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Large recoverable electrostrain in Mn-doped (Ba,Sr) TiO3 ceramics
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In this letter we demonstrate that with a different principle, Baglit®ramics, so far considered as
inferior piezoelectrics compared with @&y, Ti)O; (PZT), can show a large recoverable
electrostrain. This principle utilizes a point-defect-mediated reversible domain switching
mechanism, which can in theory generate 0.368% strain for Badgé@amics at the best condition.
Experimental results showed that, after aging at room temperature, 1.0 mol% Mn-doped
(Bay 95515 05 TiO4 ceramics generate a large recoverable nonlinear strain of about 0.12%-0.15% at
a field of 3 kV/mm. This value exceeds that of conventional hard PZT piezoelectric ceramics. A
microscopic model for the domain-related electrostrain effect in ceramics is proposed. It is also
found that the large electrostrain effect is quite stable with respect to both changing frequency and
fatigue cycles. Large electrostrain remains recoverable down to 0.05 Hz and after 10 000 cycles.
These results demonstrate the potential of our approach in achieving large recoverable electrostrain
in environmental-friendlyPb-freg ceramics. ©2004 American Institute of Physics
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Historically, BaTiO; was the first polycrystalline piezo- irreversible effect due to the energetic equivalence of differ-
electrics (in the early 1950'}3l but soon replaced by ent domain statesHowever, our mechanishutilizes a uni-
Ph(Zr, Ti)O; (PZT) ceramics because the latter has muchversal “symmetry-conforming principle” of point defects
better piezoelectric propertiésSince then, PZT has domi- (defect symmetry principleto generate a restoring force for
nated piezoelectric applications to date. However, PZT iglomain switching and consequently realize a reversible do-
now facing a big challenge due to the environmental hazardnhain switching‘f’ ~® This principle was first proposed in
by its toxic lead’> ferroeleastic/martensft€® and explained the reversible

Very recently, based on a different mechanism we foundlomain-switching phenomena in aged ferroelastic/
that a large electrostrain of 0.75% at 200 V/mm can be obmartensitic alloys. Very recently it has been successfully ex-
tained in aged BaTi@based ferroelectric single crystéls. tended to ferroelectricsThe main idea is that point defects
This provides a way to produce high performance Pb-freén crystals possess a so-far unrecognized “statistical symme-
piezoelectrics. It implies that BaTiDso far regarded as “in- try” which follows the crystal symmetry when in
ferior” piezoelectrics, may show outstanding electrostrain efequilibrium®*¢~8 we shall see that it is this symmetry prop-
fect if using this electrostrain mechanism. For applications iterty of point defects which creates a restoring force for re-
is very important if similar effect can be achieved in versible domain switching.
polycrystals/ceramics but such possibility has not been ex-  Figure 1 shows the symmetry of equilibrium statistical
plored. In this letter we investigate such electrostrain behavdistribution of point defects in a perovskite ABQattice,
ior in Mn-doped(Ba, S)TiO5 ceramics. Experimental results which contains acceptor dopant®Dions at B* site. To
demonstrate that our principle is applicable to ceramics. Anaintain the charge neutrality, oxygen vacangy will be
large recoverable nonlinear strain of about 0.12%-0.15% urproduced at & sites? We define ino as the conditional
der a field of 3 kV/mm can be obtained. This value exceedgrobability of finding an oxygen vacancy at sitéi=1—6)
that of conventional hard PZT piezoelectric ceramics. next to a defect 8. When temperature is above the Curie

First, we will brleﬂy introduce this mechanism for Iarge point TCv the Crysta| possesses a cubic symmetry as shown in
electrostrain effect. It is based on a reversible domain1:ig_ 1(a). As the six sitegi=1-6) are equivalent to B due
;wit_ching process. Electric-field-induced 90° QOmain .switch—to the cubic symmetry, it is natural thal’o are the same for
ing is known to be able to generate huge strain, as it involvesjie.1 2 _6; thus the distribution of conditional probability
the exchange of nonequal crystalline axidowever, such a o equivalently short-range-order paramgtshiows a cubic
huge electrostrain effect is normally irrecoverafle., can- symmetry, which conforms to the cubic crystal symmétry.
not reappear under field cycleshus renders the effect use- \when temperature is beloi, the cubic crystal structure
less. This is because domain switching is intrinsically aNchanges to polar tetragonal due to the displacement of posi-
tive and negative ions along t@01) axis as shown in Fig.
¥Electronic mail: ren.xiaobing@nims.go.jp 1(b). Now the cubic symmetry of oxygen vacancy does not
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Equilibrium paraelectric
state (T >T¢)

Equilibrium ferroelectric
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FIG. 1. Symmetry-conforming short-range distribution of point defects in
perovskite ABQ lattice containing B* ions at B"* site: (a) equilibrium
paraelectric statg}p) equilibrium ferroelectric statel?iVO is the conditional
probability of oxygen vacancy occupying sitdi=1—6) next to a defect
D%*. T. is the para-ferro-transition temperature. It shows that defect sym-
metry conforms to crystal symmetry when in equilibrium.

match the polar tetragonal symmetry of the cryStafter
given some timégcalled aging in ferroelectric state, an equi-
librium state is attained, in which distribution of these prob-
abilities shows the same polar tetragonal symmetry, con-
forming to the polar tetragonal crystal symmetry of the
ferroelectric phase, as shown in Figbl This is the so-
called symmetry-conforming short-range-order principle or
in short defect symmetry principﬁeln this state, the point
defect has a tetragonal symmetry and an excess defect polar-
ization Pp aligning along the direction oPS.4 This stable
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FIG. 3. Aging effect of BaSysliO3—1Mn ceramics and microscopic

state is schematically illustrated by the symbol shown in Figmechanism of the recoverable electrostrain eff@thysteresis loop before

2(a). In such a stable staf€ig. 2@)], when electric fielcE is
applied along[10Q] direction perpendicular t®s, Pg will
switch to the direction oE (90° domain switching how-
ever, during such a diffusionless domain-switching process,
oxygen vacancy cannot move; thus point defects keep th
original symmetry [see Fig. Pb)]. This is an unstable state
according to the defect symmetry princifl€onsequently,
when E becomes zerds will switch back to the original

ated point defect polarizatid, [Fig. 2(a)].4 Such a process
generates two important effectét) double hysteresis loop
(like antiferroelectricsand(2) huge recoverable straimvith

and after aging(b) field-induced electrostrain in aged sample) micro-
scopic mechanism, see Fig. 2 for definition of arrows and rectangles.

lower Curie temperaturae'c.11 According to the Landau

theory of phase transitioff,when temperature is close 10,
the energy barrier for polarization switching decreases and
thus domain switching becomes easier. Such designed
state by the power of point defect symmetry and the assocf@mples were sintered by the mixed oxide method at a tem-
perature of 1450 °C for 4 h. The sintered samples were first
aged at room temperature for four weeks to establish a stable
defect symmetry state as described in Figd) =and Za).

a maximum strain ot/a-1).

We chose 1.0 mol % Mn-dopetBa, ¢sS1; ¢5) TiO5 ce-
ramics (BaSg gsTiO3—1Mn) as our test samples. Mn was

Then they were coated with silver electrode on both surfaces.
Figure 3 showed the measured hysteresis loop and strain
as a function of the electric field at room temperature for

added as acceptor dopant. Its valence state is 3+ when sif9ed BaSyosTiO3—1Mn sample. It is noted that the aged

tered at high temperature in af
taneously created by charge Compensagtiéhﬁ* was added

Oxygen vacancy is simul-

(2 (®)
[Ps "I;'!c'};'li'"
N I S I .
L TP,, E &hed ? 7
a E removed P

Defect symmetry  Crystal symmetry ————">E

FIG. 2. Point-defect-mediated reversible domain switching f(ajstable
state to(b) unstable state generates a large electrostraoaf 1. Pg (thick
arrow) and Py (thin arrow) denote spontaneous polarization and averaged.
defect polarization, respectivelyanda are the length of anda axes of the

sample shows an interesting doulfee-E hysteresis loop
(solid line) contrast to the normal hysteresis loop for unaged
state(dotted ling [Fig. 3@)]. With the electric field increas-
ing to 3 kV/mm, polarization of the aged sample increases
to 15 uC/cn¥, and then recovers to zero when electric field
decreases to zero. Similar double hysteresis loop in aged
ferroelectrics have also been reporféd\/lost importantly,
accompanying the double hysteresis loop, the aged sample
shows a large recoverable electrostrain of 0.12% under bipo-
lar electric field[Fig. 3b)]. This strain value is close to the
theoretical value for ceramics associated with domain
switching, which is known to be 0.368% for BaTj® The
microscopic process underlying this interesting behavior of
ceramics can be well understood by the illustration of Fig.
3(c). The basic mechanism for the reversible domain switch-
ing for the aged polycrystalceramic$ case is the same as

tetragonal ferroelectric unit cell, respectively. Large rectangle representth€ abovementioned single crystal caség. 2). The only

crystal symmetry and small rectangle represents defect symmetry.

difference is that ceramics are composed of many randomly
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FIG. 4. Comparison of the nonlinear recoverable electrostrain in ) . )
BaSk, 4.TiO3—1Mn ceramics with linear piezoelectric strain of Bajiend  FIG. 5. Cycle dependence of electrostrain for BaStO;—1Mn ceramics

PZT ceramicgshaded argaThe recoverable strain effect is stable over a at 3 kV/mm electric field. Perfect recoverability is achieved even after
wide field frequency range. 10 000 cycles. The waveform of electric field is shown in the inset.

oriented grains, which reduce the maximum attainable eIechveI |ncreaseis|th mlcr_eazmg r}ulrlnber O(f: cyl_cles. This ph_e-t
trostrain. This explains the double hysteresis loop and thgOomenon can be explaned as Toflows. Lycling may assis
recoverable strain versus electric field in Fig. 3. some point defect@efect dipolesto align along field direc-

It should be stressed here that the point—defect—mediate&'.xon (from other dl_rectlorlﬁ t.hus creates a weakening of re-
recoverable electrostrain is a nonlinear effect, being differenp'Stance to domain switching. By 'ghe Same reason as dis-
from the linear piezoelectric effect but the strain level show cussed for_ frequency_ effect, strain level also INCreases.
in Fig. 4 exceeds not only conventional linear piezoelectric herefore, it can he Sa.'d that .b_Oth lower frequency and field
strain of BaTiQ ceramics themselves, but also the piezo—CyCIIng enhance domain mobility.

electric strain of hard PZT ceramics; it even approaches th In conc;lusmn, based on the defect symmetry prlnC|pIe0, a
strain level of soft PZT ceramics. As can be seen from th(tf;arge nonlinear recoverable electrostrain of about 0.12%—

Fig. 4, BaSgsTiO3—1Mn ceramics show a recoverable -15% was obtained in BagisTiO3—1Mn ceramics. It ex-
electrostrain of 0.12%-0.15% under 3 KV/mm field, which ceeds that of conventional piezoelectric hard PZT ceramics.

exceeds that of piezoelectric BaT(.063% and hard PZT Moreover, this electrostrain effect is stable down to a low
(0.075%%), and is close to soft PZ{@bout 0.29%%. Also this ~ requency of 0.05 Hz and shows good recoverability even
effect is stable down to a low frequency of 0.05 Hz. Besidesf‘.‘ft?r 10 OOQ fatigue cycles. These r_esults |nd|ca'§e the poten-
the stability, this effect shows perfect recoverability evennallty of this electrostrain mechanism for applications as
when the applied electric field reverses its direction. By con-nonllnear actuators.
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