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We report here an anomalous peak in the composition dependence of the dielectric permittivity of non-
ferroelectric (1 —x)NaNbO;-xCaTiO5 ceramics for the composition range 0.10<<x<0.20. This is reminiscent
of a similar phenomenon in the ferroelectric morphotropic phase boundary ceramics. Rietveld analysis of the
powder x-ray diffraction data for various compositions reveals that this peak is linked with a change of crystal
structure from one orthorhombic phase in the Pbma space group for 0<x=0.10 to another orthorhombic
phase in the Pbnm space group for x=0.20 through an intermediate long period modulated orthorhombic
phase whose lattice parameter is ~14 times the lattice parameter of the Pbnm phase of CaTiO; in the [010]

direction (¢ ~[0,1/14,0]).
DOI: 10.1103/PhysRevB.77.052104

The phase diagrams of several mixed solid solutions of
the ABOs-type perovskites contain a morphotropic phase
boundary (MPB).! The MPB compositions have been found
to be of special technological significance for numerous sen-
sor and actuator devices,” as several physical properties such
as dielectric permittivity, electromechanical coupling
coefficients and piezoelectric strain coefficients are
maximized around this composition. In the well known
commercial MPB systems, such as Pb(Zr,Ti(,_,))O5 (PZT),
(1-x)Pb(Mg(;/3)Nb(5/3))O05-xPbTiO;  (PMN-xPT),  and
(1=x)Pb(Zn(;,3Nb(5/3) O3-xPbTiO5 (PZN-xPT), this peak in
the composition dependence of dielectric and piezoelectric
properties around the MPB has been linked with the change
of crystal structure from tetragonal to a pseudorhombohedral
phase through a narrow range of stability of monoclinic
phases observed experimentally® and predicted theoretically.*
Amongst the environmentally friendly Pb-free systems,’
solid solutions of NaNbO; with KNbO; and LiNbO3, both of
which are ferroelectric at room temperature, also exhibit
MPB near 50 and 12 mol % of the ferroelectric phases,
respectively.®

The MPB systems, discovered so far, have at least one
component, which is ferroelectric in nature (e.g., PbTiOs,
KNbO;, and LiNbO5). We present here the results of com-
bined dielectric and powder diffraction studies on Pb-free
(1-x)NaNbO;-xCaTiO; (NN-xCT) ceramics revealing
MPB-like characteristic in a non-ferroelectric system. One of
the end members of this system, NaNbOs, is an antiferro-
electric at room temperature but becomes ferroelectric at low
temperatures.” The other end member, CaTiOs3, is a quantum
paraelectric showing a saturation of dielectric permittivity
below ~30 K.® We find that the dielectric permittivity of this
mixed system at room temperature exhibits a sharp rise in
the composition range 0.10<x<<0.20 with a peak at x
~().16. This anomalous rise in the dielectric permittivity is
shown to be linked with a change of crystal structure from an
orthorhombic structure in the Pbma space group for x
=0.10 to another orthorhombic structure but in the Pbnm
space group for x=0.20, reminiscent of a similar rise in the
dielectric permittivity near the MPB composition of the
technologically important PZT and PMN-xPT ceramics due
to a change of crystal structure from tetragonal to
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pseudorhombohedral.” We also show that in the intermediate
composition range (0.10<x<0.20), the structure corre-
sponds to a long period modulated phase. To the best of our
knowledge, the NN-xCT ceramics are the first example of a
non-ferroelectric and nonpiezoelectric MPB system in con-
trast to the well known MPB systems which are all ferroelec-
tric and piezoelectric.

NN-xCT powders were prepared by the solid state reac-
tion method using 99% pure powders of NaCO;, CaCOs,
Nb,Os, and TiO, at 1150 °C for 6 h in open alumina
cruicible. The calcined powder was pressed into circular pel-
lets of 13 mm diameter using a uniaxial hydraulic press at an
optimized load of 70 kN. Sintering of the green pellets was
carried out in the temperature range 1250—1300 °C, depend-
ing on the composition, for 6 h in open alumina crucibles.
For capacitance measurements, fired-on silver paste (curing
temperature: 500 °C) was used. Capacitance was measured
using an HP4192 impedance analyzer. For powder diffrac-
tion experiments, the sintered pellets were crushed to fine
powder and subsequently annealed at 800 °C to remove
strains introduced, if any, during crushing. Powder x-ray dif-
fraction data were collected using an 18 kW based Rigaku
powder diffractometer (RINT 2000/PC series) operating in
Bragg-Brentano geometry and fitted with curved crystal
monochromator in the diffraction beam. Rietveld and Le-
Bail analyses of the powder diffraction data were carried out
using the crystal structure refinement program “FULLPROF.”!”
Pseudo-Voigt function was used to define the peak profiles in
the refinements. Background was described in terms of a six
coefficients polynomial. Except for the occupancy param-
eters of the atoms, which were kept at their nominal compo-
sition, all other parameters, i.e., scale factor, zero correction,
background, half width parameters along with mixing pa-
rameters, lattice parameters, positional coordinates, and ther-
mal parameters, were refined.

Figure 1 shows the composition dependence of
the room temperature dielectric  permittivity  of
(1-x)NaNbO;3-xCaTiO;. The value of the dielectric permit-
tivity of NN-xCT is ~300 for x<<0.10 and x>0.20. In the
composition range 0.10 <x<<0.20, the dielectric permittivity
increases sharply peaking to a value of ~1250 at x=0.16. In
order to explore if there is any structural change as a function
of composition across x=0.16, we analyzed the powder
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FIG. 1. Variation of the real part of the dielectric permittivity
(¢') with composition (x) at ambient temperature for NN-xCT
ceramics.

x-ray diffraction data for NN-xCT compositions. Figure 2
depicts the evolution of the powder x-ray diffraction data for
NN-xCT in the composition range 0<x=<1 for a limited 26
range of 26°-56°. These patterns contain two types of reflec-
tions: the main perovskite reflections and the superlattice re-
flections. Both types of reflections can be indexed with re-
spect to a doubled perovskite cell (i.e., 2a,, 2bp, and 2¢),
where a,, bp, and c, are the cell parameters of the elementary
perovskite cell). The superlattice reflections assume Miller
indices represented by one or more odd integers, while the
main Bragg reflections are represented by all even integered
indices. Superlattice reflections with all-odd integered indi-
ces (i.e., “000” type) and two-odd and one-even integered
indices result from anti-phase (—tilt) and in-phase (+tilt)
tilting'! of the adjacent oxygen octahedra due to structural
phase transitions driven by softening and freezing of the
phonons at R (q 2,;,%) and M (q 2,2,0) points of the
cubic Brillouin zone, respectively.!? The superlattice reflec-
tions with two-even and one-odd integered indices (i.e.,
“oee” type) are due to antiparallel cationic shifts in the
structure!! and are linked with lattice instabilities corre-
sponding to ¢=0, 0, % and l, %, % points of cubic Brillouin
zone, '3 respectively. As can be seen from Fig. 2, superlattice
reflections with (i) odd-odd-odd (e.g., 311), (ii) odd-odd-
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FIG. 2. Evolution of powder x-ray diffraction patterns of
NN-xCT ceramics with composition (x) at room temperature. The
additional peaks for x=0.16 are marked with arrows. The Miller
indices are with respect to a doubled pseudoperovskite cell.
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even (e.g., 310 and 312), and (iii) even-even-odd (e.g., 203
and 421) indices are present in the diffraction pattern of pure
CaTiO5 (x=1.00), in agreement with the literature'* for the
a~a~c* tilt system in the Pbnm space group. For the other
end member, pure NaNbO; (x=0), one observes superlattice
reflections with all-odd (e.g., 311) indices and also with frac-
tional indices (e.g., 3 1 7/2, near 26=55°). The fractional
indices indicate the quadrupling of the elementary perovskite
cell, along one of its axes. This has been attributed to soft-
ening and freezing of the A pomt (g=0, 0, ;) phonon."> A
compound tilt system, [(a~b*a~ ) (a~ b‘a‘) (a b*a ‘)4] along
with a complex antiparallel displacement pattern of the ions,
in the orthorhombic space group Pbma, which is equivalent
to Pbcm in the bca setting, has been found to be consistent
with all the features of the diffraction patterns for pure
NaNbO;.!13:16

It is evident from Fig. 2 that the peaks with fractional
indices, such as the one near 26=55°, which are character-
istic of the NaNbO; structure, disappear for x>0.10. For
0.20=x=<1.0, new superlattice reflections, like that near
20=44°, appear, indicating a change of crystal structure to
CaTiO; type. For the composition x=0.16, additional weak
reflections (marked with arrows in Fig. 2), not present in the
patterns of NN-xCT for x=0.20 and x=<0.10, are also ob-
served. This suggests that the structure of NN-xCT for x
=0.16 may be different from those for x=0.20 and x
=<0.10. It is interesting to note that this composition corre-
sponds to the peak value of the dielectric permittivity shown
in Fig. 1.

The change of crystal structure of NN-xCT from CaTiO5
like for x=0.20 to NaNbOj like for x<0.10 was confirmed
by Rietveld refinement of NN-xCT using the orthorhombic
structures of CaTiO5; and NaNbOj; in the Pbnm and Pbma
space groups, respectively. We did not find any signature of
monoclinic distortion, proposed in Ref. 17 for NaNbOs, in
the refinements for x<0.10. The asymmetric unit of the
orthorhombic structure with Pbnm space group contains one
Na/Ca atom at the 4c Wyckoff site (0% u, Eiv, 4) and
Nb/Ti at the 4a Wyckoff site (0, 0, 0). There are two types of
oxygen atoms: O(1) at the 4c Wyckoff site (0+u, 0+ v, 4)
and O(2) at 8d Wyckoff site (4 *u, Z *v, 0= w). For the
Pbma space group, the asymmetric unit of the structure of
the antiferroelectric phase consists of two Na/Ca [Na/Ca(1)
and Na/Ca(2)], one Nb/Ti, and four O atoms [O(1), O(2),
0(3) and O(4)]. Na/Ca(1) occupies the 4c Wyckoff site
@ % 0, i _w) and Na/Ca(2) occupies the 4d Wyckoff site
u, 4, 4 *+w). Nb/Ti occupies the 8¢ Wyckoff site (4 *u,
15 tu, g 4 + w) The oxygen atom O(1) occupies the 4¢ Wyck-
off site ( 4 O, Ziw) O(2) occupies the 4d Wyckoff site
(Alt *u, Z’ =+ w), O(3) occupies the 8¢ Wyckoff site (0 *u,
§ +uo, 5 + w) and O(4) occupies the 8¢ Wyckoff site (2 *u,

+v, 0= w). For the Pbnm space group of CaTiOs, use of
1sotroplc thermal parameter gave satisfactory results. How-
ever, for the Pbma space group, the isotropic thermal param-
eters for Na(1)/Ca(l) site was found to be very large
(~3.80 A?) similar to that reported for pure NaNbO;. It was
found necessary to use anisotropic thermal parameters for
Nal/Cal site, which led to the reduction of R,,, and Ry with

052104-2



BRIEF REPORTS

TABLE 1. Refined structural parameters of NN-0.10CT using
the orthorhombic space group Pbma.

Thermal
Positional coordinates parameters
B
Atoms X Y V4 (A?)
Nal/Cal 0.750 0.000 0.244(3)  B1;=0.019(4),
B22=0.008(8),
B33=0.007(4),
BIZ = —0013(2)
Bequivalent=3~80
Na2/Ca2 0.777(2) 0.2500 0.254(3) B=1.47(20)
Nb/Ti 0.2620(4) 0.1252(2)  0.252(1) B=1.43(20)
01 0.250 0.000 0.329(3) B=0.0(3)
02 0.227(3) 0.250 0.229(4) B=0.9(4)
03 0.039(2) 0.1481(7)  0.533(2) B=0.6(3)
04 0.449(2) 0.1135(8)  0.955(2) B=1.5(3)

Ap=5.5430(2) A, By=15.5385(6) A, Cy=5.4888(2) A,
volume=472.76(3) A3

R,=10.4, Ryy=13.0, Reyp =8.75, Rz=8.51, x*=2.22

respect to isotropic thermal parameters. The refined struc-
tural parameters, along with the R factors, for these two com-
positions are given in Tables I and II. Similar refinements
were carried out for the other NN-xCT compositions for the
entire 0<x=<1 composition range, except for 0.10<x
<0.20. The variation of the pseudocubic lattice parameters
(a,, b, c,), as obtained from the Rietveld refined orthorhom-
bic lattice parameters using the relationships A,=2a,, B,
=2b,, and C,=2c, for the Pbnm space group and A,
=2a,, B,=4b,, and C,= |2c, for the Pbma space group,
and pseudocubic cell volume is shown in Fig. 3. The lattice
parameters as well as the unit cell volume decrease with
increasing CaTiO; content (x), as expected on the basis of
the smaller ionic radii of Ca and Ti as compared to Na and
Nb, respectively.

Table III lists the bond lengths for NN-xCT with x=0.10
and 0.20. The isotropic thermal parameter of Nal/Cal is

TABLE II. Refined structural parameters of NN-0.20CT using
the orthorhombic space group Pbnm.

Isotropic
Positional coordinate thermal
parameters
B

Atoms X Y Zz (A?)
Na/Ca 0.003(1)  0.521(1) 0.25 1.08(4)
Nb/Ti 0.00 0.00 0.00 0.24(1)
(0] -0.072(1) 0.012(2) 0.25 0.78(2)
02 0.217(1) 0.286(1) 0.031(1) 0.01(1)

Ag=5.4695(1) A, By=5.5133(1) A, C,=7.7719(1) A,
volume=234.362(7) A3

R,=8.45, Ryp=11.2, Rey,=9.50, Rz=3.88, x*=1.40
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FIG. 3. Variation of the (a) equivalent elementary perovskite
cell parameters (a,,b,,c,) and (b) volume (V,) with composition
(x) for NN-xCT at room temperature. The dotted region corre-
sponds to MPB.

larger than that for Na2/Ca2 and other atoms. This is similar
to pure NaNbO; where it has been argued that the long av-
erage bond length for Nal-O as compared to Na2-O (count-
ing neighbors within 2.9 A) is responsible for the larger am-
plitude of vibration. In 10% Ca* substituted NaNbOs, also,
we find that the average of the nine Nal/Cal-O bond
lengths within ~2.9 A (i.e., 2.68 A) is larger than the aver-
age of Na2/Ca2-O bonds (i.e., 2.579 A). Further, we find
that the thermal ellipsoid for Nal/Cal is elongated along the
[100] direction and flattened in the two perpendicular direc-
tions. The smallest bond length of 2.364(9) A along the
[001] direction seems to correlate well with the small value
of (53 in the same direction, as has been noted for pure
NaNbOj also.'® The high isotropic Begivten Of Nal/Cal for
the composition x=0.1 decreases for the composition x
=0.2 due to the fact that the average of Na/Ca-O bond
lengths in the Pbnm phase is 2.587 A (counting neighbors
within 2.9 A) which is smaller than the average of the
Nal/Cal-O bond lengths for pure NaNbOs. It is also inter-
esting to note that significantly larger mean-square displace-
ment in one direction is suggesting disorder of this site in

TABLE III. Na/Ca-O bond lengths for NN-xCT with x=0.10
and x=0.20 for Na/Ca-O bonds.

NN-0.10CT (Pbma) NN-0.10CT (Pbnm)

(Nal/Cal)-(01) x2: 2.810(4)
(Nal/Cal)-(O1): 3.15(2)
(Nal/Cal)-(O1): 2.34(2)
(Nal/Cal)-(03) X 2: 3.223(14)
(Nal/Cal)-(03) x2: 2.853(14)
(Nal/Cal)-(04) X 2: 2.904(15)
(Nal/Cal)-(04) x2: 2.351(14)
(Na2/Ca2)-(02): 3.05(2)
(Na2/Ca2)-(02): 2.50(2)
(Na2/Ca2)-(02): 2.67(3)
(Na2/Ca2)-(02): 2.85(3)
(Na2/Ca2)-(03) X 2: 2.641(16)
(Na2/Ca2)-(03) x2: 2.365(15)
(Na2/Ca2)-(04) X 2: 3.241(16)
(Na2/Ca2)-(04) X 2: 2.592(15)

(Ca/Na)-(01): 2.973(9)
(Ca/Na)-(01): 2.602(9)
(Ca/Na)-(01): 2.364(9)
(Ca/Na)-(01): 3.118(9)
(Ca/Na)-(02) X 2: 2.443(6)
(Ca/Na)-(02) X 2: 3.174(6)
(Ca/Na)-(02) X 2: 2.715(6)
(Ca/Na)-(02) X 2: 2.708(6)
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NN-xCT with x=0.10, which probably leads to the destabi-
lization of the orthorhombic Pbma phase.

The structural results presented above clearly show that
the increase in the dielectric permittivity in the composition
range 0.10<x<0.20 with a peak at x=0.16 is linked with
the change of crystal structure from the orthorhombic Pbma
space group for x<0.10 to the Pbnm space group for x
=0.20. A similar peak in the composition dependence of the
dielectric permittivity is known to be linked with a change of
crystal structure from tetragonal to pseudorhombohedral in
the MPB ceramics such as PZT and PMN-xPT. In these
MPB ceramics, new monoclinic phases have been discov-
ered in the MPB region.’ The fact that new superlattice re-
flections appear in NN-xCT ceramics for 0.10 <x<<0.20 sug-
gests that there is an intermediate phase in this system also
whose structure is different from those for x=<0.10 and x
=0.20. The new superlattice reflections, shown with arrows
in Fig. 2, could be indexed using an orthorhombic cell of
\2a,, 142b,, and 2c,, as confirmed by the Le-Bail profile
fitting technique. This unit cell indicates that the structure of
MPB phase of NN-xCT is a modulated structure in which the
lattice parameter along [010] is ~14 times the B, lattice
parameter of the Pbnm phase. Modulation periods less or
more than 14B, could not account for the observed peak
positions. Figure 4 depicts the Le-Bail fits for 13B,, 14B,,
and 158, modulations for NN-0.16CT. It is evident from this
figure that an orthorhombic cell size of A,, 14B,, and C,,
where A,, B,, and C,, are the cell parameters of the Pbnm
phase (for x>0.16), accounts extremely well for the new
reflections.

Notwithstanding the striking similarity of the NN-xCT
system with the well known MPB systems such as PZT and
PMN-xPT, there is a very significant difference between the
two systems. The NN-xCT ceramics are all non-ferroelectric
at room temperature and therefore are also nonpiezoelectric
in the sintered ceramic form. No polarization hysteresis loop
was observed even for the intermediate composition range
0.10<x<0.20 in which the dielectric permittivity shows a
peak, and powder x-ray diffraction data exhibit new reflec-
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FIG. 4. Le-Bail fits of NN-xCT with x=0.16 in the 26 range of
36°-41° for 13B,, 14B,, and 15B, modulations.

tions. The well known PZT and PMN ceramics with MPB
characteristics are, on the other hand, ferroelectric and
strongly piezoelectric at room temperature. In all the ferro-
electric MPB ceramics, it is now known that one or more
monoclinic phases are present in the MPB composition
range.® In the non-ferroelectric NN-xCT system also, we find
the presence of a new orthorhombic phase with a long modu-
lation period (14 times) along the B, direction of the Pbnm
phase.

In conclusion, we have shown that in the mixed system
(1-x)NaNbO;-xCaTiOs;, the dielectric permittivity shows a
peak at x~0.16 in the composition range 0.10<<x<<0.20
similar to that observed in the well known morphotropic
phase boundary ceramics. The peak in the dielectric permit-
tivity of NN-xCT at x=~0.16 is linked with a change of space
group from Pbma for x<0.10 to Pbnm for x=0.20 through
an intermediate long period modulated orthorhombic phase
whose lattice parameter is ~ 14 times the lattice parameter of
the Pbnm (CaTiO;) phase in the [010] direction correspond-
ing to a modulation wave vector of g ~[0,1/14,0] Unlike the
well known MPB systems, this MPB system is non-
ferroelectric and nonpiezoelectric at room temperature.
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