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Lone-Pair-Induced Covalency as the Cause of Temperature-
and Field-Induced Instabilities in Bismuth Sodium Titanate

Denis Schiitz,* Marco Deluca, Werner Krauss, Antonio Feteira, Tim Jackson,

and Klaus Reichmann

Bismuth sodium titanate (BNT)-derived materials have seen a flurry of
research interest in recent years because of the existence of extended strain
under applied electric fields, surpassing that of lead zirconate titanate (PZT),
the most commonly used piezoelectric. The underlying physical and chemical
mechanisms responsible for such extraordinary strain levels in BNT are still
poorly understood, as is the nature of the successive phase transitions. A
comprehensive explanation is proposed here, combining the short-range
chemical and structural sensitivity of in situ Raman spectroscopy (under an
applied electric field and temperature) with macroscopic electrical measure-
ments. The results presented clarify the causes for the extended strain, as
well as the peculiar temperature-dependent properties encountered in this
system. The underlying cause is determined to be mediated by the complex-
like bonding of the octahedra at the center of the perovskite: a loss of hybridi-
zation of the 6s? bismuth lone pair interacting with the oxygen p-orbitals
occurs, which triggers both the field-induced phase transition and the loss of
macroscopic ferroelectric order at the depolarization temperature.

exhibited by lead zirconate titanate (PZT)-
based solid solutions. The ability to con-
trol the electromechanical performance of
PZT via chemical doping is certainly one
of its most attractive features. Hence, PZT
can be employed either in the fabrication
of actuators (such as fuel-injection valves
or micropositioning systems) or in sen-
sors (such as pressure and acceleration
sensors). Indeed, PZT owes its tremen-
dous commercial success to this unique
versatility. Nevertheless, from a health
perspective, the manipulation of toxic lead
oxide during the fabrication of PZT-based
components and their later disposal par-
tially overshadows its technological merits.
A ban of lead in electronic components is
expected to be enforced as soon as some
alternative materials are made available.
Obviously, this poses restrictions on the

1. Introduction

Contemporary high-precision micropositioning systems and
sensors rely on the outstanding electromechanical properties
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further applicability of PZT and moti-

vates the search for valid lead-free alterna-
tives that are capable of reproducing its behavior at least partly.
However, the substitution of PZT by lead-free materials has
emerged to be more challenging than expected. Possible can-
didates are potassium sodium niobate (KNN) solid solutions
for “hard’l) applications where low losses and high coupling
factors are necessary and bismuth sodium titanate (BNT) solid
solutions for “soft” applications, like actuators, where the ability
to extend under an applied electric field is of paramount impor-
tance. This latter material has been the focus of a plethora of
structure- and application-related studies recently. Although
initially characterized in the 1960s,) BNT solid solutions have
seen a revival of research interest in recent yearsP®! due to the
discovery of extended strains under high fields that surpass
those reached by PZT.*5] This property makes BNT an excel-
lent candidate for the replacement of PZT in actuators, despite
its piezoelectric coefficient (ds3) being considerably lower than
that of PZT under low field intensities./®) The mechanism of the
extended strain and especially its structural and chemical ori-
gins is, however, poorly understood. In addition, the high field
intensities necessary to drive this effect still constitute a techno-
logical obstacle that needs to be overcome.

The crystal structure of BNT and its solid solutions has been
extensively studied. At room temperature, all binary solid solu-
tions replacing the univalent A-site cation (with the notable
exception of Li substitution®)) exhibit a phase transition from
rhombohedral (R3c) (in recent studies, monoclinic C®) to
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tetragonal (P4bm)3, forming a morphotropic phase boundary
(MPB) in between. In contrast to PZT, this MPB is not tem-
perature invariant but is bent over a wide temperature range,
leading to strong temperature dependences of the desired
properties. This has been confirmed by high-resolution tech-
niques,’# utilizing both X-rayl” and neutron scattering.'%
However, due to the inclusive nature of any bulk-scattering
technique, this description should be considered only as the
average long-range symmetry of the material.l' Transmission-
electron-microscopy (TEM) measurements of the material have
indicated a stronger unstable nature of BNT with respect to
PZT: different researchers have found different symmetries
for the same nominal compositions,!'!l both within the same
sample,®12 and even within the same grain.[3] In other words,
there is evidence that the room-temperature phase is, in fact,
composed of three different symmetries (Pm-3m, P4bm, and
R3¢)IL4 that coexist without macroscopic separation and
that they are very close to each other with regard to the crys-
tallographic cell constants, but not in symmetry.'141] These
aspects have also been confirmed by means of Raman spectros-
copy, both in pure BNT!'®'7] and its solid solutions.!"®-2l Room-
temperature phase coexistence provides an explanation for the
sensitivity of the material to processing parameters, or even to
sample preparation before measurement.'!

Another feature shared by all BNT solid solutions exhibiting
an extended strain is the existence of an intermediate tempera-
ture-triggered phase transformation (in the range <100-250 °C,
depending on the substituents) from the dominantly ferroelec-
tric (FE) room-temperature phase to a (pseudo)-cubic phase. As
increasing temperature above this point is accompanied by a
loss of macroscopic ferroelectricity; this transition temperature
is unanimously referred to as the depolarization temperature
(T3). The phase above Tj has been described as either anti-ferro-
electric (AFE)™ or nonpolar?!l (a term that includes anti-ferro-
electric phases by definition) and is still subject to considerable
debate in the literature. Its existence is, however, undisputed
and can be easily verified from e-T measurements, being vis-
ible as anomalies in both the relative permittivity and the loss
factor (Figure 1). Tj can be shifted by the introduction of a low
molar concentration of dopants, producing a downward (most
prominently with Nd and Nbl®?2) or upward shift (e.g., Fe). In
this regard, two application-related approaches can be found in
the literature. While some groups try to increase Tj and operate
within the FE regime,®! the other approach is to lower the Ty
and operate within the nonpolar (AFE) regime, a safe distance
from any phase transition, thus exploiting the field-driven
extended strain. This latter choice is extremely advantageous
for technological applications, since (together with avoiding the
bent MPB) it allows the strain of the BNT solid solutions to be
made temperature-independent within defined conditions.[2*24

At the upper border of the nonpolar phase, the material
presents relaxor ferroelectric behavior, which is signaled by the
lack of a clear Curie-Weiss peak in &-T measurements!®>l and
the frequency dispersion.?®! This is generally associated with
the presence of polar nanoregions (directly observed at elevated
temperaturesl?!l), which are credited to be the basis of such dif-
fuse behaviour,?’] although other explanations are also being
discussed.”® The region of the diffuse T-dependent phase tran-
sition in relaxors where ergodic polar nanoregions fluctuate is
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Figure 1. Temperature dependence of the relative permittivity and loss
factor of BNT-BKT at 1 kHz. The temperature range in which the peculiar
electromechanical behavior appears is indicated. Ty occurs at 70-100 °C,
whereas the permittivity maximum in the region of the fluctuating nanore-
gions is assigned as T,,.

sometimes called the Burns region,’?°l and the peak where they
percolate is known as the Burns temperature (T,,).**! This is
physically different to the Curie temperature (T¢), which marks
a sharp transition to a paraelectric phase.?”) The relaxor behavior
is thought to be the result of the large lattice size and a valence
mismatch at one of the cation sites, leading to the disorder-
driven nucleation of polar nanoregions at high temperature and
a subsequent frequency dispersion. In the most studied relaxor
material, lead magnesium niobate (PMN), this criterion is satis-
fied by the B-site (Mg:Nb), whereas in BNT-solid solutions, it is
fulfilled by the A-site (Bi:Na, Bi:K). Subsequent disorder phe-
nomena stem from this occurrence.l” Recently, evidence has
been found that the covalent bond present in perovskites with
A-site cations possessing lone pairs can cause additional dis-
order if the site occupancy is significantly less than 100%,30-32
causing a superposition of short-range behavior on the long-
range behavior.

The field-dependent behavior of BNT-derived materials is as
peculiar as their temperature-dependent behavior. Interestingly,
strain curves for materials exhibiting extended strain under
a field show no occurrence of remnant strain*>?22’) under a
cyclic electric load (i.e., no characteristic “butterfly” hysteresis
curves are found). Unlike the strain reported in conventional
ferroelectric materials, the curve is not constantly linear, but
can always be separated into: i) a low-strain part at low field
(d33 < 100 pm V~1); ii) an electrostrictive part exhibiting second-
order curvature at intermediate fields; and iii) a ferroelectric
part at high field showing a linear (first-order) curvel®2*33 (cf.
Figure 2).

Likewise, the polarization curves show a characteristic
pinched loop under a cyclic electric field (similar to anti-ferro-
electric materials) with little or no remnant polarization.

Comparing these datasets with the strain curves (Figure 2),
the pinched region coincides with the low-strain part, the region
from the opening, to the onset of saturation with the electro-
strictive part, and the region of saturation, with the linear part,
suggesting at least one additional phase transition under field.
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Figure 2. The positive part of the polarization- and strain versus applied electric field loops for
BNT-BKT. The complete curves are shown in the inset. The regions indicated in the diagram
are responsible for the peculiar electromechanical behavior and are related to a particular struc-
ture of the material: i) low-strain region, weak ferroelectric; ii) electrostrictive region, nonpolar
(AFE); and iii) ferroelectric linear region, presence of polar nanodomains.

The structural mechanisms at the basis of this behavior are
not clear, and in order to elucidate them, in situ field-dependent
measurements capable of detecting symmetry changes or the
development of ferroelectric ordering are necessary.

Daniels et al.?* found a phase transition from pseudocubic
to tetragonal above 3 kV mm™!, confirming one phase transition
under field. However, due to the initial field strength being too
high, the first suggested phase transition from zero-field ferro-
electric to nonpolar (AFE), which typically occurs from 0.5-1 kV
mm™!, would not have been visible in this experimental setup.
The field intensity, however, coincides with the transition from
nonpolar (electrostrictive) to ferroelectric relaxor (the beginning
of the linear strain curve (Figure 2) behavior.

Similar results were reported in a recent study by Simons
et al.1l for a nominally rhombohedral composition. Again, the
initial applied field was too large to expose any potential struc-
tural change occurring between the low strain and the electro-
strictive regimes. Field-dependent TEM experiments performed
by Kling et al.'»3% showed a ferroelectric ordering (domains)
developing under applied electric field, but, correspondingly,
they were unable to reveal a possible phase transition under
low fields.

The main open questions on BNT-based materials thus
involve the field-dependent phase transitions (especially at low
fields) and the structural mechanisms of transitions, measured
in dependence of both the electric field and the temperature.

Recently, we manufactured a prototype stack featuring 50
active, 35 um-sized layers of a neodymium-doped BNT-BKT
(bismuth potassium titanate) ceramic,??l which exhibits less
than 10% variation of strain between 20 °C and 150 °C. In
eschewing the MPB region of the BNT-BKT material in favor
of more-temperature-stable properties, we chose to exploit the
high-field-driven strain of the AFE phase. Nd was thus added to
depress the Ty, and Li to improve the sintering characteristics.
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soning with the results of the chemical- and
structure-sensitive Raman technique.

Raman spectroscopy has already been
used to detect phase changes in BNT-based
solid solutions in dependence of tempera-
turel®1618-201 and pressure.* Due to the
intrinsic static disorder of BNT, and to the
splitting of simultaneously Raman and IR-
active bands into longitudinal-optical (LO) and transverse
optical (TO) components, the Raman spectrum of BNT appears
very broad; thus, a thorough assignment of the Raman modes
is challenging. Consequently, detection of symmetry changes
in dependence of temperature has seldom been reported.!'’!
This notwithstanding, previous Raman studies have confirmed
the presence of the diffuse phase transition at Ty and linked
it with the presence of polar nanodomains.l?>3”] In this work,
we build upon these findings, and provide, for the first time, a
comprehensive study of BNT-BKT in dependence of both tem-
perature and applied field. Special attention is given here to the
A-site modes, since their behavior gives insight to the chemical
peculiarities of the A-O bonds. Raman spectroscopy allows
us to detect changes occurring at the short-range; the small
interaction volume of this technique has the further advantage
that, unlike in scattering experiments, the (Ag/Pd) electrode
layer does not influence the measurements, making the stack-
shaped samples ideal for this combined temperature- and field-
dependent in situ approach.

2. Results
2.1. Electromechanical Behavior of BNT-BKT

The multilayer-stack object of our study was a modified BNT-
BKT solid solution, with a low molar concentration of dopants
introduced to improve performance. This composition shows
all of the typical hallmarks of this class of materials, including
a Ty, a relaxor transition and extended strain under high fields.
The displacement and polarization curves show characteris-
tics common to all solid solutions of BNT exhibiting extended
strain. The only difference is a shift of Tj to lower values due to

wileyonlinelibrary.com 2287

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

2288  wileyonlinelibrary.com

Makies

Nd addition.’! Consequently, this composition can be taken as
a typical example, and the phase transition phenomena high-
lighted here can be applied to any non-MPB composition.

The temperature-dependent electrical measurements are
summarized in Figure 1. We assigned the Ty, signified by the
sudden drop in loss factor and relative permittivity, to be within
the region between 70 °C and 100 °C. The beginning of the
region of fluctuating nanoregions was found to be at approxi-
mately 220 °C, extending to 400 °C with a peak, the Burns tem-
perature being 320 °C. The uncertainties of the heating-stage
arrangement, as well as the diffuse nature of both phase transi-
tions>11:26l make a more-accurate assignment difficult.

The electromechanical measurements of the stack can
be seen in Figure 2. By visual inspection according to Rodel
et al.2*33] the first transition point was found to be at =0.7 kV
mm™!, signifying a transition from the low-strain regime to
electrostrictive characteristics, whereas the transition to linear
strain coinciding with the nonpolar to FE phase transition was
assigned at =2.8 kV mm™.

2.2. The Raman Spectrum of BNT-BKT

The room-temperature crystal structure of the end members of
the BNT-BKT solid solution has been reported as being rhom-
bohedral R3¢ for BNT and tetragonal P4bm for BKT.”) For com-
positions in the neighborhood of the MPB, generally a mixture
of both phases has been reported.!!!] Factor-group analysis leads
to 13 simultaneously IR and Raman active modes for the R3¢
structurel': I'ps, paman = 4A; + 9E. For the tetragonal P4bm
structure of BKT, a total of 16 Raman-active modes are pre-
dicted, of which only 12 (of A; and E symmetry) are simultane-
ously infrared active®®:: I'py,, Raman = 4A; + 1By + 3B, + 8E.
The Raman modes of Al symmetry are associated with lattice
displacements parallel to the c-axis of the unit cell, whereas the
twofold-degenerate E modes represent phonons propagating
perpendicular to the c-axis.?¥ The simultaneous IR and Raman
activity produces additional splitting of each A1l and E mode
into their longitudinal-optical (LO) and transverse-optical (TO)
components, so that, in principle, up to 24 and 28 modes should
be visible for the R3c and P4bm unit cells, respectively. How-
ever, the scattering efficiency of some of these modes may be
weak,l and, generally in BNT-based materials, they contribute
(together with the additional Raman activity caused by short-
range disorder?%)) only by increasing the width of neighboring
modes with a higher intensity. Similar considerations apply in
the case of a monoclinic Cc structure.’®! For the above reasons,
all of the Raman modes in BNT-based materials are convoluted
into three main observable peaks, and a complete assignment
of the underlying phonon modes has never been reported.
Depolarized Raman spectra of (Li, Nd)-doped BNT-BKT
in dependence of temperature and applied electric field are
displayed in Figure 3a and 3b, respectively. The spectra have
been corrected for the Bose—Einstein population factor. Spec-
tral deconvolution was performed according to 13 Gaussian—
Lorentzian peak functions by means of a best- ﬁtting algorithm.
The spectrum is consistent with previous reports,”l and can be
linked to a mixed rhombohedral-tetragonal crystal structure.
The three main regions can be distinguished in the spectrum;
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Figure 3. a,b) Depolarized Raman spectrum of Li/Nd-doped BNT-BKT as
a function of temperature (a) and applied electric field (b). The spectra
were deconvoluted according to 13 Gaussian—Lorentzian peak functions,
and the fitting is displayed for high values of both temperature and field.
The assignment of the spectral modes to particular lattice vibrations is
also indicated.

each of them has a relationship with different kinds of vibra-
tion in the lattice:

«  Wavenumbers < =150 cm™: these modes can be associated with
vibrations of the perovskite A-site, thus involving Bi, Na, K and
Li cations. The presence of such distinct modes in this frequen-
cy range suggests possible cation ordering at the A-site. In order
to provide sufficient Raman scattering to result in an observable
mode, the size of the ordered clusters must, in fact, encompass
at least =20 unit cells.”) The mode at =135 cm™ has previously
been assigned as belonging to A; symmetry®) and, more recent-
ly, associated with Na—O/K—O vibrations.’! By means of consid-
erations purely referring to the cation mass on the A-site, we can
thus assign the two modes at =145 cm™ and =115 cm™ to Na-
O/K-O vibrations, and the other modes to vibrations involving
the Bi~O bond (85 cm™ and 65 cm™).24% The Li content was
very low, so supposedly should not give rise to a visible peak.

Adv. Funct. Mater. 2012, 22, 2285-2294
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«  Wavenumber range 150-450 cm™': modes in this region can
be associated with Ti—O vibrations. Especially, the mode with
the highest intensity, at 305 cm™!, has been assigned as an
A; mode closely related to the strength of the Ti—O bond.)
Soft-mode behavior in dependence of temperature has been
reported previously for this peak.!'®]

« The high-frequency bands above 450 cm™ have all been as-
sociated with TiOg4 vibrations, namely the breathing and
stretching modes of the oxygen octahedra. In the range
450-700 cm™! (i.e., the second “hump” in the spectrum), three
modes are observed, which have been previously assigned as
A(TO) (at 485 cm™), A;(LO) (at 540 cm™) and overlapping
E(LO) and E(TO) modes (at 620 cm™).*3¢ However, the an-
gular dependence of the intensity of the mode at 620 cm™,
together with the temperature-dependent behavior similar to
the mode at 305 cm™, suggest that this mode belongs to A,
symmetry.'8 The broad, higher-frequency bands (the third
“hump”) are understood to be an A;(LO) and E(LO) over-
lap.918

The fitting reported in Figure 3a,b refers to high values of
temperature and applied field, respectively. For increasing tem-
perature, the spectrum undergoes broadening and some of the
modes (the ones at =245 cm™ and =620 cm™, for instance)
decrease their intensity. This is associated with the material
becoming more BNT-like. In other words, there is a loss of
polarity of the unit cell — the material resembles the pseudocubic
structure. On the other hand, for high values of applied field
(Figure 3D), the splitting of the Ti—-O modes is preserved, and
the material becomes more BKT-like. This signifies an increase
in the polar character of the unit cell (i.e., more tetragonality).

2.3. Interpretation of Temperature Effects

The temperature dependence of the position, intensity and full
width at half maximum (FWHM) of both the A-site-related and
B-site-related modes are shown in Figure 4. In the absence of
any phase transition, one would expect a steady phonon
softening and an increase in mode FWHM with temperature.
However, in the case of BNT-BKT, two clear anomalies are
visible at =100 °C and =225 °C.

The first anomaly is an abrupt change in the phonon wav-
enumber (softening of the phonon modes) that takes place in
the A-site-related modes at 100 °C. We caution the reader that
the mode at =65 cm™, being located close to the cut-off of the
filter, should be considered only for qualitative comparisons.
Nevertheless, changes in this mode are reflected in all neigh-
boring A-site modes, which demonstrates the reliability of our
fitting procedure.

For higher temperatures, the modes steadily harden, up
to =225 °C, above which they become nearly temperature-
independent. This anomaly is also reflected in a change in
the FWHM of the Ti-O and octahedra-related modes (cf.
Figure 4f); namely, above 100 °C the FWHM values of the
modes at =305 cm ™!, =485 cm™! and =620 cm™! increase. The
softening of the A-site modes is due to a weakening of the
bonding between the A-site cations and oxygen. Considering
the presence of a lone-pair in Bi**, we suggest that this anomaly
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is related to the loss of orbital hybridization between the 6s?
orbitals of the Bi** and the oxygen p orbitals. Hybridization of
the A-site lone pairs with oxygen was postulated as early as the
1950,25427441 and is credited as being the reason for the high
Curie temperature of lead titanate and PZT.* This high Tc
cannot be explained otherwise, and the effect is called either
covalency!®! or the “lone-pair effect’*%l in the literature. Warren
et al.¥’l credited the hybridization of the lead 6si? orbitals
with oxygen, together with the resulting displacement, as the
deciding factors for the enhanced ferroelectric properties of
lead (zirconium) titanate.

Mechanistically speaking, this occurrence is possible through
the hybridization of orbitals in the octahedral [Ti(Zr)OgJ?" struc-
ture found at the center of most perovskite ferroelectrics.*84]
The empty d-shell of the central atom leads to a hybridization
and shift in electron density from oxygen towards Ti*', a process
that has been described to be very similar or identical to d° tran-
sition-metal-ligand systems found in complex chemistry.l*>5%
This, in turn, depletes the bonded oxygen atoms of electron
density in the direction of the A-site, allowing the lone pair
(6s?) of Bi** to hybridize with the oxygen's depleted p-orbitals,
allowing a metal-oxygen-metal (B-O-A site, respectively) bond
to form, thus distorting the octahedron.’” This point can be
illustrated by the contour plots of electron density found within
Zhurova and Tsirelson'sP! treatment of SrTiO;, and, even more
clearly, in the theoretical treatments of BNT by Zeng et al.’%
and Gréting et al.,P3l who stated that “the strong hybridization
effects of Ti-O and Bi-O states are obvious”.

The “lone-pair effect” is also evident in the case of doping
barium titanate with Pb?*, Bi>* or TI*[*] cations, which share
a common electronic structure ([Xe] 4f45d'%6s?) in their pre-
ferred oxidation states, thus exhibit lone pairs and, together
with the octahedral [Ti(Zr)Og]*" structure, a lone-pair effect.>¥

Structurally, perovskites without a lone-pair-carrying A-site
behave reliably according to Goldschmidt’s tolerance factor,>!
their symmetry being exclusively governed by their ionic radii.
Goldschmidt discovered a relationship between the ionic radii
of A- and B-site cations in perovskites and their long-range
crystal structure (Equation 1):

__R-R 1
~ V2(Rs + Ro) M

where 7 is the Goldschmidt (or tolerance) factor, and R,, Rp
and Ry denote the Shannon radii of the A, B and oxygen sites,
respectively.

A crystal system with a Goldschmidt factor above 1 means
that the material is unable to form a non-hexagonal perovskite
due to the A-site cations being too large to fit within the inter-
stitial sites. A tolerance factor above 0.9 signifies an ideal cubic
perovskite, while factors from 0.9 to 0.71 force rthombohedral,
tetragonal or even monoclinic symmetries, at which point
Glazer’s octahedral tilt system!>!>! comes into play.

Materials with a lone-pair effect, like PZT, do not behave this
way because their structure is constrained by the additional
factor of A-site lone pairs bonding with the electron-depleted
side of the oxygen, instead of the 12 nearly equidistant ionic
bonds that are encountered in perovskites like barium titanate,
whose A-site ions carry no lone pair.
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Figure 4. Temperature dependence of selected modes of the BNT-BKT spectrum. a—c) The peak position, intensity and FWHM of the A-site-related
modes, respectively. d—f) The peak position, intensity and FWHM for the B-site modes. The FWHM of the 65 cm™ mode was kept fixed during fit-
ting. The dashed lines connecting the experimental points are merely guides to the eye. The locations of the anomaly points (100 °C and 225 °C) are

indicated by the red vertical lines.

All BNT solid solutions of research interest have a toler-
ance factor between 0.98 and 1, putting them firmly within
the range of an ideal cubic perovskite.”® However, at room
temperature, they show average long-range symmetries from
tetragonal to rhombohedral, reaching a (pseudo-)cubic state at
T;. This type of distortion of the underlying octahedra has been
documented in numerous non-perovskite oxides (as well as in
PZT and its end members) with an octahedrally co-ordinated d°
transition metal at the center of the complex.’ The resulting
distortion from a lone-pair-carrying atom at either: the edge
(Cy), point (C,) or face (C;) of the octahedra, would produce

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tetragonal (C,), thombohedral (C;) or orthorhombic (C,) distor-
tions, respectively, in a perovskite lattice. This hybridization has
been shown to be breakable by thermal vibration (see report by
Halasyamanil®” and references therein). Also, Ti*" in combina-
tion with Bi** has been noted to have a clear preference for the
(C,) distortion.

From the Raman results and the aforementioned theory, one
can conclude that the mechanism at Tj is neither displacive nor
order-disorder, but is rather mediated by the loss of hybridiza-
tion of Bi*" and oxygen through thermal vibrations along the
polar axis. The sudden drop in the wavenumber of the A-site
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modes at the transition point, Ty, can, in fact, be interpreted
as a weakening of the A—O bonds. The consequent hardening
of the modes can be then associated with the influence of the
residual electrostatic forces at play between the Bi-ion lone pair
and the oxygen atoms. This exact mechanism happens in PZT
as well, but, due to the uniform A-site occupancy, coincides
with the Curie temperature.

As a result of this change in the bond situation, a higher
polarizability of the unit cells, resulting in the possible for-
mation of nanodomains, is conceivable. This seems indeed
in accordance with the behavior of the mode FWHM above
100 °C for the A-site, B-site and octahedral modes. In fact, we
observed an increase in mode FWHM (cf. Figure 4c and 4f),
signifying a higher degree of disorder in the lattice. Apart from
the possible presence of nanodomains, this result confirms
that the transition at 100 °C changed the symmetry of the com-
plete unit cell from its constrained room-temperature state to
the (pseudo-) cubic state (with tetragonal nanodomains in the
case of this composition) predicted by the ionic radii. This is
strong evidence that the mechanism of the depolarization
phase transition is in fact mediated by the loss of constraint
put upon the crystal system through the lone-pair effect of the
Bi-O bond facilitated by thermal vibration. It is usually suffi-
cient to postulate a change in bonding within a molecule if a
change in the interatomic spring constant (A-site modes, spe-
cifically Bi-O modes) is accompanied by a change in symmetry
of the whole molecule. Both criteria were satisfied with regard
to the T;. Additionally, the changes visible by Raman spectros-
copy were corroborated by macroscopic T-dependent electrical
measurements.

Why the Bi-O bond is more fragile than the Pb-O bond in
PZT (where the polar phase is stabilized) is unknown; most
likely, it is related to the site occupancy of the bismuth, which
is usually at or less than 50% of an A-site. In addition, steric
effects from the other members of the shared A-site would
also have an influence. The shared site occupancy of bismuth,
taken in connection with the fragile Bi—O bond and the random
nature of the site occupancy®**”! between bismuth and the uni-
valent counterion, can also serve to explain the fragile nature of
the room-temperature state, where a mixture of competing sym-
metries is found.!l The bent MPB can, in turn, be described by
a combination of the steric effects of larger or smaller univalent
A” ions being incorporated into the lattice. The Bi-O bonds,
being weakened by the increased thermal vibrations, will, in
fact, lose their constraining effect upon a temperature gradient,
thus easing mixed A-site substitution and eventually producing
the bent MPB. The straight MPB of PZT is, in turn, produced
by the homogeneous A-site occupancy of lead?*#33% without
compositional steric effects.

The second anomaly at 225 °C is related to the transition to
the region of fluctuating nanoregions, as proven by the tem-
perature dependence of the B-site and the octahedral modes.
The Ti-O mode at =305 cm™! (Figure 4d) initially undergoes
softening, which demonstrates a smooth decrease of the unit-cell
anisotropy with increasing temperature. The smooth shrinkage
of the unit cell is then interrupted at 225 °C. The same tem-
perature marks an anomaly in both octahedra-related modes,
at 485 and 540 cm™!: both modes harden for T > 225 °C. These
two modes likely belong to E symmetry, whereas the mode at
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620 cm™!, showing a similar behavior (Figure 4d) to the one
at 305 cm™!, is confirmed to possess A; symmetry. These con-
siderations suggest that the ongoing structural change occurs
mainly in one crystallographic direction. Since the Ti-O bonds
and the octahedral vibrations are influenced by the dynamics
of the nanodomain phase,*® this behavior is compatible with
a diffuse phase transition marking the beginning of the region
of fluctuating nanoregions (Figure 1), in which the material
presents a macroscopic relaxor behavior. This was also con-
firmed by the e-T measurements. In a word, the Raman spec-
troscopy results confirm that, with increasing temperature,
a more disordered lattice is obtained, and this is mediated by
a weakening of the Bi-O hybrid orbitals, which promotes an
enhanced polarizability of the unit cell.

2.4. Influence of an Applied Field

The electric-field dependence of the Raman spectra of BNT-BKT
is reported in Figure 5: the peak position, intensity and FWHM
of the A-site modes are shown in Figure 5a-c, respectively.
Figure 5d-f illustrate the same for the B-site modes. Two main
anomalies, seen as an increase in the wavenumber of the
Bi-O related peaks, are visible for increasing applied field, at
=0.7 kV mm™ and at =2.8 kV mm™". In addition, a sharpening of
the octahedra-related mode at =620 cm™ occurs in the low-field
regime. Please note that this mode underwent broadening upon
increasing temperature (Figure 4f). Regarding the B-site modes,
it is noticeable that, during the whole range of applied field, the
Ti-O mode at =305 cm™! hardens constantly. This is the same
mode that showed a steady softening with the anomaly at =225 °C,
in the temperature dependence. The effect of the applied field
is thus the opposite of that of temperature: applied field reduces
disorder in the lattice (i.e., sharpening of modes) and increases
the polarity of the unit cell (i.e., mode hardening and the spec-
trum resembling the BKT material). This appears to be medi-
ated by a change occurring on the A-site at =0.7 kV, which is
reflected in the oxygen octahedra as well (i.e., an anomaly in
the A-site- and B-site-mode positions). This could be similar to
the supposed loss of hybridization that occurs at 100 °C, with
the only difference being that, by increasing the temperature,
a more-disordered lattice was obtained due to the presence of
nanodomains produced by bond weakening (i.e., a more-cubic
lattice), while these nanodomains will orient themselves under
increasing field into the field direction and thus produce a
more-polar (i.e., more-tetragonal) lattice. This can indeed be
connected to the field-induced giant strain that is observed in
this material. In other words, the low-strain regime of the material
(0~0.7 kV mm™™) is governed by the small intrinsic converse pie-
zoelectric effect, whereas the electrostrictive regime (0.7-2.8 kV
mm™) can be linked to the metastable state introduced through
the weakening of the Bi-O bond. This gives rise to a more-
cubic regime, whereas the final linear part could be related to
the nucleation of tetragonal (in other compositions rhombo-
hedral), polar nanodomains within the (pseudo)-cubic matrix.
This aspect can be pointed out considering the anomalies in the
peak positions of the A-site and B-site modes at =~2.8 kV mm™!
and, especially, the mode FWHM increase for the Ti-O peak
(at =305 cm™) above 2.8 kV mm™ (i.e., higher disorder in the
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Figure 5. Electric-field dependence of selected modes of the BNT-BKT spectrum. a—c) The peak position, intensity and FWHM of the A-site-related
modes. d—f) The peak position, intensity and FWHM of the B-site modes. The FWHM of the 65 cm™ mode was kept fixed during fitting. The dashed
lines connecting the experimental points are merely guides to the eye. The locations of the anomaly points (0.7 kV mm~" and 2.8 kVmm™') are indicated

by the red vertical lines.

lattice above this point). Conveniently, electrostrictive effects
tend to be more pronounced in perovskites with a structure
close to cubic (PMN etc.),P* thus explaining the behavior of
the material during the electrostrictive part of the strain curve.
Consequently, if this is the cause for the extended strain, any
electromechanical measurement of the material above or
approaching Tj should show an immediate electrostrictive curve
from low fields as well as a more pinched polarization loop.
This exact behavior is widely seen within different solid solu-
tions of BNTI?324>461] (and also within our stack), confirming
this aspect of our analysis. The gradual transition into ferro-
electric relaxor behavior is, in essence, a field-forced nonpolar

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(AFE)-to-ferroelectric phase transition, which has been docu-
mented in numerous anti-ferroelectrics.l%?l This is the phase
transition observed by Daniels®* and Simons"“l in their in situ
scattering experiments under a field. The behavior, especially in
the electrostrictive regime and above, can therefore be under-
stood as a metastable state with multiple states accessible with a
minimal change in intrinsic energy — a flat free-energy surface
(see report by Damjanovicl®®l and references therein). Unlike
conventional ferroelectrics, this region is not compositional,
but field- and temperature-dependent, and occurs through a
wide compositional range. In summary, the field-dependency
results, in correlation with the temperature-dependency results,
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show that the phase transition at higher fields and the gradual
loss of Bi-O covalence are, in fact, interrelated. These findings
are in accordance with previously published in situ datal® and
also with recent modeling work on this system.’¥ In addi-
tion, a recent paper using the same experimental method has
shown polar nanoregions developing in Bi**-doped KNbOj; as a
consequence of the lone pairs interacting with the oxygen octa-
hedra,l®! which further strengthens our conclusions.

3. Conclusions

We have shown that the depolarization temperature is a result
of the breaking of Bi-O hybridization and the subsequent
release of the constraint it puts upon the crystal system. This
allows the structure to reset itself to the symmetry dictated by
its ionic radii. This observation is linked to the potential insta-
bility of the room-temperature state of this type of ceramic
material, as well as the bent nature of the MPB. As expected,
the relaxor ferroelectric nature of the material above the non-
polar AFE phase region was substantiated and an order/dis-
order-driven effect based upon the A-site was confirmed. This
also confirms previous field-dependent measurements. Thus,
the mechanism of the extended-field-induced strain in BNT
solid solutions is a succession of different effects that are linked
by a common cause. The Bi-O bond breaking leads to the intro-
duction of a more cubic regime (or a mixture of nanodomains
in a pseudocubic matrix) favoring the electrostrictive response
in the second regime. The subsequent field-induced nonpolar
(AFE)-to-FE phase transition under high field is also a direct
consequence of this symmetry change and the applied field,
accounting for the linear part of the electromechanical curve
at high fields. There is still a lot to be understood about the
system, especially regarding the role of vacancies, processing
routes and their influence on the switching behavior, as well
as the exact nature of the phase above T, but a further step in
understanding this complex system has been taken.

4. Experimental Section

The ceramic powder for the multilayer-stack had a composition of [Big 49
Ndg.01Nag.335K0.125Li0.04] TiO3, and was made by a modified mixed oxide
process. The reagent-grade raw materials were Bi,O; (HEK-Oxides),
Na,CO; (Merck), K,CO3 (Merck), Li,CO; (Merck), TiO, (Tronox) and
Nd,O; (Treibacher). The raw materials were ball-milled for 5 h in a
laboratory ball-mill (Dyna-Mill Multi Lab) with water as a solvent, and
were subsequently dried using a laboratory spray-dryer. After calcination
at 900 °C for 2 h, additionally T mol% of Nd,03; was added and a second
milling for 5 h and drying took place with the same equipment. From
this powder, a water-based slurry was made with a binder, and tape
casting was performed on laboratory equipment. 50 layers were printed
with Ag/Pd-metal paste (70/30), stacked in a format of 10 X 10 cm, with
additional covering layers, and they were pressed under a uniaxial load of
100 tons. After dicing and binder burnout, sintering took place in air at a
temperature of 1100 °C for 5 h. The final dimensions were 7 X 7 x 2 mm
with an active-layer thickness of approximately 35 um. The sintered
multilayer stacks were contacted with silver paste (burn-in temperature:
750 °C) for the electric measurements. Before any measurement, the
stack was poled at 7 kV mm™".

Depolarized Raman spectra were obtained in back-scattering
geometry using a micro-Raman spectrometer (Model InVia, Renishaw,
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New Mills, UK), equipped with a Rayleigh line-rejection edge filter that
was set for the 532 nm excitation of an Ar" ion laser, which allowed
ripple-free measurements down to 50 cm™ from the laser line. Spectra
were acquired using a 50x microscope objective and a laser power of
10 mW focused on a spot of = 2 um. The Raman spectra were obtained at
20 K intervals in the temperature range 300 —-570 K using a temperature
stage (THM600 Linkam, Tadworth, UK). The electrical-field-dependent
spectra were acquired at 2 V intervals up to 200 V, using a high-voltage
power supply.

The temperature dependence of the permittivity was measured using
a Novocontrol Concept 40 impedance analyzer. Measurements were
performed from —100 °C to 400 °C at a heating rate of 2 K min~'. The
polarization and displacement curves were measured using an aixPES
Piezoelectric Evaluation System from aixACCT, from room temperature
to 150 °C.
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