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6 KNbOs-based ferroelectrics have drawn much attention in recent years owing to their good
7 piezoelectric performance among Pb-free piezoelectrics. However, little is known about the aging
8 effect of these materials. In the present study, the authors systematically studied the aging effect of
9 a Mn-doped (K g9Lig o) (Nb ¢5Tag 35)O3 ceramic with an aim to find an aging-induced recoverable
10 electrostrain effect based on a reversible domain switching mechanism. They found that aging in the
11 ferroelectric state made the otherwise normal hysteresis loop into a double loop, and more
12 interestingly the aged sample demonstrated a large recoverable electrostrain of 0.125% at 4 kV/mm
13 in an unpoled state. Such a behavior persisted up to 140 °C and showed good recoverability. The
14 aging-induced double hysteresis and recoverable electrostrain suggest a reversible domain switching
15 mechanism due to a symmetry-conforming short-range ordering of point defects. The striking
16 similarity of the aging effect between acceptor-doped A*B°*O; and acceptor-doped A%*B* O,
17 systems indicates a common physical origin of aging. © 2007 American Institute of Physics.
}g [DOLI: 10.1063/1.2756355]
20 Because of the urgent demand for Pb-free piezoelectrics, were “deaged” by holding at 300 °C for 1 h and were fol- 56

21 KNbOs-based A*B3*0j; ferroelectrics with perovskite struc-
22 ture are drawing considerable interest for their good piezo-
23 electric properties with high Curie temperature.lf6 However,
24 in this class of ferroelectrics little is known about the aging
25 effect, which is a spontaneous change of ferroelectric, dielec-
26 tric, and piezoelectric properties with time. The aging effect
27 has been commonly observed in acceptor-doped AZ*B**O;
28 ferroelectric perovskites such as Pb(Ti,Zr)O; and BaTiO;
29 systems,mo Recently, it has been used to generate a large
30 recoverable mnonlinear electrostrain in acceptor-doped
31 BaTiO; single crystals and ceramics.' ™"

32 In this letter we report the aging effect and the associated
33 large electrostrain effect in an acceptor-doped A*B>*O,
34 ferroelectric system: Mn-doped KNbO;-based piezoceramic
35 (Kp.99Lig.01)[(Nbg65Ta0.35)0.99Mng 01 ]03. As will be seen in
36 the following, after aging, we found an interesting double-
37 hysteresis loop and large recoverable electrostrain behavior
38 in this acceptor-doped A*B3*Q; ferroelectrics, being strik-
39 ingly similar to the aging effect in acceptor-doped A**B* 0,
40 system. Our results seem to indicate the existence of a com-
41 mon mechanism of aging.

42 (KogoLigo)[(NbggsTag3s)099Mng 1 ]O3 ceramics [abbre-
43 viated as (KLig ;) (NbTay 35)O3—Mn] were synthesized using
44 a conventional solid-state reaction technique. This compound
45 is based on KNbO; but modified by adding 35% Ta to the Nb
46 site and 1% Li to the K site. Such modification shifts the
47 tetragonal-orthorhombic phase transition temperature (7,.,)
48 to below room temperature,“_6 so that the tetragonal phase
49 can persist from room temperature up to 7. 1% Mn is added
50 to the B site, as acceptor dopant. The starting chemicals were
51 K,CO5; (99.5%), Li,CO3 (99.9%), Nb,Os (99.9%), Ta,0s
52 (99.9%), and MnO, (99%). Calcining was done at 950 °C
53 for 2 h in a K,O-rich atmosphere, and followed by sintering
54 at 1125 °C for 0.5 h in air. Finally, the sintered samples were
55 aged at 80 °C for two weeks. Prior to aging, all the samples
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lowed by a quick cooling (15 °C/min) to room temperature. 57
The deaged and quenched samples are designated as “un- 58
aged” samples. The dielectric permittivity was measured as a 59
function of temperature using HIOKI3532 LCR meter with a 60
temperature chamber. The hysteresis loop and electrostrain 61
were measured simultaneously using Radiant Workstation 62
and MTI 2000 photonic sensor. The frequency of the mea- 63
surement was fixed at 10 Hz. 64

The dielectric  permittivity for the (KLigg;) 65
X (NbTag 35)03—1Mn ceramics as a function of temperature 66
is shown in Fig. 1. Two dielectric peaks are observed at 67
about 164 and 3 °C, respectively. X-ray diffraction charac- 68
terization indicates that they correspond to the transition 69
temperatures of cubic (paraelectric)-tetragonal (ferroelectric) 70
and tetragonal (ferroelectric)-orthorhombic (ferroelectric), 71
respectively. Therefore, this ceramic has a tetragonal struc- 72
ture throughout the whole temperature range from room tem- 73
perature up to the T (164 °C). 74

Figure 2 shows a comparison in the hysteresis loop 75
and electrostrain  for unaged and aged (KLiy,;) 76
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FIG. 1. (Color online) Temperature dependence of dielectric constant of the
(KLig o;)(NbTag 35)O3—1Mn ceramics at the frequencies of 100 Hz, 1 kHz,
and 10 kHz. C=cubic, T=tetrabonal, and O=orthorhombic.
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FIG. 2. (Color online) P-E hysteresis loop and electrostrain behavior for
unaged and aged (KLij()(NbTay35)O3—1Mn ceramics at room
temperature.

77 x (NbTag 35)O3—1Mn ceramics at room temperature. In con-
78 trast with the normal hysteresis loop for the unaged state, the
79 aged sample shows an interesting double-hysteresis loop,
80 very similar to that of the acceptor-doped BaTiO3-based ce-
81 ramics after aging.u’14 We further find that such aging phe-
82 nomenon also exists in alkaline niobate-based ferroelectrics
83 of different compositions (to be published elsewhere), sug-
84 gesting that the effect is common in the niobate-based ferro-
85 electrics. Accompanying the double-hysteresis loop, a large
86 recoverable electrostrain of 0.125% at 4 kV/mm is achieved
87 in the aged sample [Fig. 2(b)]. The strain level in the aged
88 sample exceeds that of hard piezoelectric transducer [0.1% at
89 4 kV/mm (Refs. 15)]. By comparison, the unaged sample
90 shows an irrecoverable strain, which is characterized by the
91 existence of remnant strain when the field restores zero
92 value. It is noted that the remnant strain is not significant for
93 our unaged samples; this is probably due to the constraint
94 effect of the grain boundaries for the polycrystalline samples.
95 The double-hysteresis loop and the recoverable electros-
96 train behavior of the aged (KLijq;)(NbTag35)03—1Mn ce-
97 ramic can be explained by a symmetry-conforming short-
98 range ordering (SC-SRO) mechanism of point defects (i.e.,
99 acceptor ions and vacancies), which explained the similar
100 effects in acceptor-doped A%*B* 0, ferroelectrics'' and even
101 in ferroelastic martensite.'®"’ Figure 3 presents the symme-
102 try of the statistical distribution of oxygen vacancies around
103 an acceptor ion Mn** (or Mn?*) in a tetragonal perovskite
104 A*B>*0; lattice [A*=(K*,Li*) and B>*=(Nb’*,Ta’*")] for
105 unaged [Fig. 3(a)] and well-aged [Fig. 3(b)] states, respec-
106 tively. Doping acceptor Mn**/Mn?** at B>* site necessarily
107 creates oxygen vacancies V, at 0%~ sites to keep charge neu-
108 trality. We consider Mn**/Mn>** dopants and O>~ vacancies
109 as point defects responsible for the observed aging effect.

110 For the unaged tetragonal samples, which are formed by
111 immediately cooling down from the cubic paraelectric phase,
112 the SRO distribution of point defects keeps the same cubic
113 symmetry [Fig. 3(a)] as that in the cubic paraelectric phase
114 because the diffusionless paraferroelectric transition cannot
115 alter the original cubic SRO symmetry of point defects."' As

PROOH 6@mesndsytdsnpnaged ferroelectric state has a tetragonal crystal

Appl. Phys. Lett. 91, 1 (2007)

1 Aging

T<T, | P—

i
i
i
;
1
i Tetragonal crystal symmetry :
i
1
i
i

E applied p, !
P

i

!

Poi- —

E q

FIG. 3. Defect symmetry and tetragonal crystal symmetry in Mn**-doped
tetragonal (KLiyq,)(NbTay35)O5 structure. (a) unaged (b) aged. P}© is the
conditional probability of oxygen vacancy occupying O* site i (i=1-6)
next to a given Mn** (or Mn**). Large rectangle represents crystal symmetry
and small rectangle represents defect symmetry. P refers to spontaneous
polarization and P, refers to defect polarization.

symmetry, but a cubic defect symmetry; thus the two sym- 17

metries are not matching [see the bottom illustration of Fig. 118
3(a)]. According to the SC-SRO principle,'®'” such a state is 119
energetically unstable. Therefore, after aging for a long time 120
in the ferroelectric state, defect symmetry gradually changes 121
into a polar tetragonal one, following the polar tetragonal 122
crystal symmetry, as shown in Fig. 3(b). Such a change into 123
polar defect symmetry is realized by the migration of oxygen 124
vacancies during aging, and the polar tetragonal defect sym- 125
metry creates a defect polarization Pj, aligning along the 126
spontaneous polarization (Pg) direction [Fig. 3(b)]. When an 127
electric field is applied to the aged tetragonal (KLiy;) 128
X (NbTag35)O3—1Mn sample, Pg is switched to the field E 129
direction, but the defect symmetry and associated P, cannot 130
have a sudden change, as shown in the bottom illustration of 131
Fig. 3(b). Therefore, after removing the electric field, the 132
unchanged defect symmetry and the associated P, cause a 133
reversible domain switching, and consequently a macro- 134
scopic double-hysteresis loop and a large recoverable elec- 135
trostrain behavior, as observed in Fig. 2. Clearly, the expla- 136
nation is the same as that for acceptor-doped A2*B**05 137
ferroelectrics:'' ™ aging originates from the unmatching of 138
the defect symmetry with the crystal symmetry after a struc- 139
tural transition; it is not sensitive to the structure details such 140
as the valence of the constituent ions. This explains why the 141
aging effect seems insensitive to the valence of the constitu- 142
ent ions in the perovskite structure. 143

The variation of P-E hysteresis loop and electrostrain of 144
the aged sample with temperature is shown in Fig. 4(a). The 145
temperature dependence of the saturation polarization and 146
electrostrain is presented in Fig. 4(b). It can be seen that the 147
aging-induced double-hysteresis loop and recoverable elec- 148
trostrain behavior can persist up to 140 °C, which indicates a 149
wide temperature range for this effect. However, the maxi- 150
mum polarization and strain gradually decrease with increas- 151
ing temperature with a gradual drop in recoverability. When 152
temperature exceeds 140 °C, the hysteresis loop becomes a 153
normal one and the strain becomes very small. This may 154
arise from two factors. Firstly, vacancy migration may be- 155
come so fast at such a temperature that P, can follow the 156
change of the electric field direction E. Then P}, cannot cre- 157
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FIG. 4. (Color online) (a) Temperature dependence of P-E hysteresis loop
and electrostrain of the aged (KLijq;)(NbTaj35)O3—1Mn ceramics. (b)
Temperature dependence of maximum polarization and strain of the aged
sample at 4 kV/mm.

158 ate a restoring force for a reversible domain switching, and
159 the hysteresis becomes a normal one. Secondly, the tetrago-
160 nality of the ferroelectric phase becomes smaller when close
161 to T; this significantly lowers the electrostrain due to do-
162 main switching.

163 We further investigated the stability of the recoverable
164 electrostrain of the aged sample against field cycling. The
165 result is shown in Fig. 5. It shows that the electrostrain has a
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FIG. 5. (Color online) Stability of electrostrain for the aged (KLigg,)
X (NbTay 35)O3—1Mn ceramics against field cycling. The wave form of the
applied field is shown in the inset.
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good recoverability even after 10 000 cycles at 4 kV/mm. 166

Interestingly, the maximum strain increases slightly with in- 167
creasing number of cycles. This may be due to the migration 168
of a small portion of point defects during the cycling process, 169
which results in a weakening of the defect dipole Pj,. As the 170
result, the resistance against domain switching decreases, 171
and hence domain switching becomes easier and more com- 172
plete. This contributes to a larger strain level. 173

The above results about the aging effect in Mn-doped 174
KNbOj-based ferroelectrics are veﬂy similar to those in 175
acceptor-doped BaTiO; materials.'"™* The striking similarity 176
in aging behavior between acceptor-doped A*B>*O; and 177
acceptor-doped A%*B* 05 system can be explained by a com- 178
mon mechanism of aging: the symmetry-conforming short- 179
range ordering of point defects. As discussed above, such 180
mechanism relies essentially on symmetry, not on the details 181
of the ionic species. The key idea is that point defects tend to 182
adopt a statistical symmetry that follows the crystal symme- 183
try. This tendencg/ does not depend on the crystal structure or 184
ionic species.“’1 17 185

In conclusion, we found an interesting aging phenom- 186
enon, the double-hysteresis loop and recoverable electros- 187
train behavior, in an acceptor-doped A*B>*Oj perovskite sys- 188
tem: the tetragonal (KLigq;)(NbTag15)O3—1Mn. The aged 189
sample possesses a large recoverable nonlinear electrostrain 190
of 0.125% at 4 kV/mm. Such effect persists over a tempera- 191
ture range from 20 to 140 °C and shows good stability 192
against field cycling. The aging effect of this A*B>*O5 com- 193
pound shows a striking similarity to that of A>*B**O5 based 194
systems. This similarity suggests a common physical origin 195
of aging. Aging-induced nonlinear electrostrain effect may 196
provide an alternative way to enhance the electromechanical 197
coupling in Pb-free ferroelectric systems. Finally, we note 198
that a slightly pinched hysteresis loop has been reported in a 199
nominalllg/ undoped KNbOs-based ferroelectric after thermal 200

cycling. ” Although no explanation was given, it might bear 201
some relation with the effect we reported here. 202
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