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Coercive field of 0.955Pb (Znq;3Nb,3)O53—0.045PbTiO 5 single crystal
and its frequency dependence
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Domain switching behavior of 0.955Bn, sNb,,3)O;—0.045PbTiQ ferroelectric single crystal has

been investigated using the ultrasonic technique in addition to the polarization hysteresis
measurements. The ultrasonic technique makes it possible to extend the coercive field measurement
to frequencies as low as 10 Hz, revealing the existence of a saturated coercive figld which
representing the intrinsic switching barrier. D02 American Institute of Physics.
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In recent years, (x)Ph(Zn;3Nby30O;—xPbTiO;  crystal. The objectives of this study are twofold) find the
(PZN-P7) single crystal system has become one of the hotinitial nucleation field level, and2) find out if there is a
test materials of study due to its extremely high piezoelectricaturated coercive fiell;. The information will help us to
and electromechanical coupling coefficient that is producedurther understand the polarization switching mechanism.
by the domain engineering procéssit is also an interesting We found that the ultrasonic phase velocity can be a
system for studying the domain switching mechanism sincgowerful tool for probing the domain state in the PZN—
domains in this system can be easily manipulated by apply4.5%PT system, since the ultrasonic wave velocity is directly
ing the electric field in different directioris® related to the symmetry and orientation of the domain state

It is well known that the polarization hysteresis 100p and the switching process in this system is primarily through
depends strongly on the switching frequefidyowever, the  domain rotationé. The phase velocity is determined by the
exact mechanism of the switching process is still not commeasurement of the time of flight of the ultrasonic waves
pletely understood. One of the most fundamental questions Eropagating in the crystal sample. As reported by many other
if there should be a switching threshold. Based on the congegearchers. the 0.955[, ;5sNb,/5) 03— 0.045PbTiQ single
tingum theory, one cqulq define a definite coercive ﬁeld'crystals have rhombohedratBsymmetry at room tempera-
which reflects the switching energy barrieOn the other e and the dipoles are formed along the body diagonal of
hand, based on the random field _mo?iel;ch acoercive field yho narent cubic perovskite unit cell. Based on the parent
IS only a reflection of the relaxat|o_n effect under a dlfferentcubic coordinates, the crystal used in our experiments has the
field level. In other yvordg, the swﬁchmg could occur eVen iontations of[111], [1T0], and[ll?], respectively, and
under a very small field if one could wait long enc;ﬁt:gh. Re'the dimensions are>35Xx5 mm. Gold films were sputtered
cent experiments seem to support the latter arguiéns onto the[111] and the[?l] faces(or the C direction in the

shown experimentally that .the switching time Versus C(.)er'rhombohedral coordinate$o form the electrodes. A Bertan
cive field curve could be fitted to an exponential relation

derived from the random field moder=roex{Eq/(E series 105 high voltage supply was used for the electric field
- O C . . . .

+Egrp) ]. This relation actually implies that the coercive field generation. A 10 MHz longitudinal wave transducer driven

E. may be arbitrarily small if the frequency is low enough. by Parametrics 200 MHz pulser/receiver was used for both

Since the coercive field obtained from continuum theorypU|Se launching and echo receiving of the ultrasonic waves.

is much too high compared to the experimental value, thisThe wave forms were recorded using a Tektronix TDS460A

idea of local random field induced nucleation is worth furtherdigital oscilloscope and were then transferred to a personal
investigation since it could change the traditional thinking of€oMPuter for further data analysis. The schematic experiment

polarization switching. A natural test is to see if the relationSEtUP IS shown in Fig. 1. In the experiment, the field was
could hold for very low frequency measurements. Howeverchanged slowly with small increments each time. The total
it is very difficult to measure the hystersis loop for extreme,-|ype”0d of the elgctr!c field cycle is from 20 min up t0.7 h.
low frequencies since the currently used method is based optch @ long period is not usually used for the hysteresis loop
the integration of the switching current, which becomes togneasurements because of R€ charging problem and the
small to measure for the low frequency process. extremely low switching current, which prevent accurate
In order to overcome this limitation, we have con- Mmeasurements. The low frequency limitations, however, do

structed a system that can measure the polarizatioROt exist for the ultrasonic technique. For comparison, we
quasistatically. The material under study is ahave also measured the frequency dependence of the hyster-

0.955PI5Zn;sNb./5)O5—0.045PbTiQ [PZN-4.5% PT single  esis loop from 0.1 to 100 Hz using a conventional technique,
which corresponds to a period of 0.01-10 s. The measured
30n leave from the Department of Mathematics and Materials ResearcP_E hyStereSIS |OOpS are shown in Fig. 2. One can see that

Institute of Pennsylvania State Univ., University Park, PA; electronic mail:tf]l'_]e 19 S C.y(:lelIS obwous_ly nOt. Iong enough since the coer-
apwwcao@cityu.edu.hk cive field is still decreasing with decreasing frequency. In
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FIG. 3. Phase velocity alorig11] under an electric field in the same direc-

FIG. 1. Scheme of ultrasonic measurement system. tion.

o o _ up-polarization domains have the same velocity as those

fact, the coercive field change is still noticeable even for gygpagating in the down-polarization domains
100 s cycle as indicated in Ref. 6. As shown in Fig. 3, the switching process indicated two

Using the ultrasonic method we were able to performeritical electric field levels. The first is near 0.6 kV/cm, at
coercive field measurements at much lower frequencies. Thighich domains having different polarization axes nucleate at
is based on our earlier report that the sound velocity in thenultiple sites insides the crystal and the process follows an
PZN-4.5%PT system has a strong dip at the coercive field exponential relationship. The second critical field is the co-
which provides us with a powerful tool to measure the coerercive field E. (~2 kV/cm), at which the bulk starts to
cive field without having to measure the polarization at suchswitch. Obviously, there exist localized nucleation agents,
low frequencies. In other words, we only need to measure thevhich cause the nucleation to start at a very low field level.
velocity versus field and find the velocity minimum to define On the other hand, there is definitely an energy barrier for the
the coercive field. bulk material. We will further analyze this situation below.

Figure 3 shows a typical loop of ultrasonic phase veloc-  Figure 4 shows the dependence of ultrasonic phase ve-
ity versus electric field measured using the system describddcity on electric field(v versusg) for a PZN-4.5%PT crys-
in Fig. 1. This measurement cycle took abdth tocomplete  tal measured in a time period from 6 to 120 min. The longi-
in order to achieve a quasistatic condition. Starting from dudinal phase velocities were measured in Xheirection of
—C direction poled single domain state, the velocity is al-the crystal axes dr110] of the cubic coordinates, which is
most unchanged when the electric field letels less than Perpendicular to the polarization direction. One can see that
0.6 kV/cm, which means that no other domain nuclei wergheé nucleation starts near 0.6 kV/cm for all cases, but the
activated under such a low field. When the field level reache§€ld corresponding to the minimum velocity decreases as the
0.6 kV/cm, the phase velocity started to decrease, indicatingme of the measurements becomes longer. The two critical
that domains having dipoles of orientations other than up anelds are clearly seen for all cases, although the locations of
down directions start to nucleate. The velocity reaches it§h€ velocity minimum are different. The coercive fiefd
minimum value at the coercive fiel, Further increase of determined from the minimum point of the-E curves shift

the field level will cause the velocity to drastically increase!© lower value for longer measurement time, or lower fre-
from the minimum value back to its original level at zero quencg. One can see that lthe cgec;_cwg ﬂ.‘egﬁor the c?se.of
field, implying that the reverse polarized domains are formet?o and 120 min are very close, indicating that Bevalue is

much more quickly under higher fieldNote: waves in the approaching a saturated value. The continuous change of the
E. field, even at such long period measurements, indicates

that slow processes such as domain growth are involved in
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FIG. 4. v—E curves under electric field with different period. Phase velocity

FIG. 2. Frequency dependence of the E hysteresis loops. is along[110] and the electric filed is applied alof@l11].
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exponential relationr= 7y exd Eq/(E.—Esd]. Here ther
* PE o vE represents a slow domain relaxation process or the domain

8 e growth rate and thdegc represents the saturated coercive

4 T field, which is related to the intrinsic bulk switching energy

61 : t barrier between domain states. However, the new relation
'g sH |~ *‘ could not account for the higher frequency switching data.
§ 4t ® :10“" ---------- . From our experiments, the following conclusions could
w’ sl o 2 40 0 0 100 be derived:

2y H\E_?T_?j?_ (1) There is a saturated coercive value that corresponding to

[ PR ST P the intrinsic switching energy barrier.
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(2) There is a critical field at which localized nucleation
starts. But the total switched volume through the initial

FIG. 5. Coercive field vs measurement period under electric field. Note: the ~ nucleation process is very limited.

scale for the horizontal axis of the insertion is second. (3) Domain process is involved in the later stage of the

switching process and becomes the dominant process

near the end. Its relaxation time is rather slow.

Period (kilo-second)

the later stage of the switching process. The unigqueness of
the ultrasonic method is its capability of performing super
slow switching measurementas low as 10° Hz).

Although the time dependence Bf has been observed

The observed facts indicate that two different processes exist
for the polarization reversal. One is a fast process, mainly the
. S . formation of multiple nuclei. Their formation can be sped up
before by others, the relatively fast switching field L‘Se‘jgreatly with high electric field. The other is a much slower

could not provide sufficient evidence for the existence of ebrocess that mainly involves the growth of these nuclei via

saturate((jj \t/alue flprhtthe coercn/lt(ej f'ﬁld' W':E optlgf limited fre; the movements of interfaces and domain walls. The change
qulency t??, 6:.5”'9 e(rjror couldc ?ngdet € 1 Itn?l pgrft';flme &t coercive field with switching timéinverse of frequengy
vaiue substantially, and may even fead to a totaly d ere'ngs shown in Fig. 5. There is a saturation valbdg: as the
conclusion. As an example, if we use the exponential relatio
of random field modelr=ryexgEy/(Ec+Egrp)] for the
switching field and the switching period, the fitting from the
limited polarization hysteresis measurements would give a  This research was supported by the Research Grant Con-
curve indicated by the dashed line in the inclusion of Fig. 5.sul of Hong Kong under Project No 9040636.
The fitting parameters are:7,=6.65x10 s, E,
=205.8 kV/cm, andEge=5.21 kV/cm. On the other hand, if ;S--E- Park and T. R. Shrout, J. Appl. Phg&, 1804(1997.
we use the entire data available now to fit the relation, the S:-F Liu. S--E. Park, T. R. Shrout, and L. E. Cross, J. Appl. PB§s2810
b ~5.35¢10°5 s, Eo=22.8KV/ 099,

parameters becomer=5.35X10""s, Eq=22.8kV/Cm, sy x v and C. Randall, J. Appl. Phy86, 5733(1999.
andEgg= 0.45 kV/cm(solid line in Fig. 5. The much longer  4J. Yin and W. Cao, J. Appl. Phy87, 7438(2000.
relaxation timer, would lose its original physical meaning. 52&5@(2&%”’ J. C. Hicks, S.-E. Park, and T. R. Shrout, J. Appl. PBYs.

Qn the other hand, if we only use the long time ultra- sp. Viehland and Y.-H. Chen, J. Appl. Phy&8, 6696(2000.
sonic data, we could obtain the following set of parameters:7\y, cap and J. Krumhansl, Phys. Rev4B, 4334(1990.

To=22.6 S,E(=23.54 kV/cm, andEgc=1.56 kVV/cm for the  8J. Yin and W. Cao, Appl. Phys. Letf9, 4556(2002).

r§Witching time increases, representing the energy barrier be-
tween different domain states.
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