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ABSTRACT 

This report documents work performed over the period 1 January 1998 to 31 December 
1998 on a MURI under the Office of Naval Research Contract N00014-96-1 -1173. The topic 
"Acoustic Transduction Materials and Devices" brings together groups in the Materials Research 
Laboratory (MRL), the Applied Research Laboratory (ARL), and the Center for Acoustics and 
Vibrations (CAV) at Penn State. 

Research on the program is adequately represented in the 80 technical appendices. 
Outstanding accomplishments include: 
Exploration of several new relaxor ferroelectric perovskite solid solution with 

morphotropic phase boundaries. New evidence of the onset of nonlinearity in soft donor doped 
PZTs at surprisingly low (1 V/cm) fields. Confirmation of the relaxor phase induced by electron 
irradiation in PVDF:TrFE copolymers, and a processing method which permits very high (4%) 
electrostrictive strain in the transverse direction, vital for the practical use in actuator systems. In 
composite transducer, "first fruits" of the cooperative program are cymbal arrays which form 
most effective acoustic projectors, and a new "dog bone" design which permits deeper 
submergence for the cymbal. Agile transducers, the 3-D acoustic intensity probe and high force 
high strain torsional and step and repeat systems continue to make excellent progress. In actuator 
studies true acoustic emission is proving to be an excellent tool in reliability studies and a new 
design of small-scale (mini) piezoelectric motor shows outstanding performance. Thick thin film 
studies and are now "gearing up" for the development of the mini tonpilz arrays. New 
combinations of ultrasonic and resonance methods appear to offer unique capability for complete 
characterization of ferroelectric piezoelectric materials. 

The mode of presentation of the report emphasis the outstanding progress made in 
published research. It is important to also document that the slower and more painstaking 
development of practical transducer systems in the cymbal and mini tonpilz arrays is progressing 
very favorably. 
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Piezoelectric property enhancement in polycrystalline lead zirconate 

titanate by changing cutting angle 

Xiao-hong Du, Qing-ming Wang, Uma Belegundu and Kenji Uchinoa) 

International Center for Actuators and Transducers, Materials Research Laboratory 

The Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

The effective piezoelectric strain constant d33 and electromechanical coupling factor k33 

of polycrystalline lead zirconate titanate (PZT) at different cutting angles have been measured by 

using the IEEE standard resonance method. It was found that for tetragonal PZT 48/52, the 

effective d33 and k33 monotonously decreases as the cutting angel canted from the poling direction 

increases. However, for rhombohedral PZT 54/46, the effective d33 has the maximum value along 

a direction which is canted about 45° away from the poling direction, while the effective 

electromechanical coupling factor is not sensitive to the cutting direction and remains almost 

constant in the cutting angle range from 0° to 45°. 

Electronic mail: kenjiuchino@ psu.edu 



Lead zirconate titanate (PZT) ceramics have been widely used in transducers and 

actuators due to the large piezoelectric coefficients and high electromechanical coupling factors. 

In these applications, the ceramic is electrically driven along a direction either parallel to the 

poling direction (0° cutting angle) to utilize the longitudinal extension deformation or 

perpendicular to the poling direction (90° cutting angle) to utilize the shear deformation. To the 

author's knowledge, no systematic investigations have been done to enhance the piezoelectric 

properties by choosing an electrical driven direction which is canted between 0° and 90° away 

from the poling direction. This paper presents the experimental results about such enhancement. 

In the previous papers,1' 2 we reported the phenomenological calculations of the 

piezoelectric and dielectric constants of hypothetical single crystals of PZT in different crystal 

orientations. For a tetragonal PZT, the effective piezoelectric constant d:.3 monotonously 

decreases as the crystal cutting angle from the spontaneous polarization direction [001] increases. 

However, for a rhombohedral PZT, the effective piezoelectric constant d33[ooij// along the 

perovskite [001] direction was found to be much larger than those along the spontaneous 

polarization direction [111]. A similar tendency can be expected for polycrystalline samples, 

though the enhancement might be less significant than single crystals. 

Tetragonal PZT 48/52 and rhombohedral PZT 54/46 ceramic plates with sizes 

lOmmxlOmmxlmm were poled along one of the large sides, as shown in Fig. 1. Then, the plate 

were cut into small bars along the directions canted 0°, 15°, 30°, 45°, 60°, and 75° away from the 

poling direction, respectively. The IEEE standard resonance method3 was used to measure the 

longitudinal extensional piezoelectric constant d33 and electromechanical coupling factor k33 for 

each bar. Figure 2 shows the values of d33 with respect to the cutting angles away from the poling 

direction. The values of d33 have been normalized by d33//ps, the d33 along the poling direction. 

Figure 3 shows the results for k33. For tetragonal PZT 48/52, both d33 and k33 monotonously 

decrease as the cutting angle increases. However, for rhombohedral PZT 54/46, d33 increases as 



the cutting angle increases from 0° to 45°, leading 1.25 time enhancement at 45°; k33 is not 

sensitive to the cutting direction and remains almost constant in this cutting angle range. Beyond 

this cutting angle range, both d33 and k33 decrease as the cutting angle increases. This maximum 

angle is little smaller than the calculated angle 56° - 59° for the hypothetical PZT crystals. 

In conclusion, for tetragonal PZT 48/52, the effective piezoelectric constant d33 and 

electromechanical coupling factor k33 have the maximum values along the poling direction and 

decrease monotonously as the cutting angle from the poling direction increases. However, for 

rhombohedral PZT, d33 has the maximum value at a cutting angle about 45° away from the poling 

direction. This shows us that the enhancement of piezoelectric properties by changing the cutting 

direction away from the polarization direction exists not only in single crystals, but also in 

polycrystalline solids. By choosing an appropriate cutting direction, the piezoelectric properties 

can be improved. 
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Fig. 1.  Illustration of sample cutting. 

Fig. 2.  The effective d33 normalized by d33//ps, the d33 along the poling direction, with respect to 

cutting angles from the poling direction.    For tetragonal PZT 48/52, d33//Ps=98pC/N.    For 

rhombohedral PZT 54/46, d33//Ps=148pC/N. 

Fig. 3.  The effective k33 with respect to cutting angles from the poling direction. 



CP     15°    30° 

c 
o 

1 

"5 
Q. 



i 
[_ 

.   i   1   .   i   .   1   .   .   .   , , , j i 

1.2 *~ 

ft 
i_ „ 

m w^                                                                                              * 

T) ,— -"-"^                        \ 
_ 

1 —•.                      \ — 
<D '_ ^\                      \ . 
> i \ 

•H ^ \ 
•U    -     ~ |_ \ 
o   0.8 i \ 
<D \ 

4-1 'r- \ 
IW L \ 
w   0.6 i 

\    - 
n V 

<U r ■ 
N r \   \ 

•H   0.4 i 
\  \ — 

m ! 
E [ m              ytrrrp      r-  A    t A   f 

\ \ ^ ■        FZil    D4/4O 

0  0.2 |_ v   \ — 
2 L \ \ ■ 

! 
, . i N^ 

•        itlil.    *±o/ DZ 

0 
0 20          40           60 

e 
80 



0.6i  '  '  '  i  '   ■ 

0.2 

0.1 - 

20 

PZT   54/46 
PZT   48/52 

40 60 

e 

• ■ ■■ --' 



APPENDIX 15 



APPLIED PHYSICS LETTERS VOLUME "i. NUMBER 21 25 MAY 199S 

Nonlinearity and scaling behavior in donor-doped lead zirconate titanate 
piezoceramic 

Volkmar Mueller3' and Q. M. Zhang 
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Two different effective thresholds for the onset of noniineariry in the dielectric and piezoelectric 
coefficients of donor-doped lead zirconate titanate isoft FZTD piezoceramics at electric ac fields 
E. r ^ 100 V/cm and £„;■» 1 V/cm are found. Both are characterized by a scaling behavior .t=.r0 

—A[E—Ee)/Ec\* above the respective threshold, where .v is the dielectric or piezoelectric 
coefficient. The values of the effective exponenr d> are apparently independent of the particular 
ceramic system which suggests a universal behavior in sort PZT. We suggest that the nonlinearity 
is dominated by the dynamics of domain walls in a randomiv pinned medium. £ 1998 American 
Insrinae of Physics. [50003-6951(98)03521-9] 

PbiZr,Tit_t)03 (PZT) piezoceramics used in actuators, 
transducers, resonators, and motors are often subjected to 
high eiecric fields where the polarization-field and strain- 
fieid dependencies are strongly nonlinear.1 For proper appli- 
cations of die material, it is imperative to understand the 
nonlinear behavior. In PZT piezoceramics, it is well known 
that the dielectric and piezoelectric properties are influenced 
greatly by die morion of domain walls." In donor-doped 
«sorb PZT [at compositions sear the morphotropic phase 
boundary where .r=0.52 (MPSi*. experimental results indi- 
cate a ±reshoId for the onset of nonlinearity at Ec= 100 
V/cm »Refs. 3 and 4) which is believed to be due to the onset 
of irreversible domain wall morion. However, the mecha- 
nisms causing the domain-wail-reiated nonlinearity are not 
weil understood. 

In this letter, we present the results of a recent experi- 
mental Investigation of the nonlinear dielectric and electro- 
mechanical response of soft PZT piezoceramics. We find, in 
addition zo the threshold reported earlier, another threshold 
for the onset of nonlinearity at 2 much weaker field level. 
Above both thresholds, a nonanaivric scalina behavior. 

.Yi £■_-- =.v0+A[(£ac-£k."/f,*c U> 

of nonlinear responses is found characterized by an effective 
exponent ö which is independent of the material investi- 
gated. Hence, this scaling behavior provides a convenient 
way of describing the nonlinear behavior of soft PZT piezo- 
ceramics. In addition, it also indicates a possible link of the 
noniineariry with the depinning of ferroelectric domain walls 
as wiil be discussed. 

A series of commercial soft PZT ceramics all at compo- 
sitions near MPB with different level (2*1%) of valence 
compensated additions and donor dopants and hence, differ- 
ent Curie temperatures 190-C<7\<350°C and different 
weak-sisssi dielectric and piezoelectric coefficients) was 
investigated." The measuring field was applied both parallel 
• E-:) and perpendicular (£,> to the poling direction of the 

' Present 
04! os Hi;: 

iirs<>.:  FB  Physik. 
■Is. Germanv. 

L'ni\«sici Halle. F.-Baeh-Ptatz 6.   O- 

ceramic in order to investigate the influence of different sym- 
metry conditions (i.e.. different orientations to the poling 
axiss. 

Measurements were carried out at room temperature. In 
all die data presented, the amplitude Ex of the applied ac- 
nelti was well below the depoiing field of the material. The 
rieic-induced strain 5 and me dielectric displacement D were 
measured by a displacement sensor (MTI 2000) and a 
Sawyer-Tower circuit.- respectively, under stress-free 1 non- 
resonant) conditions at a frequency /= 100 Hz. The output 
signals were analyzed using a digital oscilloscope and. in 
addition, by lock-in amplifiers to obtain their first harmonic 
components Suf' and D :". Tne effective dielectric (Kr, 
and X-:) and piezoelectric s J:.; and dis) coefficients were 
determined by K=D'U':£.-£._. and rf=5,lf")/£:sc. respec- 
tively. At weak fields (£<50 V/cm). because of the sensi- 
tivity limitation of the displacement sensor, only the dielec- 
tric constant was measured using a General Radio 1616 
precision capacitance bridge. 

A typical experimental resuit of the nonlinearity of the 
dielectric and piezoelectric coefficients is presented in Fig. 
if ai. Both the dielectric and piezoelectric coefficients can be 
described by Eq. (I) [Ftg. lib'] which supports the hypoth- 
esis of a finite threshold for domain wall motion in soft 
PZT.""-" The threshold fieid for the PZT examined is at Ecl 

= lGOr:50 V/cm. consistent with early results. However, it 
is found that the effective exponent i-l.2r0.l for the data 
perpendicular to the poiing direction {Ku and dxs) is quite 
different from <p= 1.0=0.1 forme data parallel to the poling 
direction (£33 and dn). 

In order to understand the significance of the result- one 
can compare it with the expressions expected from the Tay- 
lor expansion in which vi£,) and c(£3) are expanded in 
terms of Ex and E%. respectively. Here c stands for AT:.3 and 
d-.-x and y represents Ku and «/L«. respectively. From the 
symmetry consideration, the Taylor expansions of the two 
coerncients >•(£,) and :(£;) are different: 

0C03-=55: S=72(21V259Z'3/S15.C0 5 1958 American Institute of Physics 
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expansions higher order terms are neglected. The ef- 
exponent <f>= 1.0=0.1 for AT-, and J33 has been re- 
and is consistent with Eq. (2).6 However. <s>= 1.2 

ror A"n and di5 is apparently much smaller than <t> 
expected from Eq. (2) (the exponent of £2 term;. To 
mat the exponents do no: depend on frequency, mea- 
:nt was also made at lower frequencies. 
■hould be pointed out that the weak field dielectric and 
ectric coefficients and the Curie temperatures of the 
rramics investigated differ significantly, indicating the 
role played by the amonnt and type of the dopants 

' However, for a given direction of the field, the seal- 
data obtained on different ceramics yields the same 
:f the scaling exponent which moreover does not de- 
n whether it is the dielectric or piezoelectric data that 
liyzed. In view of the different behavior of acceptor- 
?ZT.   the results here suggest a universal behavior 
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ir.s :c- Eq. U). lb) Scalingpiotof 
-"eshoic £r,. The quantities were 
•oci- c:rcies) and A',, from ?2T-5 
zr.ziti . respectively. The lines .-err; 
--e curves. 

a reversible excess parr ±sC/X.} of 
i*-^i<i around weak field threshold £.-. 
ieiscaic coefficient K:,; obtained on 

:- ;n PZT-5H. respectively. The lines 
;rjr:er.tal data above threshold accord- 

.K \., vs reduced fieid above weak; fieid 
ziuatea from Ä\- Motorola 3^03HD 

rH open squares) and Tokin N'-I (tri- 
'.•z~ least square (its of the linear parr or" 

related to the donor doping i- soft PZT pieozoceramics and 
provide a convenient way c: describing the ncnlinearity in 
these materials. 

Moreover, in small fields £<£..,. a weak but significant 
ac-neid dependence of the dielectric constant is observed in 
both directions of the external rleid. In this field range, how- 
ever, besides the reversible increase of dielectric constant 
with ac fieid. similar to those observed in strong fields, the 
sample properties are changed irreversibly due to the ac field 
which is related to a deaging effect. Therefore, in order to 
determine the reversible nor.iir.ear effect, the change due to 
the ceasing should be subtracted from the data. That is. the 
difference lK(E.x) = KiE^-\iE.)) should be considered 
Here. K(Em) is the dielectric consrant measured at a given 
rleid Em. which has both the nonlinear and the deaging ef- 
recr. K(E0) is the dielectric constant determined immediately 
after the measurement at £_, is completed and measured with 
a  smail  field £0«0.4V/cm 'below the threshold)  which 
probes the change in the dieiecrric constant due to deaging. 
Although these two effects (nonlinear and deaging effect; in 
w-eak fields have the same order of magnitude, it is found 
that the difference is independent of the particular aging state 
of the ceramic (i.e.. how the measurement is conducted) and 
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reproducible. The resulting fiincüon kfCiE^) increases 
monotonically with Ex [Fig. 2(a)]. la addition, it can be 
scaled according to Eq. (I) for both directions of the external 
field [Fig. 2(b)], i.e.. the ac-fieid dependence in weak fields is 
analogous to that observed in large fields. 

For the materials investigated, the threshold values are in 
the range 0.4 V/cm<£c2<2 V/cm and seem to be associated 
with Ä."o - the linear dielectric constant of the ceramics, i.e.. a 
material with a higher K0 has a lower Ec2.

7 The effective 
scaling exponent <f>, on the other hand, shows no significant 
dependence on the material. More interestingly, we find for 
both directions of the external field the value d>= 1.5=0.1. 
By analogy with the results in the large field region, this 
result indicates that both Klt and Kg are nonanalytic func- 
tions of Et and E3 and cannot be expanded using the simple 
Taylor expansion given in Eq. (2). 

There are several works dealing with the nonlinear be- 
havior related to interface motion. In one of the works, die 
anharmonic potential energy U(±xi of the wall displaced bv 
a distance Ar from the equffibrinm position is believed to 
cause die nonlinear domain wall response.8 However, any 
no'nlinearity attributed to the potential energy of the wall has 
to meec the symmetry conditions and is therefore qualita- 
tively inconsistent with the experimentally observed nonana- 
Iytic scaling behavior. 

On the other hand, the field-driven ferroelectric domain 
wail represents an elastic internee with many degrees of 
freedom moving through a pinning medium with quenched 
disorder corresponding to die distribution of immobile de- 
fects. Theoretical models treating the depinning transition of 
such an interface as a dynamical critical phenomenon predict 
a scaling behavior similar to Eq. 'Ii 'between force and ve- 
locity above the onset of interface motion.9,10 

It should be pointed out that experimental data obtained 
for a ?ZT piezoceramic is an average response over all 

grains, different domain walls with different orientations to 
the external field We are also aware that our experiments 
may not probe the critical region of a probable depinning 
transition in soft PZT. Therefore, the effective exponents de- 
scribing the nonanalytic scaling behavior of the piezoceram- 
ics may not be mistaken with critical exponents of the theo- 
retical models. Thus it is surprising that the value <b= I-5 
= 0.1 found experimentally in weak fields agrees well with 
the theoretical mean-field exponent i=3/2.* Moreover, an 
effective exponent d>= 1.45=0.03 was determined recently 
for t nonferroelastic) 180s domain walls in improper ferro- 
electric lock-in phases." Apparently, the dynamics of do- 
main walls leads to a similar nonanalytic scaline in verv 
different ferroelectric systems for which there seems to be no 
explanation at present. 

The authors are grateful to Jayantfa Banavar for stimulat- 
ine discussions. 
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Field Induced Acoustic Emission (AE) in Ferroelectric Ceramics 
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Abstract — Electric field induced acoustic 
emission (AE) in ferroelectric PZT ceramics has 
been studied. It was shown that the field induced 
AE originated from where the displacement was 
induced and ended when the applied field was 
being reduced during poling. A larger electric 
field than the previously applied maximum field 
was required for new AE generation (Kaiser 
effect). From the AE event rate and the AE 
signal amplitude distribution, it was assumed 
that there were two origins of the bipolar field 
induced AE in the ferroelectric ceramics: 
deformation related to domain reorientation and 
piezoelectric deformation without domain 
reorientation. 

§1.  Introduction 

In ferroelectric materials, the AE method has 
been used to determine phase change, *"3) to 
detect domain reorientation^""") and to monitor 
crack propagation.^) ft has been believed that 
ferroelectric domain motion is a dominant AE 
source in the ferroelectrics. However, our recent 
research has shown a significant measurement 
problem in the most of previous field induced 
AE studies. 10) A mechanical vibration of sample 
is easily excited by an electrical coupling 
between the power supply feedback and the 
piezoelectricity of sample, resulting in a vibro- 
acoustic emission. The vibro-acoustic emission 
could vary with electric field, and was similar to 
the reported field induced AE results. The 
sample vibration could be eliminated by 
increasing the time constant x of the voltage 
(field) application system. It was shown that 
this modified voltage (field) application method 
makes the field induced AE measurements at 
high sensitivities possible without vibro-acoustic 
emissions. Considerably different AE results 
from the reported field induced AE were obtained 
using the modified method. The AE appeared to 
be observed from where the displacement was 
induced during poling. New AE will not be 
generated after sufficient poling. 

This paper deals with the electric field induced 
AE generations in a ferroelectric lead zirconate 

titanate PrXZr^Ti^Oj (PZT) ceramics. The 
field induced AE activities were analyzed by 
comparing them with obtained induced 
displacement. A fractal dimension analysis of 
the AE signal amplitude distribution was also 
applied. 

§2. Experimental    Setup 

Figure 1 shows the field induced AE and 
displacement measurement system. The sample 
was placed on the AE sensor (NF Corporation, 
AE-904E) with its resonant frequency of 450 
kHz. The induced displacement was also 
observed using a L.V.D.T (Millitoron, Nr. 
1301). The AE signal was amplified by 40 dB 
through a low noise pre-amplifier (NF 
Corporation, AE-9913) and again up to 60 dB 
with a main amplifier (NF Corporation, AE- 
922). The amplified AE signals were counted 
after passing through a high-pass filter (f >100 
kHz) and a discriminator. 

Function Generator 

R=20MQ 

Power supply 

LVUT 

Oscilloscope 

^Sample 
■Brass foil 

C=0.01 uF AE sensor 
NFAE-904E 

NF-99D 

Preamplifier 

NFAE-92-— NFAE-932 

Main amplifier   Dual counter 
Discriminator 

Figure 1  Field induced AE and displacement 
measurement system. 

Disc specimens of commercialized ferro- 
electric lead zirconate titanate PZT ceramic 
(Morgan Matroc, PZT-5A) with 12.7 mm in 
diameter and 0.4 mm in thickness were 
employed for this study. Gold electrodes were 



formed on both surfaces by sputtering. The AE 
sensor was attached to'the sample through 
brass-foil with 0.025 mm in thickness. A 
silicone grease was used as a couplant to make a 
better acoustical contact. An external resistor/? 
(R = 20 MQ) and a capacitor C (C= 0.01 yiF) 
were installed to the power supply in order to 
eliminate the vibro-acoustic emission. 

§3.  Results  and  Discussions 

3.1 The Kaiser Effect in Held Induced AE 

Figure 2 shows the AE event, induced 
displacement and applied electric field as a 
function of time for a cyclic application of 
various electric fields. The threshold level of the 
AE signal were set to be 400 mV at 100 dB. An 
unpoled sample was employed for this 
measurement At the first cycle (poling), an 
electric field of 20 kV/cm was applied to the 
sample. The amplitude of the field was increased 
to be 25 kV/cm at the second cycle, and again 
up to 30 kV/cm at the third cvcle. 

100 200 
Time (sec) 

300 

Figure 2 The AE event, induced displacement 
and applied electric field as a function of time 
for a cyclic application of various electric fields. 

The sample was poled at the first cycle. The 
induced displacement and total residual 
displacement observed as a zero point shift 
increased with amplitude of applied field, 
because the higher degree of poling is achieved 
by the applications of the larger electric fields. 
At first cycle, the AE event occurred from where 
the displacement was induced and increased 
with field. The AE was not generated during the 
field was being reduced. In the second cycle, no 
AE events were observed until the electric field 
reached E=20 kV/cm. New AE generation was 
observed above E = 20 kV/cm, and increased with 
the electric field.   In the third cycle, this AE 

onset field again shifted to be E = 25 kV/cm. 
The AE was generated only when the applied 
field exceeded the previous maximum value. 
This pre-applied electric field (induced, 
displacement) dependence of the AE generation 
implies a Kaiser effect in the electric field induced 
deformation of the PZT ceramics. 

The domain motion has been believed to be 
origin of the field induced AE However, it is 
shown that all domain motions can not be the 
origin of the field induced AE because the field 
induced AE depends on the pre-applied electric 
field (Kaiser effect). Therefore, particular domain 
reorientation processes rather than domain 
motion should be considered to be the origins 
of the AE. Another possible AE source is a 
mechanical stress, since the mechanical stress is 
supposed to be induced in the sample at high 
strain (electric field) state. 

3.2 The Electric Field Induced AE 

Figure 3 shows the AE event count rate and 
the induced displacement as a function of applied 
field at 0.0015 Hz with field of E = ±35 kV/cm. 
The AE measurement conditions were set to be 
at 100 dB with a threshold level of 400 mV. A 
butterfly shape induced displacement due to the 
domain reorientation was obtained. The critical 
electric field, where the AE started to be 
generated, corresponded to the point of inflection 
of the displacement with respect to the field. (In 
Fig 3, d(displacemeru)/dE is shown for the point 
of inflection.) 

The maximum of AE event count rate was 
not observed at the maximum applied field. The 
maximum AE event rate was found to be around 
E = 27 kV/cm. Considering that internal stress 
increases with the applied field in the 
ferroelectrics, this decrease in the AE event rate 
might imply that the internal stress could be the 
origin of the AE, but not only one source. The 
induced displacement in the ferroelectric ceramics 
consists of the deformation related to domain 
reorientation and piezoelectric deformation 
without the domain reorientation. Therefore, it 
was supposed that the field induced AE under 
bipolar electric fields in the PZT ceramics was 
generated first through deformation related to 
domain reorientation. After the domain 
reorientation was completed, the piezoelectric 
deformation unrelated to domain reorientation, 
which accompanied with the induced internal 
stress, was expected to be the origin of the AE. 
The decrease in the AE event rate might indicate 
the completion of the domain reorientation 
related deformation. 
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Figure 3     AE event count and the induced 
displacement as a function of applied field. 

33 The Fractal Dimension of the Electric Field 
Induced AE 

When the AE event rate f(x) is the minus 
m-th power of x, where x is the AE signal 
amplitude, 

damaged. However, it is supposed that the 
lowered fractal dimension was due to the 
existence of ferroelectric domain and the effect of 
the deformation related to domain reorientation, • 
instead of the crack in the material, since 
repeatable and stable field induced AE events 
were observed.*-) 

Critical E-field 
E=27_5kV/cm 

10-+ 10-3 
AE signal threshold level (V) 

Figure 4 AE event count per cycle as a function 
of the AE signal threshold level for various 
bipolar electric field amplitudes. 

f{x) = ex m (c constant). (1) 

The number of m is defined as a fractal 
dimension.I*) The fractal dimension m is used 
to estimate the damage in the materials. 

The integrated AE event F(x) , 

Fix) = ff{x)-dx l—cx m+1 (m >i)    (2) 
Jx m —1 

was observed through changing the AE signal 
threshold level in the measurements. 

Figure 4 shows the AE event count per cycle 
as a function of the AE signal threshold level. 
The observed AE event count logarithmically 
decreased with the AE signal threshold level 
when a field of E = ± 25 kV/cm was applied. 
Thus,   a   fractal   dimension   of        m=l 

(-j-[clog x+ A] = ex"1) was obtained for 

the logarithmic decrease. In general, the fractal 
dimension is found to be more than 2 for the AE 
generated from the plastic deformation. The 
fractal dimension of m = 2 is a critical number 
to evaluate the condition of materials. If there is 
a damage (i.e., crack) in the material, the fractal 
dimension becomes lower than 2. From this 
concept of the fractal dimension, the obtained 
dimension indicated that the sample had been 

When the amplitude of electric field was 
increased, the higher AE signal threshold level 
parts did not follow to the logarithmic change. 
A critical amplitude of the electric field, above 
which non-logarithmic AE distributions were 
observed, was found to be around E = 27 kV/cm. 
The lower signal threshold level region still 
could be fitted to a logarithmic curve and the 
extended line also ended around the AE signal 
threshold level obtained for ± 25 kV/cm. The 
higher AE signal threshold level parts (MO-4 

mV) showed a linear decrease with the threshold 
level. When an electric field of E = ±35 kV/cm 
was applied, a fractal dimension of m = 2.8 was 
obtained. Figure 5 shows the induced 
displacement under unipolar and bipolar fields. 
Although the butterfly shape induced 
displacement for the bipolar field is due to the 
domain reorientation, the bipolar field induced 
displacement coincided with the unipolar field 
induced displacement above the electric field E = 
27 kV/cm. Thus, it is assumed that the domain 
reorientation was completed at higher electric 
fields than the critical electric field E = 27 
kV/cm. The origin of the AE with the fractal 
dimension of 2.8 was assumed not to be the 
deformation related to domain reorientation, but 
the piezoelectric deformation without domain 
reorientation. 
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domain reorientation and piezoelectric 
deformation without domain reorientation. It is 
assumed that the fractal dimension of the 
ferroelectric PZT ceramics consisted of the 
domain reorientation related m = 1 and the 
domain reorientation unrelated m = 2.8. A 
critical bipolar electric field for the domain 
reorientation unrelated AE generation was found 
to be E = 27 kV/cm. 
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Ferroic crystals have domain walls which can be moved by electric field (ferroelectrics), 
magnetic fields (ferromagnets), mechanical stress (ferroelastics) or a higher order 
phenomenon involving a combination of the three (secondary ferroics). Because of the 
large contribution movable domain walls make to piezoelectricity, permittivity, 
permeability, and to elastic compliance, these materials are used as transducers, 
capacitors, transformers, sensors and actuators. A basic understanding of size effects is 
critical to the development of these devices, which are being made in smaller and smaller 
sizes in the form of thin films, fiber-filled composites, and multilayer ceramics with 
submicron grain sizes. 

Four regimes are observed when the particle size is made smaller: (1) crystals or large 
grains in ceramics contain many domain walls, but the number of walls, and the number 
of types of walls, grows smaller as grain size is reduced. (2) When the size is decreased 
sufficiently, the particles become single domain. The properties of single domain particles 
are quite different from those of multi-domain particles. (3) At yet smaller grain size, the 
particles exhibit diffuse phase transformations, nonlinear physical properties, and glass- 
like behavior. (4) The fourth regime is in the nanometer range where ferroic behavior 
disappears as surface effects begin to dominate. 

Keywords: 

INTRODUCTION 

Many phase transitions exhibit size effects. The melting point of bulk 
gold, for example is 1337 K, but this temperature drops rapidly for 
grain sizes below 100 A (Fig. 1). This decrease in the phase transition 
temperature has been attributed to the change in the ratio of surface 
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FIGURE 1    Meltins temperature of gold particles as a function of size. Taken from 
Ref. [1]. 

energy to volume energy as a function of particle size. tlJ Thus, for 
spherical' particles of radius r, the melting temperature can be 
predicted from 

AUdV-ASTmdV-adA = 0. (1) 

where At/ and AS are the changes in internal energy and entropy on 
melting, a is the interfacial energy between the liquid and the solid, 
and Tm is the melting temperature of the particle. If AS and AU are 
temperature independent, then the difference between the bulk and 
small-particle melting temperatures is inversely proportional to the 
particle radius according to 

To 

la_ 
pLr (2) 

where L is the heat of fusion, p the density, and T0 the bulk melting 
point. Many other equilibrium phase transitions display comparable 
size effects. In addition to the data on gold particles, the melting 
temperatures of copper, tin, indium, lead, and bismuth particles and 
thin films have all been shown to be size dependent. [2] Similarly, the 
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superconducting transition depends on size both intrinsically ^ and 
extrinsically, if the stress exerted on the superconducting phase is 
different at different sizes. Superöuid transitions in He-impregnated 
powder compacts and thin films also depend on either the film 
thickness or the size of the pore diameter. w 

In ferroic materials, both the presence of domain walls and the 
ferroic transition itself are influenced by crystallite size. While this has 
not previously been critical to most applications, with the growing 
importance of thin-film- and small-particle-based devices, it is 
becoming important to understand the size effects expected in ferroic 
materials.. 

FERROIC SOLIDS 

Ferroic crystals have moveable domain walls which impart useful 
properties to a number of ceramics and metals. The useful properties 
of these materials are anomalously enhanced near ihe phase 
transformation temperature, where the ferroic domain structure is 
destabilized as the crystalline structure alters to a high-temperature, 
high-symmetry form. It is for this reason that the dielectric 
permittivity of ferroelectric capacitors is the largest near the Curie 
temperature, and the magnetic susceptibility of ferrite transformers 
peaks near Tc. Ferroic crystals can be classified into primary and 
secondary species according to the driving forces required to move 
domain walls and generate hysteretic behavior (Tab. I). Ferroelastic 
solids have orientation states or domains which differ in spontaneous 
strain. The domain walls separating these domains can be shifted with 
mechanical stress, leading to hysteresis between stress and strain. 
Analogous behavior between polarization and electric field is observed 
in ferroelectric crystals, and between magnetization and magnetic field 
in ferromagnetic materials. 

In addition to the three types of primary ferroics, there are six types 
of secondaries which also have mobile domain walls. Some, like 
ferromagnetoelectric chromium oxide, require that two fields (E and H) 
be applied simultaneously, while others such as ferrobielastic quartz, 
are higher order primary effects in which the energy difference between 
domain states is proportional to the square of the applied stress. 
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The study of single-phase and composite ferroics has resulted in 
several new families of devices with superior properties. Typically, the 
success of such composites can be traced to well-designed phase 
connectivity patterns, which can, for example, force desirable field 
concentrations in a single phase, enhance the anisotropy of property 
coefficients, and control the transport of heat or charge. Engineering 
of this type accounts for the rapid growth in composite biomedical 
transducers, thermistors, hydrophones, and chemical sensors. Re- 
search and development programs on thin-film ferroelectric memories, 
and on miniature sensors and actuators for "smart" systems are 
especially active at present. 

However, the drive towards small-scale components has resulted in 
a new generation of devices in which not only the design, but the scale 
of the components also plays a remarkable role in the overall 
properties. This is especially important in the case of ferroic materials, 
where both the presence of domain walls and indeed, the ferroic 
transition itself, is controlled by the crystallite size. In order to predict 
what properties to expect from nanoscale ferroics, it is necessary to 
understand how factors like particle size, dimensionality, boundary 
conditions, and the origin of the phase transition affect size effects in 
ferroics. 

It is anticipated that ferroic materials will undergo four changes in 
the phase transformations as the particle size is reduced (Fig. 2). While 
ferromagnetic materials are still by far the best studied, new 
experimental evidence is accumulating that small ferroelastic, ferro- 
electric and secondary ferroic particles will show similar behavior. 

When prepared as large grain size, ceramics (typically microns or 
larger), ferroelectric and ferromagnetic oxides exhibit complex domain 
structures, often with several types of domain walls. As the grain size is 
reduced, however, the surface area grows in comparison with volume 
and it becomes increasingly difficult to recover the wall energy from 
the volume term. Consequently, the number of domains decreases as 
first one and then the other types of walls are eliminated. The 
transition from polydomain to single domain behavior is well- 
documented in a number of ferromagnets, occuring near 30 nm for 
many spherical metallic particles. For example, pure iron suspended in 
mercury shows a critical size for conversion to single domain behavior 
at ~23 nm and Fe0.4Co0.6 a critical size of ~28 nm. ^ This is in good 
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FIGURE 2   Transitions in ferroic behavior as a function of size. 

agreement with calculations by Kittel, who suggested a 20 nm 
minimum size for the appearance of ferromagnetism in particles. [6] 

Results for acicular agglomerates of 7-Fe203 particles separated by 
non-magnetic grain boundaries are also consistent with these 
estimates: Berkowitz et al. ^ report that the stable single domain 
range at room temperature is centered at ~ 40 nm. 

Studies on BaTi03 ceramics (which contain ferroelectric 180° walls 
and 90° walls which are both ferroelectric and ferroelastic) also show 
fewer 90° domains in small-grained samples than are observed for 
large grain sizes. An intermediate regime, centered at a grain size of 
0.7 urn. with an increased density of small 90° domains has also been 
reported by Arlt et al. [81 Explanation for the changes in the 
equilibrium number of domains as a function of grain size (and in 
particular, the effect of this on the dielectric properties) is complicated 
by the fact that in a ceramic where individual grains do not possess 
cubic symmetry, each grain is subjected to a complex set of stresses 
which arise when  the  body  is  cooled through the transition 
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temperature after firing. Because 90° walls are ferroelastic as well as 
ferroelectric, large stresses should be expected to greatly affect the 
number and type of domains. We observed similar behavior in lead 
zirconate titanate (PZT) ceramics, where a strong correlation between 
domain size and grain size leads to changes in elasto-dielectric 
properties. 

For isolated BaTi03 particles, though, the boundary conditions on 
each particle are much simpler than those existing in a polycrystalline 
ceramic. However, critical sizes for the disappearance of 90° domains 
and the transition to single domain in unconstrained ferroelectric 
powders have not been well established. 

Although the loss of multidomain behavior in ferroelectric ceramics 
is known to occur for much larger grain sizes (approximately several 
tenths of a micrometer), it is also clear that the stress state in a 
monolithic body containing domains is considerably more complex 
than that for isolated particles. Consequently, the changes in ferroic 
properties as a function of size in ferroelectric powders are expected to 
follow the ferromagnetic analog more closely. This is born out in 
experiments on 0-3 PbTKXpolymer composites in which the filler 
particle size was varied. Lee et al. [9] reported that there is a significant 
drop in the ability to pole such composites for filler particles smaller 
than ~200nm. Assuming both that the small particles were well 
crystallized and that the particle size distribution were narrow, this 
implies that transition from multidomain to single domain occurs in 
PbTi03 particles near 200 run. 

At still smaller sizes, ferroic particles undergo a phase change to the 
high temperature symmetry group and sometimes show the enhanced 
responsiveness of a superparamagnetic or superparaelectric solid. This 
state is characterized by zero spontaneous polarization, the disap- 
pearance of hysteresis and large electric permittivity. Pure BaTi03 may 
not show the enhanced permittivity as the particle size is decreased, 
but certain modified barium titanates do. The transition from the 
single domain state to the high temperature symmetry may also be 
related to decrease in the Curie Temperature Tc. Previous reports have 
shown that the critical sizes at which the Curie Temperature drops 
below room temperature are ~80-120 nm for BaTi03 

[10] and ~20nm 
for PbTi03.

[11] While BaTi03 is the best studied ferroelectric system, it 
is clear that many of the observed size effects depend sensitively on the 
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material preparation conditions, and on the electrical and elastic 
boundary conditions of the sample. Consequently, the critical size for 
the ordinary paraelectric to superparaelectric transition is unknown. 
Because it is difficult to characterize the electrical properties of such 
small particles, it is not known if and when the high-symmetry 
particles actually become superparaelectric. On the other hand, 
NaN02 shows only some broadening in the differential thermal 
analysis (DTA) characteristic for the ferroelectric phase transition 
with no change in the transition temperature for particle sizes down to 
5nm. While it is an order-disorder ferroelectric, and so might have 
different size dependence for the properties than would a displacive 
ferroelectric, it is interesting that there is no evidence for super- 
paraelectricity even at particle sizes of 5 nm. 

Other ferroic materials also undergo a phase change to the high- 
temperature prototype group at small sizes. In the case of ferromag- 
netic particles, this has been correlated with the size at which the 
decrease in volume free energy accompanying magnetization is on the 
order of the thermal energy-. As a result, the spin direction is 
randomized with time, leading to an unmagnetized but highly 
orientable single-domain crystal. Thus, a magnet in this size regime 
is characterized by a zero net magnetization, the disappearance of a 
magnetic hysteresis loop, extremely high magnetic susceptibilities, and 
a symmetry that, on average, is higher than that of the ferromagnetic 
phase. Iron exhibits superparamagnetic behavior at particle sizes near 
7nm, [12] 7-Fe203 at ~ 30 nm [13] and BaFe12_ixTi.rCo.x019 at 15- 
35 nm depending on the stoichiometry and the degree of particle shape 
anisotropy.[14] The loss of the ferroic hysteresis loop coupled with the 
ability to respond strongly to the presence of a magnetic field has been 
utilized in a variety of applications, including ferromagnetic fluids and 
high-frequency transformers where eddy current losses are a problem. 

A similar mechanism has been proposed to explain the dielectric and 
elastic properties of relaxor ferroelectric& [15] Compositions including 
many of the A(B'1/2, B"/2)03 and A(B'2/3,Bi'/3)03 perovskites exhibit 
microdomains (typically 2-30nm in size) of 1:1 ordering on the B 
sublattice dispersed in a disordered matrix. It has been suggested that 
as a result of this nanostructure, the spontaneous polarization in these 
materials is also subdivided into very small local regions. Thus, a lead 
magnesium niobate ceramic can be regarded as a collection of 
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disordered but highly orientable dipoles. The result, much like the case 
of superparamagnetism, is a high dielectric permittivity over a broad 
temperature range even though the net spontaneous polarization is 
near zero. Because of the long range of the electric fields induced by 
the local dipoles, however, there is more interaction between the local 
electric dipoles than was present in the ideal superparamagnet. 
Consequently, the superparaelectric behavior in relaxor ferroelectrics 
is modulated by coupling between local moments, so that a spin glass 
model is necessary to describe the phase transition behavior. Evidence 
for the importance of the size of the microregions is given in 
experiments on materials that can be ordered by heat treatment. As a 
scale of the ordered regions grow beyond a certain size, the material 
reverts to ordinary ferroelectric (or antiferroelectric) behavior with a 
well-defined transition temperature and a nondispersive dielectric 
response. 

THIN FTLMS 

Although the general outline of size effects expected in films are similar 
to those demonstrated in ferromagnetic particles, it would not be 
surprising for the boundaries between different regions to shift along 
the size axis for different geometries. Kittel was one of the first to 
explore this possibility in ferromagnetic materials. [l6i- He calculated 
that in a film where the preferred magnetization is perpendicular to the 
major surface, the multidomain to single-domain transition should 
occur near 300 nm, an order of magnitude larger than the same 
transition in a particulate material. If however, there was either no 
anisotropy or the easy magnetization direction fell in the film plane, new 
types of domain walls may appear and persist down to very small sizes. 

The transition to superparamagnetic behavior is apparently 
suppressed in comparatively perfect thin films produced in high- 
vacuum systems, probably because the large two-dimensional area 
raises the volume energy above the available thermal energy, even for 
very thin films. Consequently, regular ferromagnetic behavior persists 
in much thinner films (down to ~0.5nm for Ni films sandwiched 
between nonmagnetic layers [I7]). In such samples, the ferromagnetic 
transition temperature also drops rapidly for films < 15nm thick. 
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Films that grow as discrete islands of magnetic material rather than 
continuous layers or that consists of magnetic panicles isolated from 
each other by nonmagnetic hydride or oxide layers, on the other hand, 
should behave like particulate systems (undergoing superparamagnetic 
transitions appropriate for the primary magnetic panicle size). This 
type of behavior has been confirmed in ferromagnetic films that 
became superparamagnetic at apparent thicknesses of 2.7 nm (where 
the film actually consisted of 5-10 nm islands). It is interesting that no 
change in the Curie temperature was noted before the onset of thermal 
randomization of the spins. 

Given this information, what can be predicted about the behavior of 
ferroelectric thin films? First, for an unelectroded film it seems likely 
that ferroelectricity will remain stable at least down to thickness of 
~100nm for BaTi03 and possibly considerably lower for PbTi03 

films. This is in accord with several theoretical predictions for size 
effects in thin ferroelectric wafers in which, it was shown that when 
space charge effects (which will be considered in the following section) 
are discounted, the onset of intrinsic size effects is projected to fall in 
the range of 1 -10 nm. [19] 

Multidomain configurations should also remain stable down to very 
small sizes. Corroborating evidence for this is suggested by transmis'- 
sion electron microscopy (TEM) studies of thinned ferroelectric 
ceramics and single crystals where, provided the grain size is large 
enough, domains can be detected in foils below 100 nm thick. [S)] 

When, however, the grain size in the film falls below some critical limit, 
the density of domains will probably decrease in a manner similar to 
that shown in ceramics. 

Finally, as in the case of the magnetic films, unless there is some 
extrinsic mechanisms for forming discrete polar microregions, the 
onset of superparaelectricity should be depressed by the relatively 
large volume of ferroelectric. 

The experimentally observed size effects reported in the ferroelectric 
thin-film literature fall into four major categories: an increase in the 
coercive field, a decrease in the remanent polarization, a depression in 
the dielectric constant, and a smearing of the paraelectric-ferro- 
electric transition over values expected from bulk materials of the 
same composition. One point that is apparent from a perusal of 
literature data is that deviations from bulk properties are nearly 
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universal, but the thickness at which the properties begin to diverge 
and the magnitude of the disparity are strongly dependent on the 
preparation conditions. Consequently., films produced at one labora- 
tory may display marked size effects, while others of the same 
thickness and composition possess bulk properties. 

The reason for this type of discrepancy lie in the variety of 
mechanisms causing the apparent size effect. Included among these are 
microstructural heterogeneities, variations in crystalline quality, 
mechanical stresses imposed on the film by the substrate, space charge 
effects, and finally intrinsic size effects. It is critical to note that the first 
two of these, which in the opinion of the authors account for the 
majority of the 'size effects' observed in thin-film properties, are in 
fact, size independent. Many film preparation techniques produce 
films that are defective and would remain defective even if macro- 
scopic samples could be fabricated. 

Inhomogeneity in the film microstructure can take the form of 
incorporated porosity, surface and interface roughness, or variations 
in the grain size. In particular, many ferroelectrics. grown by vapor 
deposition processes are columnar and should be expected 10 have low 
densities. This, in turn, could appreciably lower the dieiectic constant 
than, if there was poor coupling between the grains, would increase the 
coercive field as well. Even in films that appear dense. Dudkevich 
et al, have shown that the microstructure may change continuously as 
a function of film thickness. [21] Thus, for sputtered Bao.S5Sro.i5Ti03 
films, thinner films tend to be composed of small particles (15nm for a 
4nm thick film) where thicker films show a distribution of grain sizes 
ranging from the very fine particles deposited next to the substrate to 
larger grains at the film surface (200 - 300 nm for a film 2000 nm thick). 
Given this type of microstructural heterogeneity, it is no wonder that 
many properties appear to depend on film thickness. As the absolute 
grain size at any given thickness is expected to be a sensitive function 
of both the deposition conditions and any post-annealing, samples 
prepared at different laboratories should behave differently. 

A second significant influence on thin-film properties is the 
crystalline quality of the ferroelectric material. It is known that the 
loss of clear X-ray diffraction peaks is coupled to the disappearance of 
the paraelectric-ferroelectric phase transition. Unfortunately, many 
film deposition techniques also result in poor crystallinity. During 
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sputtering, for example, the growing film is subjected to bombardment 
by high-energy ions. While this can be advantageous in terms of 
providing additional energy to the deposit and increasing the surface 
mobility, heavy bombardment, particularly at low substrate tempera- 
tures, can also introduce high defect concentrations. In chemically 
prepared thin films, on the other hand, low annealing temperatures 
can be insufficient to crystallize the ferroelectric phase fully. 

Despite all of these opportunities for extrinsic size effects, there is 
evidence that films that are prepared carefully can display near bulk 
properties to very small thickness. In work on sol-gel PZT films, 
Udayakumar, for example, showed that room temperature dielectric 
constants of ~ 1300 could be maintained for films exceeding 300 nm 
thick. The bulk remanent polarization was retained to 450 nm and 
remained finite, though reduced, in films 190nm thick. The high 
breakdown strength of these films is also critical in device applications. 

CONCLUSIONS 

As the field of ferroelectric thin film grows, it becomes increasingly 
important to examine the role of size effects on the expected 
properties. While intrinsic size effects similar to those demonstrated 
in ferromagnetic analogs will act as lower limits to the size of 
ferroelectric devices, in many cases extrinsic, processing-induced 
contributions overshadow the fundamental size restrictions. Conse- 
quently, careful characterization of films to determine the role of 
extrinsic effects (i.e., internal microstructure, interface layers, and poor 
crystallinity) are necessary to understand relationships between 
processing and properties in ferroelectric films. 
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Abstract 

A new category of piezoelectric ceramics with very high electromechanical coupling was discovered in a lead zinc 
niobate-Iead titanate solid solution in a single crystal form. The maximum coupling factor £„ reaches 95%. which 
corresponds to the energy conversion rate twice as high as the conventional lead zirconate dtanate ceramics. This paper 
reviews the previous studies on superior piezoelectricity in reiaxor ferroelectric: lead titanate solid solutions and on the 
possible mechanisms of this high electromechanical coupling.    S 1998 Elsevier Science B.V All rights reserved. 

Kerxords: Electromechanical counting: Piezoelectric: Relaxor ferroelectric: Domain motion 

1. Introduction 

Lead zirconate-titanate (PZT) ceramics are well 
known piezoelectrics widely used in many transduc- 
ers. Their applications include gas igniters, force/ 
acceleration sensors, microphones, buzzers, speakers, 
surface acoustic wave filters, piezoelectric transfor- 
mers, actuators, ultrasonic motors, ultrasonic under- 
water transducers, and acoustic scanners [1,2]. Par- 
ticularly in recent medical acoustic imaging, higher 
electromechanical coupling materials are eagerly 
required to improve the image resolution. Under 
these circumstances, relaxor ferroelectric: lead tita- 
nate solid solution systems with superior elec- 
tromechanical coupling factors to the conventional 
PZT have been refocused. which were initially 
discovered in a lead zinc niobaterlead titanate system 
by the author's group in 1981 [3]. 

This paper reviews the previous studies on su- 
perior piezoelectricity in relaxor ferroelectric: lead 

titanate solid solutions, then on peculiar domain 
morions in these materials, finally possible mecha- 
nisms are considered for this extremely high elec- 
tromechanical couoiins. 

2. Electromechanical coupling factors 

The electromechanical coupling factor k of a 
piezoelectric element is defined as 

*3 = 
Stored mechanical energy 

Input electrical energy (I) 

When an electric field £ is applied to a piezoelectric 
transducer, since the input electrical energy is 
(l/2)sQsEz per unit volume and the stored me- 
chanical energy per unit volume under zero external 
stress is given by (U2lxz/s = (l/2)(dE)z/s, kz can 
be calculated as 

0i67-2738/98/S 19.00 © 1998 Elsevier Science B.V. All rights reserved. 
Pll SOl67-2738(98)000l7--l 
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k2 = [(1 /2)(dE)2/s]/[( 1 /2)s0sEz] = d2/s0s • s.    (2) 

This k" must be distinguished from the terminology, 
efficiency 77. In a work cycle (e.g. an electric field 
cycle), the input electrical energy is transformed 
partially into mechanical energy and the remaining is 
stored as electrical energy (electrostatic energy like a 
capacitor) in a transducer. Then, this ineffective 
energy can be returned to the power source, leading 
to near 97-99% efficiency, if the loss is small. 
Typical values of loss in PZT are about 1-3%. 

The electromechanical coupling factor is different 
according to the sample geometry. In this paper, we 
will discuss two longitudinal vibration modes 
through  longitudinal  and transverse  piezoelectric 

effects. k33 and k3r In some particular applications 
such as Non-Destructive Testing, large piezoelectric 
anisotropy, i.e. a large value of the ratio k33/k3l, is 
required to improve the image quality in addition to 
a large value of k33 itself. However, the empirical 
rule suggests that these two requirements are con- 
tradictory to each other. In Fig. 1, we plotted the k33 

versus fc3| relation for various perovskite oxide 
piezoelectric polycrystal and single crystal samples 
such as Pb(Zr, Ti)03, FbTiO»?b(Zau3

,Nb2i3)03 

and Pb(Mgl/3Nb2/3)03 based compositions [4]. It is 
obvious from this convex tendency that the 
piezoelectricity becomes isotropic (i.e. the k33/k3l 

ratio approaches to 1) with increasing the elec- 
tromechanical coupling factor (i.e. the k33 value). 
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3. High electromechanical coupling materials 

3. J. Morphotropic phase boundary composition 

Conventionally, PWZr, Ti)03 (PZT), PbTiO, 
(PT) and PZT based ternary ceramics with a small 
amount of a relaxor ferroelectric have been utilized 
for piezoelectric applications. In the PZT system, it 
is notable that the morphotropic phase boundary 
(MPB) composition between the rhombohedral and 
tetragonal phases exhibits the maximum enhance- 
ment in dielectric and piezoelectric properties; this is 
explained in terms of a phenomenological theory 
[5.6]. The physical properties of a perovskite solid 
solution between A and B, (1—.r)A-.vB, can be 
estimated through the Gibbs elastic energy of a solid 
solution, if we suppose a linear combination of the 
Gibbs elastic energy of each component: 

C, (P X.T) = (\ /2)C( 1 - x)aA + xa3]Pz 

+ {l!4W-x)ßA+xß3]Pi 

+ (l/6)[(l--r)rA+xy8]P
6 

-{\/2)[(l-x)sA+xss]Xz 

-iil-x)QA+xQB]PzX. (3) 

where aA = (r-rQ.A)/S]CA and aB=(T-T03)/ 
s0C3. 

The solution provides reasonable first-order esti- 
mates of the Curie temperature, spontaneous polari- 
zation and strain, as well as the enhancement of the 
permittivity, piezoelectric constant and electromech- 
anical coupling at the MPB composition. 

Note that in virgin samples of piezoelectric 
ceramics, the polarizations of grains are randomly 
oriented (or domains are oriented randomly even in 
each grain, if the grain size is large enough for a 
multi-domain state) so as to cancel the net polariza- 
tion in total. In a similar fashion, the net strain is 
negligibly small under an external electric field. 
Hence, before use, it is necessary to apply a rela- 
tively large electric field (>3 kV/mm) to align the 
polarization direction of each grain as much as 
possible (i.e. electric poling). 

3.2. Relaxor ferroelectric based composition 

On the other hand, relaxor ferroelectrics such as 
PbfMg.^Nbj/jjOjcPbTiOj compositions have been 

focused due to their giant electrostriction [7]. Few 
work has been conducted on piezoelectric properties 
at the MPB region before the trial by the author's 
group. 

We focused on single crystals of (I - 
.r)Pb(ZninNb:/3)Oj-.r?bTr03 (PZN-PT) which are 
relatively easily grown by a flux method over the 
whole composition range, compared with the case in 
the Pb(Zr. Ti)03 (PZT) system. This system exhibits 
a drastic change from a diffuse phase transition to a 
sharp transition with an increase of the PT content .r, 
correlating to the existence of a morphotropic phase 
boundary from a rhombohedral to a tetragonal phase 
around .r=0.1 [8]. Fig. 2 shows the phase diagram of 
this system near the MPB region. 

The most intriguing piezoelectric characteristics 
have been found in the MPB compositions with 
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o 
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\ 

Rhombohedral \ 
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0 
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0-1 
x 

0-2 
PT* 

F:g.  2.  Phase diagram of it-x)Pb(Zni;,Nb;/,)0,-.rPbTiO, 
rPZN-PT). 
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0.05 <.t<0.143. which exhibit two multiple phase 
transitions, changing the crystal symmetry from 
rhombohedral to tetragonal, then to cubic during 
hearing [3]. Fig. 3 shows the composition depen- 

05 
«31 

Ui-=" 

t# 

->■»—. 

Eittooi] 

FT" 
Fig. 3. Composition dependence of the pyroelectric coefficient Aj. 
piezoeiecaic constants dtj, electromechanial coupling factors k,r 

elastic compliances j' and dielectric constant ej measured in 
(I — x;PWZnl/,Nb:/Ji)0,-xPb'Ti0.1 at room temperature. 

dence of the pyroelectric coefficient x], piezoelectric 
constants dV}. electromechanical coupling factors kv. 
elastic compliances jjj and dielectric constant e^ 
measured at room temperature [3]. The superscript * 
is for the crystal with the rhombohedral symmetry at 
room temperature poled along the pseudocubic [001 ] 
direction. Fig. 4 shows the temperature dependence 
of electromechanical coupling factors jfc33 and &3I 

measured with bar-shaped specimens of 0.91PZN- 
0.09PT [9]. Special notations have been introduced 
to describe the elastic and electromechanical con- 
stants for a sample poled in a certain direction. The 
sioomi or *rni]// are defined from the resonance 
•frequency of a bar sample elongated and poled in the 
pseudocubic [001] or [111] axes, respectively. The 
[001] and [111] axes are the principle axes of the 
tetragonal and rhombohedral phases and also the 
poling directions for each sample. The coupling 
coefficients  k[00x]/l  and k[n,]i; are consequently 

SO 100 ISO 

TemperatureCC) 

200 

100 ISO 
Temperature (*C) 

200 

Fig. 4. Temperature dependence of electromechanical coupling 
factors £,, and fc„ measured with bar-shaped specimens of 
0.9IPZN-O.09PT. " 
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calculated from the resonance and anti-resonance 
freauencies of the same sample. All the electromech- 
anical components show a very large kink anomaly 
at the rhombohedrai-ietragonal transition tempera- 
ture, and a rapid decrease in k or an increase in d and 
sB on approaching the Curie point. These com- 
ponents vanish just above the Curie point. 

It is important that the sample electrically poled 
alons the pseudocubic [001] axis (not the principal 
axis in the rhombohedralphase!) reveals a very large 
piezoelectric constant d;m]ll = 1.5X 10~9 C/N and a 
high electromechanical coupling factor k[Q0{]// =0.92 
at room temperature, both of which are much larger 
than d[iu]„ and k[iu]„, respectively. Also these are 
the highest values among all perovskite piezoelectric 
materials reported so far. It is indicated that such a 
high electromechanical coupling factor can be ex- 
plained in terms of a combination effect of crystal 
orientation dependence of piezoelectric properties in 
a mono-domain single crystal with phase transition- 
related complicated domain dynamical motion. The 
details of this model will be described in the next 
section. 

Recently, two groups of Yamashita (Toshiba') and 
Shrout (Penn State) reconfirmed the author's original 
work, and extended the investigation to a wide range 
of relaxor ferroelectrics such as P^Mg^Nb^jO-- 
PT. PbtSc.^Ta./^CK-PT and P^Sc^Nb^O-- 
PT. Large electromechanical coupling factors k?. &33 

and piezoelectric constant d3i of these binary sys- 
tems are listed in Table 1. 

Intriguing measurements on electric field-induced 
polarization and strain were carried out on a pure 
PZN single crystal by Shrout et al. [16]. The 
polarization and strain curves are plotted for the 
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Fig. 5. Polarization and strain curves plotted for the (111) and 
(001) orientations in pure PZN" [cited from Ref. [16]]. 

(Ill) (the spontaneous polarization direction!) and 
(001) orientations in Fig. 5. Even though the [001] 
plate sample showed the "ideal* P vs. E or strain vs. 
E behaviors of a mono-domain crystal, notice that 
the absolute value of? is much larger in the [III] 
plate sample: this indicates again the spontaneous 
polarization along the (III) axis. He also reported 
the poling direction-dependent electromechanical 
coupling factors in PZN: fc[OOI]//=0.85 was much 
larger than jfc[nn//=ö.38. in a similar fashion to 
0.91PZN-0.09PT. Fig. 6 shows a large field induced 
strain curve measured for a 0.92PZN-0.08PT (001) 

Table I 
Larce electromechanical coupling factors k , £,, and piezoelectric constant d„ of relaxor ferroelecaic binary systems 

Material Feature *, f«*) *,, (%) ä,, lpC/W Reference 

PZT 53/47 Polvcrystal 52 67 ro 
67 76 •go 

PZN:PT9t/9 Single crystal 92 1500 

PMN:PT 67/33 Poiycrystal 
Single crystal 

63 73 690 
1500 

PST:PT 55/45 Poiycrystal 61 73 655 
PSN.-PT 58/42 Polvcrvstal 71 77 450 

[10] 
[11] 

[9] 
[121 
[131 

[Ml 
[15] 
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80   100 120 
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Fig. 6. Strain vs. electric field curve for the (001) plate 0.92PZN- 
0.Ö8PT crystal [cited from Ref. [17]]. 

dency is also similar; for the tetragonal (a) and 
rhombohedral composition (b>. The maximum value 
occurs along the spontaneous polarization direction 
in the tetragonal composition. However, the result 
for the rhombohedral crystal is very different; i.e. the 
maximum value of d„ can be obtained in the 
direction 56.7° away from the polarization direction. 
Roughly speaking, along the perovskite [001] direc- 
tion. J,, and £„ values are most enhance in rhom- 
bohedral PZT 60/40. Some interesting parallels can 
be drawn with PZN-PT. The ratios d[uw,l 
^:-?.max, =0.395 and klui]l,/k.,imax=0.69 calculated 
for PZT 60/40 are very close to the experimental 
values dlluu,/dim„ =625(pC/N)/1570(pC/N) = 
0.398 and k[un///k[m}/, =0.68/0.92 = 0.74 in 
0.91PZN-0.09PT [9]. 

plate sample [17]. Notice a strain level more than \% 
and a significant bend anomaly on the curve, which 
suggests a filed-induced transition from the rhom- 
bohedral to tetragonal phase. 

4. Origins of the high electromechanical 
coupling 

As we have mentioned, in addition to the MPB 
composition, a high electromechanical coupling fac- 
tor can be attributed to crystal orientation depen- 
dence of piezoelectric properties in a mono-domain 
single crystal and phase transition-related compli- 
cated domain dynamical motion. We will consider 
these two aspects. 

4.1. Crystal orientation dependence of 
piezoelectric properties 

Crystal orientation dependence of piezoelectric 
properties can be calculated phenomenologically in 
the 3-dimensional space, if all the necessary parame- 
ters are known. Since some of elastic constants in the 
PZN-PT have not been measured, we tried to 
calculate for a hypothetical PZT single crystal [18]. 
The calculation has been made for tetragonal PZT 
40/60 and rhombohedral 60/-U) compositions. 

Fig. 7 shows the orientation dependence of the 
longitudinal piezoelectric constant di3 (the jfc,3 ten- 

4.2. Domain motion in relaxor ferroelectrics 

Historically, most of the studies on ferroelectric 
single crystals and polycrystalline materials have 
aimed to simulate the mono-domain state, desiring to 
derive the better characteristics from the specimens: 
ceramics as well as single crystals were poled 
electrically and/or mechanically to reorient the 
domains along one direction. Researches on control- 
ling domains intentionally can be found in electroop- 
tic devices and ferroelectric memory devices in 
particular. However, the intentional domain control 
has not been utilized or applied occasionally in the 
actuator and transducer areas. Recent requirements 
for the higher performance transducers encourages 
the investigation on the possibility of domain-related 
effect usage. 

Developments in high resolution CCD optical 
microscope systems and in single crystal growth 
techniques are also accelerating these domain-con- 
trolled piezoelectric devices. We used a high res- 
olution CCD (Charge Coupled Device) camera at- 
tached to a Nikon Transmission Petrographic Micro- 
scope which was connected to a monitor and VCR 
[19!20]. 

Let us review the relation between domain con- 
figurations and physical properties in relaxor fer- 
roelectrics. The static domain configurations for the 
(I —.r;PZN-xPT samples have been reported [21]; 
rhombohedral domains can be described as having an 
ambiguous spindle-like morphology. With increasing 
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(b) 
Fig. 7. Crystal orientation dependence of piezoelectric constant d,, for tetragonal PZT 40/60 (al. and for rhombohedral P2T 60/40 (b). 

the FT content, this small spindle-like domain is 
enlarged and the domain wall becomes sharp. Tetra- 
gonal domains appear to have a well defined lamellar 
morphology, and are either at right angles or an- 
tiparallel. Therefore, even though the widths and 
lengths of the tetragonal domains vary, the divisions 
between the domains are well defined and no inter- 
penetrating structure is observable. The morpho- 
tropic phase boundary (MPB) composition (.r = 
0.095) shows the coexistence of both rhombohedral 
(spindle-like) and tetragonal domains (sharp straight 
line): the two-phase coexistence can not be found 
statically in normal ferroelectric materials such as 
BaTiO,. 

Fig. 8 shows the domain reversal processes under 
an applied electric field [22]. Sharp 90° domain walls 
corresponding to the tetragonal symmetry in the 
sample with .r=0.2 move abruptly and rather in- 

dependendy each other above a coercive field of 1 
kV/mm. The situation resembles to the case in 
normal ferroelectrics. On the contrary, pure PZN 
(.r=0.0) reveals very different domain morion. Dur- 
ing electric field cycles, micro- to macro-domain 
growth occurs, and long narrow spindle-like domains 
(aspect ratio = 10) are arranged rather perpendicular- 
ly to the electric field (18° canted). When a field 
above 0.5 kV/mm is applied, the ambiguous domain 
walls ripple simultaneously in a certain size region, 
so that each domain should change synchronously 
like cooperative phenomena. The domain reversal 
front (180° domain wall) move rather slower than in 
the sample of .r=0.2. It is noteworthy that the stripe 
period of the dark and bright domains (probably 
corresponding to up and down polarizations) is not 
changed by the domain reversal, and that each 
domain area changes under an AC external field with 
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Fig.  S.  Ac:ual  domain reversal ?ro.:e>ses under an  appiied  eieciric   rieid  :"nr the sampies ot" .v = 
.viPNZn    Nb. ,)0.-.vPbTiO... 

ii and .v = 0 (b) of i I ■ 

zero net polarization at zero rieid. Thus, the relaxor 
crystal is electrically-poled easily when an electric 
field is> applied around the transition temperature, and 
depoled completely without any remnant polariza- 
tion. This can explain large apparent secondary non- 
linear effects in physical properties such as eiec- 
trostrictive and eiectrooptic phenomena, without 
exhibiting any hysteresis. 

Fig. 9 shows the domain structures observed in a 
O.S9PZN-0.MPT crystal, which exists on the mor- 
photropic phase boundary and has a tetragonal 
symmetry at room temperature. The typical tetragon- 
al   stripe  domain  pattern is observed  without  an 

external electric field at room temperature, while the 
spindle-like rhombohedrai domain pattern appears as 
overlapped on the stripe pattern, when the electric 
field is applied along the perovskite pseudo-cubic 
[111] direction. This domain hierarchy suggests that 
the morphotropic phase boundary composition may 
easily change the domain configuration and the 
crystai symmetry according to the applied electric 
field direction, from tetragonal to rhombohedral and 
vice versa, much easily than in the normal ferroelec- 
tric PZT (see Fig. 6 measured by Park et al.). Future 
work will include the dynamic domain observation in 
the 0.9IPZN-0.09PT sampie trhomhohedral phase is 
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Ttfst2onal 

•■#57 

F:2. 9. Domain structures observed in an MPB composition < 
0.39PZN-0.I1PT. 

stable at room temperarare) poled along the perov- 
skiie [001] axis: this may contribute partly to the 
high electromechanical coupling factor k up to 92- 

5. Conclusions 

1. The electromechanical coupling factor k3:% of 
more than 90% can be obtained in the solid 
solutions between the relaxor and normal rer- 
roeiectrics. Promising compositions include: 
Pb<ZnIMNb:/,)0,-PbTiO,. Pb(Mgw,Nb-/;)0,- 
PbTiO, and"Pb(Sc,. .Nb. : )0, -PbTiÖ .<. 

2. The maximum k can be obtained around the 
morphotropic phase boundary composition be- 
tween the tetragonal and rhombohedral phases. 

3. The highest £ in a single crystal form can be 
obtained when a rhombohedral composition  is 

electrically-poled along a different axis from the 
spontaneous polarization direction, i.e.. pseudo- 
cubic [001] direction. 

A high electromechanical coupling factor can be 
attributed to crystal orientation dependence of 
piezoelectric properties in a mono-domain single 
crystal and phase transition-related complicated do- 
main dynamical motion. Domain controlled single 
crystals (not in the monocomain state!) may be the 
key for obtaining the highest electromechanical 
coupling, and relaxor ferroeiectrics may be suitable 
to demonstrate this model. 
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Domain configuration and ferroelectric related properties of rhombohedral Pb(Zni/3Nb2/3)03 
and its solid solution with PbTiC>3 were investigated as a function of E-field and crystallographic 
orientation. Although a single domain state could be achieved by applying an E-field along the 
rhombohedral polar direction [111], a multidomain state was recovered with the removal of the E- 
field. This domain instability resulted in hysteresis of the strain vs. E-field behavior. In contrast, 
an engineered domain configuration of [001] oriented rhombohedral crystals was found to be sta- 
ble with no domain motion detectable under DC-bias, resulting in hysteresis minimized strain vs. 
E-field behavior. Crystallographically, this domain stability could be ascribed to the macroscop- 
ically tetragonal symmetry (4mm), resulting from the engineering of domains with rhombohedral 
symmetry (3m). 

I. INTRODUCTION 

Recent crystallographic engineering of relaxor fer- 
roelectric single crystals of Pb(Zn1/3Nb2/3)03 (PZN), 
Pb(Mg1/3Nb2/3)03 (PMN) and their solid solutions 
with the normal ferroelectric PbTiOs (PT) revealed 
piezoelectric properties much superior to morphotropic 
phase boundary (MPB) ceramics such as PZT. [1-4] 
Ultrahigh piezoelectric properties (d33 ~ 2500 pC/N) 
and large E-field induced strain values (1.7%) were 
achievable from rhombohedral PZN-PT, PMN-PT, and 
Pb(Sc1/3Nb2/3)03-PT crystals oriented along [001]. As 
[001] is not the polar direction, [001] poled crystals must 
be comprised of a multidomain state. However, it should 
be noted that strain values as high as 0.6% were realized 
with minimized hysteresis, indicating little domain mo- 
tion under bias, a phenomena not expected for multido- 
main ferroelectric crystals. In contrast, crystals oriented 
along [111], the polar direction of rhombohedral crystals, 
exhibited inferior properties such as d33 ~ 82 pC/N, sig- 
nificantly smaller than PZT's. Furthermore, the E-field 
induced strain was also accompanied by large hysteresis, 
which was believed to be originated from domain insta- 
bility and subsequent domain motion under bias. [2,3] To 
further evaluate the origin of the apparent anisotropy, in- 
situ domain observations were proposed to further sub- 
stantiate the concept of domain instability. In this study, 
in-situ domain observations were carried out as a func- 
tion of E-field and crystallographic orientation. Based on 
the commonalties inherent to relaxor-PT systems [5,6], 
our research was limited to a rhombohedral PZN and 
PZN-8% PT crystals oriented along [111] and [001]. The 

concept of macroscopic symmetry, resulting from crystal- 
lographic domain engineering, will be discussed in con- 
junction with the observed hysteresis minimized strain 
behavior and associated static domain configuration in 
multidomain crystals. 

II. EXPERIMENTAL 

PZN and PZN-8% PT single crystals were grown by a 
flux method. Further details on the crystal growth were 
reported elsewhere [2,7]. Flux grown crystals were ori- 
ented along [111] or [001] direction using a back reflection 
Laue camera. Samples were heat-treated at 250 °C for 16 
hours in air before domain observations, in order to re- 
move residual stress that might result in the formation of 
ferroelastic domains. For in-situ domain observation un- 
der DC-bias, the sample surface was mirror-polished with 
the sample thickness approximately 200-300 /xm along 
the transmittance direction of polarized light. Gold elec- 
trodes were sputtered on both sides parallel to the po- 
larized light. Sample width between sputtered Au elec- 
trodes was approximately 500-600 pin. Thin samples 
(~ 50 /am) with mirror-finished (111) or (001) surfaces 
were also prepared to observe domain walls more clearly 
before and after E-field exposure under no bias, for crys- 
tallographic interpretation. The domain configuration, 
or state of the crystals, was observed under cross-nicol 
condition using a Polarized microscopy (Carl Zeiss, D- 
7082). The application of an E-field was along the [001] 
or [111] direction, being normal to polarized light, using 
a Trek 610A HV Amplifier. 

-S1290- 



Domain Configuration and Ferroelectric Related Properties of Reiaxor Based ... - S. WADA et al. -S1291- 

III. RESULTS AND DISCUSSION 

1. Domain Configuration - No Bias Before and Af- 
ter E-field Exposure 

As grown PZN crystals were previously reported to 
be optically isotropic [8,9] with ferroelectric domains 
observed in PZN crystals only upon exposure with 
an applied E-field, resulting from the microdomain- 
macrodomain transition. However, stripe-shaped domain 
patterns were observed for both [111] and [001] oriented 
PZN crystals upon heat treatment at 250 °C for 16 hours. 
Surprisingly, this stripe pattern did not disappear even at 
temperatures above Tmax (145 °C). Therefore, the stripe 
patterns may have resulted from another origin, such as 
residual stress associated with lattice defects. 

Domain configurations of [111] and [001] oriented PZN 
crystals, respectively, after E-field (~ 40 kV/cm) expo- 
sure were observed. The [111] oriented PZN crystals con- 
sisted of band-shaped domains with three equivalent po- 
lar vectors ([111], [111] and [111]). All domain bound- 
aries could be interpreted as 109° domain walls on {110} 
planes, consistent with crystallographic domain wall rela- 
tionships [10,11]. Fiber-like domains with sharp edges on 
both ends were observed for [001] oriented PZN crystals. 
Although crystallographic interpretation was limited by 
the depth of focus of optical microscopy, each domain 
must have one of four possible polar vectors, [111], [111], 
[ill] and [III]. Similar domain configuration and behav- 
ior was found for PZN-8% PT to that of PZN, except for 
the ferroelectric domains initially observed from as-grown 
crvstals. 
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Fig. 1.   Domain structure of pure PZN single crystal oriented along [111] under DC-bias. 
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2. In-situ Domain Observations 

Figs. 1(a), (b) and (c) exemplify the domain configu- 
ration for [111] oriented PZN crystals as a function of E- 
field, increased incrementally to 30 kV/cm. The Domain 
wall density in the crystals was found to decrease with in- 
creased E-field, implying the increased domain size with 
domain reorientation. At approximately 30 kV/cm. the 
PZN crystals became almost single domain, with some 
domain walls observed near the electrode due to crystal- 
electrode interfacial stress. However, upon removal of the 
E-field. a multidomain state was observed as presented in 
Figs. 1(e) and (f). Domain reorientation was found to oc- 
cur at 7.5 kV/cm (Fig. 1(d)), starting near the electrode. 
The initial multidomain state of Fig. 1(a) was completely 
recovered as shown in Fig. 1(f). However, it should be 
noted that the domain configuration exhibited hysteresis. 
The domain wall density was observed to be lower for an 
equivalent E-field upon removing the E-field, the origin 
of hysteresis in strain vs. E-field curve. Hence, to achieve 
single domain PZN crystals at 0 E-field, the application 
of an elastic force, as used to fabricate single domain 
BaTi03 crystal, may be required [12].   In contrast to 
the domain instability observed with [111] oriented PZN 
crystals. [001] oriented crystals exhibited stable domain 
configurations as shown in Fig. 2. Domain configuration 
did not change under bias, being further evidenced by- 
hysteresis minimized strain vs. E-field behavior. Similar 
domain behavior was found in PZN-8%PT but at differ- 

ent E-fields, i.e., a single domain state was observed for 
PZX-S9S PT at 13 kV/cm. 

3. 
try 

Domain Engineering and Macroscopic Symme- 

Based on the domain observations presented in previ- 
ous sections, the ability to engineer a macroscopic sym- 
metry different from the local symmetry (lattice sym- 
metry) is suggested, as can be found for the case of 
poled piezoelectric ceramics, i.e., the macroscopic sym- 
metry being com regardless of the lattice symmetry re- 
sulting from randomly orientated grains. For ferroelec- 
tric single crystals, only single domain crystals possess 
macroscopic symmetry identical to the lattice symmetry. 
For example, unpoled tetragonal ferroelectric crystals are 
macroscopically m3m, if the number of each domain is 
equivalently distributed. Each domain in [001] oriented 
crystals must have four possible polarization directions, 
[111]. [Ill], [111] and [111]. For [001] oriented crystals 
to exhibit a static domain configuration under bias, each 
domain must be distributed equivalently.   As a result, 
each domain experiences the same driving force for re- 
orientation with respect to an applied E-field, otherwise 
domain reorientation under bias would occur resulting in 
hysteresis in strain vs. E-field behavior. Therefore, the 
coexistence of domains with four equivalent polar vectors 
results in a 4-fold axis along [001], consequently resulting 

Fig. 2.  Domain structure of pure PZN single crystal oriented along [001] under DC-bias 
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in the macroscopic symmetry 4mm arising from the local      gestions. 
3m symmetry. 

IV. SUMMARY 

Domain configuration and ferroelectric related proper- 
ties of rhombohedral PZN, and PZN-8% PT crystals were 
investigated as a function of E-field and crystallographic 
orientation. In-situ domain observations revealed the do- 
main instability for [111] oriented rhombohedral crystals, 
resulting in hysteresis, of the strain vs. E-field behavior. 
In contrast, an engineered domain configuration of [001] 
oriented rhombohedral crystals was found to be stable. 
No domain motion was detectable under DC-bias, result- 
ing in hysteresis minimized strain vs. E-field behavior. 
Crystallographically, the macroscopic tetragonal symme- 
try (4mm) arising from local rhombohedral 3m symmetry 
resulting from the four equivalent domain state was sug- 
gested. Further studies such as TEM observations are 
required to understand the stripe patterns observed in 
as-grown PZN crystals. 
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IN SITU OBSERVATION OF DOMAINS IN 0.9Pb( Zm/3 Nb2/3 )03 - 
0.1PbTiO3 SINGLE CRYSTALS 
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Abstract: Domains in 0.9Pb( Zn1/3 ND2/3 )03 - 0.1PbTiO3 or 'PZN-PT' single 
crystals under the application of electric field were investigated with an optical 
microscope. The dynamic response of the domains was studied under an 
electric field on PZNPT crystals is reported. In this study, electric field applied 
along [001]. The domain formation with the changing temperature showed the 
successive phase transitions from cubic to tetragonal and then to rhombohedral 
with decreasing temperature. The room temperature configuration showed the 
co-existence of both rhombohedral and tetragonal domains. Under the given 
experimental conditions we found that a single domain state could be induced 
only in the tetragonal state. Even though the temperature was lowered to 
- 100°C, complete transformation to the rhombohedral state was not observed. 

Keywords:   Relaxor Ferroelectric; Domain studies; Single crystals; 

INTRODUCTION 

Relaxor materials such as Pb( Zni/3 Nb^ )03 (PZN) and their solid 
solutions with PbTi03 (PT) have come into prominence due to their very high 
electromechanical coupling factors k1,2. In 1982, Kuwata, Uchino and Nomura 
discovered that poling along the [001] direction for rhombohedral crystals led 
to a very high value of &33 of 92%. Since the spontaneous polarization direction 
for the rhombohedral symmetry is along [111] direction, some hierarchial 
domain configuration is expected in the [001] poled sample. In general, the 
properties such as permittivity and piezoelectric properties are significantly 
affected by the domain motion. It is well known that the relative volume of 
domain orientation can be changed by the application of electric field in 
ferroelectrics and that these relative volumes affect the properties. In the 
present experiment, we have tried to understand and identify the various 
domains formed in the crystal under the influence of electric field. For this 
purpose, single crystals 0.9PZN-0.1PT composition were grown in the 
laboratory. The domain motion due to 
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temperature variation with field applied along [001] direction is reported 
herein. 

PZN, is a relaxor ferroelectric3 with a broad and frequency dependent 
phase transition near 140 °C and PT is a regular ferroelectric with a sharp 
phase transition at 490 °C. PZN has rhombohedral symmetry and PT has 
tetragonal symmetry. The composition chosen lies at the morphotropic phase 
boundary of the solid solution of these two systems. 

PREPARATION OF THE SINGLE CRYSTAL SAMPLE 

Single crystals of 0.9PZN- 0.1 PT composition were grown by the conventional 
flux method. The crystallographic directions [011], [001] and [111] were 
determined by Laue Back Reflection method. The plate of the crystal lies in 
(110) plane so as to apply the field along [001] direction. The sample was then 
ground to a thickness of 100 um using SiC powder and polished to mirror 
finish using diamond paste. Sputtered gold electrodes were deposited and 
silver lead wires were connected to the sample using air dry silver paste. The 
surface electrode gap was 400 um. 

The domain observation was carried out using Nikon Transmission 
Microscope under crossed polarizers. A temperature controlled sample stage 
( Linkam ) was used to observe the domains as a function of the temperature. 
A VCR with the monitor connected to the microscope allowed the data to be 
recorded dynamically. A function generator was used to apply a triangular 
wave type with a frequency of 0.05 Hz ( 20 sec period ) and the maximum 
value of 7 kV/cm to the sample. The temperature of the crystal was changed 
from -100° C to + 250° C at the rate of 10° C/min. In the figures given, the 
electrodes are located at top and bottom of the pictures. The plane of the 
picture (plane of the crystal) is perpendicular to [110] and [001] lies along top 
to bottom of the picture. 

RESULTS 

The 0.9PZN-0.1PT crystal showed the co-existence of both the rhombohedral 
and tetragonal domains at room temperature. "Needle shaped" domains are 
associated with rhombohedral symmetry and the "stripe pattern" with the 
tetragonal domains. As the temperature was lowered to -37°C, the needle 
shaped domains associated with rhombohedral symmetry emerged more 
clearly. Some tetragonal distortion remained at -100°C and complete 
transformation to rhombohedral state was not observed probably due to spatial 
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composition variation in the crystal. As the sample was heated, the transition 
from rhombohedral to tetragonal occurred over a wide temperature range and 
complete tetragonal state was observed at 90° C. With increasing temperature, 
these tetragonal domains increased in width to 40 urn finally disappearing at 
228°C. On cooling, these domains appeared around 225°C, finally having a 
mixture of both tetragonal and rhombohedral domains at room temperature. 
The domain patterns at different temperatures, while heating are shown in Fig. 
la, lb, lc. 

On application of the field ± 7kV/cm, the color changes associated with 
the birefringence occurred at 220°C. As the temperature was reduced, no clear 
stripe pattern associated with tetragonal domains was observed. Rather, the 
whole region between the electrodes switched in uniform manner. A small 
number of stripes were observed near the electrodes possibly due to electrode 
effect. Figure If shows the domain pattern at 148°C with the application of the 
field. Figure lc shows the clear tetragonal pattern obtained at the same 
temperature without field. This temperature corresponds to stable tetragonal 
state with the polarization direction along [001]. Since in our experiment, the 
field is along [001] almost monodomain tetragonal phase was achieved, 
providing a few number of domain walls. 

On further cooling near 135° C, some interesting results were observed. 
As mentioned above, complete tetragonal state was observed above 90° C 
without the electric field. Figure 2 shows the domain formation at zero field 
and maximum applied field at 125° C and 85° C. Figures a and c correspond to 
zero field, where a domain resembling a "needle" needle shape was induced. 
These disappeared for the maximum value of the field (Fig 2. b and d ). The 
switching of these speculated rhombohedral domains took place in wave like 
motion. It appears that the rhombohedral phase is being induced at this 
temperature. Also the reduction in tetragonal domain width and the increase in 
their number began at this temperature. As the temperature was reduced 
further, these rhombohedral domains split into smaller needle shape 
microdomains4. This is shown in Fig. Id. The switching of the domains 
continues till -25°C and freezes thereafter. Below this temperature, the 
rhombohedral domains increase in number. 
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OBSERVATION OF DOMAIN'S IN 0.9PZN-0.1PT SINGLE CRYSTALS 

Fig. 2  Domain formation at zero field and maximum applied field of 7 kV/cm 
at 1253 C and 85° C. Figures a) and c) correspond to zero field, where a 
domain resembling a "needle" needle shape was induced. (indicated by 
the arrow. 
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The piezoelectric and dielectric constants in different crystal orientations of the lead zirconate 
titanate (PZT) have been phenomenologically calculated for lhe compositions near the morphotropic 
phase boundary at room temperature. For a tetragonal PZT, the effective piezoelectric constant <f33 

monotonously decreases as the crystal cutting angle from the spontaneous polarization direction 
[001] increases. However, for a rhombohedral PZT, the effective piezoelectric constant d33[ooi]// 
along the perovskite [001] direction was found to be much larger than those along the spontaneous 
polarization direction [111]. This crystal orientation-related enhancement is emphasized as the 
composition approaches the morphotropic phase boundary. This suggests that by adopting the 
perovskite [001] orientation with a rhombohedral composition near the morphotropic phase 
boundary, the piezoelectric constant d3i for PZT can be greatly enhanced. © 7998 American 
Institute of Physics. [S0003-6951(98)03619-5] 

Lead zirconate titanate (PZT) thin films have high poten- 
tial for microactuators, sensors, and memories.1"5 In the 
acoustic applications, large piezoelectric constants and elec- 
tromechanical coupling factors are preferred.4 The preferen- 
tial orientations of PZT thin films can be obtained by choos- 
ing appropriate substrate, deposition method, drying 
temperature, etc.6,7 It was reported that the electrical proper- 
ties such as dielectric constants, pyroelectric coefficient, and 
the P-E hysteresis could be improved by preferentially con- 
trolling the orientations.6,7 The orientation dependence of pi- 
ezoelectric and dielectric properties for PZT was phenom- 
enologically calculated in our previous letter.8 It was found 
that for tetragonal PZT 40/60 (40% PZ and 60% PT), the 
effective piezoelectric constant <f 33 has the maximum value 
in the spontaneous polarization direction [001]. However, for 
rhombohedral PZT 60/40, the maximum values of d33 and 
k33 can be obtained in the directions 56.7° and 51.3°, respec- 
tively, canted from the polarization direction [111], which 
are very close to perovskite [001] directions. For this com- 
position, the d33 constant in the [001] orientation is about 2.5 
times larger than the d33 in the [111] orientation (i.e., the 
spontaneous polarization direction). The dielectric constants 
have maximum values in the directions perpendicular to the 
spontaneous polarization for both rhombohedral and tetrago- 
nal PZT. 

In this study, similar calculations to Ref. 8 have been 
applied for PZT, but for various compositions near the mor- 
photropic phase boundary. The piezoelectric constants in the 
perovskite cubic coordinate system were calculated by using 
the phenomenological method developed in Ref. 9. The pi- 
ezoelectric constants in any other orientations can be ob- 
tained by applying the corresponding tensor operations.8 Fig- 
ure 1 shows the piezoelectric constants d33 in the [001] and 
[111] orientations with respect to compositions. For tetrago- 

nal PZT, the piezoelectric constant <f33[ooi]// wi* [001] ori- 
entation is larger than the piezoelectric constant d33£luyi 
with [111] orientation. However, the difference between 
^33[ooi]// and <f33[in]// is remarkably large for rhombohedral 
PZT. Near the morphotropic phase boundary on the rhombo- 
hedral side, the <f33[ooi]// rapidly increases while the d^my, 
increases only moderately, leading to a large enhancement of 
^33[ooi]//^33[ni]// more man f°ur- As a comparison, the ex- 
perimental values of d33 for PZT ceramics from Ref. 10 are 
also plotted in Fig. 1. The experimental d33 values in the 
tetragonal phase are roughly half of the single crystal 
^33[ooi]//' wmch seems to be reasonable by taking account of 
a random arrangement of ceramic grains in a sample as sug- 
gested by Uchida and Dceda.'' An interesting behavior can be 
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FIG. 1. Effective piezoelectric constants dn of PZT with various composi- 
tions. 
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FIG. 2. (a) Effective piezoelectric constants d33 of tetragonal PZT 48/52. (b) 
The cross section curve when the figure in (a) is cut by the (010) plane. 

found also in the rhombohedral phase; that is, the experimen- 
tal d33 values are larger than the theoretical d33[XUyt. In the 
rhombohedral phase, crystal orientation away from the spon- 
taneous polarization direction [111] will enhance the effec- 
tive d33. Thus, even in a fully poled ceramic sample, some 
PZT grains canted away from the poling direction will en- 
hance the effective d33. This may explain that the experi- 
mental d33 values are larger than the theoretical values of 
^33{in]// mat were calculated by assuming a single domain 
oriented along [111] in a single crystal. 

To visualize the orientation dependence of d33, we take 
tetragonal PZT 48/52 and rhombohedral PZT 52/48 as ex- 
amples and plot the values of d33 in each orientation in Figs. 
2 and 3. In these figures, the distance between the surface of 
the graph and the origin represents the value of d33 in that 
orientation. For tetragonal PZT, d33 has the maximum value 
in the spontaneous polarization direction [001] and monoto- 
nously decreases as the crystal cutting angle from direction 
[001] increases, as shown in Fig. 2. However, for rhombo- 
hedral PZT, d33 has the maximum value in a direction 59.4° 
away from the polarization direction [111], as shown in Fig. 
3. Similar to the PZT 60/40 as shown in Ref. 8, the directions 
with maximum d33 are very close to the perovskite [001] 
directions, but the ratio ^33//[ooi]/^33//[iu] increases to about 
4 for PZT 52/48. Although we have not calculated the elec- 

c--- Y 

(b) 

FIG. 3. (a) Effective piezoelectric constants </33 of rhombohedral PZT 
52/48. (b) The cross section curve when the figure in (a) is cut by the Y-Z 
plane. The maximum value of dn is on the Y-Z plane and 59.4° away from 
the Z axis. 

tromechanical coupling factors k33 in different orientations 
because a complete set of elastic constant data are not avail- 
able right now, we believe that the drastic increase of 
^33//[ooi] wiU greatly enhance the values of &33//[ooi] which 
should have a similar trend to ^//[ooi]. 
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For both tetragonal and rhombohedral phases, the dielec- 
tric constant monotonously increases as the crystal cutting 
angle from the spontaneous polarization direction increases. 
Permittivity change («[oot]// aB^ e[in]//) *'* PZT composi- 
tion is illustrated in Fig. 4. The dielectric constants are en- 
hanced around the morphotropic phase boundary. 

In conclusion, for tetragonal PZT, the effective piezo- 
electric constant <f33 has the maximum value in the sponta- 
neous polarization direction [001] and decreases monoto- 
nously with the crystal cutting angle from direction [001]; 
however, for rhombohedral PZT, d33 has the maximum value 
in a direction 59.4° away from the polarization direction 
[111].' As the composition approaches the morphotropic 
phase boundary on the rhombohedral region, d33//rooi] in- 
creases drastically. This suggests that PZT epitaxial thin 
films used for actuators and sensors should adopt rhombohe- 
dral compositions near the morphotropic phase boundary 
with perovskite [001] orientation. In this case, an enhance- 
ment of the effective d33 more than four times of the ready- 
reported experimental values for the PZT films may be ob- 
tained. 
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PIEZOELECTRIC PROPERTIES OF ZIRCONIUM-DOPED BARIUM 

TITANATE SINGLE CRYSTALS GROWN BY TEMPLATED GRAIN GROWTH 

Paul W. Rehrig,* Seung-Eek Park,* Susan Trolier-McKinstry,* and Gary L. Messing* 
Beth Jones, Thomas R. Shrout* 

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802 

Single crystals of Ba(ZrxTi1.x)03 were grown by template«! grain growth 

(TGG). Millimeter size single crystals of BsLiZrJÄ^JOs were produced by heating a 

BaTi03 crystal in contact with a sintered polycrystalline matrix of 4.5, 5.0 or 8.5 

mol% Zr-doped barium titanate for 30 hours at 1350°C. To facilitate boundary 

migration, the ceramic compact was made 3 mol% Ti02 excess. The 4.5 and 5.0 

mol% Zr-doped crystals were orthorhombic at room temperature, and for a 

pseudocubic (001) orientation, they showed remanent polarizations of 13 jiC/cm2 

and a high field d33 of 340-355 pC/N. The 8.5 mol% Zr-doped crystal (again 

oriented along the pseudocubic (001)) was rhombohedral at room temperature with 

a remanent polarization of 10 fiC/cm2. A k33 value of 0.74 from resonance 

measurements was observed for the 4.5 mol% Zr-doped crystal. 

Based in part on the thesis submitted by Paul W. Rehrig for the Ph.D. degree in Materials Science and 
Engineering, Pennsylvania State University, University Park, PA 1998. 
* Membership in the American Ceramic Society 
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I. Introduction 

Ultrahigh electrically-induced strain levels (up to 1.7 %) were recently discovered 

in lead-based relaxor ferroelectric single crystals.1 The composition of these perovskite 

crystals lies near a morphotropic phase boundary (MPB) between tetragonal and 

rhombohedral phases. It was found that lead zinc niobate - lead titanate and lead 

magnesium niobate - lead titanate rhombohedral crystals oriented and poled along the 

pseudocubic [001] axis had an enhanced piezoelectric response compared to [111] 

oriented crystals (which is the polar axis direction), which was related to an engineered 

domain state.1-2 These enormous strain levels, coupled with the large piezoelectric 

constants and electromechanical coupling coefficients are extremely attractive for a 

variety of sensor and actuator applications. Another important result of the engineered 

domain state is a low level of hysteresis in the strain, at least to strain levels on the order 

of 0.6%. This is believed to be due to the fact that the four domain states in a poled 

crystal are equally favored by an applied electric field, so that there is no driving force for 

extensive domain wall motion. Hence, the question arises, "Is this concept of engineered 

domain state applicable to other ferroelectric crystals?" 

Initial work on BaTi03 indicates that the concept of an engineered domain state 

can be applied to this system as well.3 Piezoelectric coefficient, d33, values up to 420 

pC/N and 300 pC/N observed in orthorhombic (0°C) and rhombohedral (-100°C) crystals 

poled along the pseudocubic [001], appreciably higher than those measured for the 

tetragonal phase at room temperature (-125 pC/N), are the result of crystallographic 

engineering.' This suggests that improved piezoelectric properties can be achieved in 



non-lead based perovskite crystals if the orthorhombic or rhombohedral phase is shifted 

to room temperature. 

It is well known that the phase transition temperatures in BaTi03 can be altered 

by doping with either A or B-site substitutions.4 Zirconium is one element that pinches 

the transition temperatures so that the rhombohedral-orthorhombic and orthorhombic- 

tetragonal phase transition temperatures are raised while the Curie temperature is 

lowered.4"6 By varying the amount of dopant it is possible to stabilize either the 

rhombohedral and orthorhombic phases at room temperature.5-6 In this work Zr-doped 

BaTi03 crystals were produced and the properties of resultant crystals poled along the 

pseudocubic [001] direction were investigated. 

Preparation of single crystals is difficult and time-consuming for many systems, 

including BaTi03. In this work, templated grain growth was used to produce crystals 

with Zr concentrations between 4.5 and 8.5 mol% for rapid assessment of crystals of 

varying composition. This chapter describes the synthesis and piezoelectric properties of 

Zr-doped BaTi03 single crystals grown by TGG. 

II. Experimental Procedure 

Single crystal BaTi03 cut-offs (Lockheed Sanders Inc., Nashua, NH) were used as 

template crystals for TGG. The orientation of the crystals was determined by four-circle 

X-ray or backscattered X-ray Laue techniques. The crystals were sectioned along {001} 

faces using a diamond saw to sizes in the range of a few mm in size x 0.3 mm thick. One 

side of the template was polished with 1 urn diamond paste. 



In prior research, it was demonstrated that BaTi03 crystals could be grown using 

TGG at 1350°C, above the eutectic temperature, with a Ti-rich initial powder.11 This 

resulted in the formation of a liquid phase at the growth temperature that was found to 

accelerate the growth process. Therefore, a titanium-rich BaTi03 powder with a proper 

amount of Zr was used for TGG. The powder was obtained by mixing BaC03 (0.1 um, 

Sakai Chemical Co., Sakai, Japan), Ti02 (0.5 um, Ishihara Chemical Co., Kobe, Japan), 

and Zr02 (0.05 um, TAM Ceramics Inc., Niagara Falls. NY) powders in a Nalgene bottle 

with an aqueous dispersant (Tamol, T963), and high density Zr02 media at a pH of 10 in 

DI-H20. The slurry was milled overnight and then dried in a Pyrex pan. The powder 

was calcined in 02 at 1150°C for 4 h, followed by further heating in air at 1200°C for 2 h. 

The final powder was attrition milled for 16 h and then sieved to less than 45 urn (-325 

mesh) prior to being mixed with an organic binder (Acryloid B-7 MEK, Rohm & Haas, 

Philadelphia, PA). Pellets were pressed uniaxially at 140 MPa followed by cold isostatic 

pressing at 276 MPa and sintering at 1300°C- 1350°C for 2 h in air. The grain size of the 

4.5 and 5.0 mol% Zr-doped BaTi03 sintered ceramics was -15 urn and the samples were 

approximately 98% of theoretical density. The grain size of the 8.5 mol% Zr-doped 

BaTi03 sintered ceramics was -25 um and the sample was approximately 92% of 

theoretical density. One side of the sintered polycrystalline matrix was polished with 1 

(im diamond paste. 

For TGG, a {100} surface of the BaTi03 crystal was contacted, without pressure, 

with the sintered polycrystalline matrix and the assemblage was heated in air to 1350°C 

for 8 to 30 h.  Cross sections of the growing crystal in the polycrystalline matrix were 



examined by scanning electron microscopy (SEM) (ISI Model DS 130) after polishing to 

1 u.m diamond paste and then thermal etching at 1300°C for 30 min. 

Grown crystals were sectioned from the template and polycrystalline matrix so 

that dielectric measurements were performed on the grown crystals alone (i.e. none of the 

original BaTi03 crystal remained). The pseudocubic {001} faces of grown crystals were 

oriented via X-ray Laue techniques and polished with 1 |im diamond paste followed by 

gold-sputtering to form electrodes. A multifrequency meter (HP 4284A LCR meter) was 

used in conjunction with a computer controlled temperature chamber (Delta Design Inc., 

Model MK 9023) to measure the dielectric constant as a function of temperature on 

cooling (175°C to -100°C) at frequencies between 100 Hz and 100 kHz. Samples were 

poled either by field cooling (10 kV/cm) from temperatures above the dielectric 

maximum temperature (T^) or by applying 40 kV/cm at room temperature. High field 

measurements (1-50 kV/cm) included simultaneous polarization (P) and strain (S) 

hysteresis curves obtained using a computer-controlled modified Sawyer Tower system 

and a linear variable displacement transducer (LVDT) sensor driven by a lock in 

amplifier (Stanford Research Systems, Model SR830). The voltage was supplied using 

either a Trek 609C-6 high voltage DC amplifier or a Kepco BOP 1000M amplifier. The 

same system was used to measure unipolar strain curves on poled crystals oriented along 

the pseudocubic (001). The value for d33 was estimated from the slope of the unipolar 

strain vs. electric field (E) curve. Electromechanical coupling was measured using the 

IEEE resonance technique (ANSI/IEEE Std. 176-1978) on samples poled by field cooling 

above the Curie temperature and 10 kV/cm. 



III. Results and Discussion 

Figure 1 shows a scanning electron micrograph of a cross-sectional view of the 

Ba(Zr005Ti095)O3 crystal (BZT-O5.0), the template crystal, and the polycrystalline matrix 

after 30 h at 1350°C. The boundary migrated as much as 825 um into the polycrystalline 

matrix. Note that the crystal growth front is no longer parallel to the initial template 

surface, but has grown to a habit plane, as was shown previously for growth into pure 

BaTi03 matrices.9-11 The grown crystal also incorporated approximately 2 vol% of the 

matrix porosity. The average growth rate from a (001) oriented template crystal after 30 

h was 28 um/h. However, the initial growth rate may have been faster when the matrix 

grain size was 15 um. The final matrix grain size was 22 ± 17 um, with a significant 

number (-10-15 vol%) with a grain size > 40 urn. Coarsening of matrix grains is known 

to decrease the driving force associated with boundary migration during TGG. As 

indicated by the variable porosity entrapped in the crystal, the rate of growth 

continuously decreased with time. In the top layer of the grown crystal the pores remain 

abundant and - 5-10 urn in size. After the growth rate slowed, fewer pores are trapped 

and those that remain coalesced before entrapment. 

Figure 2 shows the dielectric constant (a) and dielectric loss (b) as a function of 

temperature and mol% zirconium at 1 kHz. The samples showed very little dispersion as 

a function of frequency and therefore only the 1kHz values are shown. As seen in 

polycrystalline Zr-doped BaTi03, the transition temperatures are pinched with increasing 

mol% zirconium.4"6-12 The 4.5 (BZT-04.5) and 5.0 (BZT-O5.0) mol% Zr samples show 

distinct transition temperatures with both the rhombohedral-orthorhombic and 

orthorhombic-tetragonal transition temperatures shifted up by approximately 80°C (TR.0 



= 0CC) and 45°C (T0.T = 50°C), respectively. The amount of shift is similar to the 

amount of shift (75 and 49°C, respectively) predicted by Jaffe et al.A for these 

compositions. The result of this shift is that the orthorhombic phase is stabilized at room 

temperature. The Curie temperature for the 4.5 and 5.0 mol% Zr samples shifted down 

by approximately 20°C (Tc = 110°C), also similar to the shift (21 °C) shown by Jaffe et 

al.4 The room temperature dielectric constants are approximately 3200 and 3500 for 

unpoled BZT-04.5 and BZT-O5.0, respectively. The room temperature dielectric loss is 

approximately 0.013- 0.016 for both materials. What is also important to note, as clearly 

observed in Figure 2, is the effect of a small change of 0.5 mol% Zr doping on the 

pinching behavior. This shows that the small change in matrix composition was reflected 

in the grown crystal. Above the dielectric maximum temperature, T^, the Curie-Weiss 

law is obeyed with Curie constants and Curie-Weiss temperatures of 1.4 x 105oC and 

104°C for BZT-04.5 and 1.3 x 105oC and 102°C for BZT-O5.0, respectively; i.e. 

^HZT-04.5) =1.4xl05=C/(r-104°C) and eRiBzr_om = 13 x 105°C/(T-101C). 

Figure 3 shows the dielectric constant as a function of temperature and frequency 

for the crystal with 8.5 (BZT-R8.5) mol% Zr. The room temperature dielectric loss was 

-0.05. The dielectric response is pinched even more than for BZT-04.5 and BZT-O5.0 

and the transition behaviors are more diffuse. The rhombohedral-oithorhombic and 

orthorhombic-tetragonal transition temperatures shifted up by 135°C (TR.0 = 55°C) and 

65°C (T0.T = 70°C), respectively. The rhombohedral phase is stabilized at room 

temperature as a result of these shifts. T,,^ is shifted down by approximately 43°C (T^ 

= 90CC). These shifts in temperature are also similar to the shifts (106°C, 59°C, and 

40°C, respectively) given by Jaffe, Cook, and Jaffe.4 



Figure 4 shows the polarization and strain behavior for BZT-04.5 and BZT-O5.0 

crystals oriented along the pseudocubic (001) as a function of electric field at room 

temperature. Orthorhombic BZT-04.5 and BZT-O5.0 crystals have remanent 

polarizations (Pr) and coercive fields (Ec) of approximately 13 uC/cm2 and 1 kV/cm, 

respectively. The coercive field is lower and remanent polarizations higher5-12 than 

reported for ceramics with similar composition, which is expected for a single crystal of 

this orientation. In the orthorhombic phase, the polarization vector is oriented along the 

pseudocubic <110> direction, the magnitude of this vector is obtained by multiplying the 

P. value from Figure 4 with V2, which results in a value of 18 uC/cm2. 

For the Zr-doped crystals measured here, an engineered domain state with 

macrosymmetry 4mm is expected for poling along the pseudocubic (001) axis, similar to 

the case of rhombohedral relaxor-PT crystals1. As shown in Figure 4a, the top of the 

hysteresis loop is more rounded than in the case of relaxor-PT crystals. This indicates 

that the crystal partially depoles near zero field. The stability of the domain state was not 

studied. 

Figure 5 shows the unipolar strain behavior at room temperature for BZT-04.5 

and BZT-O5.0 crystals poled and excited along the pseudocubic (001) as a function of 

electric field. Both crystals show maximum strain levels of approximately 0.48% at a 

maximum field of -60 kV/cm, which includes -0.35% strain associated with domain 

reorientation. After saturation, the strain behavior from 30-60 kV/cm corresponds to a d33 

of 355 and 340 pC/N for BZT-04.5 and BZT-O5.0, respectively. 



Figure 6 shows the polarization and strain behavior for (001) oriented BZT-R8.5 

as a function of electric field at room temperature. The larger hysteresis in the P vs. E 

curve (Figure 6a) relative to that for the orthorhombic crystals may be a result of inferior 

crystal quality, i.e. a greater volume of pores (BZT-R8.5 ~ 8 vol%, BZT-04.5 ~ 2 vol%) 

and/or a higher space charge contribution to the dielectric displacement. Although Pr ~ 

10 (iC/cm2 in Figure 6a, the top of the hysteresis loop is more rounded than for 

orthorhombic crystals. In the rhombohedral phase, the polarization vector is oriented 

along the pseudocubic <111> direction, the magnitude of this vector is obtained by 

multiplying the Pr value from Figure 6 with \3, which results in a value of 17 uC/cm2. 

The unipolar strain behavior at room temperature for a (001) poled rhombohedral 

crystal is shown in Figure 7. d33 calculated from the slopes of unipolar strain vs. E curves 

were a function of electric field, i.e. d33 became a maximum (-480 pC/N) at - 10 kV/cm, 

but decreases and subsequently saturates to 160 pC/N at E > 30 kV/cm. The high initial 

value is due, at least in part, to domain reorientation. Beyond that point, as an electric 

field along (001) prefers the tetragonal polar phase, it is possible that a modest bias field 

results in the transition from rhombohedral to tetragonal phase. It is noteworthy to 

mention that the high field d33 - 160 pC/N is similar to that of a single domain tetragonal 

BaTi03 crystal. This field-induced phase transition may be ascribed to the pinching 

effect, that is, the consequent decrease in free energy difference among polymorphic 

rhombohedral, orthorhombic, tetragonal, and cubic phases. 

The electromechanical coupling data for 4.5 mol% Zr-doped orthorhombic 

BaTi03 single crystal (BZT-04.5) grown by TGG is shown in Table 1. After poling, no 



resonance was observed for electromechanical coupling measurements. Under 

application of a 950V DC bias during the measurement the values as shown in Table 1 

were obtained, showing k33 and d33 values of 0.74 and 340 pC/N, respectively. During 

removal of the field the values remained essentially constant down to 200V (1.0 kV/cm), 

also shown in Table 1. However, upon removal of all electric field, once again no 

resonance was detected after a few seconds. Therefore is was necessary to apply a DC 

bias to stabilize a domain state. The value for d33 is in close agreement with the value for 

d33 determined by unipolar strain data. The values for the dielectric constant and elastic 

compliances, S^0 (open circuited sample) and S^ (close circuited sample), are higher 

than found for pure BaTi03 single crystals. 

IV. Conclusions 

In this work, single crystals of Zr-doped BaTi03 were prepared using TGG for 30 

h at 1350°C. It is encouraging that TGG can be applied even in doped systems, so that 

the composition of the grown crystal has the same composition as the ceramic matrix. 

Room temperature orthorhombic (BZT-04.5, BZT-O5.0) and rhombohedral (BZT-R8.5) 

crystals were successfully stabilized using 4.5-5.0 and 8.5 mol% Zr. respectively. 

Orthorhombic crystals exhibited a room temperature dielectric constant and dielectric 

loss of approximately 3500 and 0.01, as well as a remanent polarizations and coercive 

fields of 13 \xC/crrr and 1 kV/cm, respectively. High field d33 values up to 355 pC/N 

were observed. This value was supported by resonance measurements, where a d33 value 

of 340 pC/N was observed. A k33 value of 0.74 was obtained under DC bias. The d33 and 

k33 values calculated for BZT-04.5 (340-355 pC/N and 0.74, respectively) are almost 
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twice the value of most non-lead materials with similar Tmax and approaching 

polycrystalline PZT-5A's (DOD-type II).1 Although the maximum d33, as high as 480 

pC/N (calculated from the S vs. E curves) for BZT-R8.5 is observed at low electric field 

due to domain reorientation, under additional increase in bias, the rhombohedral phase is 

probably converted to tetragonal due to the small energy difference between the two 

associated with the pinching effect. When the orthorhombic or rhombohedral phase is 

stabilized to room temperature to utilize crystallographic engineering for piezoelectric 

performance enhancement, the phase relationships and T^ must be properly engineered 

to ensure phase stability, i.e. due to the field-induced phase transition in the 

rhombohedral crystals the high field measurements (field induced tetragonal phase) may 

not correlate well with low field measurements (rhombohedral phase). Both BZT-0 and 

BZT-R samples show high piezoelectric coefficients and an improvement in piezoelectric 

properties over what is currently available for non-lead systems, as a result of 

crystallographic engineering. 

It is possible that the properties of these crystals may be improved further. In 

particular, better understanding of the role of crystal orientation and phase relationships 

on the stability of the domain state is necessary and could lead to improved composition 

selection. In addition, it is possible that eliminating the porosity from the crystals would 

result in improved electromechanical properties. 
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List of Figures 

Fig. 1. Scanning electron micrograph of BaTiCX template crystal, Ba(Zr0.05Ti095)O3 

grown crystal, and the Ti-rich polycrystalline matrix Ba(Zr0.05Ti0.95)O3 + 3 
mole% TiO: after 30 h at 1350°C. 

Fig. 2. Dielectric constant (a) and dielectric loss (b) as a function of temperature at 1 
kHz for TGG grown Ba(ZrxTi,.x)03 single crystals, where x = 0.045 and 0.05. 
(TR.0 = rhombohedral to orthorhombic transition, T0.T = orthorhombic to 
tetragonal transition) 

Fig. 3. Dielectric constant as a function of temperature and frequency for TGG 
grown Ba(Zr0.085Ti0.915)O3 single crystal. 

Fig. 4. Polarization (a) and strain hysteresis (b) as a function of electric field for 
(001) oriented TGG Ba(ZrxTi!.x)03 single crystals, where x = 0.045 and 0.05. 

Fig. 5. Unipolar strain hysteresis as a function of electric field for (001) oriented 

TGG Ba(ZrxTi!.x)03 single crystals, where x = 0.045 and 0.05. 

Fig. 6. Polarization (a) and strain hysteresis (b) as a function of electric field for 
<001> oriented TGG Ba(Zr0.08sTio.915)03 single crystal. 

Fig. 7. Unipolar strain hysteresis as a function of electric field for (001) oriented 

TGG Ba(Zr0.085Ti0.915)O3 single crystal. 

Table 1.     Effective electromechanical coupling data for 4.5 mol% Zr-doped 
orthorhombic BaTi03 single crystal, oriented along the pseudocubic <001>, 
grown by TGG. 
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Fig. 1 Scanning electron micrograph of BaTi03 template crystal, BaCZro^Tio^Os grown crystal, 
and the Ti-rich polycrystalline matrix Ba(Zr0(«Ti^C^ + 3 mole % TiO> after 30 h at 
1350°C. 
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Table 1. Effective electromechanical coupling data for 4.5 mol% Zr-doped orthorhombic BaTi03 

single crystal, oriented along the pseudocubic <001>, grown by TGG. 

DC bias 
(kV/cm) 

Freq. Constant 
(Hz«m) 

k33 e--T S33
D 

(10-12m2N-') (10-12 m2N-') 
d33 

(PC/N) 
4.6 1691 0.74 770 14.5 31.7 340 
1.0 1689 0.74 730 14.6 31.7 330 
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ABSTRACT 

The dielectric and piezoelectric constants of single crystal barium titanate have been 

theoretically calculated and experimentally measured for different cutting directions. 

The dielectric constant rapidly increases as the cutting direction deviates away from the 

spontaneous polarization direction [001]. The effective piezoelectric strain constant d33 has the 

same trend in the range from 0° to 50° away from the polarization direction and has the maximum 

value more than 3.5 times larger than its value along the polarization direction. • The 

electromechanical coupling factor k33 is also enhanced by choosing a cutting direction canted 

away from the polarization direction. 
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1. Introduction 

In our previous papers, the orientation dependence of piezoelectric and dielectric properties 

for lead zirconate titanate (PZT) has been theoretically studied.1'2 It was found that for tetragonal 

PZT, the effective piezoelectric constant d33 and electromechanical coupling factor k33 have the 

maximum values along the spontaneous polarization; however, for rhombohedral PZT, the 

maximum values of d33 and k33 are not along the polarization, but in a direction canted from 50° 

to 60° away from the polarization direction. For both rhombohedral and tetragonal PZT, the 

dielectric constant monotonously increases as the cut-angle from the spontaneous polarization 

direction increases.1'2 

In this paper, we theoretically and experimentally investigated the crystal orientation 

dependence of another important piezoelectric crystal: single crystal barium titanate (BT). Due to 

its large dielectric constants, barium titanate ceramics and crystals are best optional materials for 

capacitance and barium titanate thin films are highly potential to be used in dynamic random 

access memories.3 However, the utilization of its piezoelectric properties has been limited 

because of its small piezoelectric constant along its spontaneous polarization direction [001]. 

Nevertheless, our recent study shows that the single crystal barium titanate has an effective 

piezoelectric constant d33 as large as 250 (pC/N), which is comparable with that of PZT, if the 

electrical driving direction is canted about 50° away from the spontaneous polarization direction 

[001]. These results indicate that BT may be a good substitution for PZT in some application 

fields where lead-contained materials are objectionable. 

2. Theoretical Calculation 

In our theoretical calculations, we used the elastic, dielectric, and piezoelectric constants 

measured by A. Schaefer et al.4 For an arbitrary cutting orientation, the corresponding values of 

these constants can be obtained by performing tensor operations.5' 6     The details of the 



calculations have been described in Ref. 1. The calculated results are shown in Figs. 1(a) and 

2(a). In these figures, the absolute values of d33 and k33 along an arbitrary direction are 

represented by the distance from the origin to the surface of the graph along the direction. The 

cross sections are also shown in Figs. 1(b) and 2(b). From these figures, we can see that the 

maximum values of d33 and k33 can be obtained in the directions canted 52° and 47°, respectively, 

away from the polarization direction. Approximately, along cubic perovskite [111] direction, d33 

and k33 values are most enhanced. The d33 of 250 (pC/N) for this canted angle is about 3.5 times 

larger than the d33 along the polarization direction. It is interesting that the orientation 

dependence of d33 and k33 in BT is very different from the situation in the tetragonal PZT that 

always has the maximum d33 and k33 along the spontaneous polarization direction [001]. The 

main reason is a very large d]5 of BT. 

3.    Experiment 

For convenience, we use d33(0) to denote the value of effective d33 along a direction canted 

an angle 9 away from the spontaneous polarization direction [001]. For example, d33(0) means 

the value of d33 along [001], and d33(45) means the value of effective d33 along the direction 

canted 45° away from [001]. This notation is also applied to other coefficients such as dielectric 

constants and electromechanical coupling factors. 

Barium titanate single crystals were first poled along perovskite [001] direction. Then, the 

following two methods were used to observe the orientation dependence of d33. Method 1 is the 

conventional resonance method for a length-extensional bar.7 Method 2 uses a d33-meter to 

quickly check the orientation dependence of d33. Method 2 cannot accurately determine the 

absolute values of d33(9), but it is an easy way to observe the distribution of d33(9) with respect to 

angle 9; i.e. the normalized value d33(9)/d33(0) with respect to 9. 



3.1 Method 1 

A poled single crystal of BT was cut into four small bars along the directions canted 0°, 45°, 

50°, and 60° from the [001] direction, respectively. After the samples were polished and the 

electrodes were sputtered, their resonance and anti-resonance frequencies were determined with 

an impedance analyzer (HP4194A). Then, d33(6), k33(9), and s33(0) were determined from these 

frequencies according to the IEEE standard.7 A plate normal to each direction was also cut for 

determining the dielectric constant. The results are shown in Table I. The values of e33, k33, and 

d33(0)/d33(O) are also plotted in Fig. 3,4, and 5 for comparisons. 

Compared with the third column in table I (after A. Schaefer et al.), we can see that the 

present value of d33(0) is much lower. This is probably due to the depoling during the sample 

processing. In order to keep all the samples in the same poling states, we did not pole them after 

the sample preparation. After finishing the above measurement, the sample at 0° cut was poled 

and measured again. The d33(0) and k33(0) were recovered up to 75.58 pC/N and 0.6, 

respectively. In spite of the depoling, d33(50) is still much larger than the d33(0) that was 

measured by Schaefer et al. 

3.2 Method 2. 

Figure 6 illustrates this measurement. A poled crystal of BT was polished to a cylinder with 

its axis perpendicular to [001]. A chart marking degrees of angles was attached to an end of the 

cylinder. The test probes of a d33-meter were placed in the middle of the cylinder. The cylinder 

was rotated when d33(G) was measured for each angle 8, which could be read from the chart. The 

normalized values of d33(9)/d33(0) were plotted in Fig. 5. 

4.    Discussions and Conclusions 



Figure 3 shows that the dielectric constant has its minimum value along the polarization 

direction and rapidly increases as the cutting angle from the spontaneous polarization direction 

increases. For effective d33, theoretical and experimental results show that more than 3.5 time 

enhancement can be obtained by choosing a cutting direction canted about 50° from the 

spontaneous polarization direction [001], as shown in Fig. 5. In this direction, k33 is also 

improved (Fig. 4). 

These results imply that the piezoelectric properties can be much enhanced by adopting 

[111] orientation for barium titanate single crystals or thin films. The [lll]-oriented BT has a 

large d33 which is comparable with that of PZT. This provides another option for actuator and 

transducer applications, especially in some application fields where non-lead materials are 

desired. 
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FIG.l. (a) Effective piezoelectric constants d33 of single crystal Barium Titanate.  (b) The cross 

section curve when the figure in (a) is cut by the (010) plane. 

FIG.2. (a) Effective electromechanical coupling factor k33of single crystal Barium Titanate. (b) 

The cross section curve when the figure in (a) is cut by the (010) plane. 

FIG.3.  Dielectric constants of single crystal Barium Titanate  at different cutting angles.  The 

solid line is obtained by calculations using the data from A. Schaefer et al, 1986. 

FIG.4. Effective electromechanical coupling factor k33 of single crystal Barium Titanate at 

different cutting angles. 

FIG.5. Effective piezoelectric constant d33 of single crystal Barium Titanate at different cutting 

angles.   The values of d33 have been normalized by its value along the polarization direction 

[001]. The solid line is obtained by calculations using the data from A. Schaefer et al, 1986. 

Fig. 6. Illustration of Method 2. 



Table I    Constants d33, k33, s33, and s33 in different directions 
Constants 0° 0°(Ref. 4) 45° 50° 60° 
d33(pC/N) 
k33 

£33 

s33(xlQ-3/Gpa) 

24.69 
0.2 
103 

17.56 

68.5 

130 
14.95 

85.72 129.44 95.4 
0.264 0.33 0.246 
1795 2873 2263 

6.63 5.94 7.47 
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Lead barium niobate single crystals of the composition Pbo.596Bao.404Nb2.o3706, near the 
tetragonal: orthorhombic morphotropic phase boundary with tetragonal symmetry at room 
temperature, were the subject of this study. The crystallographic details, including the ionic 
coordination, the site occupancies and the thermal anisotropy of a lead-containing tetragonal 
tungsten bronze crystal are determined. This paper reports the structural refinement results, the 
site-preference by cations and vacancies, the macroscopic polarization properties derived from 
the cation displacement, and the apparent valences determined by the bonding distance. Unlike 
other non-lead-containing ferroelectric tungsten bronzes, significant polarization contribution 
can be attributed to cations (Pb2^ and Ba2+) at the A2-site. Large anisotropic thermal 
coefficients found for cations at the A2-site further strengthens the local polarization fluctuation 
model and suggests the local polarization components are perpendicular to the mirror plane 
along the (110) direction. 

Keywords: Tungsten bronze lead; barium niobate 

INTRODUCTION 

The tungsten bronze ferroelectric family is one of the largest oxygen 
octahedral ferroelectric families next to the ferroelectric perovskites. Similar 
to the perovskites, the ferroelectric tungsten bronzes typically have large 
spontaneous polarization and high dielectric constants. The structural 
flexibility and the chemistry versatility of this family make it more suitable 

123 



124 R. GUO et al. 

in many application aspects than the ferroelectric perovskites. Additionally, 
a morphotropic phase boundary (MPB) that separates two ferroelectric 
phases with mutually perpendicular polarization directions has been found 
so far only in tungsten bronze solid solution systems such as in 
Pbi_xBa^Nb206, (PBN). Along with many optimized properties expected, 
it was also demonstrated that in PBN, polarization status can be controlled 
by applying external electric field in a crystal near the MPB composition[1] 

and crystals grown with proper compositions can have both the ferro- 
electric-ferroelectric and ferroelectric-paraelectric phase transitions in 
temperature span with good crystal quality and homogeneity.121 

The prototype of all tetragonal tungsten bronzes is of point group 
4/mmm. The chemical formula in an extended sense has complicated 
composition with the general form: 

(Al)^(A2)f(C)ix(Bl)r(B2)r0S 

in which Al, A2, and C are the 12-, 15-, and 9-fold coordinated sites in the 
crystal structure surrounded by oxygen anions.f3] The B06 octahedra are 
linked by their corners in such a manner as to form three (Al: square, A2: 
pentagonal, and C: triangular) different types of tunnels running through 
the structure parallel to the c-axis.[4] In Pbi_.rBaxNb206 the polar axis is 
parallel to the (001) axis for the Ba-rich tetragonal phase but perpendicular 
to the (001) for the Pb-rich orthorhombic phase.151 The dependence of the 
polarization orientation on composition results in the appearance of the 
morphotropic phase boundary. 

Determinations of ferroelectric tungsten bronze crystal structures were 
given by Jamieson, Abrahams, and Bernstein in their detailed structure 
measurements on specific compositions of SBN,[6] BNN,[7] and KLN.[8] 

However, precise determinations of ferroelectric tungsten bronze crystal 
structure for lead-containing compounds that may have polarization 
components in the a-b plane are so far lacking. To understand the 
ferroelectric tungsten bronzes, particularly the lead-containing families, for 
their relaxor behaviors (e.g., dispersive dielectric properties) at near the 
ferroelectric-paraelectric phase transitions,195 or in a substantially lower 
temperature region,[101 knowledge of the structural details is necessary. This 
study was intended to fill in this gap by carrying out the crystallographic 
structure study on a lead containing tungsten bronze crystal, tetragonal 
Pbo.596Ba0.404Nb2.o3706 (abbreviated hereafter as PBN60, or nominally, 
PbsBasNbwOso)- 
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EXPERIMENTAL PROCEDURE 

Single crystal specimens used for this study were grown by the Czochralski 
pulling technique, at the Materials Research Laboratory, Penn State 
University. Chemical composition of the crystal studied was determined 
by electron probe microscopic analysis as to be Pbo.596Bao.404Nb2.o3706. 

A tetragonal unit cell was measured from a Guinier-Hägg focused powder 
pattern. Precession photographs confirmed the Laue group 4/mmm with 
absences corresponding to a £-glide; the ferroelectric character of the crystal 
leads to a space group P4bm (no. 100). X-ray powder diffraction pattern was 
obtained on finely ground and annealed (550°C for 5 hours in air) crystal 
powder. The lattice parameters obtained by powder XRD after the least 
square fitting are a=b= 12.502(3) A, c = 3.961(7) A. and a unit cell volume 
of V = 619.2 AJ. The measured density of the crystal is 6.13 g/cm3, 
comparing to the X-ray density of 6.18 g/cm3, based on its analytical 
formula. 

The crystal chip selected was from an as grown crystal boule (without 
annealing) to obtain a single domain piece. A thin crystal flake, 
0.3x0.3x0.03 mm in size, was selected and then mounted on the CAD4 
diffractometer (Smithsonian Institution, Washington, D. C). A total of 
1148 reflections within one-quarter of the Ewald sphere with 26 < 60° were 
measured. These were reduced to 546 symmetry-independent structure 
factors, of which 506 had jF! > 3cr(F) (being significantly above background) 
and were used to refine the structure parameters. 

DATA ANALYSIS AND STRUCTURE REFINEMENT 

Starting with the structure of PbNb2C»6 tungsten-bronze type, the structure 
was refined in space group P4bm holding ZNb2 constant. Convergence was 
obtained at first with one Pb in site 2(a) and four Ba in site 4(c) (Rw= 0.10). 
Refinement of population parameters indicated occupation 0.5 for Nb(l) 
and 1.0 for Ba. However, two measurements (EPMA analytical result and 
density measurement) clearly indicated a much higher proportion of lead in 
the sample. 

Refinement was renewed with Pb(l) half occupied, and Ba half replaced 
by Pb(2). Following Brusset et a/.[1 ^ all the Ba is confined to the mirror-plane 
site. Least squares analysis continued to converge; population parameters 
were then released for refinement for Pb(l), Pb(2), and Ba, while position 
parameters for Ba were held to those of Pb(2). With anisotropic parameters 
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refined for Nb, Pb, and Ba, Rw reached 0.081. With O anisotropic Rw 

reached 0.076, but all O atoms tended to a nonpositive definite state. 
It became apparent that the above procedure was not realistic. 

Refinement of Ba as above leads to unusual results (£/=0.22) and 
Pb:Ba = 5:2. The structure appears to be very "soft", that is, cross 
correlation and errors tend to become high. A more careful approach was 
followed and some basic restrictions such as Pb + Ba = 5, and that 
Pb:Ba = 3:2 were applied. 

REFINEMENT RESULTS AND DISCUSSIONS 

Refinement with Nb and Pb anisotropic and Ba fixed to A2 with p = 0.5 led 
to Rw = 0.085, but Pb:Ba = 2.87:2. With Pb:Ba fixed at 3:2 and only/? for Al 
refined and P for A2 adjusted to hold Pb/Ba at 3:1 with isotropic oxygen, 
Rw reached 0.090. This result led to occupancy of the 4-axis site of 0.551, 
and for the mirror-axis site 0.975. The A2 site is somewhat elongated normal 
to the mirror plane (Fig. 1), which suggests that the site could also be split 
with the atoms localized in positions to one side of the mirror. An attempt to 
refine such a model clearly showed that there is no concentration of electron 
density off the mirror plane. With split A2 atoms, isotropically the model 
did refine but to a higher R, and anisotropically it drifted back to the 
elongated mirror position. 

The final position coordinates and the final temperature coefficients 
corresponding to the best model successfully carried out referred to above 
are listed in Table I. 

(a) Al- and A2-Site Occupancies by Cations and Vacancies 

The structure refinement results indicated that there are essentially no 
barium atoms in the Al-site. When an attempt was made to place barium 
atoms in the Al-site, the population for this site is refined to nearly zero. 

The lattice parameters refined for the single crystal chip (unannealed 
state) are a = b= 12.4970 A, c = 3.9603 A, and the population of Pb in the 
Al-site is p = 0.551. The lattice parameters found for the powder X-ray 
diffraction of the annealed powder, however, are a = b =12.5019 A, 
c = 3.9605 A, and the population of Pb in the Al-site was found to be 
somewhat higher than p = 0.551 as in the case of unannealed crystal.1121 

It is likely that the Al-site in the annealed state is larger than that in 
the unannealed state (or poled state), presumably due to the relaxation of 
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©—0 

FIGURE 1    PBN60 single crystal refined structure viewed along the polar c-axis. 

oxygen octahedron distortion and redistribution of vacancies after anneal- 
ing that makes the Al-site more accommodate to the Pb2+ ions. This 
observation is in agreement with Trubelja et al. [1'] that an increase in Sr 
occupancy in the Al-site was observed in Sro.5oBao.5oNb206 upon annealing. 
It is a further support for the vacancy non-random distribution hypothesis 
proposed earlier, through an annealing and quenching effect study in 
tungsten bronze Sr^^Ba^MbOß and Ba2_.rSr;cK1_vNavNb50i5 crystals.[14] 

(b) Oxygen Anisotropy 

Attempts to refine oxygen anisotropically always led to a nonpositive 
definite result, but apparently with certain significance. An oblique view of 
the structure (Fig. 2) shows that the oxygen atoms are highly compressed 
normal to the Nb—O bonds as would be expected. Though the effect is 
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TABLE I   Refined ] sarameters for Pb3Ba2Nbio03o 

Populations: 2pPbt - ><-4ppb2+4pBa- = 5;Pb:Ba=3:2 
( Coordinates 

Atoms Position X y z u P 
Nb(l) 2b Bl 0.0 0.5 -0.0089(34) 0.11(6) 1.0 
Nb(2) 8dB2 0.0740(2) 0.2104(2) 0.0 0.16(8) 1.0 
Pb(l) 2a Al 0.0 0.0 0.4887(26) 0.14(7) 0.551(3) 
Pb(2) 4c A2 0.3287(5) 0.1713 0.4904(32) 0.26(13) 0.475 
Ba 4c A2 (.x,y,r = Pb(2); )        0.30 0.500 
0(1) 8d -0.007(1) 0.345(1) 0.048(7) 0.15(8) 
0(2) 4c 0.216(2) 0.274 0.062(7) 0.10(6) 
0(3) 8d 0.141(1) 0.070(1) 0.054(5) 0.11(6) 
0(4) 4c 0.0 0.5 0.546(24) 0.22(11) 
0(5) 8d 0.072(2) 0.211(2) 0.540(11) 0.19(19) 

Thermal Ellipsoids (A2) 
Atoms Uu U22 •     £/33 Un Uu U23 

Nb(l) 0.007(1) 0.007 0.024(2) -0.000(1) 0.0 0.0 
Nb(2) 0.009(1) 0.008(1) 0.027(1) 0.002(1) -0.007(2) 0.006(2) 
Pb(l) 0.013(1) 0.013 0.030(2) 0.0 0.0 0.0 
Ba/Pb(2) 0.078(2) 0.078 0.054(3) 0.021(2) 0.000(6) 0.000 

FIGURE 2   PBN60 single crystal refined structure showing oxygen anisotropy. 

probably exaggerated by an inadequate absorption correction on the 
intensity data; nevertheless, the correction is to some degree valid as shown 
by the distinct improvement of Rw over conventional R. The 05 half-atom 
model used by Jamieson et al.[6] in other tungsten bronze crystals such as 
SBN was not adopted in this study as the isotropic temperature constants 
refined for 05 and <D4 are within normal range. 
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(c) Cation Displacement and Polarization 

The final position coordinates of Table I and the lattice constants were used 
to calculate interatomic distances and angles, as listed in Table II. 

As can be seen from the Figure 3, cations displace in the same sense away 
from the nearest mean plane of oxygen anions. The oxygen atoms lie close 
to a plane 0.2 A below the level of the Nb atoms. The short apical Nb—O 
distance is 1.76(9) A for Nb(l) and 1.82(4) A for Nb(2), each of these sites 

TABLE II   Interatomic distances and angles in PbJ$a2Nbio03o 

Distances (A) Angles rdeg.) 

Atoms d Atoms a 

Nb(l)—0(4) 1.76(9) 0(4)—Nb(l>— 0(l)(x4) 97.7(8) 
-0(l)'(x4) 1.95(2) 0(1)-Nb(l)— 0(lXx4) 84.1(6) 
-0(4)' 2.20(9) 0(1)—Nb(l)— 0(l)(x4) 94.3(6) 
Nb(2)—0(5) 1.82(4) 0(4>—Nb(l>- 0(4) 180.0 
-0(3) 1.96(2) 0(1)—Nb(l)—0(l)(x2) 166.6(1.3) 
-O(l) 1.98(2) 0(5)—Nb(2)— 0(3) 96.7(9) 
-0(3)' 2.01(2) 0(5)—Nb(2)— 0(1) 95.1(1.0) 
-0(2) 2.02(2) 0(5>—Nb(2)— 0(3V 95.6(9) 
-0(5)' 2.14(4) 0(5)—Nb(2)— 0(2) 97.5(1.0) 
Pb(l)-0(3)(x4) 2.61(2) 0(5)—Nb(2>- 0(5V 178.8(9) 
-0(5)(x4) 2.79(2) 0(3)—Nb(2)— 0(1) 167.0(9) 
-0(3)(x4) 2.99(2) 0(3)-Pb(l>- 0(3)' 89.1(6) 
Ba/Pb(2)-0(2) 2.61(3) 0(3)—Pb(l)— 0(2) 90.9(5) 
-0(l)(x2) 2.71(3) 0(3>—Pb(l)— 0(5)' 84.2(8) 
-0(2)' 3.01(3) O(l)—Ba/Pb(2)-0(3Y 84.3(6) 
-0(l)'(x2) 3.02(2) 0(1)—Ba/Pb(2)-0(2V 93.0(6) 
-0(4) 3.04(1) 0(1)—Ba/Pb(2)—0(5/ 84.1(9) 
-0(3)(x2) 3.18(2) 0(3)—Ba/Pb(2>0(2)' 166.8(1.0) 
-0(5)(x2) 3.25(2) 0(3)—Ba/Pb(2)-0(5Y 83.5(8) 
-0(5)'(x2) 3.39(2) 0(2)—Ba/Pb(2)-0(5V 83.4(1.0) 
-0(3)'(x2) 3.48(2) 

▲ + 
0.Q45 <M5 0.03 0.038 .SX&. 
Pb(l)        Pb(2)/Ba 

JXgL, 

T        o no 
0.035 

0.19 
0.24 

Zr= 0.5 

0.18 0.16 

OC2-) Q(3) 
2F=0.0 

0.21 

FIGURE 3   Magnitude and sense of atomic displacements (in angstroms) relative to the c-axis 
in PBN60. Macroscopic polarization is indicated by the large arrow. 
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possesses distorted octahedral symmetry. On average the apical distance is 
1.78 A and the opposite distance is 2.22 A. The equatorial Nb—O distances 
are all near the average 1.97 A (compared with the average distance of 2.0 A 
in LiNb03 and 2.011 A in KNb03). 

The Pb(l) coordination has mm symmetry and is 12-fold with Pb(l)—O 
distances average 2.80 A. The Pb(2)/(Ba) environment is irregular with 15 

e 

oxygen contacts within 3.5 A. 
The direction of cation displacements can be related directly to the 

orientation of the macroscopic ferroelectric polarization as illustrated in the 
Figure 3. Note that the Nb(2) position was selected for the z = 0 plane. It is 
known that for lead-free oxygen octahedron compounds, the displacement 
of Nb5+ from the oxygen plane is the major contribution to the macro- 
scopic polarization. Substantial polarization contributions in this crystal, 
however, can be attributed to the Pb2+ and Ba2~ displacements as they are 
of similar magnitude as that of the Nb5 + . 

An evaluation of the spontaneous polarization can be made based upon 
the knowledge of the atomic displacement. Two different approaches are 
compared: 

(a) From the proportionality relationship with displacement A  (in 
angstroms) developed by the "homopolar" metal atoms, the equationll5] 

Ps = (258 ± 9) A [/iC/cm:] (1) 

can be used for Ps calculation for oxygen octahedra ferroelectrics, 
provided the ferroelectric material is of displacive type. Spontaneous 
polarization evaluated for the Nb06 oxygen octahedra gave values Ps = 
54.8~58.7 uC/cm2 (for Nb(l)06 group) or Ps = 39.8 ~ 42.7 nC/cm2 (for 
Nb(2)06 group). Simple weighted average of the Nb(l)- and Nb(2)- 
group yielded average value of Ps = 44.8 ~ 48.1 uC/cm2. The calculated 
average values are in reasonable agreement with the experimentally 
determined value (Ps = 38~46 \iC/cm2). It perhaps indicated that one 
dimensional displacive model is still suitable for this material, being 
consisted of the oxygen octahedra building blocks. 

(b) Assuming a point-charge model, using the expression: 

where the summation is over the volume V containing i ions of charge Zh 

and A,- is the atomic displacement vector along the polarization axis, the 
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total polarization taking into account each ions can be calculated. The 
value thus obtained is Ps= 41.7 uC/cm2, compared to the experimental 
value. 

(d) Apparent Valence of the Cations 

The apparent valences (V$ of the cations for PBN60 single crystal using r0s 
listed in Brown and Altermatt[16] were calculated for the refined structure. 
The results are summarized in Table III. 

As it is clear from the Table III that the Pb2~ in the A2-site (15- 
coordination) are severely underbonded. High polarizability in the unique c- 
axis direction in this tetragonal structure therefore evidently includes the 
contribution from the largely rattling Pb2+ ions in the A2-site. Together 
with the high temperature anisotropy, the cation fluctuation in the A2-site 
could give dynamic polarization components perpendicular to the mirror 
plane, in the (110) direction. With the increase of the Pb:Ba ratio, it is 
inevitable that more Pb2_!" will occupy A2-site, that may aggravate the 
rattling status of the Pb2+ in the open cage until the orthorhombic structure 
became energetically more favored in the morphotropic phase boundary 
composition (Pb: ~63%). Slight overbonding is found for Pb2+ in the Al- 
site and Ba2+ in the A2-site. Nb(l) in Bl-site is also slightly overbonded and 
is known to form less distorted oxygen octahedra compared to the more 
deformed Nb(2) in B2-site. 

SUMMARY 

Crystallographic structural refinement for a single crystal of composition 
Pb0.596Bao.404Nb2.o3706 was carried out and the results obtained allowed 
further understanding on the ferroelectric tungsten bronze polarization 
mechanisms. It is found that at Pb:Ba = 3:2 ratio, there is essentially no 

TABLE III   Apparent valences for cations in Pb3Ba2Nbi003o 

Atom Site Coordination Vt 

Nb(l) 
Nb(2) 
Pb(l) 
Ba 
Pb(2) 

Bl 6 5.498 
B2 6 4.999 
Al 12 2.045 
A2 15 2.088 
A2 15 1.307 
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Ba2+ occupies the Al-site. Pb2+ cations prefer occupation of the A2-site 
over the Al-site as the Al-site was found nearly half vacant. Pb2+ in the A2- 
site is severely underbonded and both Nb5+ and Pb2"7Ba2+ (in A2-site) are 
major contributors to the macroscopic polarization. Rattling Pb2+ in A2- 
site with large temperature anisotropy may cause significant polarization 
components normal to the mirror plane. Reduced thermodynamic energy 
may force the frozen of Pb2+ cations at one side of the mirror plane and 
cause local polarization components. There is no ionic concentration found 
away from the mirror plane at the environmental temperature. 
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We report a large electrostrictive strain in electron irradiated poIy(vinylidene fluoride- 
trifluoroethylene) copolymer at a composition with 65 mol % vinylidene fluoride, which also 
exhibits a large ratio of strain to applied field (~275 pm/V). The strain response is nearly 
independent of the external driving condition (unipolar or bipolar field) and does not change with 
temperature in about 20 °C temperature range near room temperature. Moreover, near room 
temperature, me material can reach a relatively high quasistatic longitudinal electromechanical 
coupling factor Jfc33~033. © 1998 American Institute of Physics. [S0003-6951(98)03040-X] 

Electroactive polymers with high electrostrictive strain 
and elastic energy density are very attractive for a broad 
range of actuator and transducer applications. Recendy, we 
reported a massive electrostriction in electron irradiated 
poly(vinylidene fluoride-trifluoroethylene). [P(VDF-TrFE)] 
copolymers.1 In addition, we also showed that the new ma- 
terial exhibits many features resembling those of relaxor fer- 
roelectrics. that is, the slim polarization hysteresis loop at 
temperatures near the dielectric peak that gradually evolves 
into a normal ferroelectric hysteresis loop with reduced tem- 
perature, and the dispersion of the broad dielectric peak 
which follows the Vogel-Folcher law.1 The results indicate 
that the electron irradiation breaks up the coherent polariza- 
tion domain in normal ferroelectric P(VDF-TrFE) copoly- 
mer into nanopolar regions that transforms the material into a 
relaxor ferroelectric. In this letter, we will present the experi- 
mental results on electromechanical properties of irradiated 
P(VDF-TrFE) copolymer with 65 mol % VDF. 

The copolymer was from Solvay and Cie of Bruxelles. 
The film used in this investigation was fabricated by melt 
pressing powder at 225 "C and then slowly cooled down to 
room temperature. The film thickness was between 20 and 
40 /im. The irradiation was carried out in an argon atmo- 
sphere with 3 MeV electrons and the dosage was in the range 
between 40 and 100 mrad Several temperatures were chosen 
for the irradiation. The results reported in this letter were 
obtained from films irradiated at 120 °C with 60 mrad dos- 
age. For the electric measurement gold electrodes sputtered 
onto the film surfaces were used. It should be mentioned that 
in this investigation, we measured the field induced strain 
responses over a large group of specimens [both P(VDF— 
TrFE) 50/50 and 65/35 copolymers] under different process- 
ing and irradiation conditions, and it was found that the 

"Author to whom correspondence should be addressed. Electronic mail: 
qxzl@psu.edu 

specimen reported here possesses a relatively high ratio of 
induced strain/applied electric field among the specimens ex- 
amined. 

In this investigation, the electric field induced strain 
along the thickness direction (longitudinal strain) was char- 
acterized by a bimorph based strain sensor designed specifi- 
cally for the polymer film strain measurement2 The polar- 
ization hysteresis loop was measured by a Sawyer-Tower 
circuit. The frequency range for the polarization and strain 
measurement is from 1 to 10 Hz. The elastic compliance was 
measured by a Dynamic Mechanical Analyzer in the fre- 
quency range from 1 to 100 Hz. Hence, the results presented 
correspond to the electromechanical performance of the ma- 
terial under nonresonance condition. 

The induced strain level was examined under both bipo- 
lar and unipolar driving electric fields to compare the perfor- 
mance under these two different conditions. For an electros- 
trictive material, although in some actuator applications, it 
can be driven with a bipolar field, in most cases, the driving 
field will be unipolar. Hence, it is important for the material 
to have nearly the same performance under these two differ- 
ent driving conditions. Presented in Figs. 1(a) and 1(b) are 
the result obtained at room temperature. Qearly, the material 
exhibits a quite high strain level. -3.3% under a field of 120 
MV/m with small hysteresis. Moreover, the strain levels un- 
der these two different driving conditions are nearly the same 
(the strain under unipolar driving is about 3% less than that 
under bipolar driving which is due to the existing small hys- 
teresis). For comparison, the polarization hysteresis loop was 
also presented in Figs. 1(c) and 1(d). Apparently, there is 
only a small difference (about 5%) in the polarization level 
between the unipolar and bipolar driving, indicating that the 
small hysteresis at this temperature does not have marked 
effect on the polarization responses under different driving 
conditions. These results show that the material nearly recov- 
ers to its original zero field state after the applied field is 

0003-6951 /98/73( 14)/2054/3/S 15.00 2054 © 1998 American Institute of Physics 
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-150    -100    -SO       0       50     100    150        50      100     150 

E (MV/m) E (MV/m) 

FIG. 1. Tie field induced strains at room temperature: (a) ander bipolar 
driving field, (b) under unipolar driving field. The polarization hysteresis 
loops ar room temperature: (c) under bipolar driving field, (d) under unipolar 
driving field. The crosses in (c) is the polarization curve fit using Eq. (2) 
where ^=0.063 C/nr and *= 1.01 X 10~3 m/V. 

reduced to zero. Those are in sharp contrast with the behav- 
ior observed in unirradiated samples which exhibit a large 
polarization hysteresis and strain hysteresis.1-3 In addition, 
there is a large difference between the responses under bipo- 
lar and unipolar electric field driving conditions. 

The change of the induced strain under both unipolar 
and bipolar driving fields with temperature is presented in 
Fig. 2(a), where the temperature range is limited by the cur- 
rent measurement setup. The data were taken under a driving 
field amplitude of 120 MV/m. In comparison, the polariza- 
tion with temperature under the same driving field amplitude 

0.055): 
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5    0.045 

—~   0.04 
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0.03 

.'■■■ 1 ■■'■■■■■■ 1 ■ ■ 1   '   1   '   '    '   « . 
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FIG. 2. (a) The induced strain and (W the polarization as a function of 
temperature (open circles are under bipolar driving field and crosses are 
under unipolar driving field) where the driving field is 120 MV/m. The solid 
and dashed curves are drawn to guide eves. 

-0.5 i 50 °C         /         \ 

~    -1 

.¥-1.5 

*    .2 

; 
/         \     - 

-2.5 /                                        \ 

-3  '■ — ■■  -i  

0.04 \ 50 °C                                                                             y^^ 

^0.02 

5    o 
-0.02 

-0.04 

-150   -100    -50      0     .50      100     150 
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FIG. 3. (a) The strain vs applied field at 50 °C where the strains under 
unipolar and bipolar driving fields are me same within the instrument reso- 
lution, lb) The polarization vs applied field where the thin curve is under 
bipolar field and the thick curve is under unipolar field. The two curves are 
nearly overlapping with each. 

is presented in Fig 2(b). Apparently, as the temperature in- 
creases, the difference in the responses between unipolar 
field and bipolar field approaches zero. At 50 °C, the strain 
versus field is nearly hysteresis free as shown in Fig. 3(a) 
while the polarization hysteresis is still present [Fig. 3(b)] 
even though the polarizadon curve under bipolar driving 
field is overlapping with that under unipolar driving field. In 
addition, it was found that ar temperatures above 50 °C, the 
measured "remanent polarizadon" (the polarization level at 
E=0 in the hysteresis loop) increases with temperature, an 
indication of increased conduction in the material. As also 
shown in Fig. 3(b), the polarizadon under the unipolar driv- 
ing does not come back to zero after the field is reduced to 
zero. All these results suggest that the hysteresis observed in 
the polarizadon responses at 50 °C and above is mainly due 
to the increased conducdon in the material. 

Clearly, the data in Fig. 2 show that between room tem- 
perature and 40 °C, under a given driving field there is only 
a small change of the induced strain with temperature. 
Above that, the reduction becomes significant. To understand 
what is the response for this change of strain, the electros- 
trictive coefficient Qn was determined from the relation S 
— QiiP~ where S is the longitudinal strain and P is the 
polarization.4 The result obtained is shown in Fig. 4 and as 
can be seen, Qn in this temperature range is nearly tempera- 
ture independent and has a value of about -12 mVC2. There- 
fore, the observed reduction of the strain with temperature 
for a given field is a direct consequence of the reduction of 
the polarization. Hence, in order to achieve the same strain 
level, a higher field is required at temperatures above 40 °C. 
It should also be pointed out that the electrostrictive coeffi- 
cient obtained here is much higher than those of normal 
ferroelectric P(VDF-TrFE) copolymers (-12 m4/C2 com- 
pared with -15 m4/cV implying that the polarization 
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|P| = />,tanh(Jk|£|) (2) 

0      0.01    0.02   0.03   0.0*   0.05   0.06 
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FIG. 4. fa) The electrostrictive coefficient Q:I (open circles) and quasistatic 
Ionsitudinal eleciromechanical couoling factor £33 (fiUed circles) as a func- 
tion of tetnoetamre under a driving field of 120 MV/m: (b) the coupling 
factor *33 as a function of the induced polarizanon level P8 evaluated at 23 
and 50 *C based on Eq. (1) and data presented: (c) the elastic compliance as 
a function of temperature. 

mechanism in the irradiated samples may be different from 
those in normal ferroelectric P(VDF-TrFE). 

From the data acquired, the longitudinal electromechani- 
cal coupling factor fc33 can be evaluated. Since the material 
exhibits the electrostrictive behavior, the result derived by 
Horn et aL on the quasistatic electromechanical coupling fac- 
tor for electrostrictive materials is adopted here: 

kQhP*B 
l33" 

533 Fsln 
?*+?fl| + P,ln[l-(PB/ig

2] 

(1) 

where the polarization-field (P-E) relation is assumed to 
follow5 

and Ps can be regarded as the saturation polarization and k is 
a constant, J^ is the elastic compliance under constant po- 
larization. Equation (1) shows that k33 depends on the in- 
duced polarization level PB and hence the driving field level. 
For the electrostrictive P(VDF-TrFE) copolymer here, it 
was found that the polarization curve can be described by 
Eq. (2) if the average polarization is used (to eliminate the 
small hysteresis) as shown in Fig. 1(c) (the cross in the fig- 
ure). On the other hand, if Eq. (2) is modified to include a 
small coercive field £c (on the order of 5 MV/m), |P| 
= Pf tanh(jfc|£±£c|), it can be used to fit the data on both 
branches in the polarization hysteresis loop and Ps and k are 
nearly the same as those determined using the averaged po- 
larization curve. In addition, it is sf3 that was measured in 
the experiment and Eq. (1) is modified to account for that 

{szö~s3sil -C^)2]}-6 From ** fit t0 Ec*- ®' ** was found 

that Ps in the experimental temperature range remains a con- . 
stant of 0.063 C/m2, and the reduction in the field induced 
polarization with temperature is a result of reduction of the 
constant k in Eq. (2). Substituting these values from Eq. (2) 
along with the value of PB under a field of 120 MV/m On 
and the elastic compliance [Fig. 4(c)] into Eq. (1) yields the 
coupling factor kTj (under 120 MV/m field) as also shown in 
Fia. 4(a). Since the coupling factor is a function of PB, by 
increasing the driving field level which raises Ps, £33 can be 
increased. As an example, the change of £33 with PB is 
evaluated at room temperature and 50 °C and presented in 
Fi2. 4<b). The result indicates that at room temperature, by 
increasing the driving field and hence raising PB to near 
saturation, the quasistatic coupling factor can reach 0.33. In 
normal ferroelectric P(VDF-TrFE) copolymers, A:33 is at 
0.25 and even in single crystal P(VDF-TrFE) copolymer, 
jfc« is still below 0.3.7"9 The result here demonstrates the 
potential of irradiated P(VDF-TrFE) copolymer in achieving 
relatively high electromechanical coupling factor. 
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Abstract: 

The effect of high energy electron irradiation on poly(vinylidene fluoride - trifluoroethylene) 

(PVDF-TrFE) copolymer is investigated in a broad range of electron doses in light of a recent 

finding of the relaxor ferroelectric behavior and large electrostriction in the material. It is shown 

that although irradiation reduces both the crystalline and polar ordering, the two are not directly 

related to each other. In contrast to DSC and X-ray results which show that the copolymer 

becomes amorphous for higher irradiation dose, the dielectric data still exhibit relaxation peak 

which follows the Vogel-Fulcher law, indicating the presence of the local polar ordering. 
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Ferroelectric polymers have attracted much attention for the last few decades as they revealed a 

new aspect of polymers as functional materials. Among them, P(VDF-TrFE) copolymers have 

been investigated extensively because the material exhibits the highest ferroelectric polarization 

and electromechanical responses among the known polymersIJ. However, the electromechanical 

properties of P(VDF-TrFE) copolymers are still one order of magnitude smaller than those from 

piezoceramic materials, which severely limits their applications for electromechanical devices3. 

Recently, we reported4"5 that under a proper high energy electron irradiation, P(VDF-TrFE) 

copolymers exhibited a massive electrostrictive strain (>4%) with high elastic energy density. It 

was also observed that a piezoelectric state can be induced in these polymers under a DC electric 

bias field with piezoelectric constants approaching those of the best piezoceramic materials6. In 

addition, the dielectric peak of irradiated films exhibited a strong frequency dispersion which 

followed Vogel-Fulcher (V-F) law7, an empirical law which was observed in many glass 

systems8 and in relaxor ferroelectric ceramics9"10, suggesting that the material may belong to the 

relaxor ferroelectric family. In this letter, we report the experimental results on the structural 

evolution and transitional behavior as revealed by X-ray diffraction, dielectric, polarization and 

DSC data of irradiated films of P(VDF-TrFE) at 50/50 mol % composition over a broad electron 

irradiation dose range. 

The P(VDF-TrFE) (50/50 mol%) was supplied by Solvay and Cie, Belgium and the 

molecular weight of the polymer is determined to be 200,000. The films were prepared by hot 

pressing the powder sandwiched between two aluminum foils at 215°C with a consequent slow 

cooling to room temperature. All the experiments were performed on the films of 25 \im 

thickness. The irradiation was carried out using electrons of energy 3 MeV under the nitrogen 



atmosphere at different temperatures. The dielectric data were taken in the frequency range from 

30 Hz to 100 kHz, using a dielectric analyzer (TA Instruments, model 2970) in the temperature 

interval -60 to 125°C for a heating and cooling rate 2°C/min. The differential scanning 

calorimetery (DSC) measurements were carried out using a differential scanning calorimeter 

(TA Instruments, model 2010) at the scanning rate 10 °C/min under the nitrogen atmosphere. 

The X-ray pattern was taken at room temperature (20 °C) using a diffractrometer (Scintag model 

Pad-V) with Ni filtered Cu Koc radiation. 

Figure 1 presented the dielectric constant data of un-irradiated and irradiated (from 30 to 

150 Mrad) copolymer films. Consistent with the early observations4-5, the effect of irradiation is 

to broaden the dielectric peak and move it to near room temperature. More interestingly, all the 

dielectric data presented from irradiated films follow the V-F law (figures lb and c), although 

the peak height drops monotonically with dosage. In addition, the freezing temperature Tr 

denned in the V-F law f=f0 exp[ ]  where Tm is the dielectric constant peak 

temperature, f is the frequency, and k is the Boltzman constant, does not change with irradiation 

dosage significantly, either. For instance, for films irradiated at 30 Mrad, Tf=310 K while at 

150 Mrad, Tf=307 K. 

In contrast, both the DSC data (figure 2) and X-ray data (figure 3) show a large change 

in structure and transitional behavior in the polymer as the dosage increases from 30 Mrad to 

150 Mrad. In unirradiated films (figure 2a), DSC data show two well defined peaks, one at 

160 °C and the other at 65 °C, corresponding to the melting and ferroelectric-paraelectric (F-P) 

transitions in the crystalline region, respectively11. At 30 Mrad irradiation (figure 2b), although 

there is no marked change in the melting peak (except a slight drop in the temperature), the peak 



associated with the original F-P transition nearly disappears. Careful inspection of the data 

reveal that F-P transition peak becomes very broad and diffuse. When further increasing the 

dose to 60 Mrad, the melting peak shows a significant broadening as well as a large drop in 

transition temperature and transition enthalpy. At 100 Mrad, the melting peak could not be 

detected, indicating the disappearance of the crystalline phase in the films due to irradiation. 

The apparent lowering and broadening of the melting peak indicate a broad distribution in the 

crystallite sizes and reduction in the crystal ordering in irradiated films caused by the lattice 

defects, crosslinking within the crystallites and at the crystalline-amorphous interface. 

It should also be noted that there is an important difference between the lattice ordering 

and the ferroelectric ordering. The lattice ordering is associated with the positional ordering of 

the monomer units while the ferroelectric ordering is from the dipolar alignment and their 

coupling. Hence, the ferroelectric ordering can be destroyed in a perfect lattice by random 

introduction of trans-gauche bonds in polymer chains (such as a paraelectric phase), while the 

decrease of the crystal ordering in irradiated films is caused by the lattice defects and reduction 

of the crystalliniry due to the conversion of the crystallites to amorphous. Furthermore, local 

polar ordering can persist even though there is not much crystalline ordering such as observed in 

liquid crystals12. It is interesting to note here that although the enthalpy of the melting peak 

becomes zero at 100 Mrad, the enthalpy of the broad peak associated with the original P-F 

transition increases slightly at 100 Mrad, suggesting a slight increase of the local polar ordering 

in the copolymer. For films irradiated with 150 Mrad, the DSC data do not show any detectable 

features associated with the melting and polar order-disorder process. 

We now analyze the evolution of the X-ray data with electron dose. The X-ray data were 

taken at 20 °C, just below the temperature of the dielectric constant maximum (about 40 °C) of 



irradiated films (figure 3). As expected, the unirradiated film (figure 3a) exhibits two closely 

spaced peaks at 4.72 A and 4.59Ä. The one at 4.59 A appears due to the presence of ferroelectric 

ß-phase which has an orthorhombic structure with (110) and (200) reflections nearly at the same 

position (pseudohexagonal at the plane perpendicular to the polymer chain direction). The one at 

4.72 A is from the 60° domain structure which can be reduced or eliminated by drawing or high 

voltage poling13. Upon 30 Mrad irradiation, only one peak is observed at the lower angle, 

indicating the expansion of the crystal lattice due to the introduction of trans-gauche bonds as 

observed in FTCR data and hence, a reduction of ferroelectric ordering14. The finding here is 

consistent with the polarization hysteresis measurement presented in figure 4 where the 30 Mrad 

irradiated films exhibit the hysteresis with a reduced remanent polarization and coercive field in 

comparison to unirradiated film. 

Interestingly, after irradiation with 60 Mrad, the reflection peak becomes sharper and 

more intense in comparison with unirradiated and 30 Mrad irradiated films. The corresponding 

lattice spacing is equal to 4.84 A which is close to the d spacing of the paraelectric phase of this 

copolymer determined from the X-ray above the Curie temperature15. Correspondingly, a slim 

polarization hysteresis is observed (figure 4). The FTIR measurements conducted on the same 

films also do not show any change in structure even when the sample was cooled down to 

-25°C'4. The results suggest that after the irradiation the broad dielectric constant peak Tm does 

not correspond to the P-F phase change and macroscopically, the material is paraelectric-like 

even at temperatures below Tm. These results are very similar to those observed in. relaxor 

ferroelectric ceramic and by drawing the analogy with those materials, the microstructure of 

irradiated P(VDF-TrFE) copolymer would be consisting of the local micro-polar regions 

embedded in a non-polar matrix.  The increased coupling among these micro-polar regions as 



the temperature is reduced results in the observed broad dielectric constant peak and freezing of 

the polar-regions of V-F type. It should also be pointed out that although the sharpening of the 

X-ray peak implies that there is an increase in the coherent length for the X-ray diffraction, 

which is due to the disappearance of the ferroelectric ordering and hence, domain structure, the 

ordering of the crystal lattice is reduced and there is a significant conversion of the crystalline 

phase into amorphous phase as revealed by the broad melting peak and significant reduction in 

the enthalpy of the melting (reduced by half in the enthalpy at this dose). 

As the dose is increased further, we observed a broadening of the X-ray peak as well as a 

significant contribution of the intensity from a very broad peak centered at 20 = 17.5° , due to 

the amorphous phase. These results are consistent with the DSC and polarization data. However, 

in spite of significant broadening, the X-ray peak from the crystalline phase moves back towards 

the position of the original ß-phase. This can be interpreted as a partial recovering to local trans 

bonds (polar-ordering) from trans-gauche bonds at these dose levels. The same feature was also 

observed in the DSC data, where the entropy of F-P transition peak shows a slight increase after 

100 Mrad irradiation. Above 100 Mrad irradiation, the diffraction data become totally diffuse 

indicating the disappearing of the crystalline phase. However, in contrast to X-ray and DSC 

results, the 150 Mrad irradiated film still exhibits a V-F type dielectric constant maximum, 

indicating the existence of local polar-order regions and their coupling in an otherwise 

amorphous matrix. 

All these results taken together give strong evidence that under high energy electron 

irradiation, P(VDF-TrFE) 50/50 copolymer is transformed from a normal ferroelectric to a 

relaxor ferroelectric with the existence of local polar regions. From the fitting to the V-F law, it 

was found that f0, which can be regarded as the relaxation frequency of local polar regions 



without much coupling with each other, increases with electron dose. At 30 Mrad, f0 is at about 1 

MHz while at 150 Mrad, it becomes near 1 GHz. Such kind of increase of f0 is consistent with 

the decrease of the micro-polar region size with electron dose. Assuming that fo is inversely 

proportional to the volume of micro-polar region, the result suggests that there is one order of 

magnitude reduction in the linear dimension of the micro-polar region when the dose is 

increased from 30 Mrad to 150 Mrad. 
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Figure Captions 

Figure 1: (a) The dielectric constant measured at 1 kHz as a function of temperature for 

P(VDF-TrFE) 50/50 mol% copolymer films, unirradiated and irradiated at 120°C for 

different doses. Relationship between the measurement frequency and the temperature of 

the dielectric constant maximum for two irradiaton doses; (b) 30 Mrad and (c) 150 Mrad, 

points show experimental data, and the lines correspond to fit the Vogel-Fulcher law. 

Figure 2 : DSC thermogram of P(VDF-TrFE) 50/50 mol% copolymer (a) unirradiated, 

and irradiated at 120°C for (b) 30 Mrad, (c) 60 Mrad, (d) 80 Mrad, (e) 100 Mrad, and (f) 

150 Mrad doses. 

Figure 3 : The X-ray diffraction pattern of P(VDF-TrFE) 50/50 mol% copolymer films, 

(a) unirradiated, and irradiated at 120°C using (b) 30 Mrad, (c) 60 Mrad, (d) 80 Mrad, (e) 

100 Mrad, and (f) 150 Mrad doses. The arrows indicate the position of the broad peak 

corresponding to the amorphous phase in the copolymer. 

Figure 4: Change in the polarization hysteresis loop with irradiation dose for P(VDF- 

TrFE) 50/50 mol% copolymer films irradiated at 120°C. 
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Abstract 

A dilatometer based on the cantilever beam concept has been developed. The dilatometer is 

easy to use and capable of measuring transverse strain response of soft polymer films in a 

broad strain range (from 10"7 to 10"') without mechanical constraining of the sample. It is 

capable of detecting strain over a relatively wide frequency range from mHz to above 100Hz 

under different load and temperature. Using the set-up, the electric field induced transverse 

strains of the electrostrictive poly(vinylidene fluoride-trifluoroethylene) copolymer films were 

characterized which shows that a large transverse strain can be achieved in this class of 

polymer. In addition, the effect of mechanical tensile load on the transverse strain was also 

evaluated and the results show that the strain response will be affected by the load. However, 

depending on the load level, the strain response of the polymer film under a given electric field 



may increase or decrease with load. Based on the phenomenological theory, it is shown that 

for a ferroelectric based material, the mechanical load will shift the Curie temperature. Hence, 

to a large extent, the change of the strain response with load observed here can be understood 

bv linking it to the strain change with temoeramre. 
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L Introduction 

■ Recently, it was found that a very large longitudinal electrostrictive. strain (more than 

4.5%) can be achieved in poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) 

copolymers under a proper electron irradiation treatment.1,: Further more, because of the 

relatively high elastic modulus, the polymer also exhibits a high elastic energy density which is 

crucial for many electromechanical actuator and transducer applications. These features 

represent a significant improvement in the electromechanical performance of this new material 

over the conventional electroactive ceramics and polymers. 

For electromechanical applications,3  in addition to the longitudinal response, the 

transverse response is also of great importance.  In many devices operated in the longitudinal 

mode, a weak transverse strain response is desired which can reduce the mode coupling 

between the thickness direction and lateral directions for a thickness resonator or improve the 

device reliability. On the'other hand, transverse strain responses are utilized in many areas and 

because the applied electric field is perpendicular to the strain direction, it offers a convenient 

means in generating actuation over large distances without the need to raise the driving voltage. 

In this paper, we report the measurement of transverse strain response in the newly 

developed electrostrictive P(VDF-TrFE) copolymers.    In order to characterize the strain 

response to high fields (-50 MV/m) without application of high voltages, thin polymer films of 

thickness about 20 urn were used.   One of the challenges in characterizing transverse strain 

response in thin polymer films is to measure the strain response in free standing form over a 

broad range without introducing constraints. To our knowledge, there is no existing instrument 

available for this type of measurement.    Hence, in this paper we will first discuss the 



development of a new setup which is simple, convenient to use, versatile, and capable of 

measuring transverse strain response of polymer films over a broad strain range. The 

performance of set-up was evaluated using the electric field induced transverse strains of both 

piezoelectric and electrostrictive polymeric films and the results show that the set-up is capable 

of characterizing transverse strain responses of polymer films with a high sensitivity over a 

relatively wide frequency range (from near static to above 100 Hz). The electric field induced 

transverse strains of electron irradiated (PVDF-TrEE) 65/35 mol% copolymer films under 

different load conditions are also presented, which illustrates that for ferroelectric based 

electroactive materials, the main effect of external mechanical loads on the electromechanical 

responses can be understood from the shift of the ferroelectric-paraelectric transition 

temperature caused by the loads. 

II. Dilatometer for Transverse Strain Measurement in Polymer Films 

In general, the strain measurement techniques can be grouped into two categories: 

contact methods and non-contact methods.4 The contact methods such as strain gauge and 

linear variable differential transformer (LVDT) which are used for transverse strain 

measurement in inorganic materials will impose severe constraints on polymer films due to low 

elastic modulus of polymers compared with inorganic materials. 

For the non-contact method, although in principle laser dilatometer can be used to 

characterize the transverse strain response in polymer films, to reflect the laser beam mirrors are 

needed on two ends of the film which is a very difficult task. In addition, the sample holding is 

another challenge for a soft polymer film.5 Optical microscope offers a convenient means to 



characterize the transverse strain response.6 However, its resolution is limited so that it cannot 

be used at low strain response region. In the case when a high applied electric field is required, 

and hence, the polymer film is immersed in insulation oil to increase the breakdown voltage, the 

operation of an optical microscope to obtain reliable results is quite difficult. In fact, these two 

methods have been tested and considered for transverse strain measurement of newly developed 

polymer films and no satisfactory results can be obtained. 

From both the application and fundamental understanding points of view, the 

electromechanical properties of an electroactive material under mechanical loads are important 

parameters. Thus, in developing a new technique or set-up for characterizing the 

electromechanical behavior of materials, the capability of the set-up working when the material 

is under mechanical loads should be an important concern. 

The set-up developed for characterizing transverse strain response of polymer films is 

shown schematically in Fig. 1(a). The key part of the set-up is a plastic cantilever which holds 

the polymer film to be measured under a slight tension as shown in Fig. 1(b).   As seen from the 

fisure, the polymer film to be tested has one end clamped at a solid base (fixed) and the other 

end attached to the free end of the plastic cantilever which is fixed at a solid base.  When the 

polymer film is subjected to an electric field, its expansion and contraction cause the free end of 

the plastic cantilever to move which can be detected using optical technique. In the current set- 

up, a photonic sensor (Model 2000, MTI Instruments) is employed. However, if needed, a laser 

dilatometer can be used here to probe the movement of the free end of the cantilever which will 

yield a great sensitivity.  This is one of the advantages of this setup, that is, the displacement 

probe and mechanical holding part are two separate units and can be changed separately without 

affecting the other part. 



The photonic sensor with the optic probe (MTI 2032R) has two sensitivity ranges: the 

sensitivity for range 1 is 0.019 u.m/mV and for range 2 is 0.137 um/mV. All the measurements 

were conducted at AC mode. The output signal of the photonic sensor was measured/recorded 

through a Lock-in Amplifier (SRS Model SR 830 DSP) at small strain region and/or a digital 

oscilloscope (LeCroy 9310A) at high strain region of polymer films. The output signal noise of 

the photonic sensor, whose working frequency is from DC to 100 kHz, is about 10mVp.p. The 

working frequency of the lock-in amplifier is from 0.005Hz to 100 kHz. The lock-in amplifier 

has a dynamic reserve greater than 100 dB which makes it possible to measure a signal of a few 

ßV'm. a 10 mV noise background. 

We now proceed to describe the details of the set-up. The symbols used are 

summarized here. For the polymer film under test, L is the length, t is the thickness, A is the 

cross section area, and Es is the elastic modulus in the transverse direction. The typical values of 

t. A, and L are about 20 um, 6xl0"2 mm:, and 12 to 15 mm, respectively. For the plastic 

cantilever, / is the length, h is the thickness, b is the lateral width, and Ec is the elastic modulus. 

For the data presented in this section, the values of b, h, and / are about 6 mm, 0.8 mm, and 80 

mm, respectively. The typical value of 8o, which is the static displacement of cantilever's free 

end from its equilibrium position as shown in Fig. 1(b), is 2 mm The elastic modulus of the 

plastic cantilever used is about 5 GPa. For the plastic cantilever with one end firmly fixed, the 

deflection 5o at the free end will generate a static force (F) which are related to each other as: 

3 ECI 

where / (in rn) is the intertia moment of the cantilever, 



I = —bh3 (2) 
12 

Combing the two equations yields 

80 = 4-5L- (3a) 
0       Ecbh' 

F=^-50 (3b) 
Al 

Because the polymer film is directly attached to the free end of the cantilever, this force will act 

as a static tensile load to the polymer film. Apparently, Eq. (3) shows that by adjusting So, K 

and other parameters of the cantilever, the mechanical load can be varied over a wide range. 

This is another advantage of this set-up. 

As the polymer film is subjected to an AC electric field, its expansion and contraction 

will induce a corresponding AC motion in the free end of the cantilever as shown by the dashed 

lines in Fig. 1(b). As long as this displacement 5(E) is in the range "8o+8(E)>0", the strain 

response of the film can be measured. For the piezoelectric PVDF and electrostrictive P(VDF- 

TrFE) copolymer films studied here, 5(E) is in the range from 0 to -0.4 mm As the polymer 

film extends or contracts under applied fields, the free end of the cantilever will move as 

8(E) =-L [daE3 + Ml2E:]-^^ß-8{E) W 

where E3 is the applied electric field (along the thickness direction, 3-direction), d3iE3 describes 
e 

the piezoelectric effect, and M13E3
2 the electrostrictive effect in the polymer film, respectively. 

The last term in Eq. (4) is due to the dynamic load from the cantilever since a change in 5 will 

cause change in the force level at the free end of the cantilever as shown in Eq. (3). In fact, this 



term can be made use of to evaluate the change of the elastic modulus of the polymer film with 

external load. The measured transverse strain response of the polymer film is 

S(E)=-S(E!) = d13Es+Ml3E
2

s 

L 1-rA 
, (5) 

A_rS0L^Ecbh3    L 
80        41s   AES 

where. A>0, So is the static strain of the sample corresponding to the static load originated from 

the static displacement (So) of cantilever's free end. In the current set-up, A is much smaller than 

1 (on the order of 0.001) and hence, the strain response can be linked directly to the 

piezoelectric and electrostrictive coefficients of the polymer evaluated, i.e., 

S(E) = d31E3+MaE* (6) 

Eq. (6) expresses the transverse strain response under an external electric field E3 for a film 

under a constant mechanical stress. In present case, the constant stress on the sample originates 

from the static force which is determined by the static displacement (So) of cantilever's free end 

as shown in Eq. (3). Since, for most electroactive materials, both du and Af;j will depend on the 

stress (load),9'10 the diiatometer can be used to characterize the electromechanical properties of 

polymeric films under different load conditions. 

In the set-up, special consideration and design were made so that the film under test can 

be immerged in an oil chamber, which serves to increase the breakdown electric field so that the 

measurement can be carried out to high fields. Thus, the temperature of the sample is the same 

as the temperature of the oil. Since the temperature of the oil can be easily changed, the set-up 

can be used to evaluate the transverse strain responses of polymer films with temperature. 

During the development of the set-up, it was found that in order to reduce the error in the 

measured strain response, it is necessary to keep the film flat.   Therefore, a stage which is 



capable of translating the cantilever in three orthogonal directions as well as rotation in one of 

the axes is used. 

" The set-up is calibrated using a commercial piezoelectric PVDF film whose d3i value is 

known. As shown in Fig. 2(a), the strain versus applied field exhibits a linear curve, indicating 

the response is piezoelectric as expected. The piezoelectric coefficient d]3 is determined through 

the electric field strength and measured transverse strain. The results, which are consistent with 

the value from the manufacturer, are shown in Fig. 2(b). 

The   displacement   sensitivity   was   also   evaluated   using   the   newly   developed 

eiectrostrictive P(VDF-TrFE) 65/35 mol% copolymer and the results are presented in Fig. 3. 

The data were obtained at 1 Hz applied field with the time constant of 30 seconds for the lock- 

in amplifier. For the range 1 of the photonic sensor, the lowest measurable displacement is about 

0.1 nm, while for the range 2, it is about 1 run.  Considering a fact that L=10 mm, the results 

indicate that the set-up is capable of measuring transverse strain to 10" range.   On the other 

hand, the photonic sensor used here can measure displacement up to 0.7 mm range which 

corresponds to a strain in polymer films of 0.07.   However, photonic sensors with the upper 

range to more than 5 mm is commercially available. Clearly, the separation of the sample 

holding unit and displacement sensing unit in the set-up enables us to characterize the strain in 

polymer films over a very wide range. In addition, the linear log-log plot of the data in figure 3 

implies that the strain response of the polymer follows S(E)=Mi3E3
n relation (power law) and 

slopes yield n=1.99 and n=2.08, respectively, which is consistent with the longitudinal strain 

data on the similar films measured in the low field range (<10 MV/m) and shows that the 

response is eiectrostrictive (n=2).2 The eiectrostrictive coefficient M!3 calculated from the data 

in Fig. 3 is 1.9xlO"18 m2/V2. 



The operation frequency range is another concern when developing a strain 

measurement set-up. At the low frequency end. the frequency limit depends on the frequency 

range of a lock-in amplifier and the strain level of the sample. The limiting frequency for the 

former is 0.005 Hz in the present system And the later is caused by the increased noise of the 

environment which has approximately 1/f spectrum, where f is frequency. On the high frequencv 

end, the operation frequency is limited by the resonance frequency (/}) of the cantilever. The 

lowest resonance frequency of a cantilever with one end fixed and the other free is given by:'' 

/; =0.16154 A/Jk (7a) 

While the lowest resonance frequency of a cantilever with two ends fixed is determined by:11 

/;'= 1.0279A Ä- (7b) 
l-\ p 

where p (in kg/m") is the density of the plastic probe used. Since in our set-up, one end of the 

cantilever is fixed firmly at a base and another end is not totally free (attached to the polymer 

film), the resonance frequency should be somehow in between the fi and iV of Eq. (7). 

Therefore, as the polymer film is driven electrically with increasing frequency, a series of 

resonance in the cantilever will be excited. For example, the frequency response data using the 

commercial piezoelectric PVDF film as the polymer sample attached to the cantilever probe is 

presented in Fig. 4(a). A resonance was observed at a frequency of the AC driving electric field 

at about 170 Hz for a cantilever beam with p= 1.47x103 kg/m3 and Ec = 5 GPa, and the result is 

in accord with what was expected from Eq. (7). The weak frequency dependence of the 

piezoelectric coefficient at frequencies below 50 Hz as shown in Fig. 4(a) is consistent with 

what measured in a thick copolymer sample (mm thickness) of P(VDF-TrFE) 75/25 mol% 

10 



piezoelectric copolymer.5 With the same probe, the frequency dependence of transverse strain 

response of a newly developed electrostrictive copolymer film under a field of 35.7 MV/m 

(P(VDF-TrFE)- 50/50 mol% irradiated at 95 °C with 100 Mrad dose) was also characterized. 

As shown in figure 4(b), there is a resonance at a frequency near 90 Hz of the AC driving 

electric field. The apparent lowering of the resonance frequency here is caused by the 

electrostrictive response of the polymer film (S=ME2) which generates a mechanical motion of 

2f frequency when the driving electric field has a frequency f. Apparently, at below 50 Hz, the 

effect of the resonance to the measured data is negligible here. By adjusting the dimension of 

the cantilever probe, one can raise the resonance frequency to above 500 Hz which makes it 

possible to characterize the transverse strain response of a polymer film up to more than 100 Hz 

if needed. 

m.     Transverse Strain Response of Irradiated P(VDF-TrFE) 65/35 Copolymer 

In this section, the change of the transverse strain of stretched films (5x stretching ratio) 

of P(VDF-TrFE) 65/35 copolymer with mechanical load was evaluated. Shown in Fig. 5 is the 

transverse strain response as a function of applied field measured at room temperature for films 

with different irradiation conditions under load free condition. Clearly, the response depends 

strongly on the irradiation condition. 

With regard to electroactive materials for electromechanical applications, although the 

electric field induced strain response at load free condition is important to understand and to 

characterize the materials behavior, the material response when subjected to external load is 

crucial for most of the device applications.   Needless to say, the information is also valuable 

11 



from a basic understanding point of view. Here, the film irradiated at 95 °C with 60 Mrad 

dosage is examined under different mechanical load conditions, since this is the one that exhibits 

the best transverse strain response at load free condition as seen from Fig. 5. In order to vary 

the mechanical load over a broad range, plastic cantilever beams with thickness from 0.8 mm to 

4 mm were used. The Ec of the plastic trips is from 2.5 GPa to 6 GPa. In addition, the static 

displacement (5o) of cantilever's free end was varied from 2 mm to 6 mm. Thus, the static tensile 

load on the polymer film can change from nearly zero to more than 45 MPa. 

The relation between the electric field and the transverse strain response for the sample 

under different static tensions is shown in Fig. 6(a). The static tension dependence of electric 

field induced strain for the same material at different external electric fields is shown in Fig. 

6(b). In these experiments, the load (stress) was along the stretching direction of the copolymer 

film and the transverse strain was also measured along the stretching direction. Although the 

strain response of a sample at the same electric field strongly depends on the static tension, it is 

found that at a low electric field (<15MV/m) the strain response for the sample under different 

static load conditions always linearly depends on the square of the electric field strength. This is 

what is expected from the electrostrictive effect.!~ However, the electrostrictive coefficient 

depends strongly on the static load. 

The results in Fig. 6 indicate that for a given field, the transverse strain increases with 

load initially and then decreases with the load after reaching the maximum For the polymer 

studied here, the electric field induced strain response mainly originates from the phase changes 

from a non-polar to a polar phase under external electric field.UI2-Ij Hence, this load 

dependence behavior can be understood based on how this change is affected by the load. 
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Before the electron irradiation, the copolymer exhibits typical first order phase transition 

from para- to ferro- electric phase.1'14 However, after the electron irradiation, the physical 

properties of the copolymer are very similar to that of relaxor ferroelectrics.' For relaxor 

ferroelectrics, it is known that the local phase transition temperature (or the freezing 

temperature of the polar region) is distributed in a very broad range and that the density of the 

frozen polar regions increases with decreasing temperature.15'16 Thus, the dielectric behavior and 

the electric field induced strain response strongly depends on the temperature. For relaxor 

ferroelectrics under stress free condition, there is a broad dielectric constant maximum at a 

temperature (Tm) which depends on the frequency. It is believed that the density of the frozen 

polar region is relatively large and the interaction between the frozen polar regions is still not 

high at temperatures near Tm.16 In addition, the relaxor ferroelectrics has another characteristic 

temperature, depolarization temperature (Td) which is lower than Tm by a few tenths 

degrees.15,17 At temperatures lower than Td, most of the polar regions are frozen and the 

interaction among the frozen polar regions is relatively high. Thus, both Tm and Td can be used 

as parameters to characterize the average phase transition temperature of local transition 

between para- and ferro-electric phases. For the material studied here, the Tm is about 27 °C at 

30 Hz as measured from the dielectric data.18 It has been observed that under a relatively high 

driving electric field, it is expected that the induced strain will increase as the temperature is 

lowered towards Td.
19 However, as the temperature is lowered farther, the strain response will 

decrease due to increased 180° domain wall motions associated with the macro-polarization 

switching. 

Based on Devonshire phenomenological theory, for a ferroelectric material under a 

stress Xj and with a polarization (P3) along "3" direction, if only consider the contribution to the 



free energy of the system from the electrostrictive effect (first order approximate),20 the shift of 

phase transition temperature with stress is: 

AT = 2e0CQi3Xi (8) 

Where AT=Tc(Xj)-Tc(0), £o=8.85xlO"i: F/m, C is the Curie-Weiss constant, Qi3 is the 

electrostrictive coefficients defined as S,=&-.??/ and Tc is the Curie temperature. Although the 

Eq. (8) is written for a single crystal normal ferroelectrics, the trend should be the same also for 

the relaxor ferroelectrics considering the micro-structure of the relaxor ferroelectrics. For 

relaxor ferroelectrics, the stress will shift both Tm and Td and the direction of the shifting will 

depend on the sign of Q, the electrostrictive coefficient. For the polymer investigated here, 

Qis>0 and the applied stress is Xi>0. Thus, equation (8) shows that AT>0. That is, both Tn 

and Td of the sample will move to a higher temperature with the tensile load. 

This result indicates that the measured strain responses at room temperature for films 

under different load are. to a large extent, equivalent to the strain responses measured at 

different temperatures under stress free condition. Since Tm for the-polymer under free stress 

condition is close to room temperature, the measured strain response will increase with tensile 

stress. This is what was obtained at the low load range as show in Fig. 6. However, as the load 

increases further which moves Td to higher than room temperature, the strain response will 

decrease. Below Td, most of polar regions are frozen and the interaction among the frozen polar 

regions is very high. Thus, the contribution to the electric field induced strain from the para- to 

ferro- electric phase transition decreases. This is why the electrostrictive response decreases 

with load in the hish load resion as shown in Fis. 6. 

14 



IV. Summary and Acknowledge 

" A new "dilatometer is developed for characterizing the electric field induced transverse 

strain of free standing polymer films under different load conditions and at different 

temperatures. The set-up is easy to use, can be operated in a broad strain range with high 

sensitivity, and has a reasonable operation frequency range, from mHz to above 100 Hz. Using 

the dilatometer, the electric field induced transverse strains of high energy electron irradiated 

P(VDF-TrFE) films were characterized. It was found that a high transverse strain response can 

be achieved in this class of material which depends crucially on the irradiation condition. It was 

also found that the field induced strain will change with external load. For example, for P(VDF- 

TrFE) 65/35 mol% copolymer irradiated at 95 °C with 60 Mrad dosage, the transverse strain 

measured at room temperature increases with tensile load initially untill a load near 15 MPa, 

beyond that the strain decreases slowly with the load. Based on Devonshire phenomenological 

theory, it can be shown that for the polymer investigated here, the tensile stress will favor the 

low temperature phase and the change of the strain with load can be understood qualitatively 

from the shifting of Tm and Td due to the load. In general, for ferroelectric based materials, the 

dependence of strain response with load can be understood from the shifting of the Curie 

temperature with stress. 

This work was supported by the National Science Foundation through Grant No ECS- 

9710459 and the Office of Naval Research through Grant No N00014-97-1-0900. 
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Figure Captions 

Fig. 1 Schematic of the setup (a) where the stable stage can move along x-y-z directions as 

well as rotate about the x-axis. The displacement of cantilever's free end (b). In the 

experiment, 5o and 8(E) are much smaller'than /, the length of the cantilever 

Fig. 2 Transverse strain (a) and corresponding piezoelectric constant, dlh (b) of pure PVDF 

piezoelectric film under different electric fields of 1 Hz at room temperature. 

Fig. 3 The displacement sensitivity of the system when the photonic sensor is in the range one 

and two. 

Fig. 4 Frequency dependence of the electric field induced transverse strain of PVDF 

piezoelectric film (a) and P(VDF-TrFE) electrostrictive film (b) under a constant electric 

field. 

Fig. 5 The electric field dependence of the transverse strain measured at room temperature for 

stretched 65/35 mol% P(VDF-TrFE) copolymer films under different electron irradiation 

conditions. 

Fig. 6 The load effect on the electric field induced transverse strain response measured at room 

temperature with applied electric field of 1 Hz for 65/35 mol% P(VDF-TrFE) copolymer 

film irradiated at 95 °C with 60Mrad dosage, (a). The relation between the strain 

response and electric field for films under different loads, (b). The relation between 

strain response and static load for films at different electric field strengths. Symbols in 

figure express the measured data, while solid lines in figure are drawn to guide eyes. 
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Fig. 1(a) Z. -Y. Cheng, et al. 
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Fig. 1(b) Z. -Y. Cheng 
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Fig. 2 Z. -Y. Cheng, et al. 
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Fig. 3 Z. -Y. Cheng, et al. 
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Fig. 4 (A) Z. -Y. Cheng, et al. 
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Fig. 4 (B) Z. -Y. Cheng, et al. 
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Fig. 5 Z. -Y. Cheng, et al. 
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Fig. 6(A) Z. -Y. Cheng, et al 
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Fig. 6(B) Z. -Y. Cheng, et al 
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