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Abstract

The structural and dielectric properties of NajsBipsTiO; (NBT) ceramics and
crystals have been investigated and are compared to that of Pb(Zr 55T1045)O3 (PZT 55/45)
and Pb(Mg|3Nby/3)0.72Tig2503 (PMNT 72/28) ceramics. XRD profiles for (100), (110),
(111), (200), (220) and (222) (referred to cubic structure) reveal that the monoclinic
structure=with Cc space group exists both in NBT single crystal and ceramics. The
diffraction profile obtained with high resolution lab XRD for NBT single crystal can be
well described using Cc model instead of R3¢ model. The dielectric constant of NBT
below Ty Shows some similarity to that of PZT 45/55 ceramics below 50°C in which
oxygen.octahedron rotations cause the frequency dispersion of the dielectric constant.
The temperature dependent dielectric constant for NBT can be deconvolved into two
independent processes. The lower temperature process shows a typical relaxor
characteristicvand follows the Vogel-Fulcher relationship. The other process at higher
temperaturesshows less frequency dependent behavior. Comparing dielectric constant of
NBT with_that of PZT55/45 and PMNT72/28 reveals that both oxygen octahedral
rotatiofis and random electric fields play important role in the frequency dispersion of the

dielectric constant for NBT relaxor feroelectric.
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I. Introduction

Sodium bismuth titanate (NagsBigsTiO; or NBT) is a potential lead-free
alternative to lead-based piezoelectric materials because it can form solid solutions
with many other compounds to enhance piezoelectric properties near a morphotropic
phase boundary (MPB) compositions.(1-4) NBT is a relxor ferroelectric with A4 sites
of perovskite “occupied by random mixtures of heterovalent cations Na* and Bi3*
which makes NBT is different from prototype relaxors, such as Pb(Mg;;Nb,;3)0;
(PMN) qandsPb(Mg;3Nb,/3)O03-x%PbTiO; (PMNT(100-x)/x) in which B sites of
perovskitemrare occupied by random mixtures of heterovalent cations.(5, 6)
Temperature dependent dielectric constant €, of relaxor ferroelectric PMN shows
strong frequency dispersion before a temperature 7., where a broad dielectric
maximum occurs: the T, shifts toward high temperature and ¢, decreases with
increasing frequency (®).(7) (Tmax, ®) can be modeled with the Vogel-Fulcher
relationship.(8) It is proposed that the relaxor behavior of PMN can be related to a
short rangeierdered polar nano-regions (PNRs) resulted from random electric fields
(REFs)ubecause the B sites of perovskite are occupied by random mixtures of
heterovalent cations.(9) With temperature increasing, the correlation length of PNRs
decreases and the PNRs transformed into smaller, randomly oriented and very local
polar regions.above the Ti,,x. When the temperature further increases to a so called
Burns témperature 7y, the local polarization disappears and the relaxor ferroelectrics
begin to follow the Curie-Weiss law above the Ty .(10, 11) The existence of PNRs are
evidenced by the observation of temperature dependent strong neutron diffuse
scattemingraround Bragg peaks in reciprocal space for relaxors ferroelectrics below the
T4 when measured with thermal neutrons. (12) However, the relaxor behavior in NBT
is different from that in PMN. For NBT, temperature dependent &, curve shows two
dielectric abnormal temperatures on heating in the temperature range from room
temperature to high temperature: Thymp (~ 250 °C) and Tpax (~ 330 °C). (13) The &,
between Thump and Tay is almost frequency independent, while the &, below Thymp
shows frequency dispersion behavior in NBT.

The structural phase transformation is also quite different in NBT and PMN.
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PMN does not show any long-range structural distortion under zero electric field at
low temperatures except that short-range polar correlations appear giving rise to
strong neutron diffuse scattering. (7, 14) When PMN is doped with PT to form
PMNT@ 00-x)ix solid solutions, there is a MPB region between rhombohedral (R3m)
and tetragonal (P4mm) phases in the vicinity of x = 30. (15) Depending on electric
field and thermal history, high resolution x-ray diffraction studies revealed different
monoclinic phases (Pm or Cm) existing near the MPB composition of
PMNT(100-%)/x solid solutions. (16, 17) The monoclinic phase is believed to play an
importantwrole bridging rhombohedral and tetragonal phases via polarization
rotation,(18) which gives rise high piezoelectricity near the MPB in Pb-based
piezoeleetrictmaterials. (19-21) Comparing PMN and NBT shows complicated
structural“phase transitions in NBT. It was reported that NBT undergoes a phase

transition__sequence of cubic (C, Pm3m)—>CC stetragonal (T, P4bm)

—2%°C 5 thombohedral (R, R3c). (22) The T (P4bm) structure is distorted from

cubigrby=in=phase rotations of the TiO4 octahedra about the [001]pc (referred to
perovskite eubic), according to the tilt system a’a’c* (Glazer notation (23)), combined
with antiparallel displacement of the Na!*/Bi** and Ti*" cations along [001]pc. The R
(R3c) structure is characterized by aaa- (Glazer notation (23)) antiphase octahedral
rotations.abeut [111]pc, combined with parallel displacement of the Na'*/Bi** and Ti**
cations aleng'the [111]pc axis. (22) Recent high-resolution synchrotron x-ray powder
diffraction studies of NBT ceramics(24, 25) and crystals(26) have indicated that the
room-temperature structure of NBT is the monoclinic (M) of space group Cc with a
tilt systemwof aac rather than rhombohedral R3c with the tilt system of aaa-.
Neverthelessy'both Cc and R3¢ structures have anti-phase oxygen octahedron rotations
but they'give rising superlattice diffraction peaks at different 26 positions. (27)
Oxygen“octahedron rotation occurs often in perovskites as it allows energy
minimization by change the bond length and angles, particularly when perovskites are
under high pressures(28, 29) or low temperatures. (27, 30) It has been argued that

random electric fields (REFs) paly an essential role in establishing the relaxor
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phase(31-35) even though some theoretical works suggest relaxor behavior can occur
in the absence of REFs. (36-38) However, the influences of oxygen octahedron
rotation on the relaxor behaviors are seldom reported due to the lack of oxygen
octahedron rotation for most Pb-based relaxors at ambient conditions. (39) Dai et al.
reportedra frequency dispersion of dielectric constant of PZT ceramics with Zr/Ti
ratios between"95/5 and 55/45 at low temperatures where oxygen octahedron rotation
phase existed. (30) Such low temperature oxygen octahedron rotation phase was
determined to,be Cc structure coexisting with Cm phase in PZT52/48 ceramics. (27) It
is believedsthat PZT solid solutions have much weaker REFs compared to PMN
because B sites of perovskite are occupied by homovalent cations. A remarkable
peculiarity"of'the NBT is that oxygen octahedron rotation and heterovalent cations of
Na' andBi¥* occupying on the 4 sites of perovskite simultaneously exist at ambient
conditions, which leads to some controversial arguments about the E-field induced
phase transformation near the MPB in NBT-based solid solutions. (40) Thus NBT
providess ajunique opportunity to investigate the combining effect of oxygen
octahedron rotation and REFs in relaxors, which may shed new light on the
understanding of relaxor behavior in NBT compared to PMN.

Here, we report a comparison dielectric study of NBT (crystals and ceramics),
PMNT72/28 (ceramics) and PZT55/45 (ceramics). The structure of NBT (crystals and
ceramic$) was\also investigated by using conventional lab XRD because the M phase
in NBT determined by conventional lab XRD has not been reported yet. (41) We
found that both NBT crystals and ceramics show clear evidence of M (Cc) phase.
With sinereasing temperature, the frequency dispersion of dielectric constant was
strongly enhanced in PMNT72/28 ceramics and moderate enhanced in NBT crystals
and ceramics, while it was slightly decreased in PZT55/45 ceramics.

I1. Experimental Procedure

Ceramics of NBT and PMNT72/28 were prepared through a conventional solid
state reaction method with raw materials of Na,CO; (AR), Bi,O; (AR), TiO, (CP),
PbO (AR), MgO (AR), and Nb,Os (2.5N) produced by Tianjin Kemiou Chemical
Reagent Co. or Sinopharm Chemical Reagent Co. (SCRC). The raw materials had
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been dried at 120°C for 1.5hr to remove any moisture absorbed from the air before
they were weighed according to the mole ratios of NBT and PMNT72/28. All the raw
materials were weighed, mixed with ethanol and ball milled for 1hr. Then the mixed
raw materialspwere dried and calcined to obtain ceramic powders. For PMNT72/28
ceramics; two-step solid state reaction method(42) was chosen to avoid the pyrochlore
phase: the*ealeine temperatures for obtaining MgNb,Og and PMNT72/28 is 1100°C
and 900°C, respectively. For NBT, the mixed raw materials were dried and calcined at
900°C for 3w=hr. Then the calcined ceramic powders of NBT and PMNT72/28 were
ground andsball milled again for 6 hr. Then they were mixed with 3% PVA as binder
and made/into green body with dimensions of ®10mm x 2 mm under a uniaxial
pressureof 200 MPa. At last, the green body was heated and hold at 500°C for half an
hour to"burn‘out the PVA and then sintered at 1100°C for 2hr. The sintered NBT and
PMNT72/28 ceramics were polished to ensure parallel surfaces. Silver electrodes
were fired.on.both parallel surfaces of the ceramics for dielectric measurement. Single
crystalswofu, NBT were grown by a top-seeded solution growth method. (43)
Pseudocubic <001> oriented NBT crystal wafers with thicknesses of 0.7 mm were cut
from_asboule, and subsequently electroded with Pt on both surfaces. Temperature
dependent dielectric constant measurements were performed using a LCR meter (HP
4284A) vand. DMS-500 (Partulab) under zero-field heating conditions in the
temperature range of 30°C to 400°C. X-ray diffraction studies for NBT crystal were
performed using a Philips MPD high-resolution X-ray diffraction system, equipped
with a two bounce hybrid monochromator, an open three-circle Eulerian cradle, and a
domeds hot=stage. A Ge (220)-cut crystal was used as an analyzer. The X-ray
wavelength was that of CuKo, i.e. 1.5406 A and the x-ray generator was operated at
45 kV and 40.mA. X-ray diffraction data for NBT ceramic pellets were collected on a
Rigaku. D/max-2500/PC system equipped with copper target and graphite
monochromator. The ratios for CuKa,/CuKa, is ~0.5 and the X-ray generator was
operated at 50 kV and 200 mA. The 28 step size and scan speed were (0.01°, 1°/min)
and (0.001°, 0.06°/min) for NBT ceramics and crystals during data collection. The
diffraction peaks corresponding to (100)pc, (110)pc, (111)pc, (200)pc, (220)pc and
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(222)pc reflections were fitted by using software of OriginPro (Originlab, Inc.). The
CuKoa;, line in the diffraction data for NBT ceramics were stripped by using Jade
software before peak fitting.
ITI. Results and disscussions
(1). Monoclinic Cc structure for NBT single crystals and ceramics

Figures I(a=f) show the x-ray diffraction profiles for NBT single crystals around
(100)pcs (110)pc and (111)pc (a-c on left column) and (200)pc, (220)pc and (222)pc
(d-f ongright, column). Corresponding to (100)pc, a strong diffraction peak was
observed'near 20 ~22.9° which showed a slight distortion on the right side of the peak
as shown in the Fig.1(a). Fig.1(d) is the (200)pc diffraction peak which clearly shows
two peaks'onithe top and partly overlapped at the bottom. These results are consistent
with that'the'distortion of XRD peaks at low 260 angle will become more obvious and
even to lead to peak splitting at high 20 angle. The distortion and splitting on (100)pc
and (200)pe.diffraction peaks are favor Cc structure but against R3c structure which
has onlyronesingle peak for both (100)pc and (200)pc diffractions. All the diffraction
peaks were deconvolved using Voigt function according to monoclinic Cc structure as
shown«in“the Figs.1(a-f). The observed XRD profiles can be well described by the
calculated profiles and the goodness of fit (R-Square) is higher than 0.99. The fitted
20 valvegiand,calculated d-spacing are listed in Table I. The 1% column of the Table I
shows reflection index (4 k ) for Cc structure. The 20 valve corresponding to (4 k [)
and (2h 2k 2I) are listed in the 2" and 4% column of the Table I. Then the d-spacing
for (h k.[) and (2h 2k 2I) reflections are calculated according to the fitted 260 and
shownsinsthe:3™ and 5™ column of the Table I. The last column of the Table I shows
the ratios of d-spacing for (k1 k /) and (24 2k 2I) reflections which are almost close to
the ideal vale of 2. These results strongly suggest that the deconvolution of XRD
peaks.of NBT crystal according to Cc structure is a good fit. The calculated
monoclinic lattice parameters (a, b, ¢, B)=(9.5201 A, 5.4846 A, 5.5024 A, 125.3542 °)
for Cc structure are listed in the bottom row of the Table I, which are very close to
that of (a, b, c, B)=(9.5261 A, 5.4831 A, 5.5079 A, 125.3442 °©) obtained by high
resolution synchrotron x-ray diffraction on ceramics powders. (24) During XRD
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measurements on NBT single crystal, the x-ray generator was operated at a low power
of 1.8kW, which is difficult to measure the superlattice reflections result from oxygen
octahedral rotation in NBT.

Previousgreported Cc structure for NBT is limited to synchrotron x-ray
diffraction results which are high resolution and high intensity. (24, 26) Following
neutron™ diffraction results reported by Jones, (22) XRD results obtained by
conventional lab x-ray diffraction for NBT were generally interpreted as R3c structure
partiallysbecause the peak distortion or splitting were quite small as can be seen in the
Table I. The'conventional lab XRD data for NBT ceramics were carefully collected at
a 20 step size of 0.01° and the x-ray generator was operated at a power of 10kW in
this worki*Fig. 2(a) shows the XRD data in the 20 range of 10° ~ 90°. All the
diffraction"peaks belong to perovskite phase without any other phases detected within
the limit of the x-ray diffraction meter. Figs. 2(b-d) shows the enlarged parts of the
Fig.2(a).corresponding to the (110)pc, (111)pc and (200)pc diffraction peaks which are
the threessttongest peaks among all the diffraction peaks except (211)pc peak near the
57°. Theugh the signal/noise ratio and resolution of the observed XRD data obtained
from_cofiventional lab XRD are lower and coarser than that of single crystal
diffraction data or synchrotron x-ray diffraction data, the distortion on the left bottom
of (200)pe.is.ready to see in the Fig.2(d). These results obtained on conventional lab
XRD for NBT ceramics favor Cc instead of R3c structure. The diffraction peaks were
deconvolved using Voigt function according to monoclinic Cc structure as it was done
for NBT crystal previously, as shown in the Figs.2(b-d). The fitted 20 value and
calculatedsd=spacing are listed in Table II. The lattice parameters for monoclinic Cc
structure were calculated to be (a, b, ¢, B) = (9.6660 A, 54958 A, 5.5815 A,
126.3090°), respectively. The calculated d-spacing and lattice parameters for NBT
ceramics are bigger than that of NBT crystals but the differences are less than 1% and
2%, as shown in the last column of the Table II. These differences can be partially
attributed to the coarser resolution of the conventional lab XRD comparing to the high
resolution diffraction meter equipped with crystal monochromator for CuKa,
radiation.
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The superlattice reflections of (1/2, 1/2, 1/2)pc is only allowed for Cc structure
while the (3/2, 1/2, 1/2)pc are allowed for both Cc and R3c structures. It can be seen
that only background data were observed in the dashed rectangle in the inset (e) of the
Fig.2(a)y where the superlattice reflections of (1/2, 1/2, 1/2)pc is expected for Cc
structurel” Dashed rectangle in the inset (f) of the Fig.2(a) shows some possible
diffraction"data"corresponding to the superlattice reflection of (3/2, 1/2, 1/2)pc but it is
too weak to be well distinguished from the background dada. Because these
superlattice reflections result from oxygen octahedra rotation and are relatively weak,
it is exceedingly difficult to observe using x-ray. Thus, it is difficult to distinguish the
Cc and| R3¢ structures by measuring superlattice reflections using x-ray. Though the
x-ray data“favor Cc structure for both NBT single crystals and ceramics, neutron
diffraction“data for NBT single crystals showed a very weak superlattice reflection
near (172, 1/2, 1/2)pc which always had an offset from the calculated position. (44)
This discrepancy was explained that the Cc structure may only exist near-surface
regions ‘of NBT crystal but the bulk NBT may still be R3c structure, (44) which was
so called, skin effect as it was observed in Pb-based relaxors. (45) This may explain
the absence of (1/2, 1/2, 1/2)pc superlattice reflection in the inset (e) of the Fig.2(a)
because the penetration depth of our lab x-ray in NBT is only ~ 10um. (45)

Moneclinic phases were reported near rhombohedral-tetragonal MPBs in
Pb-based solid solutions which were believed to be important for realizing high
piezoelectricity. (18, 19) However, only a few publications reported the monoclinic
phases in NBT (24, 26, 46) or K, sNay sNbO;-based lead-free piezoelectric materials.
(47) Fhesesmonoclinic phases have different space groups, such as Pm, Cm and Cc.
In order to make a comparison between Pb-based and Pb-free piezoelectric materials
with monoclinic phases, the monoclinic lattice parameters compiled from references
and inythis work were normalized to perovskite cubic unit cell with a=y=90° and
B#90°, as shown in Fig.3. The lattice parameters of PbZrOs,(48) Pb(Zn;;3Nb;/3)03,(45)
Pb(Mg;5Nb,/3)03,(49) BaTiO3,(50) and PbTiO;3 (51) which were end members for
solid solutions with high piezoelectricity were also plotted in the Fig.3. The space
group for each material at room temperature was marked near the data point as shown
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in the Fig.3(a). The structures of Pb(Mg;s3Nb,3)O; and Pb(Zn;;Nb,;)O0; were
designated as pseudo-cubic because there were no obvious phase transformation in
these two relaxors. (7, 45) For Pb-based materials, several features can be seen in the
Fig.3. First, PbTiO; is a common right end member for high piezoelectric Pb-based
solid solutions, such as PbZrOs-PbTi03,(52) Pb(Zn;;3Nb,3)03-PbTiO; (19, 53, 54)
and Pb(Mgq;3Nb3);)O03-PbTiO; (16, 17, 55-57). Comparisons between PbTiO; and the
left end members in these Pb-base solid solutions reveal strong differences in
anisotropy of the lattice parameters as shown in the Fig.3(a). PbTiO; shows strong
anisotropymwith c/a=1.064 while PbZrO;, Pb(Zn;;Nb,;3)O0; and Pb(Mg;3Nb,3)0;
show weak anisotropy with a/c=1.012, 1 and 1, respectively. Second, the normalized
cell volume'decreases from the left end members to the right end member, i.e. PbZrO;
> Pb(Zni;5Nb,;5)03 > Pb(Mg;3Nb,3)O; > PbTiO;. The cell volume of the solid
solutions lies between its left and right end members. Third, a comparison of
normalized,monoclinic angle 3 reveals that Pb-based relaxor solid solutions with 3
larger than'90° possess higher piezoelectricity than that with $ smaller than 90°, as
shownun, the Fig.3(b). The space groups for those Pb-based relaxor solid solutions
with_higher piezoelectricity are Pm and their lattice parameters show higher
anisotropy, compared with that of lower piezoelectric materials having Cm space
groups (see Fig.3a).

Thé monoclinic lattice parameters of Pb-free piezoelectric materials, such as
non-relaxor KNN-LN, (47) relaxors NBT and NBBT95/5 (26) were also plotted in the
Fig.3. The lattice parameters and cell volume show sharp decrease from Pb-based
piezoeleetriesmaterials to Pb-free piezoelectric materials. For KNN-LN ceramics, the
monoclinic angle B is larger than 90° and the lattice parameters having large
anisotropy (a/b=1.018) are close to those of Pb-based materials with Pm space groups.
Such . characteristic of lattice parameters in Pb-based materials brings high
piezoelectricity as mentioned above. We speculate this may be true for KNN-based
materials because piezoelectric constant d3; as high as 570 pC/N had been obtained in
modified KNN-based ceramics (58) and the ds; value was even enhanced to 700 pC/N
in KNN-based textured ceramics. (59) This speculation can also be used for
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NBT-based materials. As can be seen in the Fig.3, on the contrary to Pb-based solid
solutions, NBT-BT lead-free solid solution has left end member of NBT with smaller
cell volume than that of the right end member of BT, which makes the cell volume
and lattice parameters of NBT-BT solid solutions to be small and less anisotropy. The
monoclifiic angle 3 for NBT-BT solid solution is smaller than 90° which is close to
that of*Pb-based relaxor solid solutions with Cm space group. The highest
piezoelectric constant ds; reported for NBT-BT in literatures was 322 pC/N for
texturedseeramics (60) and 483 pC/N for single crystals. (61) The strong tetragonality
of right“end member in solid solutions play an important role in stabilize the
monoclini¢ Pm phase as it can be seen in the PMN-PT solid solutions. Piezoelectric
propertiestof NBT-based materials might be further enhanced by adjusting its lattice
parameters into the characteristic of Pm space group and B>90° via composition
modification as it was in PMN-PT solid solutions.
(2). Influenceof octahedron rotations on dielectric properties in relaxors
Figures,4(a) and 4(b) show the dielectric constant g, and loss factor tano as a
function,of temperature for NBT ceramics and crystal, taken on heating. The results
revealsa” diffuse phase transformation with a broad dielectric maximum near
T,=330°C for both NBT ceramics and crystal, near and just below which the
dielectrie,constant was frequency independent. Below a lower temperature of Thymp
(<T), the dielectric constant exhibited a strongly frequency dependent anomaly. The
characteristic of the dielectric property for NBT reported here is similar to that
reported,in literatures. (40, 62) The dielectric anomaly near Tyump has been attributed
to thesthermal evolution of polar nano-regions from R3¢ to P4bm symmetries, (40) in
which oxygen octahedron rotations changed from a-aa- (Glazer notation (23)) to
a%a’c" (Glazer. notation (23)). However, random electric fields in NBT arising from
heterovalent cations Na* and Bi** on A sites of perovskite also play important role in
forming PNRs which lead to the relaxor behavior in NBT. (44) It was believed that
the random electric fields in PZT solid solutions were very weak because the B sites
of perovskite are occupied by homovalent cations Zr*" and Ti*". (9) The oxygen
octahedral rotations will appear in PZT solid solutions when it enters the low

This article is protected by copyright. All rights reserved



temperature phase field.(27, 30) This disordered nonpolar oxygen octahedral rotations
result in random strains which may disrupt the long range polar order in PZT.(30)
Such coupling between the polarizations and the oxygen octahedral rotations results
in fluctuation jeffects in the polarization characterized by frequency dispersion of the
dielectri¢” constant in PZT55/45 ceramics, as shown in Fig.4(c). Comparison of
Figs.4(a) and"4(¢) reveals that both NBT and PZT55/45 ceramics show dielectric
dispersion below the temperature of Tp,m, and the dispersion disappear above Thymp.
These resultsyindicate that the oxygen octahedral rotations might play important role
in enhaneing dielectric dispersion in NBT. Fig.4(d) shows the dielectric constant €,
and loss factor tand for typical relaxor ferroelctric PMNT72/28 ceramics in which
randomreleetric fields supposed to be stronger than that in PZT due to the heterovalent
cations Nb>* and Mg?" on B sites of perovskite. The T,, occurs around 120°C and
shifts to high temperature with increasing frequency.

Figure,S4(a) shows the dielectric constant g, as a function of frequency at 30 °C
for NBTy PMINT72/28 and PZT55/45. The dielectric constant €, of PMNT72/28 is ~ 4
times larger than that of NBT and PZT55/45 and shows strong frequency dependent
behavier'when the measured frequencies increases from 100 Hz to 1MHz. However,
the ¢, for NBT and PZT55/45 show moderate and weak frequency dependent behavior.
These results, indicate that both random electric fields and oxygen octahedron
rotation§ can cause frequency dispersion on dielectric properties in ferroelectrics.
However, the frequency dispersion caused by oxygen octahedron rotations is much
weaker than that of caused by the random electric fields.

Figures5(b) shows the dielectric constant changing rate of -Ae,/Af (f= 10 kHz and
100 kHz) as,a function of temperature for NBT, PMNT72/28 and PZT55/45,
respectively. _The -Ae/Af for PMNT72/28 increases very fast with increasing
temperature toward T, compared with that for NBT, while the -Ag,/Af for PZT55/45
decreases with increasing temperature, as shown in the Fig.5(b). Comparison of the
-Ag,/Af for PZT55/45 and PMNT72/28 reveals that the coupling between the
polarizations and the oxygen octahedral rotations through random strains is weaker
than the coupling between the polarizations and the random electric fields. For NBT,
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the coupling between the polarizations and the random electric fields might be
disrupted by the oxygen octahedral rotations, which might be responsible for the less
frequency dispersion on dielectric properties in NBT compared with PMNT72/28.

The frequency dispersion on dielectric properties in relaxor ferroelectrics can be
simulated” by, using multi-Debye relaxation model with Lorentzian or Gaussian
distribution functions.(63, 64) This model had been used to simulate the dispersive
dielectric constant below the temperature of Thymp, in NBT-6%BT ceramics. (40)
Following these works, the dielectric constant ¢, for NBT ceramics was deconvolved
with Lorentzian function using software of OriginPro (Originlab, Inc.). Fig. 6(a)
shows the deconvolution results under 10 kHz for NBT ceramics, in which the
measuréd“temperature dependent dielectric constant €, can be well described by two
independent Lorentzian curves centered around T,,; and T,;. Fig. 6(b) shows the
calculated dielectric constant €, as a function of temperature under various frequencies,
in which.the calculated dielectric data for fit curve 1 were normalized according to the
highest ‘temperature (350 °C) data measured under 10 kHz. The fitted T,,; and T,
were listed in Table III. Please note that the Ty, for fit curve 1 shifted towards high
temperatdre with increasing frequency, which is typical relxor characteristic.
However, the T,,, for fit curve 2 is independent on the measured frequency, as shown
in the Fig.6(b) and Table III.

Theé relaxation time in relaxor ferroelctrics can be modeled using Vogel-Fulcher
relationship (8, 41, 65):

O = 0eXp[-E/k(Ty-T7)] (1)
whereswgky, k, T,, and T, are the Debye frequency, the activation energy, the
Boltzman constant, the temperature of the dielectric maximum occurred at measured
frequency o and static freezing temperature. Fig.7(a) shows the Vogel-Fulcher fitting
plot according to the equation (1) using the deconvolved T,,; data listed in the Table
III. The best fit was obtained with @, = 5.21x10!* Hz, Ea = 0.1488 eV and 7= 404.91
K. The linear dependence between Inw and 1/(7,,;-404.91) shown in Fig.7(b) indicates
the deconvolved fit curve 1 in the Fig.6 can be well described using Vogel-Fulcher
relationship. The implication is that the relaxor behavior in NBT ceramics below
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Thump results from polar nanoregions due to the coupling between random electric
fields and spontaneous polarization of monoclinic phase with a-a'c oxygen octahedral
rotations. However, the a-a'c™ oxygen octahedral rotations might have some bounding
effects on thejnteraction between polar nanoregions, which yields high Ea compared
to that of'0.0407 eV reported for PMNT90/10 ceramics.(8)

IV. Summary

Our findings demonstrate that the monoclinic structure with Cc space group can
be deteetedmin both NBT single crystal and ceramics with laboratory XRD. The
diffractionsprofile obtained with high resolution lab XRD for NBT single crystal can
be well described using Cc model instead of R3¢ model. Our results are consistent
with the=high-resolution synchrotron XRD results reported previously.(24, 26)
However, the superlattice (1/2, 1/2, 1/2)pc was not observed because the XRD is
insensitive to atom position of oxygen. The contradiction between the Cc and the R3¢
models obtained by using XRD and neutron diffraction maybe reconciled by skin
effect.(44) NBT possesses the smallest lattice parameters and cell volume compared
with lead-based RFs such as Pb(Zn;;3Nb,;3)O3; and Pb(Mg;;3Nb,/3)O3 which form solid
solutions”with PbTiO; and exhibit largest longitudinal piezoelectric coefficient dj;
when the monoclinic phase has the Pm symmetry.

Comparing dielectric constant of NBT with that of PZT55/45 and PMNT72/28
reveals (that ‘both oxygen octahedral rotations and random electric fields play
important role in the frequency dispersion of the dielectric constant for NBT. The
temperature dependent dielectric constant for NBT can be deconvolved into two
independentsprocesses described using Lorentzian functions. The lower temperature
process shows a typical relaxor characteristic and follows the Vogel-Fulcher

relationship.
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Table | XRD peak fitting results for NBT crystal according to monocl@dstructure

hkl 204 (°) A (A) 202n2121(°) tonaai(R) O /d2nzicl
111 22.8916 3.8813 46.722 1.9422 1.9983
200 22.9061 3.8793 46.7605 1.9411 1.9985
202 32.5596 2.7478 68.2196 1.3736 2.0004
311 32.5994 2.7446 68.2569 1.3730 1.9990
111 32.6032 2.7443 68.2701 1.3727 1.9992
020 32.6273 2.7423 68.3366 1.3716 1.9993
402 40.1210 2.2457 86.6831 1.1223 2.0009
002 40.1554 2.2438 86.8864 1.1202 2.0031
220 40.1894 2.2420 86.9527 1.1195 2.026
(a, b, c p) (9.5201 A, 5.4846 A, 5.5024, 125.352°)
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Table Il XRD peak fitting results for NBT ceramics according to monoclimistructure

hkl 20nfor NBT dnig for NBT ceramics  (OceramicOcrysta)/Oceramic
ceramics ) A (%)
-202 32.27255 2.7716 0.86
-311 32.391 2.7617 0.62
111 32.47044 2.7551 0.39
020 32.55781 2.7479 0.20
-402 39.80381 2.2628 0.84
002 40.06132 2.2488 0.22
220 40.1612 2.2435 0.049
222 46.33032 1.9581 0.81
400 46.64422 1.9473 0.31
(a, bye, p) (9.6660 A, 5.4958 A, 5.5815 A, 126.3090 (1.51, 0.20, 1.42, @6)
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Table Il Deconvolved T,; and T, for NBT ceramics under various frequencie$ (

o (Hz) Tma (K) Tmz (K)
100 465.78 610.51
1000 471.03 609.45

10000 478.63 609.46

100000 490.19 609.17

500000 498.57 609.09

1000000 502.08 609.06
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