator.

PMN-PT solid solutions present a perovskite ABOj3 structure, where the A site is occupied
by the Pb2* ion, while the B site is randomly occupied by Mg?*, Nb>* and Ti#* ions. Different
compositions of the PMN-PT present distinct physical properties. The complex perovskite
Pb(Mg1/3Nb2/3)O5 (x = 0) is a typical relaxor ferroelectric, characterized by a diffuse
maximum of the dielectric constant associated with considerable frequency dispersion, that
exhibits a non-polar paraelectric phase at high temperatures, similar in many aspects to
normal ferroelectrics (Bokov & Ye, 2006). After cooling, a transformation occurs from the
paraelectric phase to the ergodic relaxor state, characterized by the presence of polar
nanoregions randomly distributed by the specimen, at the Burns temperature (Tp). This
transformation is not accompanied by changes in the crystal structure on the macroscopic or
mesoscopic scale and therefore cannot be considered a structural phase transition. In
general, the state of a relaxor crystal at T < T is frequently considered a new phase different
from the paraelectric phase, since the polar nanoregions substantially affect the behavior of
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the crystal properties. Cooling the crystal hundreds of degrees below Tp, the polar
nanoregions become frozen in a nonergodic state at around the freezing temperature (Tj)
which can be irreversibly transformed into a ferroelectric state below Ty. The substitution of
Ti4* ions for the (Mg1,3Nbz/3)** ions in the B site of PMN-PT results in a long-range breaking
leading to complex domain structures (Ye & Dong, 2000). The fascinating relaxor effect
tends to disappear with this substitution, and the so-called morphotropic phase boundary
(MPB) emerges in the composition-temperature (x-T) phase diagram of the PMN-PT system
located at x = 0.35 (Noblanc et al., 1996). In the past decade, intensive research work was
undertaken on the scientific understanding of the MPB nature in ferroelectric solid solutions
(Noheda, 2002). This interest was mainly motivated by understanding the mechanisms
responsible for the high piezoelectric response of ceramic compositions around the MPB.
Finally, at the other extreme of the x-T phase diagram (x = 1), the lead titanate PbTiO3 shows
a typical ferroelectric-paraelectric phase transition presenting a high Curie temperature (Tc
=490 °C).

One of the most common problems related to PMN-PT emerges during synthesis. Indeed,
obtaining high-density ceramics is very difficult without rigorous control of several steps in
the processing, which makes using these materials for practical applications difficult. In the
processing of PMN-PT solid solutions, the formation of an undesirable pyrochlore phase has
long been recognized as a major problem for widespread use of these materials in the
technology. In the last few years, several attempts, including modifications of the columbite
method and other solid state reaction routes by using ultrafine powders, have been made to
develop a processing technique in which formation of the pyrochlore phase is suppressed.
Based on these processes, high-density ceramics could be obtained, and consequently, some
properties could be improved. The purpose of this chapter is to provide an overview of the
current understanding of some issues of the PMN-PT ferroelectric system at compositions
around the MPB, including processing, structure and dielectric properties.

2. Processing and synthesis of PMN-PT

A major problem concerning the scientific studies and applications of PMN and PMN-PT
electroceramics is the difficulty in producing a single-phase material with a perovskite
structure. The main obstacle in PMN-PT synthesis is forming a lead niobate-based
pyrochlore phase, frequently formed in the initial stage of the reactions processes for
different methods. The presence of such a pyrochlore phase in the PMN-PT system is
commonly believed to significantly degrade their dielectric properties, and therefore, the
resulting material is inadequate for technological applications or a systematic scientific
study (Mergen & Lee, 1997; Swartz & Shrout, 1982; Shrout & Swartz, 1983). Thus, choosing
the synthesis method is fundamental to prepare pyrochlore-free PMN-PT of good quality. In
general, several complex problems in materials science, such as the correct determination of
the structure of the PZT solid solution in the MPB, remain unsolved in part due to the
difficulty comparing results obtained from different samples. Some differences observed in
peak widths of the neutron diffraction pattern suggest that the precise structural
arrangements in these materials depend on the method of preparation (Yokota et al., 2009).

Compounds of the general formula A;B,0O7 (A and B metals) represent a family of phases
isostructural to the mineral pyrochlore (NaCa)(NbTa)OsF/(OH) (Subramanian, M.A. et al.,
1983). Although A;BO; compounds exhibit a wide variety of interesting physical
properties, in high-performance ferroelectrics such as PMN-PT these compounds should be



Recent Advances in Processing, Structural and Dielectric Properties
of PMN-PT Ferroelectric Ceramics at Compositions Around the MPB 45

avoided due to their paraelectric characteristic (Kamba et al., 2007). The compound
Pb1 83Mgp.29Nb1 710639 (PMN) exhibits a pyrochlore structure (space group Fd3m), frequently
growing in the perovskite PMN ceramics, where the dielectric constant was found to
increase as the temperature decreased, presenting an anomalous peak near 20 K, attributed
to relaxation phenomena (Shrout & Swartz, 1983).

Chemical methods used to obtain complex precursor powders are normally less expensive
and enable better stoichiometric control of complex oxides. Among several chemical
methods, the approaches for obtaining mixed-cation oxide powders may be frequently
grouped into two categories: the sol-gel process that uses alkoxide compounds as starting
precursors (Johnson, 1985) and the polymeric precursor method that uses chelating agents
such as citric acid (Lessing, 1989). In the sol-gel process, the high surface area of the dried
gels results in high reactivity that in turn permits low temperature processing or even the
formation of nonequilibrium phases. This process can be categorized in polymerized
alkoxides and colloidal sols. The main advantages in using the polymerized alkoxides are
low temperature, densification and ease doping compared to the disadvantage of slow
drying. However,, colloidal sols present rapid drying and the low cost of the materials as
advantages and doping difficulty as a disadvantage. In the popular polymeric precursor
method, the synthesis of a cross-linked polymer resin provides some benefits such as
homogeneous mixing of the cations and less tendency for segregation during calcinations.
The main feature of the polymeric precursor method is that it allows a very homogeneous
dispersion of the cations along the polymer. Thus, choosing a specific method to prepare
mixed-cation oxide powders depends on several factors, including the kind of desired
ceramic and the final objectives of each study.

Suppressing the pyrochlore phase is extremely difficult and depends on the synthesis
method. To prepare pyrochlore-free PMN-PT ceramics or single crystals, several methods
have been developed over the past three decades. The columbite process was known as a
classical solid-state reaction method for synthesizing PMN (Swartz & Shrout, 1982). This
method for solving the perovskite-pyrochlore reaction problem was proposed to bypass the
formation of the intermediate pyrochlore phase reaction. By using the conventional mixed
oxide technique and commercially starting materials, the following reaction sequences were
proposed: MgO + Nb,Os - MgNb,Og and MgNb,Os + 3PbO — 3(PMN). This procedure
was adopted keeping in mind that the kinetics for liberating Nb,Os from the MgNb,Os
columbite phase may be slow enough to prevent the pyrochlore phase from forming and
that structure of the MgNb0s is a structure similar to the perovskite structure. At 900 °C, the
reaction above is complete with small residuals of the pyrochlore phase. To remove this
small amount of the pyrochlore phase, an MgO excess is introduced before the MgNb,0s
calcination step. Thus, powders with perovskite structure have been successfully
synthesized with the two-step calcination technique described, where the columbite
(MgNDb2Og¢) phase is initially synthesized at 1000 °C and then reacts with PbO and TiO, at
900 °C to form the pyrochlore-free PMN-PT phase. The effects of the MgO excess on the
microstructure and dielectric properties of PMN and PMN-PT ceramics prepared by the
columbite revealed that excess MgO completely inhibits formation of the pyrochlore phase
and increases the grain size without substantially changing the density (Swartz et al., 1984).
A significant increase in the dielectric constant values for PMN and PMN-PT, with x = 0.1,
was observed with the addition of excess MgO and the increase in grain size and sintering
temperature, reaching 18000 and 31000 for PMN and PMN-PT, respectively. Combining
these factors to improve the dielectric constant in PMN-PT ceramics with the columbite
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method leads to a decrease at the Curie temperature (Tc) as the grain size increases. These
facts clearly indicate that the processing method plays an important role in the investigation
of the phenomenology of ferroelectric ceramics based on the dielectric properties, since
variations such as the Tc shift are attributed to the clamping of domains walls or internal
stresses generated at the grain boundaries (Randall et al., 1998). This method was also used
to prepare PMN-PT ceramics compositions around the MPB, with a dense microstructure,
grain size around 2-3 pm and excellent electromechanical properties (Kelly et al., 1997). In
addition to the columbite method, routes such as coprecipitation (Sekar & Halliyal, 1998),
sol-gel (Yoon et al., 1995), modified sol-gel (Babooran et al., 2004), combustion synthesis
(Cruz et al., 2002), semi-wet chemical route (Panda & Sahoo, 2005) and others have been
proposed to prepare pyrochlore-free PMN powders, which can be also extended to PMN-PT
synthesis. Alternatively, methods that require only one calcination step to produce single-
phase perovskite PMN-PT and PMN powders were also proposed (Gu et al., 2003). In this
case, the Nb,Os powder is coated with Mg(OH); in the first step, and in the second step, the
Mg(OH),-coated Nb,Os powder is mixed with PbO for calcinations. The pyrochlore-free
perovskite powders obtained could be sintered to almost full density at 1150 °C. The main
advantage of this method over the columbite method is the single calcination step.

Variants of the columbite method were proposed to optimize their electrophysical
properties or to be used as alternative routes to obtain fine powders. Often, oxide precursor
powders with specific characteristics, with controlled particle size as an example, are not
available commercially. An alternative for each research laboratory is producing its own
power with the desired characteristic. Thus, variants of the processes already established
have arisen. A variant is the polymerized complex method based on the Pechini-type
reaction route (Pechini, 1967). The general idea of this approach is to distribute the metallic
ions homogeneously throughout the polymeric resin, in which chelate is formed between
dissolved ions and a hydroxycarboxylic acid (citric acid is the usual). Heating the resin in air
causes a breakdown of the polymer, and subsequent calcinations at 500 to 900 °C are
necessary to form the desired mixed oxides (Lessing, 1989). This alternative was also
applied to produce MgNb,O¢ powders, which were used as precursors to produce the PMN
phase, obtained by the solid-state reaction between MgNb,Os and PbO (Guarany, 2006;
Guerra et al., 2009).

The polymerized based on the Pechini method combined with the columbite method was
also applied to obtain good-quality PMN-PT ceramics at compositions around the MPB with
a tendency to <111>-orientation (Aratjo et al., 2007). The texture tendency observed in these
ceramics was attributed to shear rates introduced during the ceramic pressing when a fine
powder was used. Similar <112> and <001> grain-oriented PMN-PT ceramics, at x = 0.30
and 0.32, respectively. The first one was prepared with a directional solidification method of
the compressed powders prepared by the columbite method (Sun et al., 2004), and the
second ceramic was produced with the templated grain growth method (Sabolsky et al.,
2001). The latter method, responsible for synthesizing PMN-PT ceramics with good-quality
texture, is a processing routine that uses a tabular (001)-oriented SrTiO3 as a template (Kwon
et al., 2005), at which the volume fraction of the oriented material increases as the thermal
treatment continues at the expense of the finer grain matrix (Kwon et al., 2005). Despite the
different methods proposed in the literature, studies of the phenomenology behind the MPB
often have used ceramics prepared with the columbite classic method or some variation
thereof. Table 1 summarizes the physical, dielectric and piezoelectric properties of PMN and
PMN-PT ceramics for different compositions (x) around the MPB.
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PMN ceramics

References Kmax (at 1 kHz) Tc (°C) Comments
Swartz et al. (1984) 16200 -10 Columbite method
Wang &  Schulze 13700 -10 Modified columbite
(1990) method
Kong et al. (2001) 13979 - High-energy ball milling
Panda & Sahoo (2005) 10335 - Semi-wet chemical route
Paula et al. (2008) 19000 -6 Modified columbite

method

PMN-PT ceramics
X d33 (pC/N) k33 kt

Sun et al. (2004) 0.30 ~1500 0.82 051 <112> Grain-oriented
ceramics

Sabolsky et al. (2001) 0.32 ~1200 0.755 - <001> Textured ceramics
0.30 450 - 0.41

Kelly et al. (1997) 0.33 640 - 043 Random-oriented ceramics
0.35 700 - 0.44

Park et al. (1997) 0.30 670 - - Poled and unpoled
0.33 690 0.73 - ceramics

Table 1. Summary of the maximum dielectric constant and Curie temperature (Tc) of PMN
ceramics prepared from different methods, and piezoelectric properties of PMN-PT
ceramics for different compositions (x) around the MPB.

The preparation method also has a strong influence on the microstructure and dielectric
properties of ferroelectric ceramics. In general, chemical methods that produce fine powders
are more favorable for producing PMN-PT ceramics with a dense microstructure and larger
grain size, but the density and grain size both depend on the sintering temperature. For
ceramics prepared with the columbite method, the density decreases as the sintering
temperature increases while the grain size increases (Swartz et al., 1984; Kong et al., 2002).
An increase in the dielectric constant as the sintering temperature increases has also been
observed for different compositions of PMN-PT (Baek et al., 1997). Grain-size dependence of
the dielectric constant of PMN-PT ceramics was observed in the ferroelectric and
paraelectric region, and this observation indicates that it is not a domain or stress effect
(Swartz et al., 1984).

3. Structure of PMN-PT compositions at the MPB

The highest piezoelectric and electromechanical coupling coefficients of the PMN-PT
(Park & Shrout, 1997) are found for compositions in the MPB at 0.27 < x < 0.37, between
the tetragonal and rhombohedral regions of the x-T phase diagram (Noblanc et al., 1996).
A typical example of the MPB between the tetragonal and rhombohedral perovskite
phases can be found in the x-T phase diagram of the PZT system at around x ~ 0.52 (Jaffe
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et al., 1971), where the highest piezoelectric coefficients are also observed. Since the 1970s,
the MPB has been interpreted in terms of different models that attempt to explain the high
piezoelectric response in the PZT system. The assumption that the morphotropic phase
change is a first-order transition that defines a finite region where both tetragonal and
rhombohedral phases coexists was one of the most discussed models (Arigur &
Benguigui, 1975) until the mid-1990s (Mishra et al., 1996). The assumption of a metastable
character for one of the two phases within the finite coexistence region (Isupov, 1975) and
the propose of a true boundary explained with compositional fluctuations (Kakegawa &
Mohri, 1977) were other models considered to understand the nature of the MPB in the
PZT system. As often happens in science, complicated models reflect the degree of
difficulty in understanding a problem, and new paradigms must be considered. These
models began to decline when a study published in 1998 (Du et al., 1998), based on the
phenomenological approach, revealed a great enhancement of piezoelectric coefficient d33
of rhombohedral PZT compositions around the MPB oriented along the tetragonal polar
direction (001). This result was unexpected since the expectative for the largest
piezoelectric deformations was to occur along the polar direction, with (001) for the
tetragonal phase and (111) for the rhombohedral phase. Although this result has been
obtained with thin films, since due to the lack of single crystals of PZT preferential
orientations of PZT thin films can be adequately obtained by choosing an appropriate
substrate, deposition method or drying temperature (Chen & Chen, 1994), it can be
considered a catalyst for changing our perception of piezoelectric materials.

The discovery of a stable monoclinic phase in the PZT system in 1999, at compositions in the
MPB (Noheda et al., 1999, 2000, 2001), provides a new perspective for explaining the high
piezoelectric response of PZT ceramics (Guo et al. 2000, Singh et al. 2008, Bellaiche et al.
2000), attributed before to the coexistence of tetragonal and rhombohedral phases. After the
initial discovery of a monoclinic phase with space group Cm (Ma type) on the PZT system,
other new monoclinic phases with Pm and Cc space groups were also discovered (Singh &
Pandey, 2001; Hatch et al., 2002; Ranjan et al., 2005). In addition, phenomenological and
Raman scattering studies were performed on different PZT compositions around the MPB to
confirm the presence of the monoclinic Cm and Cc phases (Souza et al., 2000; Souza et al.,
2002). Consequently, a new x-T phase diagram of the PZT system was proposed (Pandey &
Ragini, 2003), and more recently (Woodward et al., 2005; Pandey et al., 2008), a revised
phase diagram was suggested including a region of monoclinic phases with Cm and Cc
symmetries at compositions corresponding to the MPB. In addition to this context, more
recent studies (Singh et al., 2007) suggest the presence of a monoclinic phase on the PZT
system with the Cm space group instead of the rhombohedral phase with the R3m space
group for Zr-rich compositions (0.40 < x < 0.475). Thus, the limits for the monoclinic phase
existence in the x-T phase diagram of the PZT system are still open for discussion. Two
years after the discovery of the monoclinic phase in the PZT system, a similar monoclinic
phase with the space group Pm was also observed in the PMN-PT system (Singh & Pandey,
2001). Other work followed these studies demonstrating the existence of another low-
temperature monoclinic phase in the PMN-PT system, where the monoclinic phase with the
Cm space group transforms into the another monoclinic phase with the Cc space group
(Ranjan et al., 2002). This Cm-to-Cc phase transition in PMN-PT could not be observed in the
x-ray diffraction patterns because this transition leads to superlattice reflections, observed
only in the electron and neutron diffraction patterns.
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Fig. 1. A) Modified x-T phase diagram of PMN-PT around the MPB, adapted from Noheda
et al. (Noheda et al., 2002a), Noblanc et al. (Noblanc et al., 1996), Choi et al. (Choi et al., 1989)
and Li et al. (Li et al., 2006). The MPB includes the phase coexistences Mp+Mc (Cm+Pm),
Mc+T (Pm+P4mm) and T+Mc (P4mm+Pm) based on Singh and Pandey’s results (Singh &
Pandey, 2003). B) Direction of the polarization in the tetragonal phase, Mc monoclinic phase,
Ms monoclinic phase and rohombohedral phase according to Vanderbilt and Cohen'’s theory
(Vanderbilt & Cohen, 2001).

Ferroelectric solid solutions exhibit high piezoelectric and electromechanical coupling
coefficients and high dielectric permittivity at compositions in the MPB. But, what is the real
importance of the monoclinic phases on the physical properties of these systems? Since the
discovery of a monoclinic phase in PZT and PMN-PT solid solutions, several works have
been published to understand the mechanisms responsible for the high piezoelectric
response of these materials. The discovery of the monoclinic phases in these systems has
catalyzed several exciting experimental (Guo et al., 2000; Bokov & Ye, 2004; Viehland et al.,
2004) and theoretical developments (Fu & Cohen, 2000; Vanderbilt & Cohen, 2001).
Interesting field-induced phase transitions were discovered in PMN-PT (Chen et al., 2002;
Zhao et al., 2003), highlighting the important role of the intermediate monoclinic phase for
the large electromechanical response of this material. Theoretical first principles calculations
and phenomenological theory considerations have not only confirmed the existence of
monoclinic phases in the MPB region but also revealed the dominant role of the rotational
instabilities of the polarization vector across the MPB compositions (Fu & Cohen, 2000;
Vanderbilt & Cohen, 2001). Further, phenomenological theory considerations have shown
that the Devonshire free energy expansion up to the eighth-order term is needed to stabilize
the monoclinic phases, indicating the highly anharmonic nature of these materials
(Vanderbilt & Cohen, 2001). All these studies have also led to significant modifications of
the x-T phase diagrams of these solid solutions (Noheda et al., 2002), including the phase
diagram of the PMN-PT system, previously established by Noblanc et al. (Noblanc et al.,
1996) and Choi et al. (Choi et al., 1989). Thus, based on these results, a new x-T phase
diagram for PMN-PT near the MPB could be constructed, as shown in Fig. 1-(A) with the
shaded area.

The monoclinic phase with the Cm space group in the PMN-PT system was first proposed
by Ye et al. (Ye et al., 2001) based on high-resolution synchrotron x-ray diffraction studies
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on single crystals for x = 0.35. Almost simultaneously, Singh and Pandey (Singh &
Pandey, 2001) observed a new monoclinic phase with the space group Pm, instead of Cm,
as Ye et al. proposed, in a study with Rietveld refinements of the x-ray diffraction data
from sintered powders with different compositions in the MPB. These results showed that
the intrinsic width of the MPB is an order of magnitude smaller than previously believed
and that the structure changes abruptly around x = 0.34-0.35, from monoclinic (Pm) to
tetragonal (P4mm). Subsequent studies revealed that the structure of the PMN-PT is
rhombohedral (R3m) for x < 0.27, Mg+Mc (Cm+Pm) phase coexistence for 0.27 < x < 0.30,
Mc+T (Pm+P4mm) phase coexistence for 0.30 < x < 0.34, T+Mc (P4mm+Pm) phase
coexistence for 0.34 < x < 0.39 and tetragonal (P4mm) for x > 0.39 (Singh & Pandey, 2003;
Singh et al., 2002; Li et al., 2006). A study of the molar fractions of different phases in the
MPB by Singh and Pandey (Singh & Pandey, 2003) shows that for Mp+Mc phase
coexistence the amount of Mg is majority (80-100%), the Mc phase is dominant (70-100%)
for Mc+T phase coexistence, while for the T+Mc phase coexistence region the amount of
tetragonal one increases from 40% to 70% when x increases from 0.35 to 0.39. Finally, for x
> 0.39 the phase is purely tetragonal, as indicated in Fig. 1-A. The MPB region shown in
Fig. 1-A was constructed based on room temperature dielectric measurements and
Rietveld analysis of powder x-ray diffraction data obtained by Singh and Pandey (Singh &
Pandey, 2003). Although these results were obtained for room temperature, the x-T phase
diagram delineated in Fig. 1-A gives an idea of the complexity of the phase transitions
involved in the MPB. Obviously, the structure of the PMN-PT system in the MPB as a
function of temperature was much more complicated.

In the above paragraphs, the monoclinic phases Ma, Mp and Mc types observed in the PZT
and PMN-PT systems were mentioned. The notation can be understood by considering the
arguments of stability for the Pm and Cm phases described elsewhere (Vanderbilt & Cohen,
2001). The analysis of the phenomenology of the phase transitions in ferroelectrics is based
on the order parameter P. In the space group Pm3m cubic phase, Px=Py=Pz=0. If the
polarization P is constrained to a symmetry axis along (001) or (111), the resulting phase
becomes tetragonal (space group P4mm) and rhombohedral (space group R3m), respectively.
A similar analysis can be applied to the Ma (space group Cm), Ms (space group Cm) and Mc
(space group Pm) monoclinic phases. For the M phase, the magnitudes of the polarization
to the pseudocubic cell are Px=Py#Pz with Pz>Px, for the Mp phase Px=Py#Pz with Px>Pz
and for the Mc phase Px=0 and Py#Pz (Vanderbilt & Cohen, 2001). The directions of the
polarization in the tetragonal, monoclinic (Mp and Mc) and rhombohedral phases in the
PMN-PT system are shown in Fig. 1-(B).

The observed phases and phase transition in barium titanate, BaTiO3 and ferroelectrics in
general were explained by Devonshire (Devonshire, Phil Mag 40, 1040 1949) in terms of the
phenomenological Landau theory, based on a sixth-order expansion of the free energy in
terms of order parameter P. However, the sixth-order Devonshire expansion fails to describe
the existence of the monoclinic phase M4 observed initially in the PZT system. A work
published in 2000 (Souza et al., 2000) confirms that the Devonshire phenomenological
theory is not adequate for predicting the observed monoclinic phase. Then, Vanderbilt and
Cohen (Vanderbilt & Cohen, 2001) showed that the simplest extension of the Devonshire
theory, including an eighth-order term in the ferroelectric order parameter, admits the
monoclinic phases Ma, Mp and Mc. An extension of the model to a twelfth-order term also
predicts a triclinic ferroelectric phase.
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3.1 Structural phase transition near the MPB: temperature-dependence

In addition to the complexity interpretation of the PMN-PT transformations for different
compositions, the temperature dependence of the structural phase transitions in the MPB is
another challenge. Several efforts have been made in the past few years to solve the phase
transition problem for the PMN-PT system near the MPB, including structural studies
conducted with high-resolution X-ray diffraction, spectroscopic studies (Aradjo et al., 2008;
Hlinka et al., 2006a) and dielectric analysis (Li et al., 2006; Hlinka et al., 2006b).

Spectroscopic techniques, such as Raman and infrared spectroscopy (IR), are useful tools for
investigating phase transitions in polycrystalline materials and single crystals. Infrared
spectroscopy can be used to study ferroelectric phase transitions since infrared vibrational
frequencies, and consequently the interatomic forces, are affected by the onset of the
ferroelectric state due to the temperature phase transitions. In the infrared spectra of the
PMN-PT at composition x = 0.35, a broad band is observed from 472 cm- to 870 cm! (Aradjo
et al.,, 2008). This band is associated with vi-(Nb-O), vi-(Ti-O) and vi-(Mg-O) stretching
modes in the PMN-PT structure. The IR curve shape changes slightly when the temperature
increases, and these discrete changes as a function of the temperature may be attributed to
the phase transitions involved in this system, introduced by distortions in BOs octahedra.
Considering that an observed infrared spectrum for PMN-PT is a composition of the
stretching modes in the BOs octahedron, each IR spectrum, recorded for different
temperatures, can be fitted by considering three lorentzian functions:
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where Iy is the constant, @ is the experimental frequency, ay is the fitting frequency, A is the
area under curve (associated with the number of the oscillators) and W is the half width. The
number of lorentzian functions used to fit each spectrum is assigned based on possible
vibration modes in PMN-PT. The PMN-PT system presents a general ABO; perovskite
structure and different phases depending on the PMN/PT ratio. The infrared vibrations for
this perovskite family may be explained based on vibrations of the BOs octahedron (B = Mg,
Nb and Ti), similarly to classical perovskites such as the BaTiO;, SrTiO;, PbTiO3 and PbZrOs
octahedron (Last, 1957; Spitzer et al., 1962; Perry et al., 1964). In these structures, the BOs
octahedron presents four distinct vibration modes: vi-stretching at higher-frequency and
lower-frequency vo-torsion, vs-bending and vs-cation-(BOj) vibrations. These arguments
justify the use of three lorentzian functions for analyzing vi-stretching within the 400-1000
cm, since the v,, v3 and v, vibrations are located in the far infrared region. The vi-stretching
vibration mode of the BOs octahedra in the perovskite structure is schematically illustrated
in Fig. 2-A.

The shift for lower frequencies of vi-stretching modes, as a function of increasing
temperature (nonlinear behavior), can be explained by the inverse relationship between
atomic separation and vibrational frequency if there is no structural phase transition in the
observed temperature range. If we consider that the vibrational amplitude is proportional to
the increasing temperature ( A o«c T ), then the nonlinear case described by the restoring force
can be written as follows:

F(T) =—kT +¢(T), ?)
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where k is the corresponding force constant and ¢(T) represents the departure from
linearity. Expanding &(T) as a power series in equation (2) and solving the differential
equation with the successive approximations method, the wavenumber v(T) can be
expressed as:

W(T)=C,-C,T?, ®)

in which C; and C; are constants. This equation describes the behavior of the vi-strefching
modes as a function of increasing temperature.

The phase transitions for the PMN-PT system by using IR spectroscopy can be understood
from the point of view of the group representation, considering the possible symmetries
involving the BOgs octahedron. The cubic symmetry, point group Oy, presents an Fi, species
and a single triply degenerate band structure is expected, since three equivalent axes exist in
the case of the cubic lattice. When the cubic phase transforms into the tetragonal phase,
point group Cg, an E and A; species appear with the cubic triple degeneracy partially
removed. Consequently, a double band structure is expected for the tetragonal phase.
Finally, the E and A; transform into A* and A” species when the symmetry changes from
tetragonal to monoclinic. Thus, a double partially degenerate band structure is also expected
for the monoclinic phase.

Under the above considerations, the monoclinic and tetragonal phase coexistence in PMN-
PT must be interpreted as a superposing of two double partially degenerate band structures.
Considering that these bands occur at very close frequencies, using three lorentzian
functions is sufficient to fit each IR spectrum by using Equation (1). To illustrate this
discussion, Fig. 2 shows the behavior of the vi-(Ti-O) mode as a function of temperature,
obtained from the PMN-PT single crystal for composition x = 0.35 (Aratjo et al., 2008). The
singularities observed at around 230 K, 300 K and 422 K were interpreted as the result of
structural phase transitions induced by the temperature increase while the curves in this
figure represent the theoretical fitting of the experimental data by using Equation (3). The
anomalous behavior observed for the vi-(Ti-O) mode between 230 K and 300 K, where v(T)
increases rather than decreases, as predicted by Equation (3), suggests a possible
explanation if the coexistence of the monoclinic and tetragonal phases is considered. Thus,
based on the previous discussion and supported by the results in the literature (Noheda et
al., 2002; Li et al., 2006), the occurrence of the following monoclinic (Mc) — monoclinic (Mc) +
tetragonal (T) — tetragonal (T) — cubic (C) phase transition can be assumed, as indicated in
Fig. 2. The behavior of the v-(Ti-O) mode as a function of temperature observed in Fig. 2 by
itself does not allow assessment of the sequence of the above-proposed phase transition
without considering the results in the literature obtained from other techniques. However,
the linear increase in the vi-(Ti-O) mode between 230 K and 300 K is strong evidence in
favor of the phase coexistence hypothesis within this temperature interval.

The stability of the monoclinic phase at low temperatures and the phase coexistence in the
MPB of the PMN-PT system has also been frequently discussed in the literature. The phase
coexistences in this system on zero-field cooling were considered in recent experimental
works by using neutron diffraction, high-resolution X-ray diffraction and dielectric analysis
(Singh & Pandey, 2006; Li et al., 2006). These studies have discussed the possibility of
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Fig. 2. (A) Schematic infrared-normal active higher-frequency vi-stretching vibration of the
BOs octahedra in the perovskite structure. (B) Behavior of the vi-(Ti-O)-stretching mode in
the BOs octahedron in ABO; structure of the PMN-PT as a function of the temperature.
(Adapted from Aratjo et al., 2008).

tetragonal-monoclinic (T-Mc) and tetragonal-monoclinic (T-Mp) phase coexistence in
unpoled PMN-PT ceramics in a wide temperature range. From these studies, the metastable
phase diagram for this system in the MPB (see Fig. 7 in Li et al., 2006) was constructed based
on the arguments that the (T-Mjs) phase coexistence is a non-equilibrium state and is the
result of a local stress field and clampdown and blocking effect. A more recent study on the
heterophase structures and the domain state-interface in the PMN-PT system, including the
intermediate monoclinic phases (Mg or Mc), provides insight into understanding the stress-
relief conditions at the phase coexistence near the MPB (Topolov, 2009). A correlation
between the domain structures and the unit-cell parameters of adjacent Mg and Mc phases
in certain temperature ranges could be suggested as the possible origin of the different
sequences of phase transitions in solid solutions near the MPB.

3.2 The origin of the morphotropic phase boundary

To explain the large piezoelectric and electromechanical coupling coefficients observed in
ferroelectric systems that exhibit an MPB, a polarization rotation model was proposed (Fu &
Cohen, 2000; Guo et al., 2000). A giant piezoelectric response has been observed for
Pb(Zn1/3Nby/3)O3-PbTiO; (PZN-PT) and PMN-PT single crystals in the rhombohedral phase,
which have a polarization along the [111] direction. The crystals respond mechanically with
a remarkable increase in strain if a small electric field is applied along the (001) direction.
However, when the magnitude of the electric field is increased, a very flat strain-versus-field
slope is observed (Fu & Cohen, 2000; Park & Shrout, 1997). Thus, the giant piezoelectric
response could be explained by the reorientation of the polar domains, which depends on
the mesoscopic structure or ordering, or by the polarization rotation mechanism at the
atomic level (Fu & Cohen, 2000). An intuitive explanation for this mechanism can be
delineated based on fact that PbTiOs is a ferroelectric, which does not present a
rhombohedral phase, with a large strain level of 6%. However, if there were a rhombohedral
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phase in PbTiOs, a colossal mechanical strain would be induced by applying an electric
field. The model was proposed based on first-principles calculations on the classical BaTiO3
ferroelectric perovskite, by selecting different polarization directions and calculating their
internal energies, provided explanations for the experimental observations (Park & Shrout,
1997; Park et al., 1999). Bellaiche et al. (Bellaiche et al., 2000) have succeeded in deriving the
monoclinic phase of the PZT system at compositions around the MPB from first-principles
calculations, showing that the predicted structural data were in good agreement with the
measurements and consistent with the monoclinic phase as an intermediate phase between
the tetragonal and rhombohedral phases.

The proposed polarization vector rotation for monoclinic phases in the PMN-PT system is
schematically illustrated in Fig. 1-B. As the monoclinic phase represents the structural
bridge between the tetragonal (space group P4mm) and rhombohedral (space group R3m)
phases, the symmetry constrains the polarization vector to remain in the monoclinic plane,
but is free to rotate within it (Noheda, 2002). The polarization vector of the Mc phase can
rotate along the ac plane between the (001) and (101) directions, while the Mg phase can
rotate along the bc plane between the (101) and (111) directions, configuring the polarization
rotation model. The rotation of the polarization vector along these planes is responsible for
the high values observed for the piezoelectric coefficients d3; in the PZT and PMN-PT solid
solutions, as calculated previously (Bellaiche et al., 2000; Fu & Cohen, 2000). Interesting
reviews of advances in understanding the role of the monoclinic phases in structure and
high piezoelectricity in lead oxide solid solutions can be found in several references
(Noheda, 2002; Noheda & Cox, 2006). Although several authors have reported the existence
of the M; phase for the PMN-PT system, this phase has not yet been effectively observed.
The revision of results and traditional notions acquired about ferroelectrics in the past few
decades has led to new ideas and interpretations, demanding new experiments and models
to explain the nature of the MPB (Kreisel et al., 2009; Khachaturyan, 2010). Some partial
conclusions indicate that the MPB is considered more of a region than a boundary,
characterized by two competing coexisting phases. However, some points still remain
unclear to explain the giant electromechanical response of ferroelectric solid solutions near
the MPB. The apparent violation of the Landau theory of the second-order phase transition,
which does not permit a gradual rotation of the polarization vector under an applied electric
field in the monoclinic phase, since the transition between different monoclinic phases is
expected to occur, has resulted in alternative propositions to explain the phenomenology in
the MPB (Khachaturyan, 2010). If the monoclinic phase is considered an adaptive phase,
however, an adaptive state can be assumed in the MPB, and thus, gradual polarization
rotation is now possible because of the easy rearrangement of nanodomains under the
reduced polar anisotropy. The theory of an adaptive phase was developed to predict the
ferroelectric transitions in solid solutions near the MPB and is based on stress-
accommodating nanotwins domains (Jin et al., 2003; Bhattacharyya et al., 2008). The
adaptive concepts have been extended to explain the origin of X-ray and neutron diffraction
patterns of ferroelectric solid solutions systems near the MPB, but the existence of the
monoclinic phase cannot be completely ruled out at low temperatures (Khachaturyan, 2010).
These results demonstrate the necessity of additional experimental studies on traditional
systems such as PZT and PMN-PT. The giant electromechanical response studied in PMN-
PT single crystals was interpreted as a critical phenomenon such as in the electric-field-
temperature-composition (E-T-x) phase diagram of PMN-PT a first-order paraelectric-
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ferroelectric phase transition terminates in a line of critical points where the piezoelectric
coefficient is the maximum (Kutnjak et al., 2006). In addition, the large piezoelectric
response observed at PMN-PT relaxors could be also related to the competition between
ordered states at nanoscale in the presence of disorder and to the fact that any weak stress or
electric field strongly affects such competition (Dkhil et al., 2009). All this work has
provided valuable contributions to understanding the phenomenology behind the MPB.
Exploring theoretical predictions and experimental results for the similar MPB in the pure
lead titanate PbTiO;, which appear under high hydrostatic pressure and cryogenics
temperatures leading to tetragonal — monoclinic — rhombohedral phase transition, a more
general idea of the morphotropic phase boundary could be introduced with perspectives of
developing new high-performance electromechanical materials based on the chemical
pressure idea (Ahart et al., 2008). In addition to these very attractive possibilities,
observation of a low-symmetry monoclinic phase in the PbTiOs; opened very recent
discussions on the arguments that justify the origin of morphotropic phase boundaries in
ferroelectrics (Ahart et al., 2008) and arguments against the validity of the rotation
polarization model to describe the stability of the phases and the sequence of phase
transformation in the MPB in pure PbTiO; (Frantti et al.,, 2008). This controversy is very
interesting because the discussions illustrate how different ideas promote the advancement
of science, showing the richness behind the research in phase transitions of systems that
exhibit the MPB and that this subject is still open to new contributions.

4. Conclusion

Most modern piezoelectric materials used for technological applications are solid
solutions that display a transition region in their composition-temperature phase
diagrams, known as the morphotropic phase boundary, where the structure changes
abruptly and the electromechanical properties exhibit maximal values. Some composition
of PMN-PT ceramics, which are simpler to prepare than single crystals, is frequently used
for technological applications due to their very high piezoelectric coefficient and
electromechanical coupling coefficients. A major problem concerning the application of
these electroceramics is the difficulty in producing a pyrochlore-free perovskite structure.
Therefore, to prepare high-quality pyrochlore-free PMN-PT ceramics, several methods
have been developed over the past three decades. In addition to the technological interest,
the scientific comprehension of the origin of the morphotropic phase boundary in these
ferroelectric solid solutions was a great challenge in past decades. The discovery of a
stable monoclinic phase in the PZT system provides a new perspective to explain the high
piezoelectric response of ferroelectric ceramics. The subsequent experimental and
theoretical studies provided valuable contributions to understanding the phenomenology
behind the MPB and promoted a significant advancement in the area. However, recent
new ideas about and interpretations of the structural phase transition in high-
performance ferroelectric systems and the nature of the MPB demonstrated that this
subject is still open for discussion.
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1. Introduction

Richard Feynman (Feynman, 2005) once stated that ferrites were one of the most difficult
areas for theoretical description, but the most interesting for studies and practical
applications. These words are especially true when dealing with a special type of ferrites,
which have a hexagonal crystallographic structure - hexagonal ferrites, or hexaferrites.

The world’'s first permanent magnets based on ferroxdure - hexagonal barium ferrite
BaFe2019 (equivalent to BaO-6(Fe2Os), also called BaM) appeared in 1951 (Rathenau et al.,
1952). The main engineering problem that was solved at that time was the replacement of
cumbersome metallic (Ni- and Co-alloy) magnets by comparatively compact and light-
weight permanent magnetic systems. The systematic study and applications of
gyromagnetic properties of hexaferrites started in 1955 (Weiss & Anderson, 1995; Weiss,
1955; Sixtus et al,, 1956). Currently, in the world, enormous progress in fundamental
theoretical and experimental laboratory studies of various properties of hexaferrites, their
synthesis, and engineering of a wide range of microwave and mm-wave coatings and
devices on their basis has been achieved - see, for example, papers (Harris et al., 2006, 2009)
and references therein.

Hexaferrites as the materials for extermely high-frequency (EHF) range, Ka (27-40 GHz), U
(40-60 GHz), V (60-80 GHz), W (80-100 GHz) bands, and higher, have been also studied and
applied in Russia since middle 1950s. Authors of this paper, being apprentices and followers
of the outstanding Russian scientists, V.A. Kotelnikov, L.K. Mikhailovsky, and K.M.
Polivanov. V.A. Kotelnikov named the millimeter waveband “a nut in a hard shell”, deeply
believe that the practical development of this waveband is possible only when using
hexaferrites. Herein, the summary of achievements in engineering hexagonal ferrites and
various devices of on their basis in Russia for the past over 50 years is presented.

In 1955-1956, a then young scientist from Radio Engineering Department of Moscow Power
Engineering Institute, L.K. Mikhailovsky, studied microwave ferrites and developed devices
operating at the ferrimagnetic resonance (FMR) with new functional possibilities, such as a
magnetic detector and a gyromagnetic cross-multiplier. For mm-wave applications,
Mikhailovsky proposed to use instead of huge bias magnets just the internal field of
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crystallographic magnetic anisotropy inside a ferrite. According to Kittel’s formula (Kittel,
1948, 1949), the frequency of the FMR in a ferrite resonator magnetized to the saturation
along the Z direction is

fres =V/\/Hx " Hy with
Hy = Hy+ Hy — (N, — Ny) " 4nMg and H, = Hy + Hy — (N, — N,) - 4wMj, 1)

where y = 2.8% is the gyromagnetic ratio; Ha is the crystallographic anisotropy field; Ho
is the external bias magnetic field; 4wMs is the saturation magnetization (G); Ny, N, N, are
the demagnetization shape (form) factors of the ferrite sample. The sample may be of an
ellipsoidal shape (spheroid, sphere, elongated cylinder, disk), or it may be a flat slab. In (1),
the vectors Hy, Hy, Z are collinear.

However, in 1950s, no ferrites with significant internal magnetic fields were available in the
USSR. In 1958-1962, Mikhailovsky initiated the pioneering work on the study of
electromagnetic energy absorption by magneto-uniaxial ferrites. The very first magneto-
uniaxial ferrite Ba-Zn (Zn,W) was synthesized by S.A. Medvedev, who had previously
worked in France and got some experience in making ferrites with high crystallographic
anisotropy (but not magneto-uniaxial). The results of this first research were published in
1960 (Polivanov et al, 1960), and it was concluded that the absorbed energy at the natural
ferrimagnetic resonance (NFMR), i.e., without any bias magnetic field, is significantly higher
than the resistive or pure dielectric polarization loss. Thus the NFMR differs from the FMR
only by the significantly lower magnetic field needed for the resonance operation of
microwave (mm-wave) devices.

In 1962, the Industrial Ferrite Laboratory (,OPLF”) with Moscow Power Engineering
Institute (MPEI) was founded. The OPLF from the very beginning united three working
groups from three different Departments of the MPEIL: Radio Engineering (with
Mikhailovsky as the Head), Electrical Engineering (lead by Polivanov), and Electro-
Mechanical Technology (lead by Medvedev). Also, in late 1950-ies, the State Research and
Development Institute of Magneto-Dielectrics (,NIIMD”) was founded in Leningrad in
order to engineer and manufacture new types of ferrites. The main goal of the OPLF as a
research laboratory within a university was to intensively collaborate with and conduct
R&D projects determined by this leading enterprise of the USSR electronics industry. Thus
since early 1960s, the OPLF has been one of the world leaders on synthesis, theoretical and
experimental research of ferrites, including hexagonal ferrites, and development of new
unique microwave and mm-wave designs on their basis.

As a result of the research activity of the OPLF during nearly 50 years of existence, the new
school of thought in gyromagnetism was founded. This school continues the best traditions
of such Russian physicists as Lebedev, Arkadiev, Polivanov, and Kotelnikov. In 1980s,
Mikhailovsky founded, and till now has been leading, the scientific field of ,currentless”
spin electronics and gyrovector electrodynamics. ,Gyros” in Greek means ,revolution”.
Gyromagnetism in classical phenomenological representation arises from the relation
between the angular momentum and the magnetization vector of a magnetic medium. The
motion of the magnetization vector in magnetic (ferrite, ferri-, ferro-and antiferromagnetic)
media at the magnetic resonance is associated with spin moment rotation of magnetic
atoms, and is represented as the precession around the static bias magnetic field direction
(Landau & Lifshitz, 1935, 1960). Mikhailovsky has developed a novel theory, which he
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called ,the gyrovector formalism”, or ,the gyrovector algebra”. This theory explains the
mechanism of absorption of electromagnetic energy at ferrimagnetic resonance by
microwave ferrites, including hexaferrites (Mikhailovsky, 2002). The background of this
theory is Maxwell’s hydrodynamic model (Maxwell, 1856) and Dirac’s quantum spinor
electrodynamics (Dirac, 1975). Thus the gyrovector formalism mathematically unites
classical and quantum physics approaches, and explains a local quantum (energy)
interaction of electromagnetic field with centers of absorption and radiation of a
gyromagnetic medium.

This theory lays the basis for many engineering applications, including the hexaferrite
radioabsorbing materials with electrical conductivity close to zero; omnidirectionally
matched with free space protecting coatings; and devices for spectral analysis and
frequency-selective measurements of microwave and mm-wave power. Also, as soon as a
new class of ferrite materials, magneto-uniaxial hexagonal ferrites with high internal fields
of crystallographic anisotropy, were synthesized, it has become possible to develop
gyromagnetic resonance devices operating without external bias magnetization, or with low
bias magnetization needed for ferrite saturation and tuning of resonance frequency.

Technological Applications — Areas of applications

! & . -
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Magnets Devices (e.g., EHF Therapy)
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Fig. 1. Fields of application of hexagonal ferrites

Unfortunately, these achievements could not be published in open literature with wide
international access for many decades. Very limited number of papers on this topic were
published, mainly in Russian. The objective of the present Chapter is to cover this gap, and
allow readers to get acquainted with these works not only from retrospective point of view.
They contain the present-day novelty, and can be useful for engineers designing electronic
equipment operating in a wide frequency range from about 2 GHz to 300 GHz, and potentially
even higher. An application of hexagonal ferrites is proven and remains very perspective for
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solving numerous problems related to microwave engineering, radar engineering,
electromagnetic compatibility (EMC), electromagnetic immunity (EMI), and signal integrity
(SI). Hexaferrites can be used for detection and suppression of unwanted radiation and
coupling paths; for frequency-selective measurements of signal parameters; and for providing
proper non-reciprocal isolation in channels of generation, transmission, and reception over the
selected frequency bands within the wide range up to a few hundred GHz.

In this Chapter, the review of the engineered modern types of hexagonal ferrites for SHF
and EHF frequency bands will given, as well as an overview of research and design
experience for various hexagonal ferrite devices gained during multi-year collaboration
between MPEI (TU) and Russian industry, in which the co-authors have been directly
involved. Different engineering, societal, and other applications of hexagonal ferrites will be
also discussed, include agricultural and medical applications, computer engineering,
telecommunication, and television. Fig. 1 shows some application fields of hexaferrites.

2. Hexagonal ferrites as advanced ceramic materials for microwave and
millimeter wave engineering

Hexaferrites are known to be magneto-dielectric, specifically ferrimagnetic materials with
hexagonal magnetoplumbite-type crystallographic structure (Smit & Wijn, 1959).
Ferrimagnetic magnetoplumbite has the general chemical formula MeO-6Fe;Os, in which
Me may be Ba?*, Sr2*, or Pb2*. The ferric ions can be also partially replaced by Al+, Ga3*,
Cr3*, Sc3*, or combinations of ions, for example, Co?* with Ti4", Zn2* with Ti%, etc.
Hexagonal ferrites, unlike the other groups of ferrites (spinels and garnets), have a
pronounced internal effective magnetic field H,a, associated with the magnetic
crystallographic anisotropy. From a crystallographic point of view, a hexaferrite is
characterized by the hexagonal basis plane and the axis of symmetry that is orthogonal to
the basis plane.

The scanning electron microscopy (SEM) picture in Fig. 2 shows the microstructure of a
hexagonal ferrite containing hexagonal shaped flakes. If the direction of easy magnetization
is the axis of symmetry of the hexagonal structure, then the ferrite is called a magnetically
uniaxial ferrite. If the easy magnetization direction belongs to the basis plane, this is a planar
ferrite. Monocrystalline and polycrystalline magnetically uniaxial hexaferrites are the most
widely used in practical applications. Polycrystalline uniaxial hexaferrites are commercially
available. As for planar hexaferrites, the possibilities of studying them are limited by the low
Curie temperatures.

The concept of a field of magnetic crystallographic anisotropy, or briefly called “anisotropy
field”, is widely used for phenomenological description of hexaferrite behavior. It is
calculated approximately as (Gurevich & Melkov, 1996)

Ha~2|Ki| /M, )

where M; is the saturation magnetization, and Kj is the first constant of anisotropy, such that
K7 > 0 for uniaxial ferrites, and K;< 0 for planar ferrites. The dependence of crystallographic
magnetic anisotropy energy of hexagonal ferrites (Gurevich & Melkov, 1996)

Upa = K;sin20 + Kysin0 +%M0 (N — N¢)(Mgsin8)?. (3)
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upon the angle @ between the equilibrium magnetization vector M, , and crystallographic
axis ¢ for uniaxial and planar ferrites is shown in Fig. 3. The second constant of anisotropy
for hexagonal ferrites is much smaller than the first constant of anisotropy |K; | << |K;].

Y

U, | | k=0
K>0
uniaxial 0
1 1 1
0 /4 2 34
planar
K;<0

Fig. 3. Dependence of anisotropy energy of hexagonal ferrites U, upon the angle & between
the equilibrium magnetization vector Af, and crystallographic axis c.

The crystallographic magnetic anisotropy field determines the conditions for ferrimagnetic
(gyromagnetic) resonance (FMR) in hexagonal ferrites. The resonance frequency of a magneto-
uniaxial ferrite is related to the magnetization field and orientation of a equilibrium
magnetic moment with respect to the constant bias magnetic field. Boris P. Pollak, a scientist
from MPEI, in 1964 theoretically and experimentally obtained the curves for Ha field of
magneto-uniaxial monocrystalline hexaferrites in negative bias fields, extending Weiss’s
curves (Weiss, 1955). The dependences shown in Fig. 4 are known as , Weiss-Pollak curves”
(Polivanov & Pollak, 1964; Mikhailovsky et al., 1965). The analogous curves were also
obtained for the polycrystalline hexaferrites (Mikhailovsky et al., 1966; Pollak et al., 1969).
The magnetic field Hy required to achieve the FMR in the case of a hexagonal ferrite
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magnetized in the easy direction, appears to be dozens times lower than when using
ordinary, low-anisotropy ferrites. Thus, for the uniaxial ferrites, the applied bias field to
achieve the resonance frequency . is (Kittel, 1948)

HO = C')res/(,uO‘ ]/) - HA~ (4)

For high-coercivity magneto-uniaxial ferrites, the applied field Hy may be zero or even
negative (anti-parallel to the magnetization vector), and this broadens the frequency range
of applications of ferrites. The anisotropy field is the main parameter for classifying
hexagonal ferrites for applied engineering problems.
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Fig. 4. Weiss-Pollak curves as conditions of gyromagnetic resonance in a single-domain
particle of a magneto-uniaxial hexagonal ferrite (Mikhailovsky et al., 1965)

The research on microwave and mm-wave hexagonal ferrites started in the OPLF of the

MPEI went through the three stages.

e The first stage included the attempts to synthesize, in the laboratory conditions,
different types of ferrites with various fields of crystallographic anisotropy, test their
charactristics, and build devices of EHF (30...300 GHz) frequency band on their basis.

o  The second stage was focused on the improvement and optimization of the synthesized
materials from the point of view of practical applications, as well as engineering of the
advanced designs of microwave and mm-waved devices.

e The third stage was developing and producing industrial series of the engineered
ferrites of different types and devices on their basis using the facilities of the electronics
industry, including those at the leading enterprise NIIMD and the experimental plant of
the MPEL

The work on the synthesis of magneto-uniaxial ferrites was mainly done in two directions:

(1) synthesis of ferrites with different anisotropy fields to be able to design devices for

different frequency bands, and (2) an optimization of technological processes, structure and

stohiometry of ferrites to obtain ferrites with the best possible characteristics.
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Practically all the uniaxial hexagonal ferrites synthesized and studied in the OPLF belong to
one of two groups: either M-type, or W-type. M-type hexagonal ferrites are based on Barium
(BaFe2019) and/ or Strontium (SrFe12019) ferrites with partial isomorphic substitution of the
Fe3*ions by ions of dia- or paramagnetic metals.

Ferrite Type of Concentration Ha, kOe AH, Oe
. . . 47M,, G

series ferrite of dopant ions

1M BaMnM 04...0.0 368...380 16.7..17 55...13
2 MD BaNiZnM 1.54...0.55 344...364 10.2..13.5 72..18
3 MD BaTiNiM 0.5 360 13.0 61

4 MD BaTiCoM 14...0.25 330...280 10.2..14.4 220...65
5MoD BaYbM 0.8...0.5 330 13.5...14.5 32

6 MO BaLuM 0.6 330 12.8 21

7 MO BaScM 14..05 225...350 1.2..10.6 200...27
8 M SrGaScM 0.82...0.0 317...380 9.2..18.7 36...12

Table 1. Magnetic parameters for a number of series of synthesized monocrystalline M-type
hexaferrites (Mikhailovsky et al., 2002)

Momocrystals of hexagonal ferrites were maily synthesized in OPLF by S.A. Medvedev, A.M.
Balbashov, V.P. Cheparin, and A.P. Cherkasov (S.A. Medvedev et al, 1967, 1969;
Mikhailovsky et al., 1965, 2002; Pollak et al., 1976). Most of the monocrystals are obtained by
the method of spontaneous crystallization of high-temperature melt solution, and in a few
cases by the method of non-crucible zone smelting. Results of magnetostaic and microwave
measurements conducted on a number of series of synthesized monocrystalline hexaferrites
are summarized in Table 1. The data is presented in the Gaussian Magnetic Unit System
with 1 Oersted (Oe)=1000/47 ~79.6 A/m, and 1 Gauss (G) =104 T). The synthesized
monocrystalline magneto-uniaxial hexagonal ferrites had the values of crystallograhic
anisotropy field Hy = 0.075..7.9 MA/m (corresponding to 0.9..95 kOe). This allows for
operating in the frequency range ~2.5...260 GHz both at the NFMR and the FMR. To achieve
the latter, significantly reduced bias magnetization fields were applied (less than 3 kOe).
W-type hexagonal ferrites are mainly solid solutions of Me;W (MezBaFe6027), where Me is a
bivalent metal, for example, Co,W, NioW, or ZnoW. Mainly polycrystalline hexagonal
ferrites with different values of anisotropy field have been synthesized with this structure;
however, the ferrite Zn,W was also synthesized as a monocrystal.

The monocrystals with the Hj fields ranging from 1.2 kOe (BaM ferrites doped by Sc, Lu, or
YD) to 120 kOe (BaM and SrM ferrites with Fe ions replaced by ions of Ga and Al) have been
synthesized. The minimal FMR linewidth of about 10 Oe was achieved in experimental BaSr
ferrites, when Mn ions were doped in the crystal lattice of the hexagonal ferrite, as this is
typically done to reduce the linewidth in monocrystal ferrogarnets, e.g., YIG. In the pure
BaM ferrite, Mn ions were introduced using the BaO-B,Os solvent, while in Sc-doped
ferrites, the solvent NaFeO, was chosen. As for Ti-containing ferrites, the comparatively
narrow lines (~ 10 Oe) were achieved in only Ti-Zn ferrites, when the cooling speed of the
crystallizing melt was below 2 9C/hour (Sveshnikov & Cheparin, 1969). The ion Fe2* is
known to be responsible for wider FMR line, so to reduce its contents, the monocrystals
were grown by the method of non-crucible zone smelting at the oxygen pressure of 50
atmospheres.



Advances in Ceramics —

68 Electric and Magnetic Ceramics, Bioceramics, Ceramics and Environment
Series Type of ferrite Dopant | 4nM,, G | Ha, kOe | AH, kOe
)
I 11D BaO:(6-x)Fe205-xCr205 2.5..0.0 900...4700 434..16.3 49..18
21D SrO-(6-x)Fe203-xCr20;3 3.0...0.0 250...3400 522..16.2 5.0...0.6
3o BaO:(6-x)Fe20s- 0.5x(CoO+TiO2) 0.65...0.45 | 3800...4400 9.1..12.1 5.0..1.9
411D BaO: (6-x)Fe20s: 0.5x(ZnO+TiOz) 1.0...0.55 3600...3800 10.0..7.7 3.6..1.3

511D BaO- (5.9-x)Fe20s: 0.5x(ZnO+TiOz) 1.9..0.45 3000...4400 72.134 48.14

6 Ild BaO- (5.9-x)Fe>0s- 0.5x(NiO+TiO2) 1.0...0.45 3800...3900 | 11.5..14.1 54..4.0

71 BaO- 6Fe20s- 2[xCoO-(1-x)NiO 0.4..0.36 | 3540...2900 4.0..48 295..4.7
0.9Fe;0s]
ey 1.1BaO-6Fe;0s: 2[xCoO (1-x)NiO- 0.4..0.26 | 3520...4300 34..6.7 25..48
0.9Fe205]
911 BaO- 5.4Fex0s- 2[0.4C00-0.6NiO 3900 6.0 34
-1.2Fe;0s]
10 I[1® SrO- 6Fe;0s- 2[0.4Co0-0.6NiO 4270 7.7 2.5
-0.9Fe;0s]
111D BaO- 6Fe20;- 2[xCoO-(1-x)ZnO 04...0.0 3000-5020 0.9..11.0 53..24
1.2Fe;0s]
121D BaO-(6-x)Fe20s- 15...0.0 3900 16.1..10.0 | 3.3..1.95
xCr205-2(Zn0O-0.9Fe203)
131D BaO-(6-x) FexOs- 1.2..04 3900 18.5...14.6 35.22
xCr205-2(NiO-0.9Fe205)
14 1D SrO-(6-x)Fe20s- 0.5...0.0 3900 6.8..7.7 3.0..2.5

xCr205-2(0.4C00-0.6NiO-0.9Fe>0s)

1511 | BaO-(6-x)Fe20x xAlOx2(NiO-0.9Fe:0s) | 1.1..0.0 3900 180..133 | 46..22

Table 2. Parameters of some laboratory synthesized polyrcystalline hexaferrites
(Mikhailovsky et al., 2002)

Polyrcrystalline hexaferrites were synthesized in both the MPEI, and in industry. The final
goal was obtaining industrial series of magneto-uniaxial ferrites and devices on their basis.
The experimental series of polycrystalline hexaferrites were engineered by S.A. Medvedev,
A M. Balbashov, and V.V. Kolchin (Polivanov et al., 1969).

It is known that partial substitution of Fe;O3; by Al,Os; in SrM or BaM ferrites due to the
presence of A3+ ions of varying concentration allows for comparatively sharp control of
crystallographic anisotropy field of hexaferrites (De Bitetto, 1964; Qui et. Al., 2005). This
effect is widely used in the world practice to synthesize hexaferrites with different K; (or Ha)
values. The peculiarity of polycrystalline hexaferrites synthesized in Russia is using Cr;Os,
since it was found that Cr3+ allows for fine tuning of K; (or Hj) field to the desirable values.
Besides, it has been noticed that the ferrites with Cr3* have better microwave properties than
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those with AI3* (Nedkov et al., 1988). However, it is more difficult to synthesize ferrites-
chromites, since Chrome oxides are gaseous and require ferrite annealing at high pressure in
different media. Besides, ferrites-chromites have the higher magnetic saturation and Curie
temperature than their aluminate counterparts at the same concentration. The parameters of
the polycrystalline hexagonal ferrites of different series synthesized and studied in MPEI are
presented in Table 2. The highest achieved anisotropy field in the case of the Sr ferrite-
chromite with substitution x=4.5 was Ha = 95 kOe was.

The optimization of the synthesis process was done to acheive the ferrites with the given
and controllable anisotropy fields, with the highest-level texture (grain alignment), and the
minimal possible NFMR line, determined by the statistical distribution of the anisotropy
fields of the grains). As a result of optimization of grinding and burning, it was possible to
get polyrcrystalline magneto-uniaxial ferrites with 4H=0.6...1.0 kOe.

The polycrystalline hexaferrite ,, parametric series” (series of ferrites with the fixed values of
the anisotropy field, differing by 1.0..1.5 Oe) with the increased thermal stability of Ha
have been synthesized in industry (Petrova, 1980). These hexaferrites have been intended for
the development of EHF devices, in particular, resonance isolators (Pollak et al., 1980). The
parameters of such hexaferrites are shown in Table 3. These ferrites exhibit an enhanced
thermal stability and low dielectric loss. It is important that all the ferrites of an individual
parametric set belong to the same system, i.e., the classification group. An important
requirement is using the same ferrite system for as wide anisotropy range as possible. Thus,
the system BaNi;ScW was chosen for the range Hs = 5...12 kOe; the system BaNi,CryW was
used to provide the range Ha = 12...18 kOe; the system SrNi>Cr,W allowed for getting Ha =
13...20 kOe. Ferrites-aluminates and ferrites-chromites with Hy = 18..30 kOe have been
synthesized on the basis of both BaM and SrM. Aluminates with high density and high
Curie temparature are preferable for Ha > 30 kOe. As is seen from Table 3, the present-day
polycrystalline ferrites possess substantially better parameters, especially ferrite 04CYAI2.
For this ferrite, the anisotropy field is H4 =24 kOe, and the value of the resonance width has
been achieved as small as A4 < 0.5 kOe, the rectangularity of the hysteresis loop is M,/M;=
0.995, coercivity is H. = 2 kOe, and the dielectric loss is as low as tand, = 6.0x10+.
Engineering and application of hexagonal ferrite films for the EHF (30-300 GHz) resonance
and wideband devices operating without any bias magnetic field is an important advance in
improvement and simplification of the manufacturing processes. These films are based on
hexaferrite composites, which are the mixtures of hexaferrite powders of the particular
contents with a glue-like base (host) material (Pollak, 1980). The powders are obtained by
the grinding bulk hexaferrites that have already completely gone through the ferritization
process (the metasomatic alteration of initial raw material ingredients into ferrite), and have
a well-defined texture. The latter means that the hexaferrites have undergone the
ferritization annealing twice, and before the second firing they have been pressed in a
magnetic field. The average size of a particle in a powder is close to that of a single domain
(~ 1-10 pm). The powder is then mixed with a bonding dielectric, which may be a
polystyrene glue, glue BF (Russian-make), etc. Then the suspension is deposited on a
substrate, and dried at room temperature and normal atmospheric pressure. To assure a
high-rate texturing, samples must be dried in a magnetic field. Films have the minimum
thickness on the order of 10 um. They have a relative density of 50%, and their texturing is
as good as of the bulk sintered polycrystalline hexaferrite plates.
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Type of ferrite 47M;, G Hay, kOe AH, kOe &
(fo» GHz) (fo, GHz) @ f,=9.4 GHz

06CYA3 3700 14 (55) <2 (55) 16
05CYA4 4000 16(50) <2(50) 16
05CYAS 3000 18(65) <2 (65) 15
04CYA11 2500 21(70) <2 (70) 15
04CYA12 2100 24(75) <2(75) 15
04CYA13 1600 27(80) <2.5(80) 15
03CYA2 1500 31(100) < 2.5(100) 15
03CHA 1400 35(110) <2.5(110) 15

Table 3. Parameters of some industrially manufactured hexagonal ferrites

A mixture of a few types of hexaferrite powders differing by their anisotropy fields can be
used to make multiphase composites. They typically have a greater width of the FMR,
which is favorable for developing resonance isolators or other devices operating over a
wider frequency range. Films based on hexaferrite composites exhibit higher coercivity,
which allows for operating without any external bias magnets in the frequency range up to
100 GHz. Another important feature is their comparatively low permittivity, which provides
better matching of films with the other dielectric elements in a microwave (mm-wave)
transmission line. Besides, it is much easier and cheaper to manufacture such films than the
bulk plates. The requirement of having an extremely small thickness is not difficult to
satisfy, since the chip technology can be used for their manufacturing, and these films can be
used in microwave chips, though there may be problems at the interfaces with other
materials. Moreover, when dealing with polycrystalline hexaferrite powders, the control of
the ferrite contents at different stages of their manufacturing, is substantially simplified. It is
possible to do without making special test samples - plates of thickness less than 0.1 mm, or
spheres of at least of 0.4 mm in diameter to apply the standard techniques for measuring
intrinsic parameters of ferrites. Also, there is no necessity of texturizing samples for study,
and no need in bias field for measurements.

3. Gyromagnetic applications of hexagonal ferrites

Hexagonal ferrites are traditionally applied in microwave and mm-wave engineering. These
are different gyromagnetic devices for the EHF range (30...300 GHz). When using hexagonal
ferrites, it is possible to reduce the external bias magnetic field by an order of magnitude, or
remove it completely. Application of hexaferrites also solves a number of functional
problems, which cannot be successfully solved using other types of ferrites. The primary
attention in this work is paid to hexaferrite isolators, because isolators are of the greatest
demand in general, and hexaferrite isolators, from our point of view, are the most promising
as compared to other types of non-reciprocal isolating devices for telecommunication
microwave and millimeter-wave systems. An important perspective on hexaferrite isolators
is their application for transmission lines and broadcast telecommunication systems, when
compact, low-weight, technologically simple, and inexpensive devices are of top priority.
Some other examples of applications of hexaferrites in devices developed by the authors are
presented below.
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3.1 Resonance isolators

Resonance isolators for the 8-mm (Ka) waveband are known to be industrially developed
and manufactured. They are based on the application of crystallographically isotropic
(ordinary) ferrites, as well as on anisotropic (hexagonal) ferrites, inside standard metal
rectangular waveguides (cross-section of 7.2 x 3.4 mm). Laboratory samples of hexagonal
ferrite resonance isolators for operation in the frequency range up to 150 GHz have been
designed and studied in the MPEI (Mikhailovsky et al., 1965, 2002; Polivanov et al., 1969;
Pollak et al., 1976, 1980). The characteristics of resonance isolators are given in Table 4. They
are made on both metal waveguides (MW) and dielectric waveguides (DW). Characteristics
of devices are preserved at average power less than 200 mW and over the temperature range
-40...+60 0C.

Frequency | Bandwidth | Return Insertion | VSWR Bias Transmission
range, at-3dB loss, dB loss, dB, magnetic line
GHz level, % less than field, kOe
25-150 2.3 20...25 1..2 1.2 0...3 MW, DW
25-150 20...40 20...25 1...3 1.3 0...3 MW, DW
40...150 0.5 25...30 03...1 1.2 0...3 MW

Table 4. Typical parameters of resonance isolators based on magneto-uniaxial
polyrcystalline hexaferrites (Mikhailovsky et al., 2002)

When developing these isolators for the EFH frequency range, many problems have arisen.

One of the challenges is the tiny size of isolators. The cross-sectional dimensions b x a of

standard metal rectangular waveguides are typically in the range of b = (0.55...3.4) mm and a

= (1.1...7.2) mm, the thickness of ferrite slabs is t;= (0.01... 0.1) mm, the thickness of dielectric

plates is t; = (0.15...1.0 mm), and the mounting dimensions in the waveguide are just d =

(0.1...2.0 mm). These miniature isolators typically have high insertion loss which may reach

up to 5 dB. Another problem is that to cover the wide frequency range of operation, many

types of ferrites with different anisotropy field are needed, for example, the anisotropy field
should be in a range of Ha = 0.4...8.0 MA/m (5...100 kOe) with a discrete of 6H4~ 0.1 MA/m

(1.0...1.2 kOe). At the same time, the values of Ms, Tc, and density decrease as Ha increases.

The abovementioned difficulties of isolator design and manufacturing have been overcome

in an elegant way. The insertion loss in comparatively narrowband isolators was reduced by

the following solutions.

o The so-called effect of the “bound modes” (Korneyev, 1980) and the magnetodynamic
resonators (MDR) with different values of anisotropy field (Korneyev & Pollak, 1982)
were used. The effect of the “bound modes” is typically observed in bias magnetic
fields that are insufficient for achieving resonances, and in comparatively big ferrite
samples falls within the bandwidth much less than the FMR line. These isolators
operate on a combination of FMR and volume resonance of the hexaferrite slab. These
are typically short flange-like isolators with high isolation level in a narrow band, and
the resonance frequency can be tunable (£ 5...10%) by a low magnetic bias field while
keeping good isolation.

e Another solution is an application of a monocrystalline hexaferrite resonator, e.g., a
spherical resonator, with variable orientation of crystallographic axes with respect to
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the external magnetic field (Pollak et al., 1976). Thus, in an isolator with a pure BaM
ferrite (Ha=17.5 kOe), when changing its orientation in the limits of 0...609, the range of
resonance frequency was 62..55 GHz, isolation=40...22 dB, and resonance linewidth
was less than 150 MHz.
To broaden the frequency range of isolators (Pollak et al., 1976; Mikhailovsky et al., 2002) the
multi-component composite hexaferrite materials with the size of hexaferrite particles not
exceeding a few micrometers was proposed. This is a mixture of different polycrystalline
ferrites as thin bulk plates or composite films with a spread of different values of anisotropy
field Ha . The resultant wideband isolators have a bandwidth of up to an octave (see Fig. 5).

8-component HF composite

15
|"dB
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0 : 0
50 60 70 Gip, 80

Fig. 5. Frequency characteristics of the eight-component hexagonal ferrite isolator
The return loss (RL) a* and the insertion loss (IL) @~ shown in Fig. 5 are calculated as
ot ~ oV (' tug"), )

where o is the coefficient which depends on the parameters of the transmission line and
frequency, V is the resonator volume, and u", u," are the imaginary parts of the tensor
components

Ko jug O
p=|=jHa w0} (6)
0 0

and the hexaferrite slab is in the waveguide points with circular polarization of microwave
magnetic field.

Another way to design wideband isolators is an application of a chain of monocrystalline
magneto-uniaxial ferrite resonators with various values of Ha and/or different orientations
of the internal magnetic field. For example, in an isolator for the fixed band 35.7...36.7 GHz
with RL=15...40 dB, six spherical resonators made of Sr-Sc hexaferrite were used (Ha=9
kOe). Their orientation was 0..350 with respect to the bias field. Each sphere provided a
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resonance absorption of 3...7 dB and an off-resonance loss less than 0.1 dB. Such isolators
were implemented in the masers of traveling waves (Mikhailovsly et al., 2002).

Typically, hexaferrite resonators are placed upon a dielectric substrate, e.g. a ceramic slab
with relative permittivity € =~ 9, and this layered structure is fixed in the middle of the wide
wall of the waveguide along the propagation direction. To make the isolators shorter, high-
coercivity hexagonal ferrite plates or composite films of opposing (subtracting)
magnetization are placed on two sides of a dielectric substrate.

Hexaferrite resonance isolators without bias magnets have been designed on various
transmission lines (dielectric rod waveguides, dielectric reflecting waveguides, grooved
waveguides, planar and cylindrical slot lines, spiral waveguides, and other specific types of
the EHF transmission lines - see Fig. 6). The assurance of proper isolation is a crucial issue
for practical realization of the required systems. Hexaferrite resonance isolators have been
developed for a number of the abovementioned transmission lines.

I 7z

TSI

(a) (b) () (d) (e)

Fig. 6. Examples of hexagonal ferrite isolators on different transmission lines: (a) dielectric
rod waveguides; (b) reflective dielectric rod line; (c) single-sided slot line; (d) double-sided
slot line; and (e) waveguides with groove.

3.2 Off-resonance non-reciprocal devices

Herein, some examples of using high-coercivity polycrystalline hexagonal ferrites for the
design of off-resonance non-reciprocal devices operating without any external bias
magnetic field are considered. One of them is the Y-circulator. It is well-known that the
circulator effect is possible only in gyrotropic media. Due to the presence of the off-diagonal
component in the permeability tensor (5) of hexagonal ferrite, this is a gyrotropic, in
particular, gyromagnetic medium. This component for magneto-uniaxial ferrites is

~ AMgH,, ;
Ha = T, + Ho) (Hy — Ho)] 7

where H,=w/y, even without any bias magnetic field Hy.

The design of such a circulator is analogous to that of traditional waveguide circulators
(Tsankov et al., 1992). In the OPLF, the Y-circulator for 8-mm waveband was developed
(Musial et al., 1972). It was using a cylinder made of a polycrystalline SrCrM ferrite with
Ha=21 kOe, AH=1 kOe, Hc=1.5 kOe, 4nMs = 3.4 kG, and 4nM, =3.1 kG on the basis of the
standard metal waveguide with the cross-section 7.2 x 3.4 mm? . The ferrite cylindrical was
placed in the center completely coveing the cross-section. It was operating at frequencies
above FMR.

In the short-wave part of the EHF band (above 100 GHz), the problem of extremely small
cross-sections of standard transmission lines arises. Application of metal-dielectric
waveguides, e.g., ,hollow dielectric channel” lines (Kazantev & Kharlashkin, 1978) may
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solve this problem. Thus, instead of the standard metal waveguides of a cross-section of 1.1
mm x 0.55 mm, the metal-dielectric waveguides of 10 mm x 10 mm cross-section have been
used, and three- and four- port circulators based on polycrystalline hexaferrites operating in
the regime below the resonance (Ho=0) have been designed (Avakyan et al., 1995). Fig. 7
schematically shows a three-port circulator. If the load at Port 2 is a receiver, this system
works as a waveguide switch in a single-antenna radar. In the case of a matched-load
termination, this is an off-resonance isolator. In the circulator under study, a hexaferrite
sample was magnetized to saturation along the axis of the waveguide, and was completely
closing the cross-section of the waveguide. The length of the sample (along the axis of
propagation) assured the 450 rotation of the polarization plane. In the circuits designed for
the frequency ranges of 80-130 GHz and 40-180 GHz, the high-coercivity industrial
synthesized hexagonal ferrites 03CHA (Ha=35.0 kOe; AH=3.5 kOe, Hc=4.0 kOe, 4nM; =
1400 G) and 04CHA2 (Ha=23.5 kOe; AH=3.5 kOe, Hc=5.0 kOe, 47M; = 1900 G) were used.
VSWR was about 1.1 in the 25% frequency bandwidth, and isolation was more than 18 dB.

Metal-dielectric waveguide
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Fig. 7. Three-port circulator based on metal-dielectric waveguide with a hexaferrite slab

3.3 Bandpass and stopband filters

From the very beginning monocrystalline hexaferrites were specifically designed for
applications in bandpass and stopband filters for the EHF range. Even nowadays, for many
practical puropses EHF filters with required parameters can be designed only on the basis of
monocrystalline hexaferrites.

An isolator with a monocrystalline hexaferrite is a stopband filter indeed. As is mentioned
above, it provides signal suppression at the required frequency over a bandwidth of
10...40%. This can be achieved by the proper orientation of a spherical resonator made of a
monocrystalline hexaferrite, when the bias magnetic field Hy is fixed. Such filters were
designed in MPEI using standard metal waveguides of cross-sections 7.2 mm x 3.4 mm, 5.2
mm X 2.6 mm, and 3.6 mm X 1.8 mm. They provide the rejection rate (defined as the
difference between the power attenuation levels in the stopband and in the passband) of
20...40 dB in the frequency range 60...200 GHz (Mikhailovsky et al., 2002).
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In magnetically tunable filters, a magneto-uniaxial hexagonal ferrite resonator is placed in a
matched waveguide in such a way that the crystallographic axis would be parallel to the
bias magnetic field (Ha ||Ho). Three methods have been tested for increasing the rejection
rate of filters. First, this is an increase of the microwave field power density near the
hexagonal ferrite resonator by placing it on a dielectric substrate in the waveguide. Second,
an application of ferrite disk resonators with azimuth modes (Moiseyev & Pollak, 1982).
Third method is the abovementioned effect of the “bound modes” due to combination of
FMR and volume resonance of the hexaferrite resonator.

Crystals of magneto-uniaxial monocrystalline hexagonal ferrites with parallel orientation of
Ha and Hy have also been used in bandpass filters with magnetic tuning. The parameters of
such filters are given in Table 5.

Frequency Band width at - Insertion Isolation outside Transmission
range, GHz 3 dB level, MHz loss, dB, the pass band, dB, line
less than more than
25-38 400 8 30 MW
36 -52 500 7 30 MW
52-78 300 12 30 MW
52-78 250 8 30 DW
78 -119 250 10 23 MW
78 - 105 400 10 30 DW

Table 5. Parameters of designed bandpass filters

An original design based on the orthogonal reflective dielectric waveguides has also been used
at frequencies up to 150 GHz (Khokhlov et al, 1984). Our studies have shown that filters
built on dielectric waveguides are technologically simpler compared to the metal
waveguides, and they provide low insertion loss, as well as excellent non-reciprocal and
directional properties. Therefore they can serve as elements of the EHF frequency band.

3.4 Ferrite mixers and frequency-selective primary transducers for power meters

A number of novel measuring systems and devices for EHF band have been developed in
the OPLF of MPEL Their design has been based on the application of high-anisotropy
hexagonal ferrite resonators that provide a substantially reduced bias magnetic field
necessary for operation. First of all, these are the new functional frequency-selective devices
for measuring power parameters of signals of medium and high intensity.

Frequency range, Sensitivity, VSWR Operating bias Weight with
GHz v field, kOe magnet, g
25...375 <150* <14 25...65 2440
37.5...525 <60 <13 2..53 2440
525...75 <30 <19 1...10 2440
66 ...74.4 <60 <17 0 110

* Ferrite contents was not optimized

Table 6. Parameters of designed ferrite mixers for the EHF frequency range




Advances in Ceramics —
76 Electric and Magnetic Ceramics, Bioceramics, Ceramics and Environment

The ferrite mixers can be used in the devices for measuring pulse and continuous power in
the frequency range of 25 - 75 GHz (Mikhailovsky et al., 1965; 2002). Their parameters are
summarized in Table 6. In these mixers, the resonance response proportional to the power
level under measurement is induced in a coil surrounding a cylindrical ferrite resonator.
These mixers have sensitivity up to 30 pW, and they are characterized by extremely high
stability to power overload. They have been developed within a single magnetic system. For
the 4-mm waveband, a mixer has been developed without any magnetic system at all.
Another perspective application of monocrystalline hexaferrite resonators is development of
magnetically tuned primary transducers. These transducers are intended for converting
microwave to low-frequency signals. The picture of a stripline device with a magnetic
detector - a ferrite resonator surrounded by a spiral microcoil is shown in Fig.8 (a).

HFR surrounded by a
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Fig. 8. (a) Stripline gyromagnetic frequency converter (top ground plane cover removed),
and (b) primary transducer with two Hall elements

The magnetic detector was invented by L.K. Mikhailovsky (Mikhailovsky, 1964), and it has
become the “heart” of a quantum cross-multiplier. This is a cross-non-linear element, which
converts a microwave (mm-wave) carrier signal at the FMR (or NFMR) frequency down to
harmonics of a pumping RF signal. Based on this element, a tunable single-frequency
gyromagnetic converter was designed. It is now used for frequency-selective measuring of
microwave power spectral density of short (nanosecond) pulse and noise signals.

However, a primary transducer with a spiral microcoil as shown in Fig. 8 (a) is effective only
if it contains an extremely high-Q ferrogarnet monocrystalline resonators (AH<0.5 Oe) and
operates at comparatively low microwave frequencies (~300 MHz...18 GHz), requiring
significant bias magnetic fields for keeping the ferrite resonator in magnetic saturation. For
applications in the EHF band, the different design principles are needed. Thus, in early
1990s the authors of this Chapter proposed to use a monocrystalline magneto-uniaxial
hexaferrite resonator (HFR) with comparatively narrow for hexagonal ferrites FMR line
(AH~10 Oe) in direct contact with a semiconductor element. The latter is able to detect
variation of the temperature of ferrite resonators at the absorption of electromagnetic power
passing through them inside a transmission line. Two types of semiconductor thermo-
sensitive elements were used in experimental testing of the hexagonal ferrite primary
transducers, designed for the 8-mm band: (1) two Hall-elements (HE) connected in a
compensating schematic as Fig. 8 (b), and (2) a chip transistor (without housing), used in a
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diode regime, in a direct contact with an HFR. The designed transducers demonstrated a
coefficient of power conversion of 10 uV/mW when using the Hall-element, and with chip
transistors the coefficient of power conversion was about 1200 pV/mW. In all the cases, the
linear dynamic range was in the range of 20-30 dB. Over the 4-mm band, the
monocrystalline hexaferrites can have much smaller FMR line widths (since these will be
resonators made of pure Ba-ferrites), so the expected parameters of such primary
transducers or power converters are expected to be substantially better.

Also, an effect of the RF self-generation in a closed-loop system containing a ferrite
resonator was detected and studied. This effect can also be used for frequency-selective
microwave and mm-wave power measurements. The schematic is shown in Fig. 9, where a
ferrite is affected by two signals - a microwave and a pumping RF (a few MHz), and the
output signal of the crystal detector terminating the microwave transmission line is
amplified by a narrowband RF amplifier and then is used as a feedback for the RF pumping
of ferrite. Such system was built with a modulator which used a high-Q monocrystalline
BaScM HEFR for the 8-mm waveband.
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Fig. 9. (a) Autogeneration system with a modulator built with a HFR. (b)The width of a
generation zone as a function of the spectral power density within an FMR line.

The system can be used as a threshold detector of power levels at the selected frequencies
and also for frequency-selective power measurements. The pumping of the RF (1 MHz)
signal is done by a piezoelectric element which modulates the resonance frequency of the
hexaferrite resonator by varying its main axis orientation. The lower level of the measured
power is determined by the sensitivity of the crystal detector, and the upper level depends
on attenuation introduced by a calibrated attenuator in the feedback loop. The resonance
frequency of the ferrite resonator is swept by a sawtooth current in the small bias magnetic
system (Ho=0...3 kOe).

3.5 Absorbers of electromagnetic waves

Application of monocrystalline, polycrystalline, and dispersed conventional low-anisotropy
garnet and spinel ferrites in shields, coatings, and various filtering devices of the EHF band
is known to be limited, and in many cases, impossible, because of the necessity of applying
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intense bias magnetic fields (above ~10¢ A/m). For this reason, hexaferrites that have a high
internal magnetic field are very desirable, since they exhibit natural ferromagnetic resonance
(NFMR) even if no bias magnetic field is applied. In traditional devices of the SHF (3-30
GHz) and EHF (30-300 GHz) bands, mostly dense hexaferrite samples have been used. This
limits the design possibilities for obtaining required frequency characteristics and other
microwave or mm-wave parameters.

When monolithic hexaferrite samples are replaced by hexaferrite powders, an additional
degree of freedom for engineering composites is created. Application of dispersed
hexagonal ferrites allows for designing optimal devices and solving a number of
technological problems, e.g., for absorbing the energy of electromagnetic fields and waves.
The frequency characteristics of absorption loss in powders of doped hexagonal ferrites,
taken from the functional series of the engineered materials, cover the frequency range from
4 to 40 GHz. The possibility of shifting the central frequency of absorption at the NFMR,
varying the width of absorption, and modifying the shape of frequency characteristics is
possible, for example, due to the variation of Scandium contents in the BaScM ferrites, as is
shown in Fig. 10. An example of the absorption frequency dependence for a hexagonal
ferrite thick film, which is made of a mixture of two different hexagonal ferrite powders in
an epoxy resin base is given in Fig. 11. The frequency dependence is obtained based on the
model proposed in (Pollak, 1977) for the effective electromagnetic parameters (permittivity
and permeability) for composite materials containing highly anisotropic uniaxial hexagonal
ferrite inclusions.

frequency (GHz)

Fig. 10. Frequency characteristics of absorption loss in BaScM (BaScxFe12.<O19) ferrite

3.6 Phase shifters

Phase shifters are the only group of known gyromagnetic devices, where hexagonal ferrites
have not received much attention yet. Application of hexagonal ferrites in phase shifters is
substantially less popular compared to isolators and filters. Possibilities of using magneto-
uniaxial and planar hexaferrites in laboratory samples of phase shifters in the frequency
ranges of 30-35 GHz and 90-94 GHz have been reported in some publications, e.g., (Patton,
1988; Thompson, 1995). However, industrial designs and applications of such devices are
still unknown. The reason for this is that to develop phase shifters, more narrowband
materials with increased saturation magnetization and low dielectric loss are required.
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However, it is clear now that a number of Russian-make hexaferrites (Catalogue, 2006) can
be used for this purpose. The above mentioned examples of using hexagonal ferrites in non-
resonance isolating devices with a fixed angle of polarization plane rotation (Musial, 1972)
can apply to phase shifter design as well.
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Fig. 11. Frequency characteristic of absorption of a thick film containing powders of
hexagonal ferrites with two different compositions

3.7 Traveling-wave generators
The design of the EHF band traveling-wave masers (TWMs) requires creating built-in low-size

non-reciprocal isolation at a given frequency and a certain magnetic field (the maser’s
operating magnetic field, including a zero magnetic field, is stringenly determined by the
specifications). This problem was solved using the polycrystalline hexaferrite isolator.
Another model of a TWM on rutile was developed using a chain of hexaferrite spherical
resonators. For this purpose, multiple resonators assuring the necessary non-reciprocal per-
unit-length isolation both at the fixed frequency and within a given frequency band have
been designed. Tuning was achieved by variation of the orientation of the ferrite.
Traveling-wave tubes (TWTs) operating over the the EHF band belong to the class of the
devices that definitely need, and we beleive that in future will widely use hexagonal ferrites.
The traditional built-in absorbing filters protecting traveling-wave tubes from self-excitation
cannot be used in the EHF band. Non-reciprocal isolation in the EHF band can be achieved
only using hexaferrites. The experience of developing intra-tube non-reciprocal absorbers
based on ferrite garnets in the centimeter waveband (Vambersky et al., 1973) adds optimism
about the application of polycrystalline hexaferrites in the EHF band. The analysis of
industrially manufactured TWTs shows that the specific delay systems needed for TWTs can
be built into hexaferrite isolators. From our point of view, the most appropriate up-to-date
design for realization of this idea is the delay system of the so-called transparent TWT. This is
the output tube in the cascade of two TWT power amplifiers. For example, in the 8-mm
waveband tube (which is an analogue of the tubes for 2-cm and 3-cm wavebands),
providing an average output power up to 300 W in a frequency bandwidth of 1 GHz, and at
the static bias field of 4 kOe, the application of polycrystalline ferrites can readily provide
the required non-reciprocal isolation.
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4. Societal applications of hexagonal ferrites

Some examples of applications of hexagonal ferrites in non-technical areas are given. These
are applications in medical, agriculture, and transport monitoring, as well as in every-day
electronic devices.

4.1 Microwave ovens

Microwave ovens are designed in such a way that there are protections against radiation
leakage outside their enclosures. However, these measures are provided for the
fundamental frequency and its second harmonic, while radiation at higher harmonics is not
controlled or tested, although it may be substantial enough to cause EMC/EMI problems for
the other electronic devices operating nearby.
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waveguide, and absorber
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Fig. 12. Microwave oven with hexagonal ferrite absorber
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Fig. 13. Frequency characteristic of filter of harmonics for suppressing spurious radiation of
microwave ovens
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4.2 Protecting shields for high-speed electronic devices

The hexaferrite-based absorbers are recommended for protecting power cords, cables,
individual intra-system blocks, enclosures, and antenna caps of modern high-speed
electronic devices, including computers and cellular phones, whose operating frequencies
fall into the microwave band (> 2 GHz). However, if these are active devices, leakage at the
main (clock) frequency and its harmonics should be eliminated, as well as the susceptible
circuits should be protected from external noise sources. Also, hexaferrites can be used in
stealth-technology for creating non-reflecting surface coatings.

4.3 Medical applications — EHF therapy

Hexaferrite isolators, in addition to their known applications in traditional engineering
systems, have been used in narrowband and wideband systems for EHF therapy (Avakian
et al., 1995). For introducing the latest achievements and recommendations of EHF therapy,
the development of non-reciprocal devices for the frequency bands of 42-95 GHz and 90-160
GHz was needed. Among the obvious requirements for the isolators to be included in
medical devices for EHF therapy, are small size and weight, and low cost. From our point of
view, only resonance isolators based on hexagonal ferrite composites, operating without any
bias magnetic fields, can satisfy these criteria. Wideband isolators of this class have been
developed for the frequency range of 37-118 GHz. The insertion (direct) loss in these
isolators was 1.3-2.0 dB, while the return loss was 16-19 dB. Maximum return loss and
minimum insertion loss have been noticed around 60 GHz. To satisfy the particular
technical requirements of customers producing medical equipment, a number of isolators
with a maximum of return loss at different frequencies within the above mentioned band
have been designed.

4.4 Transport: radar systems for measuring motion parameters

The development of the EHF frequency range is very promising for small-size and highly
accurate radars of local operation. Applications of isolated mirror and slot dielectric
waveguides provide wide possibilities for integrated technology design of a microwave
(mm-wave) system, which is much cheaper than using standard metal rectangular
waveguides. The integrated microwave (or mm-wave) blocks unites an antenna, a pattern-
forming circuit, and a signal processing device. All these advantages can be realized only
when using hexagonal ferrite non-reciprocal isolators without external magnets. The latter
can be manufactured using a film-sputtering technology. Thus, based on the mirror
dielectric waveguide, the 8-mm wavelength block was tested within an automotive set for
measuring parameters of motion and preventing traffic accidents. Based on the double-
sided slot waveguide, two blocks were developed. The first was of the 5-mm wavelength
Doppler measuring device to operate in the vibrometer (Bankov, 1999), and the second was
developed for the 8-mm radar system with linear frequency modulator for the level gauge
and other applications (Abdulkin et al., 1991). In addition to the given examples, it is
important to also mention the potential advances of applying planar integrated EHF blocks
on dielectric slot waveguides with hexaferrite isolation inside cellular network systems.

4.5 Agriculture: processing seeds before sowing
The application of special capsules for green-sprouting of seeds before their sowing is
known. Typically, for this purpose, the biologically active porous materials, where seeds are
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placed together with a nutrient medium, are used. When a hexagonal ferrite particle, which
is a miniature magnet (its size is less than 10 um) is placed together with a seed, it
substantially stimulates the process of green-sprouting. Hexagonal ferrite particles orient
themselves along the Earth’s magnetic lines, and this provides independence of the green-
sprouting speed upon the seed’s initial spatial orientation. The required magnitudes of the
magnetic field intensity and coercive force are 0.5 T and 5 T, respectively.

5. Conclusion

A review of pioneering work conducted in the MPEI since 1950 on the theoretical and
experimental study and development of hexaferrites and devices on their basis for different
engineering and social applications is presented. As a result of the fundamental theoretical
research led by Mikhailovsky, the founder of the OPLF, the magnetic bias field needed for
the operation of the devices at higher microwave and mm-wave frequencies was , moved”
to the crystal lattice of the gyromagnetic (ferrite) medium.For the first time in Russia, a new
class of ferrite materials was synthesized: magneto-uniaxial hexagonal ferrites with high
internal fields of crystallographic anisotropy. This allowed for the design of various
gyromagnetic resonance devices operating without bias magnetic field or with low bias
magnetization needed only for ferrite saturation and tuning of resonance frequency. These
are the passive devices, such as resonance isolators, stopband and bandpass filters,
circulators, matched loads, electromagnetic wave absorbers, and also cross-non-linear
devices for mm-wave power measurements. Hexaferrites can be used for non-reciprocal
isolators in masers and traveling-wave generators, and also for the design of frequency-
selective microwave absorbing coats and filters that can solve numerous problems of
electromagnetic compatibility and immunity. Over a hundred different types of
polycrystalline and monocrystalline hexagonal ferrites having different composition have
been synthesized in the OPLF, mainly for applications at 3-100 GHz. Based on those ferrites,
over 20 different types of various composite electromagnetic wave , currentless” absorbers
have been developed for the frequency range of 1.5 - 100 GHz.

Microwave and mm-wave devices of the future generation, whose development has been
driven by modern wireless and radar technologies, should be mainly planar and low-loss,
operating without huge external bias magnetic fields, and have more functional
possibilities compared to conventional present-day devices. The authors are convinced
that it would be impossible to solve these problems without using a natural physical
advantageous feature of hexagonal ferrites - their high internal field of crystallographic
anisotropy.
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1. Introduction

The electric field and frequency dependence of the dielectric permittivities of relaxor
dielectrics makes them promising tuneable microwave component materials and gives rise
to numerous potential applications, especially in the fields of electronics and
telecommunications technologies. Relaxors of this type have been known for over half a
century. The relaxation mechanisms underlying their unique dielectric behaviour, however,
are still far from well understood. This lack of understanding is a significant impediment to
the further development and optimization of their desirable dielectric properties (high
dielectric constants, low dielectric losses and high field tuneabilities). Because such
functional relaxors are almost invariably chemically and/or displacively disordered, an
understanding of their local nanoscale crystal structure is an important starting point to gain
a better understanding of their intrinsic dielectric properties.

Conventional Bragg scattering diffraction techniques, whether obtained via X-ray diffraction
(XRD), neutron diffraction or electron diffraction, contain only 1-body information on the
time and space averaged crystal structure as a result of the assumption of a regularly
repeating real space unit cell and its corollary, sharp Bragg reflections only in reciprocal
space (see e.g. Fig.1a). Correlated chemical and/or displacive deviations from that average
structure i.e. information on local order, on the other hand, gives rise to additional, usually
much weaker, structured diffuse scattering in addition to the strong Bragg reflections of the
underlying average structure (see e.g. Fig.1b). The detection and reciprocal space mapping
of such structured diffuse intensity distributions is an important step towards a structural
understanding of the chemical and/or displacive disorder responsible and the relationship
that this local order may, or may not, have with electric dipoles and intrinsic dielectric
relaxation behaviour. Ultimately, real space modelling and fitting to the observed diffuse
distribution is required in order to extract the local ordering responsible.

Electron diffraction is ideally suited to the detection and mapping task as a result of the
strength of the interaction between fast electrons and matter, the ability to record planar
cross-sections of reciprocal space from localized real space regions coupled with the ability
to tilt over large angular ranges enabling the systematic exploration of reciprocal space. The
strong interaction of electrons with matter, however, does mean that the effects of multiple
scattering and dynamical diffraction need to be borne in mind, in particular at major zone
axis orientations. It is thus often quite useful to deliberately take off-axis electron diffraction
patterns in order to minimize the effects of multiple scattering. By such methods, useful and
reliable structural information can be extracted from such data.
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Figure 1a, for example, shows a typical <-110> zone axis electron diffraction pattern (EDP)
of CaCu3TiyO1p, a giant dielectric constant material. Only sharp Bragg reflections are
observed, entirely compatible with the reported Im-3, non-polar, average structure space
group symmetry of this material. On tilting away from this exact zone axis orientation,
however, keeping an <002>* systematic row excited and choosing a longer exposure time,
the weak but quite reproducible, highly structured diffuse intensity distribution shown in
Fig.1b becomes apparent in this compound. Transverse polarized diffuse streaking of this
type continues to exist no matter how far one tilts around the <002>* direction showing that
the diffuse distribution takes the form of sheets of diffuse intensity perpendicular to the
three <001> real space directions (Liu et al., 2005). It is shown in their work that this
observed diffuse distribution results from correlated off-center displacements of Ti ions
along one-dimensional <001> columns. While the giant dielectric constant of this material
has now been shown to arise from an extrinsic rather than intrinsic origin, it nonetheless
remains of interest that CaCusTi4O12 is an incipient ferroelectric.
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Fig. 1. Typical <110> (a) and close to <130> zone axis electron diffraction patterns of
CaCusTi4O1; ceramic (Liu et al, 2005)

For the remainder of this chapter, we will take the family of bismuth-based niobate
pyrochlore electroceramics as an example to show how local nanoscale structure affects
dielectric relaxation properties even though they have essentially the same average
structures.

2. Average structure and dielectric properties of Bi-based niobate
pyrochlores

The ideal A»B>O7 cubic pyrochlore structure type (see Fig.2a) has space group symmetry
Fd-3m (with A on 16d at1/2,1/2,1/2; B on 16¢ at 000; O on 48fat x, 1/8,1/8 and O' on 8b at
3/8, 3/8, 3/8, origin choice 2; note that x is typically ~ 0.30-0.34). It consists of two
intergrown substructures: an O'A; tetrahedral corner-connected, anti-cristobalite type
substructure (see Fig. 2b) and a B2Os octahedral corner-connected substructure (see Fig. 2c).
These two component substructures then intergrow to form the overall pyrochlore structure
type (see Fig.2a).
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Fig. 2. Ideal cubic pyrochlore structure type (a) described by two constituent network
substructures: corner-connected, oxygen-centered O’ A; tetrahedral anti-cristobalite
structure (b) and corner connected, cation-centered BOs octahedral network (c).

While the bonding is strongest within each component sub-structure, the two sub-structures
are not independent of one another. The A cations of the anti-cristobalite type substructure,
in particular, are bonded reasonably strongly to the O ions of the B>Os octahedral
substructure. Breaking the ideal cubic pyrochlore structure up in this way is nonetheless a
valid and quite useful means of investigating the crystal chemistry of the overall structure.

Fig. 3. The displacively disordered average structure of Bi.¢67Mgo.70Nb1.5207 projected along
a close to <110> direction (see Nguyen et al., (2007a) for details). The corner-connected
octahedral array represents the (Mgo.24Nbg76)20s octahedral sub-structure. The toroids of flat
ellipsoids represents the six equivalent 96/ A site positions of the O’(Bio.s33Mgo.11)2 sub-
structure. The tetrahedral clusters of ellipsoids represents the four equivalent 32e site
positions for the displaced O’ oxygens.

The larger eight-coordinate A site of bismuth-based niobate pyrochlores is occupied mainly
by Bi3* ions and the smaller octahedral B site mainly by Nb5* ions as would be expected.
Surprisingly, however, a large and growing family of cubic pyrochlores have now been
shown to exist with nominally too small M2* metal ions, M = Zn, Ni, Mg etc., occupying up
to 25% of the large A cation sites. The nominal stoichiometry of such bismuth-based niobate
pyrochlores is (Bi1sMos)(MosNbi 5)07. Examples of this type include (Bi15Zngs)(ZnosNbi5)O7
(BZN), (Bi1A5Ni0A5)(Nio,sNb1A5)O7 (BNN) and (Bi1A5Mg0,5)(Mg0A5Nb1‘5)O7 (BMN) Alternatively,
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three-valent metal ions M3*, can half occupy the pyrochlore B site giving rise to bismuth-
based niobate pyrochlores of nominal stoichiometry (Bi2)(MiNb;)O7. Examples of this type
include Bi>InNbO7 (BIN), Bi2ScNbOy7 (BSN) and BixFeNbOy7 (BFN) etc. Careful phase analysis
studies of many such systems, however, shows that there are often vacancies on the
pyrochlore A site and associated oxygen ion vacancies as well (Levin et al., 2002; Withers et
al., 2004). Clearly there is considerable scope for local chemical and associated displacive
disorder in these systems.

Average structure refinements of these bismuth-based niobate pyrochlores shows that they
are all of the same cubic pyrochlore average structure type with similar cubic lattice
parameters [a = 10.5465(9)-10.5633(9) A for BZN(Levin et al., 2002; Withers et al., 2004), a =
10.5354(2) A for BNN and a = 10.5607 (5) A for BMN (Nguyen et al., 2007b), a = 10.5255(1) A
for BEN (Somphon et al., 2006), a = 10.792(2) A for BIN and a = 10.660(9) A for BSN (Liu et
al.,, 2009)]. In addition, they all show considerable displacive disorder in the O'A; tetrahedral
structure, usually modelled in terms of a split atom approach (see Fig.3 above). The nature
of this disorder, however, is unclear from these average structure refinements. Do the
disordered atoms hop independently of one another or do they move together in a
correlated fashion and how might this affect the formation of electric dipoles and their
dielectric behaviour?

From the dielectric properties point of view, frequency dispersive behaviour is clearly
apparent and always observed in both the dielectric permittivity and dielectric loss spectra
of these materials (see e.g. Fig.4) i.e. all of these bismuth-based niobate pryochlores are
relaxor dielectrics.
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Fig. 4. Temperature dependece of the dielectric permittivity and loss tangent of BNN (a) and
BEN (b) as well as the maximum temperature of loss tangent of Bi-based niobate
pyrochlores (c) measured at 1 MHz.
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Fig.4, for example, shows the temperature dependence of the dielectric permittivity and
dielectric loss tangent of (a) BNN and (b) BFN at different frequencies (1 kHz, 10 kHz,
100 kHz and 1 MHz). It is noteworthy that the dielectric loss tangent of BNN first increases
with decreasing temperature until a peak in the dielectric loss tangent (at Tr) and then
decreases until it flattens off at a somewhat lower temperature into an apparent plateau
region. Indeed, the dielectric loss tangent curve at 1 kHz is so flat at low temperature that a
prior peak in the dielectric loss tangent is not distinguishable. It appears then that there may
well be at least two peaks in the dielectric loss tangent in the case of BNN. Such asymmetric
dielectric loss tangent curves such as that observed for BNN but not for BZN, suggest that
BNN may well have different local structural order and hence a different dielectric
relaxation mechanism to BZN. A similar trend is also observed in the cases of BMN
(Nguyen et al., 2007a) and BEN (Fig. 4b).

Note that the dielectric permittivity is relatively flat at higher temperatures, but exhibits a
typical step-like slowing down on cooling. Such behaviour is indicative of displacive motion
requiring thermally activated hopping over a potential barrier, which then freezes out at a
sufficiently low temperature. The frequency dependence of the peak position in the
dielectric loss curve (see Fig.4), following a previous approach (Kamba et al., 2002; Nino et
al., 2001), can in general be modelled using either the basic Arrhenius type equation
fr = foexp(-Ea / kT) or the Vogel-Fulcher equation f, = fyexp[-Ea/ k(T —T;)]. Here f, is
the measuring frequency, fy is the relaxation frequency at infinite temperature, E, represents
an activation energy, k is the Boltzmann constant, T is the temperature of the peak position
in the dielectric loss curve at the particular measuring frequency and T represents the
freezing temperature of the relaxation. The Arrhenius type equation should be valid
provided that the potential barrier is uniform for all hopping charges and that the charges
hop independently of one another. The Vogel-Fulcher equation, however, also takes into
consideration the possibility of correlated hopping.

It is noteworthy that the peak in the dielectric loss as a function of frequency is shifted to
significantly higher temperatures in the cases of BIN and BSN relative to the other Bi-based
pyrochlores e.g. Tmat 1 MHz = 211 K for BSN and 200 K for BIN but only 133 K for BNN, 125
K for BEN, 114 K for BMN and ~ 110 K for BZN (see Fig. 4c). The differing temperatures of
the peak in the dielectric loss tangent as well its different behaviour below Ty, from one
Bi-based pyrochlore system to the next suggests the existence of different dipole activation
energies, different local structural order and consequently different relaxation mechanisms
in these compounds even through they have the same average structure.

2.1 (Bi1.5Zng5)(Zno.sNb4.5)O7 (BZN) pyrochlore

2.1.1 Local structure of BZN

Figure 5 shows close to (a) <001>, (b) <118> and (c) <551> zone axis electron diffraction
patterns typical of BZN collected at room temperature along with Monte Carlo simulated
diffraction patterns at the same zone axis orientations in (d)-(f). No diffuse scattering was
observed at either the exact <100> or <110> zone axis orientations. On tilting away from
these exact zone axis orientations, however, a characteristic, highly structured and quite
reproducible diffuse intensity distribution was always observed, as apparent from Fig.5.
Fig.5b, for example, shows an electron diffraction pattern collected by tilting (~10°) away
from the <001> orientation keeping a <2-20>* systematic row excited. Likewise, Fig.5c is
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obtained by tilting ~9° away from the exact <110> zone axis orientation keeping a <2-20>*
systematic row excited.

Fig. 5. Typical <001> (a), <118>(b) and <551> (c) zone axis electron diffraction patterns of
BZN and corresponding Monte Carlo simulation result (d-f). See detail in ref (Withers et al.,
2004).

Note that tilting progressively away from the <001> orientation shows the intensity of the
diffuse streaking along the <w01>* and <Ow1>* directions of reciprocal space become more
limited, suggesting that the diffuse streaking occurs in one-dimensional lines running
simultaneously along all three <001>* directions of reciprocal space. The intensity of the
<801>* diffuse streaking is strongest along the <801>* direction of reciprocal space itself,
however it is virtually absent along the orthogonal direction. This is due to a substantial
‘size effect’ contribution (Butler et al., 1992) that leads to the asymmetry of the diffuse
distribution surrounding Bragg reflections e.g. <044>* in Fig. 5a [see ref (Withers et al,,
2004) for details]. Furthermore, the diffuse streaks only run through the G+<001>* type
positions and not through the Fd3m allowed Bragg reflections. The reciprocal space
positioning of the observed diffuse distribution thus appears to be given by G#[10[]*,
G#[h10]* and G#[0k1]* respectively, where G represents an allowed parent pyrochlore
Bragg reflection. The strong diffuse blobs at the G+<001>* positions of reciprocal space
(such as <441>* in Fig. 5b) originates from the intersection of two such diffuse streaks at this
point. Now the question becomes what is the origin of this structured diffuse intensity
distribution.

The bond valence approach is a powerful empirical tool which gives the relationship
between the bond length and strength of chemical bonds between cations and anions and
can be used for the assessment and prediction of structural stability, in particular disordered
local structure. Using this approach, the apparent valence (AV) or bond valence sum (V(A))
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of a cation A in terms of its bonds to all its coordinating anions X is given
byV(A)zZSAfx=Zexp[(R0—RA7X)/b] where Ry and b (=037A) are empirical
X x

parameters, available from the list in e.g. ref (Brese & O’Keeffe, 1991). For this bond valence
sum calculation, a nominal stoichiometry of (Bi1s5Znos5)(ZnosNb15)O7 is assumed, ignoring
the known slight non-stoichiometry (Levin et al., 2002; Withers et al., 2004). The average
occupancy of the octahedral B site is thus 3/4Nb+1/4Zn while that of the A site is
3/4Bi+1/4Zn. Consider firstly the BOg, octahedral corner-connected sub-structure (see
Fig.2c). For a Nb-centred octahedra, the expected metal-oxygen bond length is then given by
Rabo = 1.911 - 0.371In(5/6) A =1.9785 A using Ro(Nb5*-O2) = 1.911 A (Brese & O'Keeffe,
1991). Likewise, for a Zn-centred octahedra, the expected metal-oxygen bond length is given
by Rzno=1.704 - 0.37 In(2/6) = 2.1105 A, using Ro(Zn2+-O%) = 1.704 A(Brese & O'Keeffe,
1991). The average metal ion-oxygen bond length should then be 3/, x 1.9785 +1/4x 2.1105 =
2.0115 A which is very close to the refined value of 2.0065 A (Levin et al,, 2002). The two
predicted ideal bond lengths are each quite close to the average Rp.o distance, with the ideal
Nb-O bond length being slightly smaller than the average and the ideal Zn-O bond length
being slightly larger than the average. Therefore, local displacements of the B and O sites
away from their refined average positions can be expected to be relatively small whatever
the local chemistry. Locally, one would expect Nb5*-centred octahedra to shrink slightly by
sucking in the 6 surrounding O ions from the average distance of 2.01 A to the ideal distance
of 1.91 A while Zn2*-centred octahedron could be expected to expand slightly slightly from
the average distance of 2.01 A to the ideal distance of 2.11 A. These displacements are so
small that we can largely neglect the contribution of the BoOs sub-structure to the observed
diffuse intensity.

A B AV(A) AV(B) AV(0) AV(0)
Bi Nb 2.461 4,635 1.969 2377
Bi Zn 2.461 2.649 1.307 23777
Zn Nb 0.858 4635 1.693 0.828
Zn Zn 0.858 2.649 1.031 0.828
[Bis] [BisZn] [Bi,Zn,] [BiZns] [Zn,]
AV(O)[A4] 2.377 1.990 1.603 1.215 0.828
[Bi,Nb,] [Bi,NbZn] [BiZnNb,] [BiZnNbZn]
AV(O)[A,By]  1.969 1.638 1.831 1.500

Table 1. Bond Valence Sums (AV) for the BZN average structure, O’ and O dependent on
[A4] and [A2B>] {Withers, 2004}

Now consider the O'A; anti-cristobalite substructure (see Fig.2b and Table 1 above). Each O'
anion is tetrahedrally coordinated to 4 A cations at an average distance Ro.a=+/3 /8 a=
2.287 A. Using the same type of bond valence argument given above [see ref. (Withers et al.,
2004) for details], one would expect an ideal Ro.p; distance of 2.3505 A if the O' ion is
surrounded by 4 Bi's and an ideal Ro.z, distance of 1.9605 A if the O' ion is surrounded by 4
Zn's. Note that this time these two bond lengths differ quite significantly from each other
and from the average O'-A distance. Thus considerable local strain relaxation of the O'A
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sub-structure can be expected associated with the local distribution of Bi®* and Zn?* on the A
sites. This strongly suggests that the disorder and subsequent structural relaxation in the
O'A; substructure is largely responsible for the observed diffuse intensity distribution.

The best way to minimize this local strain relaxation is for the stoichiometry of the O'A4
tetrahedra to have the average stoichiometry wherever possible i.e. O'BisZn so that the 2 O'
ions on either side of a central Zn2* ion can simultaneously contract in towards it along a local
<111> direction and away from the neighbouring Bi3* ions. From Table 1, the O' ion can be
relatively happily bonded only when it is surrounded by 3 Bi's and 1 Zn, i.e. from the local
crystal chemical point of view it is of paramount importance wherever possible to achieve the
average composition of O'BisZn in each local tetrahedron (see Table 1 and Fig. 6). There are
only two distinct types of inter-tetrahedral Zn-Zn separation vectors possible (shown in
Figs.6a and b). The first is of 1/, <112> type (shown in Fig.6a) in which neighbouring O' ions
centring the O'Bi;Zn tetrahedra must shift directly towards the significantly under-bonded Zn
ions (solid line arrows). The Bi ions in the same tetrahedron cannot afford to lose the valence
contribution from these O' ions, however, and hence will seek to follow the induced O' ion
shifts. This induces shifts of the Bi ions perpendicular to the local O'-Bi-O' axis towards two of
the six surrounding equatorial O ions (see Fig. 6¢). The only other possible type is of 1/> <110>
type Zn-Zn separation. Such a Zn-Zn separation (Fig. 6b), however, does not allow the Bi ions
to follow the O' shifts and hence leads to a significantly under-bonded Bi ion and thus is
energetically extremely unfavourable (see ref. (Withers et al., 2004) for details). This provides
a clear crystal chemical rationale as to why 1/4 <112> type Zn-Zn separation vectors should be
strongly favoured and 1/,<110> type Zn-Zn separation vectors completely avoided in
BZN-related pyrochlores. Finally, the difference in size between the Bi** and Zn2?* ions also
leads to an additional “size effect” relaxation within each tetrahedron. From Table 1, it is
apparent that Bi cations in the pyrochlore A site are always underbonded. Thus, when an O'
ion moves towards a Zn ion (see Figs. 6a and c), the remaining three Bi cations in the
tetrahedron will attempt to follow, consequently shortening the local Zn-Bi separation distance
and lengthening the local Bi-Bi separation distance.

(a)

Fig. 6. (a) and (b) two possible arrangements of inter-tetrahedral Zn-Zn separation, and (c)
the hexagonal prismatic enviroment of the A cations in the pyrochlore average structure
type in projection along <1,-1,0> and <111> respectively. Zn ions: blue, Bi: grey. The
displacements of the O’ ions (initially centring the two O'BisZn tetrahedra shown) towards
the Zn ions in each tetrahedra are shown by the solid lines while the induced shift of the
central Bi ion represented by the dashed line.

Monte Carlo simulation using the local constraints described above was thus carried out
[see ref. (Withers et al., 2004) for details] and the corresponding electron diffraction patterns
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calculated (Figs.5d-f) for comparison with the experimental ones shown in Figs.5a-c. From
Fig. 5, it is clear that this local structure model fit very well with the observed electron
diffraction data and gives a good idea of the local crystal chemistry. The constraints applied,
as described above, were that the stoichiometry of each O'A4 tetrahedron should be O'BizZn
as far as possible, that 1/> <110> type Zn-Zn separation vectors be avoided as far as possible
and finally that the Bi-Zn separation distances within each tetrahedron should be smaller
than the average while the Bi-Bi distances should be larger than the average.

In summary, structured diffuse scattering provides clear evidence for crystal chemically
sensible, local short range ordering of Bi and Zn ions and associated strain induced
structural relaxation in cubic BZN pyrochlores. The experimentally observed diffuse
distribution is dominated by the displacive shifts of the Bi and Zn ions on the pyrochore A
sites of the O'A; sub-structure induced by local Bi/Zn ordering. While such induced
displacive shifts do create local dipole moments (see Fig.6 above), these dipoles arise from
local metal ion ordering and would therefore be expected to be static at room temperature
(and therefore not responsible for the observed dynamic dielectric relaxation behaviour)
unless there are a certain percentage of vacancies on the pyrochlore A site enabling the
remaining A site metal ions to dynamically re-distribute themselves if the energy barriers to
such motion are not too high.

2.1.2 'Non-stoichiometry' and the nature of defects in BZN (Liu et al., 2011)

While the above model provides a good fit to the observed structured diffuse scattering of
BZN, there remain other sources of potential disorder arising from the intrinsic
non-stoichiometry of BZN that should also be considered from the dielectric properties
point of view. Levin et al (Levin et al., 2002) for example, found the composition of their BZN
sample to be (Bi15Zno42)(Znos0Nbi15)O~692. We have also synthesized 'non-stoichiometric'
BZN samples as reported previously (Withers et al., 2004). It is thus clear that a small
percentage of A site vacancies (Zn deficiency on the pyrochlore A site) and associated
oxygen vacancies always co-exist (Levin et al., 2002; Withers et al., 2004; Levin et al., 2002a)
in BZN pyrochlores and that the nominally ideal (Bi15Znos5)(ZnosNbi.5)O7 composition for
BZN does not actually exist. How might this affect dielectric properties? As mentioned
above, such non-stoichiometry might allow for local changes in the Bi/Zn/vacancy
distribution and associated structural relaxation and hence changes in the local dipole
distribution. On the other hand, one would expect any such re-distribution to occur on a
rather slow time scale at room temperature.

An alternative possibility to explain dynamic dielectric relaxation behaviour is to consider
the possibility of oxygen hopping and associated structural relaxation. This is best
understood by considering the ideal pyrochlore structure type as a superstructure of the
Fm3m fluorite structure type: six oxygens occupy the 48f sites therein and one is located in
the 8a site per formula unit. The 8b site of the fluorite structure type, however, is nominally
empty in an ideal pyrochlore [see refs. (Heremans et al., 1995; Moon etal., 1988) for details].
The existence of these vacant oxygen sites suggests the possibility of an exchange of an
oxygen from the 48f site to this initially empty 8b interstitial site (Heremans et al., 1995;
Moon et al., 1988). This creates a Frenkel defect denoted by ¢, <> 0/ +¥-with a high
activation energy between 1.54-1.70 eV(Tan et al., 2009; Clyton et al., 2001) due to the high
level of intrinsic oxygen Frenkel disorder induced by the Zn deficiency and associated
oxygen vacancies. The activation energy of such Frenkel defects is almost identical to a
strong peak observed in the photoluminescence (PL) spectra of BZN (Liu et al, 2011),
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suggesting a potential link between these two physical phenomena. Such an activation
energy level (~1.67 eV) was also observed in (nominally) Bi;5ZnSb; 507, analogous to BZN,
by Clayton et al (Clayton et al., 2001). The observed PL intensity is significantly reduced
with increasing temperature due to the common PL quenching effect where non-radiative
recombination is thermally activated and results in a decrease in the PL intensity. Once such
a recombination occurs, the defects inducing the dipole moments vary and thus contribute
to the observed dynamic dielectric relaxation. On the other hand, in the dilute limit, the
concentration of defects then increases as a function of temperature (Kohan et al., 2000),
which probably leads to an increase in the total number of defect-induced dipole moments
and consequently to changes in the dielectric constant. This coincides with the trend
observed in the dielectric-temperature spectra of BZN (Kamba et al., 2002). Volanti et al
(Volanti et al., 2007) also suggest that oxygen vacancies and recombination of electrons and
holes in the valence band lead to the formation of [NbOs -y *], [NbOs .y, ] and [NbOs -y ]
etc complex clusters in the octahedral framework as donor, donor-acceptor and acceptor
defects. The oxygen complex clusters generate localized states in the band gap and
inhomogeneous charge distribution in the cell, and thus contribute to dielectric relaxation.
Taking all of these observations into account, it is apparent that Frenkel defects and
associated defect clusters have a significant impact on the dielectric relaxation behaviour of
BZN pyrochlores. Such Frenkel defects not only occur at high temperature but also can exist
at much lower temperature if the BZN has an intrinsically significant numbers of vacancies
on the A and O' sites.

2.2 Bi;MNbO; (M=Fe*, In** and Sc**) pyrochlores

Now consider bismuth-rich niobate pyrochlores of nominal stoichiometry BixMUNbO;
e.g. BixFeNbO7, BirInNbO;7; and Bi;ScNbOy. Electron probe microanalysis showed the
chemical compositions of the resultant compounds to be BijgoFe1.16Nbo9sOs.95 (BFN),
Bi1.98Ing.99Nb1.0107 (BIN) and Bij 99Sco.96Nb1.0307 (BSN) respectively. BIN and BSN are thus
cubic pyrochlores with only Bi in the pyrochlore A sites while BFN appears slightly Bi-
deficient and to require a small amount (~5%) of Fe3* ions on the pyrochlore A site as well
as the Bi ions.

Figure 7 shows typical (a) <11-2> and (b) <22-3> zone axis EDPs of the Bi; soFe1.16Nbo.9506.95
(BEN) sample. Note the presence of a highly structured diffuse intensity distribution, this
time in the form of transverse polarized diffuse streaking in reciprocal space running
through particular parent Bragg reflections perpendicular to each of the <110> directions of
real space e.g. along <3-11>*, <1-3-1>* and <111>* in (a) and [10,-4,4]*, [-4,10, 4]* and [668]*
in (b) [see ref. (Somphon et al., 2006) for detail]. Diffuse streaking of this type forms part of
G={110}* sheets of diffuse intensity in reciprocal space running perpendicular to each of the
<110> directions of real space. Note that the diffuse streaking along the [668]* direction in
Fig. 7b runs through the [IkI]*, h-k = 4], | an integer, parent Bragg reflections e.g. [2-20]* but
not through reflections [424]*. Likewise the diffuse streaking running along the [10, -4, 4]*
direction runs through the [IkI]*, k+] = 4], e.g. [244]* but not through reflections [424]*. Such
characteristic pseudo-extinction conditions are characteristic of anti-cristobalite-type,
orientational disorder of the O'Bis tetrahedra (Tabira et al., 2001; Withers et al., 1989) that
make up the O'A; sub-structure of the ideal pyrochlore structure type because of the
correlated displacement of heavily scattering Bi ions separated by 1/4 <110> [see Fig. 8a and
ref. (Somphon et al., 2006) for more detail].
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Fig. 7. Typical <11-2> and <22-3> zone axis electron diffraction patterns of BFN. See ref.
(Somphon et al., 2006) for details.

Y4<110>

Fig. 8. (a) The characteristic anti-cristobalite-type displacive disorder of the O’Bi sub-
structure of the ideal pyrochlore structure type. The rotation of any one O’Bi, tetrahedron
around the appropriate <1-10> tetrahedral edge automatically constrains all the tetrahedra
in that particular <110> column to rotate but does not constrain the sense of tetrahedral
rotation from one such <110> column to the next. Blue arrows indicates this Bi does not
move. (b) the pattern of correlated O’Bi, tetrahedral rotation around the <111> axis
responsible for the observed <111>* rods of diffuse intensity. Note that rotation of any O’Bis
tetrahedron around <111> automatically constrains all the tetrahedra in that particular
<111> plane to rotate as shown in (a) but does not constrain the sense of tetrahedral rotation
from one such <111> plane to the next. Note that each Bi ion moves essentially directly
towards two of the O anions bonded to the B cations and directly away from two others.

The arrowed regions in Fig.7 show that virtual ‘satellite reflections” in the form of quite
distinct “peaks” in diffuse intensity arise whenever three diffuse streaks perpendicular to
<110> intersect, e.g., at G!/5[3-11]* = G'+1/2[-1-11]* in Fig. 7a, and at G*(2]J/7)[668]* =
G't(2]/7[-1-11]* in Fig. 7b (J an integer). Such peaks in the diffuse intensity are part of
essentially continuous 1-D rods of diffuse intensity running along the G + <111>* directions
of reciprocal space and imply the existence of correlated {111} planes of Bi displacements
(shown in Fig. 8b) that are uncorrelated from one such {111} plane to the next.



Advances in Ceramics —
98 Electric and Magnetic Ceramics, Bioceramics, Ceramics and Environment

The ‘extinction conditions’ characteristic of the {110}* sheets of diffuse intensity are also
characteristic of the <111>* rods of diffuse intensity. This suggests that the displacive
disorder responsible for these <111>* rods of diffuse intensity arises from an appropriate
linear combination of tetrahedral edge rotations of the type shown in Fig.8a involving Bi
displacements along the three <1-10> real space directions perpendicular to the particular
<111>* rod of diffuse intensity and leading to resultant tetrahedral rotation around the
<111> axis (as shown in Fig. 8b). According the analysis above, the mechanism adopted for
local structural distortion away from the ideal pyrochlore structure type in BFN is clearly
tetrahedral edge rotation of the O'A> sub-structure, either of the individual type shown in
Fig.8a and/ or of the correlated type shown in Fig. 8b.

Rather similar structured diffuse intensity distributions are also observed in the cases of BIN
and BSN. Figure 9, for example, shows typical (a) <001> and (b) <11-2> zone axis electron
diffraction patterns of BIN. Note the characteristic transverse polarized diffuse streaking
perpendicular to the six <110> directions of real space e.g. along <220>* and <-220>* in (a)
and along <3-11>* and <1-3-1>* in (b) i.e. the observed diffuse distribution again takes the
form of sheets of diffuse intensity perpendicular to the six <110> directions of the average
structure. As above, this again implies the existence of 1-D tetrahedral edge rotation of the
O'A; tetrahedral sub-structure in BIN, in which the O'Bis tetrahedra rotate as essentially
rigid bodies with the O' remaining in the center of the tetrahedra (see Fig.8a above).
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Fig. 9. Typical (a) <001> and (b) <11-2> zone axis electron diffraction patterns of BIN.

Figure 10 shows <-3,6,-1> (a) and (b) <5,1,-2> zone axis electron diffraction patterns of BSN.
Again the characteristic, transverse polarized diffuse streaking running along a <h,-h, [>*
direction of reciprocal space perpendicular to one or other of the six <110> directions of
reciprocal space is clearly apparent i.e. the well-defined G£{110}* sheets of diffuse intensity
also exist in the case of BSN as does the 1-D tetrahedral edge rotation of the O'A, tetrahedral
sub-structure responsible.

According to the bond valence sum calculations based on the average structures of BFN,
BIN and BSN (e.g. in Somphon et al., 2006), the O' anion co-ordinated to four Bi cations in
the O'A; tetrahedral sub-structure is always over-bonded. The local O'-Bi bond lengths are
thus happy to be slightly expanded as is achieved by large amplitude tetrahedral rotation of
the type shown in Fig.8a. On the other hand, the significantly under-bonded Bi3* ion cannot
afford to lose much of the contribution to its bond valence arising from its two surrounding
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O' ions. Therefore, the Bi ions must displace orthogonal to their local O'-Bi-O' axis and the
O'Biy tetrahedra must rotate and translate essentially as rigid units, as necessitated by the
tetrahedral edge rotation patterns shown in Fig.8.

Fig. 10. Typical (a) <-36-1> and (b) <51-2> zone axis electron diffraction patterns of BSN.

The characteristic structured diffuse scattering observed in Figs. 7, 9 and 10 above (in the
cases of BFN, BIN and BSN) arise from B-cristobalite-like, 1-d correlated rotations and
associated translations along <110> of chains of corner-connected O'Bis tetrahedra, as shown
in Fig.8a above. It is important to note that the latter rigid body translation along <110> of a
nominally +4 charged O'Bi; column of tetrahedra relative to the nominally -4 charged
M3*Nb5+*Og octahedral sub-structure, leads to a net dipole moment along the relevant <110>
direction. The lack of transverse correlation from one such <110> chain to the next gives rise
to the G£{110}* sheets of diffuse intensity. The observed structured diffuse distributions
imply that such dipole moments exist along all six <110> directions, the local competition
between the different possible polar directions presumably giving rise to the dielectric
relaxation behaviour at low temperature and preventing the onset of long range hence
ferroelectric ordering even at the lowest possible temperatures. By fitting experimental data
to the measured temperature dependence of the dielectric spectra of BSN and BIN (Liu et al.,
2009), reasonable activation energies, E,, of 0.071 (0.072) eV and attempt jump frequencies of
6.48 (6.34) THz were obtained for BSN (BIN) respectively. We thus believe these intrinsically
very low energy, correlated, chain rotation modes provide a key to understanding the
structural origin of the dipoles as well as the slow dielectric relaxation behaviour of these
Bi-based pyrochlores. On the other hand, it is noteworthy that the non-stoichiometry of
BEN, like BZN, probably produces defect-induced dielectric relaxation behaviour like BZN.

2.3 BNN and BMN pyrochlores

Finally consider the cases of BNN and BMN of nominal stoichiometry Bi;sMgNbi 507 for
BMN and Bi1sNiNb; 507 for BNN. Careful phase analysis shows that both of these systems
are distinctly 'non-stoichiometric' with the as-synthesized materials having compositions of
(Bio.g33Mgo.110.06)2(Mgo.24Nbo.76)207 and  (Bio.s33Nio.12500.04)2(Nio25Nbo75)207 (O a vacancy)
assuming no oxygen vacancies. In both cases, the Ni or Mg ions must occupy both the
pyrochlore A and B sites while there are also significant concentration vacancies on the A
sites, like BZN.
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One might therefore expect a structured diffuse distribution like that observed above for
BZN. Instead of this, in both cases structured diffuse distributions quite similar to those seen
for BIN, BSN and BFN were observed i.e. transverse polarized diffuse streaking along the
<h,-h,I>* directions of reciprocal space perpendicular to the six <110> directions of real
space. Fig.11, for example, shows typical (a) <2,2,-3> and (b) close to <1,1,-2> zone axis
electron diffraction patterns of BNN and BMN respectively. The observed highly structured
diffuse distributions in both cases have distinct similarities to the structured diffuse
distribution shown to be characteristic of BFN (Fig. 7), BIN (Fig.9) and BSN (Fig.10), and
coincidentally, quite dissimilar to that characteristic of BZN.
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Fig. 11. Typical (a) <22-3> and (b) close to <11-2> zone axis electron diffraction patterns of
BNN and BMN respectively.

Clearly the same P-cristobalite-like, 1-d correlated rotations and associated translations
along <110> of chains of corner-connected O'A4 tetrahedra must also be taking place in both
BNN and BMN. However, when the concentration of the small, heavily under-bonded M =
Mg or Ni on the pyrochlore A site is much more like 11-12% rather than the ~ 21% for BZN
and where the concentration of [1’s on the A sites is ~5%, the explanation for the observed
highly anisotropic displacive disorder on the A site is not so obvious. The presence of ~5%
’s on the A sites, complicates matters considerably. When an O' ion is surrounded by
either 4 Bi’s of 3 Bi's and one Mg or Ni ion (the most likely local configurations), the
centreing O' ion is either happily bonded or over-bonded implying that the significantly
under-bonded Bi and heavily underbonded Mg or Ni ions cannot improve their under-
bonding by moving closer to the O' ions but must instead move perpendicular to the local
0O'-A-O'-axis. When an O'ion is surrounded by 3 Bi’s and one [J (a reasonably common
likelihood), however, the centreing O' ion will be under-bonded and hence will move away
from the [J and towards the remaining three Bi ions.

3. Chapter summary

All the above bismuth-based niobate pyroclores have the same displacively disordered
Fd-3m average structure, as shown in Fig.2 above. The local structure of BZN as revealed by
structured diffuse scattering, however, is quite different to the others. Two types of local
order are observed in the studied pyrochlores:
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1. Local (Bi/Zn) ordering on the O'A> sub-structure and associated displacive relaxation
has been shown to give rise to the observed G£[10[]*, G£[h10]* and G+[0k1]* diffuse
distribution. This diffuse distribution, however, is only observed in the case of BZN.
One would not expect the metal ions to be mobile at room temperature, however, and
hence this short range order is most probably not responsible for the dielectric
relaxation that occurs at low temperature.

2. For the rest of the pyrochlores studied, G+{110}* sheets of diffuse intensity perpendicular
to each of the six <110> directions of real space were observed implying that the same
B-cristobalite-like, 1-d correlated rotations and associated translations along <110> of
chains of corner-connected O'Ay tetrahedra are taking place. It is important to note that
the latter rigid body translation along <110> of a nominally +4 charged O'Bi, column of
tetrahedra relative to the nominally -4 charged M3*Nb5+*Og octahedral sub-structure, leads
to a net dipole moment along the relevant <110> direction.

3. The observed {110}* diffuse sheets imply that these dipole moments exist along all six
<110> directions simultaneously. The competition between these different local dipoles
and their lifetimes may well be responsible for the observed dynamic dielectric
relaxations. The low temperature peak in the dielectric loss tangent at T, depends on
the Bi content on the pyrochlore A site. The higher the Bi content, the higher Ty, i.e.
Tezn<TBNN and BMN)<TBEN<T (BIN and BSN).

4. The observed structured diffuse distribution is likely a widespread phenomenon in Bi-
based pyrochlores and arises from their particular local crystal chemistry. The ratio of M
to Bi on the pyrochlore A site plays an important role. The dielectric relaxation properties
of such Bi-based niobate pyrochlores are dependent upon this local crystal chemistry.
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1. Introduction

The ABOs-type materials with ilmenite structure have been studied extensively as functional
inorganic materials due to their weak magnetism and semiconductivity. They find wide
applications such as pigment, gas sensor for ethanol, high performance catalysts, electrodes
of solid oxide fuel cells, and microwave dielectric resonator, etc [1-7]. As a typical ilmenite
structure material, Cobalt titanate, CoTiO3 (CTO), has received considerable research
interest in recent years due to its dielectric properties [8]. This material appears to be a
promising high-k dielectric material in semiconductor devices like Metal-Oxide-
Semiconductor Field-Effect Transistors and Dynamic Random Access Memories [9-11]. This
promising prospect requires a full characterization of the dielectric properties of CTO in the
case of both thin film and ceramics around room temperature. In our previous work [8], we
reported the low-frequency (102~105 Hz) dielectric properties of CTO ceramics in the
temperature range between 130 and 430 K. Two dielectric relaxations were found with the
low-temperature one ascribed to the dipolar effect induced by charge-carrier hopping
motions and the high-temperature one related to the defect dipolar polarization created by
Co vacancies and Ti3* ions. This work revealed some interesting dielectric features of CTO at
low temperatures. Nevertheless, the high-temperature dielectric properties of this material
have not been reported so far. Hence, the aim of this work is to investigate, in details, the
dielectric properties of CTO ceramics at high temperatures ranging from room temperature
to 800 oC. Two diffuse dielectric anomalies were found and their physical natures were
discussed.

2. Experimental details

Single phased CTO ceramic samples used for dielectric measurements were prepared by
solid-state reaction using high purity (99.99%) starting powders of Co3O4 and TiO». Details
about the sintering processes were reported in our preceding paper [8]. The purity of the
resultant compound was examined by powder X-ray diffraction (XRD) on a XD3
diffractometer. The structural properties of CTO at high temperatures were measured from
room temperature to 900 °C using a MXP18AHF  system with a high-temperature
attachment and analyzed using Jade refinement. To modify the dielectric properties of CTO
ceramics, excess Co3O4 powder was added into the resultant CTO powder. The mixture was
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thoroughly ground, palletized, and sintered at 1050 °C for 20 h. Annealing treatments were
performed in flowing (200 ml/min) O, and N (both with purity >99.999%) at 800 oC for 2 h.
The temperature-dependent dielectric properties were obtained using a Wayne Kerr 6500B
precise impedance analyzer with the sample mounted in a holder placed inside a PST-
2000HL dielectric measuring system. The temperature variations were automatically
controlled using a Stanford temperature controller with a heating rate of 3 °C/min. The
system can provide a high temperature range from room temperature to 1000 °C. The ac
measuring signal was 100 mV rms. Electrodes were made by printing Pt paste on both sides
of the disk-type samples and then fired at 800 °C for 1 h in order to remove the polymeric
component.

3. Results and discussion

Figure 1 shows a representative diagram of the variation in dielectric constant (&', the real
part of the complex permittivity) with temperature at various frequencies for an as-prepared
CTO pellet (with diameter of ~ 12 mm and thickness of 1.82 mm). At first glance, &'(T)
exhibits two diffuse dielectric anomalies located at 250 °C and 600 °C, respectively. Both
anomalies are characterized by: (i) a broad peak in ¢'(T), with the peak getting smaller and
shifting to higher temperature as the measuring frequency increases; and (ii) the low-
temperature side of the peak shows strong frequency dispersion, whereas the high-
temperature side almost exhibits frequency independence.
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Fig. 1. Temperature dependence of dielectric constant at various frequencies for an as-
prepared CTO ceramic sample. By CC Wang et al.
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These behaviors are similar to those of relaxors [12]. It seems that the sample might be a
relaxor, and therefore, the anomalies are expected to be related to ferroelectric phase
transitions. To check out this possibility, we conducted high-temperature XRD
measurements. Figure 2 presents the XRD patterns measured at several temperatures.
Besides the fact that all the reflections move to lower two theta values with increasing
temperature due to thermal expansion, no alien reflections were detected. This indicates that
the ilmenite structure maintains to at least the highest measuring temperature of 900 °C. The
Jade refinements reveal that the lattice parameter a shown in Fig. 3 exhibits two linear lines
with an inflection point of 662 °C, suggesting that CTO undergoes a structural phase
transition at the inflecting temperature. This transition temperature is much higher than that
of the high-temperature anomaly indicating that the observed anomalies could not be
associated with paraelectric-ferroelectric phase transitions, and also suggesting other
mechanism underlies the anomalies.
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Fig. 2. XRD patterns of CTO sample at several temperatures from room temperature to
900 oC. By CC Wang et al.

To date, several mechanisms unrelated to true relaxor that can produce a relaxor-like
anomaly have been proposed. These mechanisms can be classified into three types: (i) the
dipole model associated with different mobile defects based on the universal feature that the
anomaly is very sensitive to the oxygen vacancy especially for the titanate perovskites [13-
15]; (ii) the Maxwell-Wagner model due to electrical inhomogeneity in the tested sample [16-
19]; and (iii) the competitive phenomenon between the dielectric relaxation and the electric
conduction of the relaxing species [20-22]. Before clarifying which mechanism underlies the
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observed anomalies, details about the nature of these anomalies are required. We thus take a
careful examination of both ¢'and loss tangent (tand=¢"/¢', where &" is the imaginary
part of the complex permittivity) at 300 Hz in a half-logarithmic representation as displayed
in Fig. 4.

5.15

1 O Jade refinment
5 14 | — linear fitting

5.13- 662°C
5.12+

5111 L
5.10- —

T
soole—
0 200 400 600 800 1000

T (°C)

Fig. 3. Lattice parameter as a function of temperature for CTO obtained from the Jade
refinements. The inflection point was observed at 662 °C. The straight lines are linear fitting
results.By CC Wang et al.
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From which some complicated features can be seen: (1) There are two steplike increases in
the low-temperature side for each anomaly. The beginnings of the steplike increases were
indicated by vertical lines and termed as A, B, C, and D from low- to high-temperature. (2)
Corresponding to each beginning of the steplike increase, there exists a peak in loss tangent.
Although the peak in tano for D-steplike increase is invisible because of the increasing
background as will be mentioned in the following feature, this peak will be well developed
as later discussed by thinning the sample. (3) Corresponding to each anomaly, the
tan d increases rapidly with increasing temperature. This feature is much more pronounced
in the curve of &"(T) (not shown here). Since a steplike increase in ¢'(T) accompanied by a
peak in tand(T) at the beginning temperature of the increase (or by a peak in &"(T) at the
middle temperature of the increase) is a hallmark for a Debye-type relaxation caused by
dipolar or Maxwell-Wagner polarization. This implies that each anomaly contains two
Debye-type relaxations. A diffuse dielectric anomaly consisted of two peaks in a thinning
sample had been already reported by Stumpe et al in the single crystal of BaTiO; [16]. To
identify whether the high-temperature anomaly in CTO is composed of two relaxations, we
conducted dielectric measurements after two consecutive thinning processes by polishing
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the pellet evenly from both sides. After each process, dielectric properties were measured as
a function of temperature. The results after each process as well as the result of the as-
prepared sample are depicted in Fig.5 for comparison. Compared with the as-prepared
sample, it can be clearly seen that the thinned sample exhibits distinct two steplike increases
for both anomalies in the curve of &'(T) (Fig.5 (a)). Correspondingly, two peaks in loss
tangent related to the increases can be well identified (Fig.5 (b)). This result indicates that
each anomaly in CTO is truly composed of two relaxations.
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Fig. 4. Temperature dependences of ¢'and tand measured at 300 Hz shown in a half
logarithmic scale, which clearly shows some complicated features. By CC Wang et al.

0 200

Relaxor-like anomaly was widely reported in various materials [23]. There is a wide
consensus that the anomaly appeared in the temperature range of 400 - 900 °C in oxide
materials, especially for those containing titanium, is related to oxygen vacancies [13]. This
suggests that the high-temperature anomaly in CTO may be related to oxygen vacancy. In
order to confirm this inference, the as-prepared sample used in Fig.1 was annealed firstly in
O and then in N; atmospheres. After each annealing treatment, dielectric properties were
measured as a function of temperature. Figure 6 compares the results of &'(T)at 300 Hz

before (as-prepared) and after O,- and N-annealing treatments. One can clearly see that the
Os-annealing treatment greatly destroys the high-temperature anomaly, but the N»-
annealing treatment enhances this anomaly. But these annealing treatments give rise to
opposite effects to the low-temperature anomaly, i.e., oxygen annealing strongly enhances
the low-temperature anomaly, and after nitrogen annealing this anomaly even disappears.
These results reveal that oxygen vacancies favor for the high-temperature anomaly and
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Fig. 5. Temperature dependences of ¢'(a) and tano (b) at 300 Hz for the as-prepared (curve
1) and polished (curves 2 and 3) CTO pellet. By CC Wang et al.
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Fig. 6. Comparison of the temperature dependence of ¢'obtained at 300 Hz for a CTO

sample before (as-prepared) and after annealed in high-purity O, and N> at 800 °C for 2 h.
By CC Wang et al.
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seriously destroy the low-temperature anomaly. It therefore follows that the oxygen
vacancy is truly at the origin of the high-temperature anomaly. It also strongly suggests that
the low-temperature anomaly is closely related to positively charged relaxation species,
considering the fact that the oxygen vacancies actually act as donors in the sample. Since the
cobalt as a volatile element is easy to be lost during the sintering process as reported by
many authors [8,24]. The ionization of cobalt vacancies creates holes [8], naturally, the Co
vacancies could be suggested as the most probable origin of the low-temperature anomaly.
To confirm this point, 5- and 10-wt% Co3O4 were added into the resulting CTO powder with
the purpose of reducing the Co loss. Details about the preparation of the Co3;O;-containing
samples were given in the experimental procedure. The results of the real and imaginary
parts of the dielectric permittivity for the pure and Co3Os-containing samples were shown in
Fig. 7. From the real part (upper panel), it can be seen that the intensity of the low-
temperature anomaly gradually decreases with increasing Co3O4 content. This feature can
be clearly seen from the imaginary part (lower panel), which also reveals that the rapid
increasing background becomes much more remarkable with increasing Co3zO4 content
(please note the logarithmic scale of &"). These results confirm the suggestion that the low-
temperature anomaly is associated with Co vacancies.
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Fig. 7. Temperature dependences of ¢' (upper panel) and &" (lower panel) of CTO samples
containing various Co3O4 contents measured at 300Hz. By CC Wang et al.

It seems clear that the low- and high-temperature anomalies are associated to the cobalt and
oxygen vacancies, respectively. However, a pertinent question is, why each of the anomaly
contains two relaxation processes? Before answering this question, further information
about the nature of the relaxing species is needed. A more sophisticated analysis of the
frequency-dependent dielectric behavior can give some insight to this issue. This is done in
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Fig.8 showing &"(f) for the as-prepared CTO at several selected temperatures. Perfect
linear lines were observed in the double-logarithmic representation covering the entire
measuring temperature range. This feature indicates that the dielectric behavior follows the
universal power law[25], i.e.,

&"=B(T)w" " 1)

where B(T) and the frequency exponent s(with the value between 0 and 1) are
temperature-dependent constants. The values of s—1 deduced from the straight lines were
plotted in Fig. 9, from which one can see that s—1 decreases rapidly with increasing
temperature, until at about 250 °C, it registers a peak, then decreases again and reaches a
saturation value of -1 at temperatures above 400 °C. Since the value of s actually scales the
extent of charger carriers been localized[26], e.g., in the case of s=0, Eq. (1) shows the usual
reciprocal frequency behavior, and the system is nondispersive transport of free charge
carriers process; for s=1, Eq. (1) reduces to &"=constant, the system has the feature of
nearly constant loss relating to strictly localized carriers [27,28]; while for 0<s<1, the
system obeys the universal power law with confined hopping carriers. It, therefore, follows
that the relaxing species for the low-temperature anomaly are confined carriers and for the
high-temperature anomaly are free ones. The peak in s—1 might imply an alteration of the
relaxing species changing from acceptor defects (cobalt vacancies) to donor defects (oxygen
vacancies).
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Fig. 8. Frequency dependence of ¢"for the as-prepared CTO sample at various
temperatures. The straight lines are linear fitting results. By CC Wang et al.



Diffuse Dielectric Anomalies in CoTiOs at High Temperatures 111

Based on the nature of the relaxing species, the low- and high-temperature anomalies can be
explained reasonably: First of all, the vacancy hopping motions between spatially
fluctuating lattice positions not only produce long distance charge transport leading to
notable conductivity but also give rise to dipolar effect. The former aspect results in a near-
exponential increase in " (or tand) as indicated in Fig. 4; the later makes a significant
contribution to dielectric permittivity in the form of dipolar moment-reorientation
relaxation under an alternative electric field. Both aspects can be described, as already
confirmed, by the universal power law. Furthermore, the long distance transport of
vacancies can be blocked by interfaces (e.g., grain boundaries) and sample surfaces, creating
space charge there and Maxwell-Wagner relaxation. Therefore, the hopping vacancies can
produce both the dipolar and the Maxwell-Wagner relaxations. This is the reason why each
anomaly consists of two relaxation processes. Secondly, both relaxations can be described by
Debye-like relaxation equations[19,29]:

&, — €&

gl=g, +——>2-
1+ (wr)? @
e = (Ss _Soo)az)r +£ (3)

1+ (w7) @

where @ is the angular frequency, 7 is the mean relaxation time, ois the electrical
conductivity of the sample, &, and ¢, are the electric permittivity at low- and high-
frequency limit, respectively. The relaxation strength, Ag,defined as As=¢,-¢,, is
generally considered as a constant. However, in the case of relaxation processes associated
with hopping carriers, the relaxation strength is expressed by[30] As = N )/ 3kpT , with u
the dipole moment and N the number of the hoping carriers, which varies with temperature
following a thermally activated relation:[31]

N =Nyexp(E / kgT) 4)

where N is the pre-exponential factor, E, the activation energy, and kg, the Boltzmann
constant. One thus has:

Ag = Nyexp(E / kgT)u? / 3k;T ()

This equation predicates a nearly exponential decrease in¢'(T). When the vacancy defect-
induced Debye-like relaxation occurs, on one hand, &'(T) increases steplike and trends to a
saturation value of &,; on the other hand, &'(T)decreases rapidly due to the relaxation
strength decreases with temperature as predicated by Eq. (5). Therefore, a dielectric peak in
g'(T), ie. a dielectric anomaly, should be observed. For the Debye-like relaxation, the
steplike increase in ¢'(T), and as a consequence, the anomaly shifts to higher temperatures
for higher measuring frequencies, leading to the diffuse nature of the anomaly. So, we can
come to the conclusion that the observed anomalies originate from vacancy defect-induced
Debye-like relaxations with strongly temperature-dependent relaxation strength. Further
evidence supporting this conclusion is the relation between the anomaly intensity and the
temperature. Since the Debye-like relaxation occurs around the temperature where w7z =1 is



Advances in Ceramics —

112 Electric and Magnetic Ceramics, Bioceramics, Ceramics and Environment

achieved, the anomaly intensity () can then be described by the relaxation strength as
seen from Eq. (2), viz.

Qoc As = Nyexp(E / kgT)* / 3ksT (6)
One has:

QT o« Nyexp(E / kgT)u? / 3k @)

Therefore a straight line should be obtained if log(QT) is plotted as a functionof 1/T . We
truly found this linear behavior for the low-temperature anomaly as shown in the inset of
Fig. 9. But for the high-temperature anomaly, Eq. (7) is not suitable. This is because that the
relaxing species of the low-temperature anomaly are confined cobalt vacancies, whose
number will exponentially decrease with increasing temperature as more and more
vacancies become free ones. Hence, Eq.(7) works for the confined vacancy defect-induced
anomaly. Whereas for the high-temperature anomaly, the number of the relaxing carriers is
a constant, because the relaxing species were confirmed to be free ones. In this case, the
anomaly intensity should be in proportional to the inverse temperature. This inference was
confirmed as seen from the inset of Fig. 9. These results substantially support the point that
the observed anomalies are associated with the relaxation processes induced by vacancy
defects.
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Fig. 9. Temperature dependence of the frequency exponent s —1 deduced from Fig. 8. The
inset shows the anomaly intensity as a function of temperature for the low- and high-
temperature anomalies. The straight lines in the inset are linear fitting results. By CC Wang

etal.
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4. Conclusions

In summary, two diffuse dielectric anomalies were observed in CoTiO3 ceramics. The low-
temperature anomaly situated at around 250 °C was found to be related to Co vacancies,
while the high-temperature one appeared at about 600 °C was ascribed to O vacancies. The
hopping motions of these vacancies firstly create a dipolar relaxation and then a Maxwell-
Wagner relaxation as the hopping carriers blocked by the interfaces and surfaces of the
samples. Both relaxations obey the Debye-like relaxation equations but with the relaxation
strength depending strongly on the temperature. The appearance of the anomalies is a
competition process between a &'(T) increasing process due to the Debye-like relaxation and
a ¢'(T) decreasing process of the relaxation strength.
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