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The stability of antiferroelectricity in NaNbO3 ceramics was found to evolve with co-doping x mol% CaZrO3 and
6 mol% BaZrOs, from a dominant ferroelectric (FE) orthorhombic Q phase (x = 0) to a gradually stabilized
antiferroelectric (AFE) orthorhombic P phase owing to different ionic radii of Ba and Ca ions. Although a
complete AFE P phase appears at x = 0.5, the field induced AFE-FE phase transformation is irreversible at first,
and then becomes partially reversible at x = 1 and finally completely reversible at x = 3. The above-mentioned

change process proves to be associated with the enhancing stability of antiferroelectricity with x, as evidenced
by means of dielectric, polarization and strain properties as well as in/ex-situ synchrotron x-ray diffraction and
Raman spectra. A composition-field phase diagram for the NN-based lead-free AFE ceramic was constructed on
basis of the phase structural change, which would provide a clear understanding of how ion doping influences its

antiferroelectricity.

1. Introduction

Antiferroelectric (AFE) materials have attracted much attention
owing to their enigmatic structures and excellent electromechanical
properties [1]. Chains of ions in the AFE crystal are spontaneously
polarized, but with neighboring chains polarized in antiparallel direc-
tions [2,3]. As a result, there is macroscopically no net spontaneous
polarization or the piezoelectric effect. When an external electric field is
applied, the antiparallel dipoles can be flipped and forced to be parallel,
corresponding to an electric field-induced AFE to ferroelectric (FE)
phase transition. A series of interesting properties accompanied by the
phase transition provide the physical foundation for important en-
gineering applications of AFE materials in digital displacement trans-
ducers, energy storage capacitors, electrocaloric cooling devices, flat
panel displays and so on [1,4-6].

NaNbOj3 (NN) is a well-documented AFE perovskite compound with
an orthorhombic Pbma (P phase) space group at room temperature (RT)
[7,8]. It has attracted a lot of attention in recent years owing to its
complex phase structure transition and the possibility of being lead-free
FE or AFE candidates [9-12]. Particularly, stable antiferroelectricity
was only detected in high-quality NN single crystals along the orthor-
hombic ¢ axis [13]. However, coexisting AFE orthorhombic P phase and
FE orthorhombic Q phase (space group P2;ma) in NN at RT tend to
transform into an FE phase by various means [14-16] owing to their
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similar free energies, causing a square P-E hysteresis loop [17-20].
Therefore, how to effectively stabilize the antiferroelectricity in NN
ceramics becomes a critical issue. So far a repeatedly achievable large
strain from field induced AFE to FE phase transition has not yet been
realized in NN-based AFE ceramics, as we observed in some conven-
tional Pb-based AFE ceramics. A couple of research work was reported
on attempting to enhance the AFE stability from the crystallographic
point of view [21-25], among which various zirconates with lower
tolerance factors were found to help stabilize the antiferroelectricity, as
manifested by a few structural characterization techniques [22-25].
Our previous work indicated that the addition of a few amount of
BaZrO3; (BZ) can induce a series of phase structural transition in NN
ceramics, accompanying interesting field induced strain characteristics
[26]. In this work, on the basis of 6 mol% BZ, CaZrO; (CZ) was further
introduced into NN ceramics to tune polar ordering through changing
the tolerance factor of the unit cell owing to their different ionic radii.
The evolution of AFE stability was specially explored by means of the
observation of dielectric, polarization and strain properties as well as
in/ex-situ synchrotron x-ray diffraction (XRD) and Raman spectra.

2. Experimental

The (0.94-x)NN-0.06BZ-xCZ solid solution ceramics were prepared
by a traditional mixed-oxide route. The raw chemicals of Na,COs,
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BaCO3, CaCO3, Nb,Os and ZrO- (AR, Sinopharm Chemical Reagent Co.,
Ltd., CN) were mixed in stoichiometric ratio using stabilized zirconia
balls in ethanol for 12h. The dried powder mixture was calcined at
900 °C for 3h. Followed by a grinding process in a planetary mill for
10 h, the powder was granulated using 5 wt% polyvinyl alcohol as the
binder, and then uniaxially pressed into discs with a diameter of 10 mm
and a thickness of “0.5 mm. The sintering of samples was performed in
the temperature range of 1350-1380 °C for 2h after burning out the
binder at 550 °C for 4 h. After the as-sintered sample discs were po-
lished into a thickness of “0.3 mm, two major surfaces were covered
with silver paste with a little margin on the one side and then fired at
550°C for 30min. The compositions with 0=x=<0.01 and
0.02<x=<0.03 were poled at RT under a dc field of 15kV/mm and
20 kV/mm for 15 min, respectively.

The grain morphology of the sintered samples was observed using a
field-emission scanning electron microscope (FE-SEM, JEOL JSM-
6490LV, Tokyo, Japan). Before the SEM observation, the sample was
polished and thermally etched at 1200 °C for 30 min. The phase struc-
ture was analyzed by a conventional powder x-ray diffractometer
(X’Pert-Pro MPD, Malvern Panalytical, Netherlands) with Cu Ka ra-
diation. The full XRD data were analyzed by the Rietveld refinement
using GSAS software. Raman spectra were collected at RT on well-po-
lished pellets by 532-nm excitation using a Raman spectrometer
(LabRam HR Evolution, HORIBA JOBIN YVON, Longjumeau Cedex,
France). Dielectric properties were measured as a function of tem-
perature and frequency using an LCR meter (Agilent E4980 A, Santa
Clara, CA) at a heating rate of 180 °C/h. The quasi-static d33; of the
samples was measured using a Berlincourt-meter (YE2703 A, Sinocera,
Yangzhou, China). A ferroelectric test system (Precision LC, Radiant
Technologies, Inc. Albuquerque, NM) was used to measure polarization
versus electric field (P-E) and strain versus electric field (S-E) loops.
Synchrotron XRD measurement was carried out on well-polished and
Pt-sputtered disk samples under various electric field conditions at
Shanghai Synchrotron Radiation Facility (SSRF) using beam line 14B1
(A =1.2378A) in a symmetric reflection geometry. Measurements
were performed by high-resolution 6-20 step-scans using a Huber 5021
six-circle diffratometer with a Nal scintillation detector.

3. Results and discussion

Fig. 1 shows the grain morphology of a few (0.94-x)NN-0.06BZ-xCZ
ceramics as sintered at their optimal temperatures (x = 0-0.0075:
1375°C; x = 0.01: 1370 °C; x = 0.02: 1365 °C; x = 0.03: 1360 °C). All
samples exhibit dense and uniform microstructure with a relative
density of over 96%. With the substitution of CZ for NN, the grain size
of the sintered ceramic was found to slightly decrease from “5pum at
x = 0 to "3 um at x = 0.03 probably because of slightly decreased sin-
tering temperature.

Fig. 2(a) shows synchrotron XRD patterns of (100)¢, (110)c, (200)c
and (220) diffraction peaks of the as-sintered (0.94-x)NN-0.06BZ-xCZ
ceramics. All the studied compositions exhibit an orthorhombic phase
at RT. Close examination on the peaks at 36.5° and 55° by means of
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Fig. 2. XRD spectra of (0.94-x)NN-0.06BZ-xCZ ceramics: (a) synchrotron XRD
results of several selected diffraction peaks, and the close view of (b) {1 1 3/4}
and (c) {2 1 3/4} AFE superlattice peaks by means of conventional XRD.

conventional XRD, which are indexed as {1 1 3/4} and {2 1 3/4} su-
perlattice peaks of AFE orthorhombic P phase of NN, respectively, [27]
indicates the existence of a phase transformation in the studied com-
position range, as clearly seen in Fig. 2(b) and (c). These two super-
lattice peaks can be hardly detected in the 0.94NN-0.06BZ (x = 0)
ceramic, suggesting that it mainly belongs to an FE orthorhombic
phase. With the substitution of CZ for NN, both superlattice peaks start
to appear and increase in intensities monotonously. Obvious features of
the AFE P phase can be seen in the compositions of x=0.005. A phase
boundary between AFE and FE phases can be obtained close to the
composition of x = 0.0025.

The Rietveld refinement on full profiles of conventional XRD pat-
terns using GSAS software was carried out to further quantitatively
analyze the phase structure, as shown in Fig. 3 for a few selected (0.94-

Fig. 1. SEM micrographs on polished and thermally etched surfaces of (0.94-x)NN-0.06BZ-xCZ ceramics sintered at their optimum temperatures: (a) x = 0, (b)

x = 0.01 and (¢) x = 0.03.
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Fig. 3. Rietveld refinement plots of conventional XRD for a few selected (0.94-
X)NN-0.06BZ-xCZ compositions: (a) x = 0, (b) x = 0.0025, (c) x = 0.005, (d)
x = 0.02 and (e) x = 0.03.

Xx)NN-0.06BZ-xCZ samples. AFE orthorhombic P phase and FE orthor-
hombic Q phase are described as Pbma and P2;ma space groups, re-
spectively. [17,28,29] The refined structure parameters and various
agreement factors are listed in Table 1, indicating that the fit between
the observed and calculated profiles is satisfactory. The x = 0 sample
was identified to be a dominant FE orthorhombic phase in addition to a
slight amount of AFE P phase. With increasing CZ content, the content
of the FE orthorhombic P2;ma phase decreases while the fraction of the
AFE orthorhombic Pbma phase increases monotonously. A pure AFE
orthorhombic Pbma phase can be achieved in the composition range of
x=0.005.

Raman is an effective method to reveal the AFE to FE phase trans-
formation in NN-based perovskites as there exist obvious differences in
the Raman active modes between Pbma and P2,ma [17,29]. The AFE
orthorhombic Pbma symmetry with unit cell dimensions
V2ap X V2ap X 4ap (with respect to the cubic perovskite with a lattice
parameter ap) has eight formula units (Z = 8, total 40 atoms) and total
117 possible optical modes according to the group theory analysis: [29]
Topt = 15A4(R) +17B14(R) + 15Bgg(R) + 13Bag(R) + 135,(-) + 14B;,(IR)
+16B,,(IR) + 14B3,(IR). The FE orthorhombic P2;ma symmetry with
unit cell dimensions V2ap X V2ap X 2ap has four formula units (Z = 4). It
should have total 57 possible optical modes: I, = 16A;(IR,R)
+13A,(R) +12B;(IR,R) + 16B5(IR,R). The evolution of Raman spectra

Table 1
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Fig. 4. (a) Raman spectra at RT of (0.94-x)NN-0.06BZ-xCZ samples together
with a representative spectral deconvolution into Gaussian-Lorentzian-shape
peaks using the x = 0 sample as an example, and (b) the wave-number varia-
tion of Raman peaks for different compositions.

collected at ambient condition in the range of 301000 cm ™' with
changing CZ content is shown in Fig. 4(a). After the spectral decon-
volution into Gaussian-Lorentzian-shape peaks, the composition de-
pendence of the wave number of all well-defined Raman peaks is shown
in Fig. 4(b). Very weak and poorly-defined peaks around 420 cm ™! and
870 cm ™! were not included. Obvious changes of Raman spectra as-
sociated with the structure transformation can be observed in the
composition range of 0 < x < 0.005. For the x = 0 composition, the
Raman response below 400 cm ™! is obviously similar to that of NN-
based FE Q phase instead of AFE P phase [17,29]. With increasing CZ
content from x = 0 to above x = 0.005, distinct splitting of the Raman
peaks can be observed around 89 cm ™', 190 cm ™! and 290 cm ™%, as
marked by green dots in Fig. 4(b). Simultaneously, the high-frequency
B—O stretching bands around 600 cm ™! tends to shift to lower fre-
quency with increasing CZ content. All the above phenomena are as-
sociated with the FE Q to AFE P phase transformation in the compo-
sition range of 070.005 because of the softening of the stretching
vibration caused by the off-center displacement of the Nb ions. The off-

Refined structural parameters by using the Rietveld method for a few selected (0.94-x)NN-0.06BZ-xCZ ceramics.

X Space group Volume fraction Lattice parameters A% Rup R, X
A% (%) (%)
0 P2;ma 92% a=5.5912(1) A, b = 7.8450(1) A, 243.263(1) 7.77 5.93 2.76
¢ =5.5459(1) A, a=B=y = 90°
Pbma 8% a=5.5901(3) A, b = 15.6889(8) A, ¢ = 5.5491(4) A, a=p=y = 90° 486.674(5)
0.0025 P2;ma 38% a = 5.5969(9) A, b = 7.8607(4) A, 243.199(7) 7.38 5.36 2.50
¢ =5.5267(8) A, a=B=y = 90°
Pbma 62% a=5.5891(1) A, b = 15.6869(2) A, ¢ = 5.5469(1) A, a=p=y = 90° 486.407(2)
0.005 Pbma 100% a=5.5874(1) A, b = 15.6866(2) A, ¢ = 5.5451(1) A, a=p=y = 90° 486.020(2) 7.22 5.60 2.67
0.02 Pbma 100% a = 5.5847(1) A, b = 15.6969(1) A, ¢ = 5.5406(1) A, a=p=y = 90° 485.713(2) 6.83 5.12 1.94
0.03 Pbma 100% a=5.5841(1) A, b = 15.6801(2) A, ¢ = 5.5436(1) A, a=p=y = 90° 485.411(2) 6.80 5.06 1.54
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Fig. 5. Dielectric permittivity and loss tangent of poled and unpoled (0.94-x)NN-0.06BZ-xCZ ceramics as a function of temperature and frequency (1 kHz-1 MHz).

300 400

center displacement of Nb in Q phase is nearly symmetrical, while the
displacement of Nb in P phase leads to the formation of two short and
two long NB—O bonds approximately in the (010) plane, resulting in
more peaks on Raman spectra of the P phase [7].

Fig. 5 shows the dielectric permittivity (e,) and loss tangent (tand)
as a function of temperature and frequency for poled and unpoled
(0.94-x)NN-0.06BZ-xCZ ceramics. For the x = 0 virgin sample, it shows
a dominant FE Q phase at RT before poling. A wide dielectric peak
around 250 °C actually includes two peaks T3 and T, corresponding to
the FE orthorhombic Q phase to AFE orthorhombic P phase transition
and the AFE orthorhombic P to R phase (Pmnm space group) transition,
respectively. Another dielectric anomaly above T; and T3 (labeled as
T,) was believed to correlate with the phase transition from AFE or-
thorhombic R phase to paraelectric S phase (space group Pnmm) [9].
After poling at RT, three dielectric anomalies T;, T, and T3 are main-
tained, except for the fact that the intensity of T3 peak is obviously
enhanced owing to an electric field induced irreversible AFE/FE-FE
phase transition. This influence can be further enhanced in the poled
x = 0.0025 sample because it includes more amount of AFE phase at its
virgin state (see Table 1). Although the AFE phase content in the virgin
samples increases with further increasing x, yet the intensity of the
dielectric peak at T3 for poled samples gradually decreases probably
owing to the increased reversibility of the AFE-FE phase transition. As
x=0.005, the disappearance of T3 peak for in the virgin sample in-
dicated that it becomes a pure AFE P phase at RT. However, the T3 peak
still exists in the poled 0.005<x=0.01 samples, suggesting that the
part of AFE phase to FE phase transition is irreversible. By comparison,
with increasing CZ content, the T3 peak shifts to the low temperature
side in the poled sample till it completely disappears as x = 0.03,
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indicating that the AFE phase in the x = 0.03 sample is so stable that
the electric field induced AFE to FE phase transition is reversible.

To further disclose the type and reversibility of the phase transition
with changing x, the P-E, S-E loops and the corresponding polarization
current density vs. electric field (J-E) curves measured during the first
and second cycles for (0.94-x)NN-0.06BZ-xCZ ceramics are shown in
Fig. 6. For the x = 0 ceramic, a square-shaped P-E loop before and after
poling can be observed, further demonstrating a dominant FE phase at
RT. From the change of its strain loop, one can believe that an irre-
versible field induced FE Q phase (including a slight amount of AFE P
phase) to FE monoclinic phase transition occurs during loading. With
increasing x, the amount of the polarization current peak during the
first cycle changes from one (P;) at x =0 to two (P; and P,) at
x = 0.0025 because the AFE phase content in the virgin sample in-
creases. The disappearance of P; peak in the virgin x=0.005 sample
indicates that it belongs to a pure AFE P phase, keeping consistency
with the result in Fig. 5. The appearance of P; peak in the third
quadrant in the x>0.01 samples suggests that part of AFE phases start
to be stable so that the field induced AFE to FE phase transition is re-
versible. Both the increase in the P; peak intensity and the decrease in
the remanent polarization P, observed in the second cycle indicate that
the AFE phase starts to become more and more stable with increasing x.
The near-zero P,, value observed in the x = 0.03 sample illustrates a
reversible field induced AFE to FE phase transition, keeping a good
agreement with the disappearance of T3 phase in Fig. 5(f). This can be
further illustrated by the change of negative strains observed in the
second cycle. The existence of negative strains in the poled x = 0.01
sample accounts for the remaining FE phase after one electric cycle
owing to irreversible AFE-FE phase transition. The S-E loops for the
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Fig. 6. P-E, S-E loops and the corresponding J-E curves at 10 Hz during the first and second electric cycles for (0.94-x)NN-0.06BZ-xCZ ceramics: (a) x = 0, (b)

x = 0.0025, (c) x = 0.005, (d) x = 0.01, (e) x = 0.02 and (f) x = 0.03.

x = 0.03 sample before and after poling are still not repeated compared
with the corresponding P-E loops, because the electric field induced FE
monoclinic phase changes into a new AFE phase with a monoclinic
symmetry rather than its initial AFE P phase after removal of the ex-
ternal field [22]. As a result, the substitution of CZ for NN tends to
gradually stabilize the antiferroelectricity of the sample, accompanying
a change from a dominant FE orthorhombic Q phase (including a few
amount of AFE phase) at x = 0, to a pure AFE orthorhombic P phase
with irreversible AFE-FE phase transition at x = 0.005 and finally into a
pure AFE orthorhombic P phase with a reversible AFE-FE phase tran-
sition at x = 0.03.

The evolution of the maximum polarization P,,y, remanent polar-
ization Py, Ppa-P;, the driving field of AFE-FE phase transition (Ea ) at
P, the poling strain (Sp.1) during the first electric field cycle, the strain
difference (AS) between the first and second electric cycles and the
quasi-static ds3 as a function of x is summarized in Fig. 7. It can be seen
that P,,,,x remains almost constant within the studied composition range
owing to the generation of the similar FE phase under a strong external
electric field irrespective of their initial states. Both P, and ds3 values
keep constant with increasing x up to 0.01 and then rapidly decreases as
x < 0.01, suggesting that the post-poled x<0.01 samples exhibit an
irreversible FE state, but the poled x < 0.01 samples have a reversible
AFE state. As a result, a monotonous increase in Py,,,-P, with increasing
x denotes a weakening ferroelectricity (0 <x<0.005) and an enhancing
antiferroelectricity (x=0.01). This change tendency can be also re-
flected by the variation of E5 . The increase of E5 g with x indicates a
more stable AFE state. Moreover, it can be seen that S, (as indicated in
Fig. 6) first increases with x and arrives at a plateau at x = 0.005 be-
cause the amount of AFE phase becomes the most at x = 0.005. The AS
value (as indicated in Fig. 6) is believed to originate from the irrever-
sible process between the first and second cycles. It reaches the highest
value at x = 0.005 because the 0=x<0.005 samples experience a

transition from an irreversible FE-FE phase transition to an irreversible
AFE-FE phase transition. The field induced AFE-FE phase transition is
usually believed to have a relatively large strain contribution compared
with the FE-FE phase transition owing to enhanced volume effects [30].
As x < 0.01, a rapid decrease of AS just corresponds to the enhancing
stability of the AFE phase (or the reversibility of AFE-FE phase transi-
tion) with x.

In order to further clarify the evolution of the phase structure and
the AFE stability, in-situ synchrotron XRD results of three re-
presentative compositions are shown in Fig. 8. A typical (100) doublet
and a (110) triplet corresponding to an orthorhombic phase can be
observed in the x = 0 virgin sample. When an external field of 8kV/
mm is applied, additional reflections corresponding to the monoclinic
symmetry can be detected in both (100) and (110). The high-field FE
monoclinic phase can be detected even after removal of the external
electric field, confirming that the field induced FE/AFE orthorhombic to
FE monoclinic phase transition is irreversible. An irreversible orthor-
hombic to monoclinic phase transition was also found in the x = 0.005
ceramic. The difference thing is that the initial orthorhombic phase in
the x = 0.005 sample is an AFE in nature. The AFE orthorhombic phase
in the x = 0.03 sample also changes into an FE monoclinic phase under
20kV/mm. Though a monoclinic phase can be maintained after re-
leasing the electric field, it should change from an FE state to an AFE
state, considering the reversibility of AFE-FE phase in this sample. That
is to say, the strain difference between the first and second cycles for
the x = 0.03 sample (Fig. 6(f)) should be mainly caused by the differ-
ence in the phase structure of initial and final AFE phases although the
AFE-FE phase transition is reversible.

A composition-electric field phase diagram is plotted in Fig. 9 ac-
cording to the above analysis. For the virgin state, the phase structure
gradually changes from a dominant FE orthorhombic Q phase to a pure
AFE orthorhombic P phase (x=0.005) with increasing x. When an
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Fig. 9. Composition-electric field phase diagram of the (0.94-x)NN-0.06BZ-xCZ
ceramic upon loading and unloading electric fields (O: orthorhombic; M:
monoclinic; Ir: irreversible; Re: reversible).

external electric field is applied, all compositions transform into an FE
monoclinic phase above respective critical electric fields. This high-
field induced FE phase can be maintained after poling only in the
samples with x<0.01, but can turn back to the AFE state at least par-
tially for the compositions with x > 0.01, suggesting a gradual increase
of the AFE stability with increasing CZ content.

4. Conclusions

The evolution of the AFE stability and the reversibility of AFE-FE
phase transition with x was explored in (0.94-x)NN-0.06BZ-xCZ lead-
free ceramics. With the substitution of CZ for NN, the virgin phase
structure gradually changes from a dominant FE orthorhombic Q phase
in the x = 0 ceramic to a gradually stabilized AFE orthorhombic P
phase in the x=0.005 ceramics. The FE Q phase irreversibly transforms
into an FE monoclinic phase during poling process. The AFE P phase
also changes into an FE monoclinic phase under a high electric field,
but the induced FE monoclinic phase gradually becomes unstable after
removal of electric field with increasing x. A reversible AFE to FE phase
transformation can be observed in the x = 0.03 ceramic although the
initial and final AFE states before and after poling are still different. Our
study would provide a solid fundament for further study of the NN-
based lead-free AFE ceramics by means of a deep understanding of the
law for tuning the AFE stability.
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