
Ferroelectrics, 290: 107–114, 2003
Copyright c© Taylor & Francis Inc.
ISSN: 0015-0193 print / 1563-5112 online
DOI: 10.1080/00150190390222349

Switching Mechanism in Single Crystal
0.955Pb(Zn1/3Nb2/3)O3-0.045PbTiO3

WENWU CAO∗

Department of Physics and Materials Science, City University of Hong Kong, Kowloon,
Hong Kong, China

(Received September 15, 2002)

Direct experimental evidence is given to show that the traditional viewpoint of polarization
reversal must be modified to include the path of consecutive non-180◦ domain switching.
Using ultrasonic waves, we have successfully monitored multi-domain formation during the
polarization switching cycle in a bulk single crystal 0.955Pb(Zn1/3Nb2/3)O3-0.045PbTiO3.
A model is proposed for the polarization reversal mechanism in this system. This model is
supported by ultrasonic attenuation measurements.
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INTRODUCTION

Polarization reversal is the basis for the application of ferroelectric mate-
rials in memory devices. It has also been a fascinating topic for scientists
since the discovery of ferroelectric materials. The well-accepted explana-
tion of polarization reversal mechanism was derived based on the work of
Merz [1, 2]. He observed that the polarization reversal process was initiated
by the creation of the opposite polarized domain nuclei near the electrode
surfaces. These sharp wedge-shaped nuclei grow forward quickly to form
thin stripe domains of reversed polarization that bridge the two electrodes.
Finally, these thin stripes of oppositely polarized domains will expand side-
ways through the motion of 180◦ domain walls to complete the polarization
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reversal process. Over the years, this 180◦-domain mediated switching pic-
ture has become the classical viewpoint in ferroelectric community [3].

However, because the formation of 180◦ domains involves little strain,
it is hard to explain why some ferroelectric crystals crack mechanically
during polarization reversal. The question we ask is: If this 180◦-domain
mediated switching mechanism is universally true for all ferroelectric ma-
terials? Obviously, this mechanism is not necessary in ceramics since the
dipoles of most of grains do not align with the poling direction. For example,
field-induced non-180◦ switching has been observed in Pb(Zr,Ti)O3 [PZT]
by using X-ray diffraction [4] and also demonstrated by a simple finite-
element model [5]. In an earlier simulation effort of the switching process in
a 2-D system containing a small amount of dipolar defects, it was also found
that the switching path is through sequencial 90◦ domain switching steps
rather than through the 180◦ domain pattern mediated process [6]. In this
paper, direct experimental evidence shows that the polarization reversal in
single crystal 0.955Pb(Zn1/3Nb2/3)O3-0.045PbTiO3 [PZN-4.5%PT] indeed
takes a non-classical switching path. This non-180◦ domain switching was
observed in situ by monitoring the ultrasonic velocity changes during the
polarization reversal process and considering the elastic anisotropy nature
of the single crystals (symmetry group 3m). A model is proposed to ex-
plain the experimental results. This model is supported by the attenuation
measurements.

EXPERIMENTAL DETAILS

The high temperature phase of PZN-4.5%PT under study has a cubic per-
ovskite structure with a symmetry group of m3̄m. It has a rhombohedral
ferroelectric phase at room temperature with a symmetry group 3m. The
dipole in each unit cell was formed along one of the eight body diagonal
directions of the original cubic phase during the phase transition at about
150◦C. Recently, this crystal has been studied intensively due to its extremely
high electromechanical coupling coefficient k33 and large piezoelectric d33

coefficient when it is poled into an engineered domain state [7–9]. For the
current study, the sample was oriented to have three pairs of mutually per-
pendicular faces in X, Y and C directions of the rhombohedral 3m coordinate
system. The dimensions of the sample are 3.00 × 5.30 × 3.81 (mm).

The experimental setup is depicted in Fig. 1. A 5 MHz ultrasonic trans-
ducer is attached to the X crystal face, while the electric field is applied along
C-direction. For each small increment of the electric field, we measure both
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Figure 1. Experimental setup.

the polarization and the ultrasonic velocity. After reaching the full saturation
of the polarization, the electric field is reversed and the amplitude of the field
is increased until reaching the polarization saturation in the opposite direc-
tion. In each step, enough time is given for the system to reach equilibrium.
A complete cycle through the hysteresis loop takes more than 2 hours. The
transducer was held in place by a fixture, so that it would not exert weight
onto the sample during the experiments, to prevent unwanted stress effects
that may influence the domain switching process.

An interesting discovery from the experiments is that the ultrasonic ve-
locity has a drastic dip at the field level corresponding to the sharpest change
of the polarization. This fact is in conflict with the classical switching picture
since the ultrasonic velocity depends on the elastic constant and should be
the same for states with either up or down polarization. In other words, the
longitudinal wave in the X direction is a pure mode for both up and down
polarization domains with an ultrasonic velocity given by vL = √

c11/ρ,
which should not change if there are only 180◦ domains with polarization
in either C or -C directions. This longitudinal velocity change is possible
only when there are domains oriented other than the C and −C directions.
It is a clear indication that non-180◦ domain switching has occurred during
the process, which causes the velocity to decrease.

In order to interpret the situation more clearly, we introduce a represen-
tation using the cubic coordinates corresponding to the parent phase. Such
labeling will make it easier to illustrate domain states that form during the
m3̄m → 3m phase transition as shown in Fig. 2. The eight possible direc-
tions for the dipole in a unit cell are labeled as 1 through 8. As indicated
in Fig. 2, the domain state 1 with dipole oriented in [111] corresponds to
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Figure 2. Relationship between rhombohedral and cubic coordinates and the label-
ing of 8 possible domain states.

the C domain state in the 3m coordinates, and the other two independent
coordinate directions, X and Y in the 3m coordinate system, correspond to
the [1 1̄ 0] and [1 1 2̄] in the cubic coordinates, respectively.

RESULTS AND DISCUSSIONS

We started the experiment by gradually applying a DC field up to 2.8 kV/cm
in the C-direction. Since the coercive field is less than 2 kV/cm, the sample
becomes a single domain of state 1 under such a field level. The longitudinal
velocity measured in the X-direction is V100 = 4632.9 m/s. The field depen-
dence of the ultrasonic velocity as well the polarization variation is given in
Fig. 3. One can see that there is little change of the ultrasonic velocity when
reducing the electric field down to zero from 2.8 kV/cm and the polarization
is also maintained at a constant value of P0 = 43.975 pC/cm2, which means
that the crystal was maintained in the single domain state 1 when the field is
slowly reduced to zero. The single C-domain state was maintained until the
reverse field level reached −700 V/cm. At this point, a fast decrease of the
polarization occurred and the decrease became almost a vertical drop after
the field strength reached the coercive field level of −1.9 kV/cm.

Accompanying this change of polarization, a drastic decrease of the ultra-
sonic velocity also started at −700 V/cm. The velocity reached a minimum
value at the field level of −1.9 kV/cm, then, an even more drastic increase
of the ultrasonic velocity occurred with further increase of the reverse field
level. Eventually, the ultrasonic velocity recovers the original velocity of
4632.9 m/s at about −2 kV/cm, when the polarization reached the reverse
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Figure 3. Velocity and polarization variation in a complete switching cycle.

saturation value of P = −P0 = −43.975 pC/cm2. At this point, the crystal
has been switched to state 8 of Fig. 2, or the −C domain. The ultrasonic
velocity also becomes the same as that of the +C domain. Further increase
of the magnitude of the reverse electric field does not bring any more no-
ticeable changes to the ultrasonic velocity, nor to the polarization, since the
polarization has reached its saturation value as shown in Fig. 3.

Almost symmetric changes occurred when switching back from state 8
to state 1, except that the velocity change happened a little earlier at about
600 V/cm and the turning point for the velocity is at about +1.8 kV/cm. The
saturation of both the polarization and ultrasonic velocity is, however, still
at about 2 kV/cm.

The observed ultrasonic velocity change cannot be attributed to the 180◦

walls generated during switching as ascribed in the classical switching mech-
anism for two reasons:

1) The ultrasonic wave velocities will not change for +C and −C oriented
domains. Despite the fact that the velocity may be lowered in the 180◦

domain walls if there are any, waves transmitted from the domains will
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be captured first unless the domain wall region has faster sound velocity,
which will show as a velocity increase rather than decrease as being
observed.

2) The total volume fraction of the domain walls is usually less than 2%
in general, which is not enough to show any significant influence to
the observed ultrasonic signal, unless the walls are perpendicular to the
wave propagation direction, but such wall orientation is prohibited by the
crystal symmetry in our case.

Therefore, the only explanation of the velocity variation is that the polariza-
tion reversal in the PZN-4.5%PT single crystal involves domains other than
states 1 and 8 of Fig. 2.

Based on this fact, we propose that the polarization reversal in this crystal
is via a two-stage process as illustrated in Fig. 4. In the first stage, state 1 is
being switched to states 2, 3 and 4 of Fig. 2. This process happened slowly.
It is conceivable that there will be a mixture of states, 1, 2, 3 and 4 at the
beginning. The energy barrier between states 2, 3, 4 group and states 5, 6,
7 group is obviously more difficult to overcome than that from state 1 to
states 2, 3 and 4. The second stage starts with further increase of the field
level, in which the dipoles are switched to state 8 directly from states 2, 3
and 4, bypassing states 5, 6 and 7 (on the reverse switching, states 2, 3 and 4
are bypassed). The reason to bypass states 5, 6, and 7 is because the energy
barrier between states 5, 6, 7 group and state 8 is the same as that between
state 1 and states 2, 3 4 group. If the system can overcome the barrier between
states 2, 3, 4 group and states 5, 6, 7 group, it will definitely overcome the
barrier between states 5, 6, 7 group and state 8.

Since states 2, 3, and 4 are energetically degenerate, it is reasonable to
assume that the probabilities of being in states 2, 3, and 4 are statistically
the same. In other words, there will be co-existence of many small domains

Figure 4. Illustration of the switching path in PZN-4.5%PT.
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of states 2, 3, and 4 during the switching process (non-equilibrium states).
On the average, we will see velocity changes due to the anisotropic nature
of the single crystal.

This two-stage switching picture is further supported by our experimen-
tal observation of the ultrasonic attenuation during the polarization reversal
cycle [10]. It was found that there are two loss peaks in each half of the
switching cycle, i.e., when polarization is reversed from positive to nega-
tive or vice versa, two loss peaks will appear. Since domain switching is
intrinsically a lossy mechanical process, each jump between different do-
main states will generate a loss peak. The two loss peaks observed provide
a strong support to the proposed two stage switching mechanism.

CONCLUSIONS

Based on the ultrasonic measurement performed during a polarization rever-
sal cycle, we conclude that the classic 180◦ domain mediated polarization
reversal mechanism does not apply to the PZN-4.5%PT single crystal sys-
tem. Instead, the switching path consists of two stages. In reference to the
labeling scheme of Fig. 2 the process can be described as follows: In the first
stage, single domain state 1 is gradually switched to a mixture of domain
states 2, 3 and 4. In the second stage, these mixed domain states of 2, 3 and
4 will be switched to the opposite domain state 8, bypassing states 5, 6 and
7. On the reverse cycle, domain states 2, 3, and 4 will be bypassed. Because
such switching mechanism involves large strain change, it is very easy to
generate mechanical damage in the crystal. We can predict that materials
following such switching mechanism will have strong fatigue and may not
be appropriate for memory applications.
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