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Two-dimensional resonance frequency mapping in the ultrasonic atomic force microscopy was
applied to the investigation of the ferroelectric domain structure in lead zirconate titanate ceramics.
This method can visualize the stiffness anisotropy due to the differently oriented domains.
Moreover, the significant stiffness reduction at the ferroelectric domain boundary was discovered.
The disorder of the lattice, the ability of the switching of the domain, and the reduction of the
piezoelectric stiffening are possible explanations. The implication of this work is the
characterization of novel functional materials on nanoscale and the nondestructive evaluation of the
microelectromechanical systems and nanotechnology devices. © 2005 American Institute of
Physics. �DOI: 10.1063/1.2012537�

The development of ferroelectric materials and devices
has required the better understanding of not only the ferro-
electric domain but also the ferroelectric domain boundary
�DB� called domain wall. For example, the movement of
ferroelectric and ferroelastic DB significantly enhanced the
piezoelectric coefficient of the ferroelectric thin film.1 In the
engineering domain configuration of ferroelectric single
crystals, the piezoelectric property depended on the fineness
of the domain size.2 One of the origins of the polarization
fatigue in ferroelectric thin film is the pinning of the move-
ment of the ferroelectric DB �Ref. 3�.

The width of the DB was attributed in the order of 1–10
nm �Ref. 4�, which has been studied by several methods such
as transmission electron microscopy, scanning nonlinear di-
electric microscopy �SNDM�, and atomic force
microscopy.5–7 Although SNDM may provide dielectric in-
formation, we believe that the mechanical information is also
important because the piezoelectric deformation and the po-
larization switching are related to the mechanical behavior of
the domain and the DB.

Ultrasonic atomic force microscopy �UAFM� has been
developed as the stiffness evaluation method on nanoscale
�Refs. 8–13�. Recently, we reported evidence of the reduc-
tion of the stiffness at the ferroelectric DB in a lead zirconate
titanate �Pb�Zrx ,Ti1−x�O3, PZT� ceramic.12 However, the
quantitative discussion required the two-dimensional �2D�
mapping of the resonance frequency that may be realized by
the resonance frequency tracking system.11 In this study, we
observed ferroelectric domains in PZT ceramics by the 2D
mapping of the resonance frequency.

The detailed operation of the resonance frequency track-
ing system was reported in the Ref. 11. For imaging the
ferroelectric domains, the piezoresponse force microscopy

�PFM� was used.14 Commercially available bulk PZT ceram-
ics were investigated �sample 1: NEC Tokin Cooperation
N-21, sample 2: Fuji Ceramics Cooperation C-82� �Refs. 15
and 16�. Sample 1 was an unpoled material. Because sample
2 was a poled material, it was annealed in order to obtain
random domain configuration. These were lapped by dia-
mond slurry and polished by colloidal silica slurry and alu-
mina paste for samples 1 and 2, respectively. They were
glued to sample holders with silver paste. We used an Au
coated and a chemical vapor deposition diamond film coated
Si cantilever for samples 1 and 2, respectively, purchased
from Nanosensor.17 We performed the experiments in ambi-
ent air at 23 °C with the relative humidity in the range of
40–60 %.

First, we show the applicability of the UAFM to the
stiffness evaluation of the PZT. Figure 1�a� shows a contact
AFM topography of an area of sample 1. Figure 1�b� shows
a PFM image of the same area as Fig. 1�a� representing the
phase shift of the deflection vibration to the ac voltage ap-
plied between the tip and the bottom electrode �PFM image�.
The frequency and amplitude of the ac voltage were 4 kHz
and 2.5 V, respectively. There was a stripe pattern with a
period of 250 nm representing differently oriented domains.
It may be 90° domain structure.18 Figure 1�c� shows a
UAFM image representing the resonance frequency at the
third deflection mode �UAFM image�. The darker color rep-
resents higher resonance frequency, indicating higher contact
stiffness. The stripe pattern in the UAFM image was related
to the domains. As a result, it was demonstrated that the
UAFM can evaluate the different elasticity due to the differ-
ently oriented domains of PZT.

After confirming the applicability of the UAFM to PZT,
we now applied it to the evaluation of the stiffness at the DB
�Ref. 12�. Figure 2�a� shows a topography of an area of
sample 2 with the load F of 1200 nN. Figure 2�b� shows a
PFM image of the same area where the applied ac voltagea�Electronic mail: t-tsuji@material.tohoku.ac.jp
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was the same as that in Fig. 1�b�. Because uniformly bright
and dark regions represent the ferroelectric domains, the
boundaries between them represent the DBs. It may be 180°
DBs because of the wavy shape.18 Although the phase differ-
ence was much less than 180°, it may be explained by the
integral piezoelectric response due to randomly polarized
grains stacked in the normal to the surface and the capacitive

force between the cantilever and the bottom electrode.19,20

Figure 2�c� shows a UAFM image at the second deflection
mode. There were stringlike structures showing lower reso-
nance frequency. When we compare the same area sur-
rounded by the dotted squares shown in Fig. 2, we note that
the stringlike structures observed in Fig. 2�c� corresponded
to the DBs observed in the PFM image, Fig. 2�b�. At the
same time, it does not correspond to the edge of the surface
relief because the edge is out of the zone surrounded by the
dotted square in Fig. 2�a�. The relation between the DB and
the edge is illustrated in Fig. 2�d�. Therefore, it was verified
that the stringlike structures were the DBs and not topo-
graphic artifacts. Figure 3 shows a bird’s-eye view of the
zone surrounded by the dotted square shown in Fig. 2�c�. The
apparent half width of the DB was in the range of 20–30 nm,
which was widened due to finite contact area.

In order to obtain insight into the nature of the DB based
on the above observation, we analyzed the stiffness on the
DB. The resonance frequency f =492.7 kHz within the do-
main gives the contact stiffness sv=1305 N/m, using canti-
lever vibration theory.8 When the load F, the Young’s modu-
lus at the domain ED, and the Poisson’s ratio � are 1200 nN,
117 GPa, and 0.34, respectively,21 the tip radius R and the
contact radius a are 55.1 and 8.72 nm, respectively, using
Hertzian contact theory.22 When F ,R ,a are identical within
the image, f =489.7 kHz on the DB gives the averaged

Young’s modulus Ē=103 GPa.
In order to evaluate the contribution of the Young’s

modulus of the DB, EDB to the Ē, we approximate the appli-
cation of the stress in the experiment to that in the unidirec-
tional fiber-reinforced composite materials and apply the lin-
ear mixture law of the Young’s modulus.23 The averaged

modulus Ē is expressed by

Ē = �1 − RDB�ED + RDBEDB, �1�

where ED and EDB are the Young’s moduli of the domain and
the DB and RDB are the area ratio of the DB to the total
contact, respectively. The RDB is expressed by

RDB =
2

�
�w

a
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a
�2

+
�

2
− arccos

w
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	 , �2�

where w is the half width of the DB. We estimated the stiff-
ness of the DB normalized by that of the domain, EDW /ED
�Ref. 24�, for four different values of w �Ref. 25� as listed in
Table I. As a result, we discovered that the stiffness at the
DB is much lower than that of the domain when we assume

FIG. 1. Images of 90° domain in PZT ceramic �sample 1�. �a� Topography,
�b� PFM phase-shift image, and �c� UAFM resonance frequency image at
the third deflection mode.

FIG. 2. Image of 180° domain in PZT ceramic �sample 2�. �a� Topography,
�b� PFM phase-shift image, and �c� UAFM resonance frequency image at
the second deflection mode. �d� Schematic illustration of the relation be-
tween the configurations of the DB and the edge.

FIG. 3. Detailed UAFM image of ferroelectric DB.
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that the width of the DB is smaller than the contact radius.
As shown in Table I, if w is 2 nm, EDW /ED is as low as
0.587.

Finally, we discuss possible explanations of this finding.
�i� The disorder of the lattice at the DB; the imperfection of
the crystal may reduce the stiffness. �ii� The ability of the
switching of the domain; the switching accompanies the
movement of the DB. It may be facilitated by the reduction
of the stiffness at the DB because the polarization of the
domain is constrained by the minimum state of the sum of
the strain energy and the electrostatic energy. Therefore, the
ability of the switching of the domain may reduce the stiff-
ness. �iii� The reduction of the piezoelectric stiffening; when
the polarization charge is not compensated during the appli-
cation of the stress, the stiffness is enhanced because of the
depolarization field �piezoelectric stiffening�.26 In the experi-
ment of the UAFM, the polarization on the domain may lead
to the piezoelectric stiffening, because the small contact area
cannot compensate all polarization charge over the domain.
On the other hand, because the spontaneous polarization of
the lattice is rotated at the DB, the average polarization on
the DB is smaller than that on the domain. As a result, the
piezoelectric stiffening on the DB is smaller than that on the
domain. Therefore, the reduction of the piezoelectric stiffen-
ing may reduce the stiffness.

We estimate the order of the reduction in the case of �iii�,
using the variation in stiffness coefficient c between the elec-
trical conditions of the constant electric field and the constant
electric displacement, represented by the superscripts E and
D, respectively.26 The ratio of stiffness coefficients is ex-
pressed by

cE

cD = 1 − k2, �3�

where k represents the electromechanical coupling coeffi-
cient in the poling direction. When we use the coupling
coefficient,16 c33

E /c33
D becomes 0.44 that is consistent with the

result, EDB /ED.
In summary, we performed the evaluation of the ferro-

electric domain boundary in PZT ceramics, using the reso-
nance frequency image in the UAFM. After confirming the
applicability of the UAFM to PZT by evaluating the stiffness
anisotropy due to the differently oriented domains, we dis-
covered a significant reduction of the stiffness at the DB. The
disorder of the lattice, the ability of the switching of the
domain, and the reduction of the piezoelectric stiffening are
possible explanations. This phenomenon may be related to
the enhanced piezoelectric properties. This evaluation
method may provide the information of the polarization fa-
tigue of ferroelectric thin films.3 The implication of this work
is the characterization of novel functional materials on

nanoscale and the nondestructive evaluation of the micro-
electromechanical systems and nanotechnology devices.
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