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Single crystals of x at.% Nb + 0.94(Nag sBig 5)TiO3—0.06BaTiO3 (x%-Nb:NBT-6BT, x = 0.12, 0.23, and 0.48) show
improved ferroelectric and piezoelectric properties. In particular, the large piezoelectric constant (ds3 =
532 pC/N) and high field-induced strains (Smax = 0.57%) in 0.23%-Nb:NBT-6BT single crystal demonstrate its
promising application potential. The underlying mechanisms were investigated directively by atomistic scale
simulations. We found that, Nb®>* cations prefer to substitute Ti** cations on B-site and will first fill up the oxy-
gen vacancies generated due to the loss of Bi,O3 and/or Na,0. Higher concentration of Nb,Os, however, will be
compensated by Ti and/or Bi vacancies. The ions positions surrounding the defect center(s) were identified.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

(NapsBig5)TiO3 (NBT)-based ferroelectrics display exceptional pie-
zoelectric properties and have captured widespread interest [1-3].
The chemically different Bi**/Na™ cations at A-site lead to complex
local disorder, which inhibits the development of long-range ferroelec-
tric order and results in the nonpolar average structure around MPB in
solid solutions of (Nag sBig 5)TiO3-xBaTiO3 (NBT-XBT) and (NagsBig s)
TiO3-x (Ko 5Big5)TiO3 (NBT-XKBT) [4, 5]. However, when an external
field (E) is applied along (100),, the coherent lengths of the in-phase
tilted regions (a®a®c™, Glazer notation [6]) increase and phase switching
from pseudocubic to tetragonal occurs. On the contrary, the coherent
lengths anti-phase tilted regions (a—a~a™) increase and an induced
transition from pseudocubic to rhombohedral structures was observed
for E//(111)pc [7]. These phase transformation processes generate
large strains suitable for actuator applications [8]. Therefore, the piezo-
electric response can be effectively tuned via chemical and/or micro-
structure modifications, as they can effectively modify the free
energies of spontaneous and poled states.

Acceptor doping in general decreases the permittivity and piezoelec-
tric constant, giving rise to ferroelectric “hardening effect” [9, 10]. The
underlying mechanism is that the acceptor dopants form defect associ-
ations with the charge compensating oxygen vacancies, as has been
found in Mn?", Cu®>* or Fe> doped NBT-based ferroelectrics [11-13].
The aligning of the dipoles generates an internal bias field, which in-
crease the volume fraction of in-phase tilted regions and therefore pro-
mote the phase transformation from pseudocubic to tetragonal upon
the application of external electrical fields. [14,15] Alternatively, donor
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doping increases the dielectric permittivity, piezoelectric coupling and
mechanical compliance, leading to the ferroelectric “softening behav-
ior” [9,16]. Recently, it has been found that 0.5-1 at.% Nb doping
switches the conduction mechanism from oxygen-ions in undoped
NBT to electronic (band gap) conduction, with the activation energy
(Eq) increases from lower than 0.9 eV to higher than 1.5 eV [17, 18].
On the other hand, Zuo et al. found that the incorporation of 1 mol%
Ta>" enhances the field-induced strains of NBT-6BT ceramics effectively
from ~0.3 to ~0.4% [19]. Furthermore, remarkably enhanced normalized
field-induced strain (Smax/Emax) i.e., from 238 to 641 pm/V, was ob-
served in the Nb>*-doped NBT-18KBT ceramics [20]. These results are
reminiscent the ultrahigh field-induced strains in (K, Na)NbO3; (KNN)
modified NBT-6BT [21,22].

Nevertheless, the underlying mechanisms for the improved electri-
cal performance in donor (Nb®>*/Ta>") doped NBT are still not well un-
derstood. This is because the charge compensation may be realized by
the formation of Vy}, Vg and/or V7, which can be difficult to probe by
experimental alone. Besides, the diffraction studies have encountered
difficulties in identifying the local lattice relaxations around charged de-
fects, as these techniques focus on the long-range average structures.
Atomistic scale simulations are highly informative in investigating the
defect properties, as well as precise identification and visualization of
ion positions surrounding the defect, as have been well demonstrated
in NBT, BaTiO3 and other perovskite oxides [23-26]. Such mechanistic
details are crucial for rational materials design for desired properties.

In this work, the ferroelectric, dielectric and piezoelectric properties
of x at.% Nb + 0.94(Nag 5Big 5)TiO3-0.06BaTiO3 (x%-Nb:NBT-6BT, x =
0.12,0.23, and 0.48) single crystals were studied systematically. The de-
fect chemistry and lattice relaxation around the defect functional
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Fig. 1. (a) Polarization hysteresis (P-E); (b) bipolar strain curves (S-E) for x%-Nb:NBBT5 single crystals, under a maximum dc electric field of E = 4 kV/mm.

centers were investigated directively by atomistic scale simulations. The
mechanisms for the enhanced ferroelectric and piezoelectric perfor-
mances were discussed in detail.

The x%-Nb:NBT-6BT (x = 0.12, 0.23 and 0.48) single crystals were
grown using a top-seeded solution growth method. The as-grown single
crystals were cut along the pseudocubic (00 1)/(1 00)/(0 1 0) planes
with dimensions of 5 x 5 x 0.5 mm?>. Gold electrodes were sputtered
on the two main faces of the samples. The polarization (P-E) and strain
(S-E) hysteresis loops were measured using a ferroelectric test system
(aixACCT TF-analyzer 1000). The temperature dependent dielectric
properties were measured by an Agilent 4294 impedance analyzer.
The piezoelectric constant (d33) was measured by a quasi-static ds3
meter of Berlincourt type at approximately 55 Hz.

Lattice minimization simulations and defect calculations were per-
formed with the GULP code [27, 28]. The ionic interactions are described
using pairwise potentials (Born models), which include a long-range
Coulombic interaction between each pair of ions i and j, and a short-
range Buckingham term to model overlap repulsions and van der
Waals forces [29]. The short-range interactions are specified in the
Buckingham form:

Vir) = Ay exp(=r/py) ~Cy/r° (1)

where Ay;, py and G; are the potential parameters and r is the interatomic
separation. The potential parameters for lattice ions were transferred
directly from our previous study on NBT (supplementary material, S1)
[23], while the potential parameters for Nb®>"-0?~ were taken from G.
C. Mather et al. in a study of LaNbO, [30].

An important feature is the treatment of lattice relaxation around
the defect site(s). The perfect lattice was partitioned into inner and
outer spherical regions centered on an individual defect or defect cluster
two regions using the Mott-Littleton approach. The ions in a spherical

inner region surrounding the defect are relaxed explicitly, whereas the
remainder of the crystal, where the defect forces are relatively weak,
were treated by more approximate quasicontinuum methods. In this
way, local relaxation is effectively modelled and the crystal is not con-
sidered simply as a rigid lattice [31]. More details about the simulations
can be found in comprehensive reviews given in elsewhere [32].

Fig. 1a shows the polarization hysteresis (P-E) for x%-Nb:NBT-6BT
single crystals, in which well saturated P-E loops typical for ferroelec-
trics can be observed. With increasing Nb®>* doping concentration, the
remnant polarization (P,) decreases drastically from 25.8 to 19.1 and
then to 12.7 uC/cm?, while the coercive field (E.) increases initially
from 1.9 to 2.3 but decreases subsequently to 2.2 kV/mm in 0.12-,
0.23- and 0.48%-Nb:NBT-6BT single crystals, respectively. The former
suggests that the field-induced ferroelectric order is destabilized and
the degree of the ergodic relaxor pseudocubic state at zero field is in-
creased, while the later indicates that the energy that needed for induc-
ing the phase transformation is not much affected by this chemical
modification [21, 33]. This is further confirmed by the bipolar strain
curves (S-E) measurements, as shown in Fig. 1b. The 0.12%-Nb:NBT-
6BT single crystal shows a typical butterfly-shaped strain hysteresis
with a total field-induced strain S Of 0.12%. The presence of negative
strain Syeg indicates a drastic deviation from the typical ferroelectric be-
havior. This is because the presence of negative strain is closely related
to the domain backswitching process on the removal of the external
electrical field [34]. Further increasing the Nb>* doping level to 0.48%,
both of the negative strain (Syeg) and the total field-induced strain
(Storar) increase dramatically and reach to the maximum values,
i.e., 0.46% and 0.76%, respectively.

The electrical parameters of X%-Nb:NBT-6BT single crystals were com-
pared with PZT ceramics are summarized in Table 1. The Nb°>* doping en-
hances the g, dramatically from 1100 in pure NBT-6BT to 1423 and 1438
in 0.12%- and 0.23%-Nb:NBT-6BT single crystals, respectively. However,
the loss factor tand decrease from 2.7% in pure NBT-6BT to 2.3 and 2.6

Table 1

Electrical properties of NBT-BT single crystals as compared to PZT ceramics and other NBT-based ceramics.
Materials & tans (%) ds3 (pC/N) P, (uC/cm?) Ec (kV/mm) Smax (%) Ref.
Hard PZT, PZT8" 1000 0.4 225 ~20 ~22 - [38,39]
Soft PZT, PZT-5H? 3400 2.0 590 ~32 0.6-0.8 - [38,39]
NBT-6BT-2KNN* 2320 6.2 30 16 13 0.45 [21]
Pure NBT-5BT 1100 2.7 420 11.8 22 0.12 [13]
0.10%-Fe:NBT-6BT 988 15 478 48.3 2.7 1.08 [13]
0.12%-Nb:NBT-6BT 1423 23 497 25.8 19 0.28 This work
0.23%-Nb:NBT-6BT 1438 2.6 532 19.1 23 0.57 This work
0.48%-Nb:NBT-6BT 1293 3.7 386 12.7 22 0.76 This work

¢ Ferroelectric ceramics.
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