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Abstract

This work examines the relaxor behavior of lead-free ceramic (1-x)Nag 5Big 5 TiO3—xCaTiO3
systems. A stable rhombohedral (R3¢) phase is detected at room temperature for all compo-
sitions by XRD and Raman spectroscopy. Relaxor behavior was observed in the temperature
range 300 K - 400 K for all materials. Ceramics exhibit normal ferroelectric properties at
room temperature, and then they develop relaxor characteristics with increasing tempera-
ture showing the same dispersive properties. This work quantifies the relaxor phenomenon
at low temperature. For instance, the maximum temperature of relaxor and the order of
dispersion were determined at the strongest dispersion. Finally, the substitution by low CT
concentration unaltered the relaxor behavior at low temperature.

Keywords: NBT-CT, Dielectric properties, Relaxor behavior, Order of dispersion

1. Introduction

Nag 5Big5TiOs (NBT) is considered among promising lead-free relaxor materials and a
potential candidate to replace lead-relaxor materials such as Pb(Mg;/3Nby/3)Os. NBT has
been widely studied in recent years due to its structural varieties [1-3] as well as its interesting
dielectric, piezoelectric and electromechanical properties [4-6]. At ambient temperature,
NBT is rhombohedral with polar space group (R3c) [1, 7]. Recently, several works reported
that the structure of this material is a stable monoclinic phase (Cc) at room temperature |8,
9.

Extensive studies of this based material showed at least two successive sequences of
phase transitions as a function of temperature using XRD, neutrons, as well as Raman
spectroscopy [1, 10-12|. Upon heating, the rhombohedral (R3c) phase is transformed into
an intermediate tetragonal (P4bm) symmetry around 150 °C (423 K). These two phases
seem to coexist simultaneously between 250-400 °C (523-673 K) [1, 13, 14|, making NBT
an unusual system with a specific behavior. Previous studies have shown that the R3c —
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P4bm transition takes place around 300 °C (573 K) or 320 °C (593 K) with a diffuse phase
transition (DPT) [11, 14, 15]. Otherwise, the transition from tetragonal (P4bm) to cubic
(Pm3m) occurs above 520-540 °C (793-813 K) |1, 16]. Recently, Raman spectroscopy showed
that the two phases (tetragonal and cubic) coexist around 500 °C (773 K) just before the
complete transition to the centrosymmetric structure [14].

NBT is ferroelectric at room temperature. However, the dielectric properties at different
temperatures are still under investigation due to the lack of correlation between dielectric
anomalies and structural properties. The temperature dependence of the dielectric permit-
tivity exhibits two anomalies. The first anomaly, occurring at 200 °C (473 K), is attributed to
ferroelectric — antiferroelectric phase transition [11, 17-19|, which corresponds to the depolar-
ization temperature (Ty). This anomaly appears as a strong frequency-dependent shoulder,
extending over a temperature range from 200 °C (473 K) to 250 °C (523 K) [20].This cor-
responds to a relaxor behavior and marks the end of the ferroelectric state of the material.
The second transition, occurring around 320 °C (593 K), is associated with a transition from
antiferroelectric to paraelectric phase [11, 14, 17].

Recent literature focused on studying the frequency dispersion observed at low tempera-
ture. The obtained results defined this anomaly as a transition from ferroelectric to relaxor
state (F-R) [21, 22] without involving any phase transition such as ferroelectric — antiferro-
electric state (Ty). The determination of this transition temperature (Tr_g) is only valid
for poled samples from the dielectric loss (tand) [23, 24].

Classified as a relaxor ferroelectric, the A-site of NBT-based system is occupied randomly
by Na®™ and Bi** which is exceptional for the most ABO3 system. For this reason, the
origin of the relaxor behavior obtained at low temperature is still unclear. Consequently,
there are many reports from different research groups trying to establish a relationship
between the structure, the dielectric properties, and its relaxor behavior [15, 25, 26]. Tu et
al. [25] reported the existence of superparaelectric micropolar clusters responsible for relaxor
phenomenon. Whereas, Perk et al. [27] proposed a change in the size and the dynamics of
polar regions. The XRD analysis of NBT reported by Suchanicz et al. [12] showed the
coexistence of rhombohedral and tetragonal phases over a wide temperature range. In
addition, the dielectric properties of NBT highlighted the existence of polar regions [28|.
Furthermore, Vakhrushev et al. [13] proved that these polar regions are unstable. Moreover,
the 2Na NMR spectra of NBT between 123-447 °C (396-720 K) showed that the material
contains regions with polar clusters distributed in cubic matrix [29]. Afterwards, in situ
TEM studies by Dorcet et al. [12, 15| showed that the rhombohedral (R3c) structure of
NBT transforms into a modulated orthorhombic (Pnma) structure. This modulated phase
is grown as orthorhombic sheets in a rhombohedral matrix or blocks at 200 °C (473 K). This
result is believed to be responsible of the relaxor behavior. Recently, Barick et al. indicated
that the NBT is considered as a relaxor due to the disorder at A-site and the dielectric
relaxation is “non-Debye” type [11].

An interesting feature of NBT-based material is its ability to form solid solutions by
substitution at A-site and/or B-site. In order to understand the relaxor behavior and to
develop lead-free relaxor for high temperature applications, several binary NBT-based solid
solutions with other perovskites have been studied [30, 31]. The famous solid solutions
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display a strong relaxor behavior at high value of substitution with ST (SrTiOj3) |14, 32,
33]. The origin of the relaxor is attributed to formation of the micropolar regions in this
system [34]. Moreover, Roukos et al. [35] showed a similar relaxor behavior with CT-dopant
(CaTiO3) where its concentration is very high and exceeds x > 0.15.

More recent investigations of the phase stability of the relaxor revealed that the electric
field induced phase transition and allowed to obtain relaxor properties in the NBT — BT
(BaTiO3) ferroelectric system [23, 36]. This was explained by the formation of polar nanore-
gions (PNRs) of different symmetries. In light of these new results, it is important to consider
the correlation between the structure and the dielectric properties of these materials.

While most research in the field focuses on qualitative structural and dielectric properties
of lead-free materials, this manuscript study the quantification of the relaxor phenomenon at
low temperature. Most studies of Ca-modified NBT reported on the stuctural characteristics
exclusively [37-39]. In light of the unique properties shown by this system, this paper reports
detailed structural analysis, vibrational analysis and dielectric properties of (1-x)NBT —
xCT system. A relaxor behavior is reported at low temperature independently of x for all
compositions. We introduce a new concept, order of dispersion, to quantify and explain this
phenomenon. This concept allows to determine the maximum temperature of relaxor (Ty;g)
for high dispersion.

2. Methods

Powder and ceramic samples of (1-x)NBT — xCT (x = 0.00, 0.01, 0.05 and 0.07) were
prepared by a solid oxide route using reagent-grade powders of Nay;COj3 (Prolabo), CaCOj
(Alfa Aesar) BipOs (Alfa Aesar), and TiO, (Alfa Aesar) (purity greater than 99.6%). A
stoichiometric amount of these powders were mixed, milled and calcined twice at 750 °C and
950 °C for 4 hours. After this, powders were pressed into pellets with a 13 mm diameter
and sintered at 1075 °C for 1 hour in a confined environment. The ceramics densities were
measured with the Archimedes method using distilled water. The densities obtained are
between 96 — 97%.

The crystalline structure was examined by X-ray diffraction (XRD) using a D8 advance
X-ray diffractometer (Vantec detector) with CuKa radiations (A = 1.5405 A) in the 26
range of 20° - 90°. The data were reported with a step size of 0.017 and a scanning time
of 10 s. Raman spectra were recorded between 4 and 700 cm ™! at room temperature using
Jobin-Yvon T64000 spectrometer HR (high resolution) equipped with Ar-ion laser operated
at 514.5 nm and adjusted at 20 mW for excitation with liquid Ns-cooled system couple
device detector. The dielectric properties were measured with bulk ceramics coated with
gold electrodes for low temperature characterization. The dielectric measurements were
performed using an HP-4284A LCR meter in the temperature range of 70 — 450 K at various
frequencies (100 Hz - 1 MHz).
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3. Results and Discussion

3.1. Structural and vibrational properties of (1-x)NBT — zCT systems

(I-x)NBT — xCT with 0.00 < x < 0.07 solid solutions are single phase pure perovskite
ABOgj structure at room temperature as shown in the XRD patterns of Figure 1(a). No
traces of secondary phase were detected. The rhombohedral characteristic peaks were clearly
identified. An expanded view of the XRD in the 26 region between 36 and 50° shows the
superlattice reflection (113)g characteristic of the rhombohedral phase with (R3c) as space
group for all compositions, as displayed in Figure 1(b). This implies that the Ca?t was
completely diffused and well substituted into the A-sites of NBT in order to form NBT - CT
solid solutions. Recent Rietvield refinement studies showed that NBT exhibits a monoclinic
phase (Cc) instead the rhombohedral (R3c) [8]. Effectively, many attempts were carried
out by Rietveld refinement with the monoclinic (Cc) phase and the obtained results did not
permit describing the structure in our system. The structure is refined to a rhombohedral
cell and the good quality of fit is obtained with (R3c) model (Figure 1(c)) since the difference
between the theoretical and experimental peaks is relatively small. The inset in (Figure 1(c))
shows a magnified plot of (110) and (024) g confirming the quality of the Rietveld refinement
and highlights the proposed R3c model.

Raman spectroscopy, considered sensitive to phase transitions in these materials, was
used to complement the XRD results. Raman spectra of (1-x)NBT — xCT (0 < x < 0.07)
solid solutions at room temperature are displayed in Figure 2. The main bands of NBT
are detected in the wavenumber range 4 — 700 cm~! which is very similar to that reported
previously on other NBT-based ceramics [12, 14, 40]. Broad bands and overlapping Raman
modes in (1-x)NBT — xCT spectra are caused by the A-site (Na/Bi and Ca) disorder.

Four characteristic Raman modes can be observed in this wavenumber range. The first
two modes are attributed to the Bi-O (25 cm™!) and Na-O (138 cm™!) bands of the A-site
vibration in the perovskite structure, while the third peak situated at 286 cm ™! is associated
with the Ti-O vibration mode. The modes at 530 cm™! and 584 cm™! correspond to the
TiOg octahedral vibrations. Note that, for all compositions, there are no band shifting or
splitting with increasing x. This indicates that the symmetry was conserved since no change
in the Raman-active modes were detected. In fact, this behavior demonstrates that these
materials maintain their symmetry similar to NBT-based system and exhibit a rhombohedral
phase (R3c) as reported in XRD analysis (Figure 1). The A-site substitution of NBT does
not induce variations in the Raman spectra and XRD patterns, this could be attributed to
the low concentration of CT used in this study.

The dependence of the microstructure on CT concentration was studied using scanning
electron microscopy (SEM) on a JEOL 7600F. The SEM micrographs (provided in the
supplementary information) shows that the microstructure consists of uniform grain size
with high densification. No noticeable difference in terms of morphology and grain size
was detected by increasing CT concentration. In contrast to other studies performed with
Sr?*t [33], the addition of Ca*" does not have an impact on the microstructure.
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Figure 2: Raman spectra of (1-x)NBT — xCT solid solutions with different CT concentrations (0 < x <
0.07) at room temperature.

3.2. Dielectric behavior of (1-x)NBT — xCT ceramics at low temperature

The evolution of the complex dielectric permittivity (¢ and tand) at low temperature
range (70 — 450 K) as a function of x at different frequencies is shown in Figure 3. The results
indicate that the behavior of the permittivity for all ceramics is similar independently of the
percentage of Ca®T dopant. By analogy with the pure NBT (x = 0.00), the same dielectric
anomaly was observed in this temperature range when x < 0.07. All these ceramics show an
anomaly as a shoulder around 440 K (Tr_g). This anomaly, explained by a relaxor behavior
due to the frequency dispersion |24, 36|, appears clearly in the dielectric loss (tand) and is
associated with the transition from ferroelectric to relaxor state [21, 22|. Unlike typical
relaxors, the permittivity continues to rise as the temperature increases. This behavior
appears for the solid solutions containing low concentration of CT whose rhombohedral
symmetry is established. For x > 0.15, the shoulder disappears reflecting the absence of
similar anomaly when solid solutions crystallize in an orthorhombic phase [35, 41]. A typical
relaxor is obtained for this substitution which widely established for ABOj ferroelectric

6 January 25, 2019



perovskite [34, 42].

Recent studies showed that the anomaly, which appears at low temperature, is observed
in materials having a stable phase relaxor with coexistence of polar nanoregions (PNRs) with
different symmetries (rhombohedral + tetragonal). This is only observed in NBT-based
relaxor ferroelectrics, such as NBT-BT [21], NBT-KBT-ST [43|, and NBT-BT-BZT [36]
systems. In our case, for 0 < x < 0.07, the dielectric anomaly obtained at low temperature
is due to the thermal evolution of rhombohedral PNRs leading to the transition ferroelectric
— relaxor state.

This anomaly was previously called depolarization temperature Ty, a name that is tra-
ditionally attributed to a transition between the ferroelectric phase and antiferroelectric
phase [11, 17, 25]. Note that there are several contradictory explanations on T,;. However,
most studies consider it an intermediate state related to ferroelectric — antiferroelectric phase
transition [44]. This is accompanied by a structural change resulting in the instability of
the rhombohedral phase (R3¢) which gradually transform into the tetragonal phase (P4bm)
distributed randomly within the R3¢ matrix. The mixture of these two phases generates
the relaxor behavior. In fact, for x < 0.07, the evolution of the &'(T) exhibits a frequency
dispersion appearing as a shoulder which corresponds to a maximum on the dielectric loss
(tand,, at 400 K). These results are in agreement with those previously reported and the
corresponding temperatures are about the same as those found for NBT [14, 45].

In contrast to other studies [46, 47|, the temperature Tp_g remains almost unchanged,;
it is practically independent of the substitution for x < 0.07. It was demonstrated that
only T,, (maximum temperature related to the antiferroelectric/paraelectric transition) is
obtained at high temperature and moves towards the lower temperature when x increases.
This is supported by Raman spectroscopy and DSC measurement [41|. For instance, T,,
shifts towards Tr_pg so that the difference between these two temperatures decreases as x
increases. This suggests that the phase transition is enhanced at low temperature with CT
dopant.

3.8. Study and Quantification of relaxor phenomenon

Based on the observed frequency-dependent broad shoulder for all ceramics, an expression
has been reported to better characterize this dispersion and to determine its maximum.
This dimensionless magnitude, called amplitude of dispersion, analyzes the relation between
frequency and the evolution of the real part of the permittivity (&’).

Several temperatures were chosen over the entire range of measurement frequencies. For
each temperature, the corresponding value of the permittivity (¢’) has been determined.
Then, these values are normalized versus £'(100 Hz) according to the following formula:

€wf)

:C’f

EN@f) = o (1)
(2,100 Hz)

where 5/1\1(:0, ) represents the normalized real part of the permittivity, at the frequency f
and for a doping concentration x; 5’(90 f)is the measured real part of the permittivity, at the

frequency f and for a doping concentration x; 5’(96 100 Hz2) is the measured real part of the

permittivity, at the frequency 100 Hz and for a doping concentration x.
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ceramics (x = 0, 0.01, 0.05 and 0.07) as a function of frequency at different temperature.

The normalized values were plotted as a function of the measurement frequency (Fig-
ure 4). The obtained curves are linear decreasing as a function of the frequency. Afterwards,
these curves are fitted by a power function az® (supplementary information). The absolute
values of b determine the dispersion magnitude and the amplitude for each temperature.
Then, it is plotted as a function of temperature (Figure 5). This allows to identify and
quantify the dispersive nature of the material. This procedure is applied to all ceramics x
= 0.00, 0.01, 0.05 and 0.07. Figure 5 shows the variation of the order of dispersion mag-
nitude relative to the different compositions of ceramics as a function of temperature. At
low temperature, they exhibit a weak dispersion and then, upon heating, it becomes more
remarkable around T r_g. The dispersion reaches a maximum around a defined temperature

9 January 25, 2019



called maximum relaxor temperature (Tj;g). This is followed by a sharp decrease and then,
the dispersion disappears at high temperatures for all compositions in order to join the sec-
ond anomaly (T),,) which is frequency-independent. This is in accordance with the dielectric
properties at high temperature [41]. The same behavior is observed for all ceramics (x =
0.01, 0.05 and 0.07). Consequently, the same dispersive behavior is clearly observed in these
compositions.
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Figure 5: Evolution of the dielectric dispersion amplitude (magnitude) as a function of temperature for
(1I-x)NBT - xCT system / x = 0.00, 0.01, 0.05 and 0.07.

By analogy to other systems, a similar relaxor behavior is obtained for NBT-based solid
solution such as NBT-BT [23|, where the materials undergo a phase transition from ferro-
electric to relaxor phase under poled conditions. Although, the structure is rhombohedral
(R3c) in this study, the dielectric behavior of these samples is also similar to systems near
the MPB compositions. This feature is validated for x = 0.07 where it is located near the
MPB composition for the (1-x)NBT — xCT system [41]. In our case, the relaxor behavior is
due to the existence of polar nanoregions (PNRs nano-domains). At this instant, upon heat-
ing, the ferroelectric long range order phase breaks up and then, the materials transform
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into short range ordered state. These formed PNRs gives rise to the obtained frequency
dispersion at the Tr_g.

Evidence of polar nanoregions were shown by TEM [21, 48]. The reported results in
refernce [21] revealed a nanoscale dimension of rhombohedral (R3c¢) and tetragonal (P4bm)
symmetries indicated by the presence of the superlattice reflections 3(0oo) and 3(ooe) re-
spectively. In addition, these nanodomains did not show any splitting in XRD analysis [23].
In analogy with our XRD patterns (Figure 1), we found out that there is no additional peak
or splitting affecting these ceramics. Furthermore, the TEM bright field images reported by
Ma et al. [48] showed that the based structural phase is formed by nanodomains characteris-
tics of P4bm symmetry with a’a’ct oxygen octahedra tilt. In this case, our ceramics 0 < x
< 0.07, could have a similar structural phase formed of PNRs since its XRD patterns reveal
a rhombohedral (R3c) structure without any distortion (Figure 1). The stable phase is a
relaxor with coexistence of PNRs with different symmetries (R3¢ + P4bm). The tetragonal
P/bm PNRs could be in insufficient amount to be revealed in XRD analysis and not enough
to establish any macroscopic effect at low temperature. During heating, the initial phase
R3c PNRs could be initiated to undergo a phase transition into P4bm PNRs where their
amount increases with temperature so that the materials transit totally into a tetragonal
(P4bm) phase. This transition was also proven by Koch et al. using the activation energy
obtained from the dielectric conductivity for this temperature range [49]. In addition, they
showed that the activation energies are temperature-dependent relating it to phase transition
and/or coexistence of rhombohedral and tetragonal phases.

The relaxor behavior revealed in this system (0 < x < 0.07) is mostly due to the thermal
evolution of discrete R3c PNRs leading to ferroelectric — relaxor phase transition. This
evolution transforms the R3¢ PNRs to P4bm PNRs, resulting in interaction and coherence
of dipoles within PNRs domains. This thermal evolution extends over a large temperature
range, hence a frequency-dependent shoulder (broad peak) is measurable in the dielectric
properties.

The evolution of the maximum relaxor temperature (T),z) as a function of x is shown
in Figure 6. It can be observed that the T,z exponentially decreases with x concentration
reaching a constant value for x = 0.05 and 0.07. This is accompanied by a decrease of the
ferroelectric transition temperature which is related to the ferroelectric — relaxor transition.

As a result, the CT concentration decreases sharply the Tr_r. The maximum of relaxor
behavior (Tyr) appears and shifts to lower temperatures, i.e. 380 K (107 °C) for x =
0.00 to 320 K (47 °C) for x = 0.05 and 0.07. Therefore, the CT substitution facilitates
the ferroelectric — relaxor transition while initiating the relaxor phase at low temperature
(even below room temperature). This kind of results is observed for x > 0.15, where a
typical behavior for relaxor ferroelectric is obtained at low temperature (T=231 K (-42°C)
for x=0.20) [35]. This can be explained by the fact that the ferroelectric macrodomains of
NBT is divided into polar micro and/or nano-domains leading to the decreases of T,z when
the CT concentration increases.
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4. Conclusion

In this paper, we have investigated and quantified the relaxor properties of lead-free (1-
x)No5BosTiO3 — xCaTiO3 ((1-x)NBT — xCT) system with 0.00 < x < 0.07. The structural
and vibrational properties of materials synthesized by a solid-state reaction and sintering
were studied. The XRD analysis revealed a pure monophasic perovskite with rhombohedral
(R3c) phase at room temperature for all compositions. Raman spectroscopy showed a local
disorder without modifying the symmetry of all solid solutions, which proves the stability of
the rhombohedral (R3c) structure for low CT concentration. Dielectric measurements at low
temperature showed that the compositions with low concentration of CT exhibit dielectric
properties similar to the pure NBT i.e. the same dispersive behavior. It revealed a frequency-
dependent anomaly as a shoulder, corresponding to the ferroelectric — relaxor transition
(Tp_g). This anomaly is correlated to the coexistence of polar nanoregions (PNRs) with
different symmetries (R3¢ + P4bm) and their thermal evolution. This phenomenon was
highlighted by introducing a new concept of dispersion order which was proven to be a
valuable parameter in attempting to quantify the relaxor behavior and the determination of
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its maximum temperature (Ty/g).
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