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We report the acoustic imaging frequency dynamics of ferroelectric domains by low-frequency acoustic probe
microscopy based on the commercial atomic force microscopy. It is found that ferroelectric domain could be firstly
visualized at lower frequency down to 0.5kHz by AFM-based acoustic microscopy. The frequency-dependent
acoustic signal revealed a strong acoustic response in the frequency range from 7kHz to 10kHz, and reached

maximum at 8.1 kHz.

The acoustic contrast mechanism can be ascribed to the different elastic response of

ferroelectric microstructures to local elastic stress fields, which is induced by the acoustic wave transmitting in
the sample when the piezoelectric transducer is vibrating and exciting acoustic wave under ac electric fields due

to normal piezoelectric effects.

PACS: 77.84.-s, 77.84. Dy, 77.80. Dj, 07. 78. +s, 07. 79. Lh

Scanning probe microscopy has become an increas-
ingly powerful tool to characterize nanoscale struc-
tures physical properties of various materials and
potential technological applications.[!! Very recently,
scanning near-field ultrasound holography has been
explored to provide nanoscale-resolution images of in-
ternal substructures of microelectronic materials and
malaria parasites in red blood cells.?l In ferroelec-
tric fields, nanoscale domain structure of ferroelectric
thin films, ceramics and single crystals can be im-
aged and controlled directly using piezoresponse force
microscopy. >~ In addition, acoustic mode scan-
ning force microscopy, including atomic force acoustic
microscopy,[ll_w] ultrasonic force microscopy,[13_16]
and scanning probe acoustic microscopy,!!” has the
advantage of visualizing nanoscale domain structures,
elastic properties or subsurface configurations, with
an operating frequency ranging from a few 100kHz
to 1MHz. In our previous study, low-frequency
acoustic probe microscopy based on the commercial
AFM was developed and successfully used to im-
age ferroelectric domains in relaxor-type ferroelectric
PbMg; /3Nby,303-PbTiO3 single crystals and elas-
tic structures in the lead-free BiyTi3O1o piezoelec-
tric ceramics.['®19 Fingerprint domain configurations
were clearly visualized by such low-frequency acous-
tic microscopy at the frequency down to 6.42 kHz.[18]
However, no investigation on the frequency-dependent
domain imaging has been carried out for acoustic mi-
croscopy so far. In this Letter, acoustic imaging fre-
quency dynamics of ferroelectric domain is reported

by using such a low-frequency acoustic microscopy.

Personal
computer
SPM
control unit
out

Topography signal

Mo -i Acoustic signal
lodes =M ] Piezoresponse

signal

Conductive

cantilever

Modulation __§ SX"7 -
‘\\ S~ Lock-in
. Amplifier
Sample Actuator

I

€
a — acoustic mode
Functional
generator
Fig.1. Schematic diagram of low-frequency acoustic
probe microscopy incorporated with a PFM.
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Figure 1 shows the schematic sketch of the
customer-built low-frequency near-field acoustic probe
microscopy based on the commercial atomic force mi-
croscope (AFM) (Seiko Inc. Japan) operating in
acoustic mode (a), in which a piezoelectric transducer
was bonded onto a sample holder of an AFM, and the
sample was glued on the transducer. An external func-
tion generator provides sinusoidal excitation signals
applied to the piezoelectric transducer, which gives
rise to flexural vibration and thereby excites acoustic
waves into the sample, causing a periodic local defor-
mation of the sample surface underneath the tip. The
motion of the scanning force microscopy tip is detected
optically by laser beam deflection from the backside
of the cantilever. The detected signal is then fed to a
lock-in amplifier for imaging. Figure 1 also includes
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the setup of piezoresponse mode AFM (b), which is
used to obtain the piezoresponse signal of ferroelectric
domains corresponding to those detected in acoustic
mode. The specimens for the present investigation in-
clude ferroelectric (Pb,La)(Zr,Ti)O3 (PLZT) ceramics

prepared by the conventional solid state reaction and
BaMgF, (BMF) single crystal grown from the melt by
Czochralski technique. The specimens were polished
to optical grade with a thickness of 120 pm.

Fig. 2. Piezoresponse image ((a) the imaging ac frequency 8.1kHz) and corresponding acoustic images of a ferro-
electric domain in BaMgF4 crystal at 1kHz (b), 2kHz (c), 7.7kHz (d), 8.1kHz (e), 10kHz (f), 20kHz (g), 40kHz
(h), 60kHz (i), 80kHz (j), 100kHz (k) and 132kHz (1).

Figure 2 shows the piezo-response image of one iso-
lated, hexagonal domain in the ferroelectric BaMgF,
single crystal and corresponding acoustic images taken
in a broad frequency range from 1kHz to 132kHz.
The bright and dark piezoresponse contrast reveals
antiparallel polarization state due to out-of-phase
piezoelectric vibration under the ac field applied be-
tween the AFM tip and the sample bottom electrode,
while the acoustic images show remarkably different
contrast at different frequencies. It can be clearly
seen that the acoustic images depicted in Figs. 2(b)-
2(d) display convex structures at 1kHz, 2kHz, and
7.7kHz. With the increasing modulation frequency
from 8.1kHz to 10kHz, the convex structure changes
to concave shape in the acoustic image (see Figs. 2(e)—
2(f)). Such acoustic configuration change continues
at higher frequency, as shown in Figs. 2(g)-2(1). The
acoustic image of the hexagonal domain appears con-
vex pattern at 20kHz (Fig. 2(g)), 40kHz (Fig. 2(h)),
60kHz (Fig.2(i)), and 80kHz (Fig.2(j)), and shows

concave structure at 100 kHz (Fig. 2(k)), while it reap-
pears as convex pattern at 132 kHz (Fig. 2(1)). In addi-
tion, another interesting phenomenon could be found
if we compare the piezoresponse image with the acous-
tic ones. It must be noted that the acoustic image
shows more stereo than the corresponding piezore-
sponse one. Such features reveal that the acoustic
signal at a low frequency is stronger than that at a
high frequency due to remarkable decrease of ferroelec-
tric indentation nearby the tip at the low frequency.
While higher tip indentation forces possibly occur at
high frequency, reducing the contrast of the acoustic
image due to inhibiting acoustic signal excitation and
measurement.

The visualized acoustic image contrast in Fig.2
could be understood from the point view of interaction
between the excited acoustic wave and microstruc-
tures in the sample. In the low-frequency acoustic
microscopy, the sample vibration is modulated sinu-
soidally in time by the underneath ac field-excited
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transducer. The tip vibrates in phase with the sample
surface displacement due to low frequency modula-
tion. The modulated tip amplitude reflects actually
the tip-sample surface interaction stiffness (contact
stiffness k*). Supposing that the tip-surface contact
obeying the Hertzian contact-mechanics model, 2% k*
can be expressed as

k* = V6E*2RF, (1)

where R is the radius of the tip apex, F' the applied
load by tip to the sample surface, E* the reduced
elastic modulus of the tip-sample surface system. E*
could be expressed as

1 1- v2 o 1-0v2?

S C
Il 2
= 2 + 5 (2)

where F1, F5 and v, v, are the Young’s moduli and
the Poisson’s ratio of the surface and the cantilever,
respectively. It is clear that the value of k* depends
not only on the applied static load and the tip ge-
ometry, but also on the elastic properties of the tip
and the sample. For the ferroelectric material, k* is
additionally related to the interaction between the lo-
cal ferroelectric microstructure (ferroelectric domain)
beneath the tip and the excited acoustic wave in the
bulk sample. It is well known that the bulk electric
polarization due to a preferred macroscopic orienta-
tion of the domains influences the elastic response of
a ferroelectric material when stresses are applied.?"
Thus, in the case of ferroelectric BMF single crystal,
the acoustic contrast reflects contact stiffness differ-
ence of ferroelectric domains depending on the local
elastic field-induced acoustic vibration in the sample
during imaging at low frequency.

Burnham et al. proposed a rheological model
to explain the AFM tip-sample interaction in the
transducer-driven sample vibration configuration,??
in which the dynamic behaviour for the relationship
between the tip position (d) and transducer position
(z) can be expressed as

' k(14 (2m*wB*/k)?)H?
F ke — w2 o+ [2mew(8 4+ 8]

where the cantilever is described by spring stiffness k..,
damping constant (. and effective mass m*. The tip-
sample interaction stiffness is k*(z, d) and its damping
is 0*(z,d). The above equations postulate both fac-
tors to determine the acoustic signal and the existence
of peak frequency of the acoustic excitation. It can be
clearly seen that the dynamical frequency dependence
of the tip position is generally governed by the factors
including the interaction contact stiffness between the
tip-cantilever system and the sample surface, the elas-
ticity of the cantilever-tip system and their damping
factors. These complex factors determine the acous-
tic amplitude and the phase shift, thus give rise to

) (3)

the observed acoustic pattern change (convex to con-
cave). It is very difficult to give a quantitative de-
scription of the acoustic frequency dynamics observed
in Fig.2. However, one can roughly expect stronger
acoustic signal contrast at low frequency. Accord-
ing to Eq. (3), an acoustic response peak is expected
in the tip displacement-frequency dynamic behaviour,
as demonstrated by Burnham et al.??) Our experi-
mental result shows that this maximum acoustic re-
sponse appears at 8.1 kHz in the modulation frequency
dependence of the measured acoustic amplitude sig-
nal (Fig.3(a)). The inset in Fig.3(a) shows that the
acoustic signal becomes stronger mainly at the fre-
quencies ranging from 7 kHz to 10 kHz, and nearly de-
grades to a constant for the frequency beyond 20 kHz.
Such behaviour is clearer in the logarithmic plot of
the acoustic signal as a function of the modulation
frequency (Fig. 3(b)), where the log-signal fits a linear-
frequency dependence on both sides of the peak fre-
quency. This quantitative measurement demonstrates
the acoustic microscopy valid in imaging ferroelectric
domains at low frequency.
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Fig.3. (a) Modulation frequency dependence of the

acoustic amplitude signal of ferroelectric domains in
BaMgF4 single crystal. Inset: the acoustic signal in the
frequency ranging from 7kHz to 10kHz, (b) the logarith-
mic plot of the acoustic signal as a function of the modu-
lation frequency for inset of Fig. 3(a).
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Fig. 4. Topography image (a) of ferroelectric PLZT ce-
ramics, its corresponding piezoresponse image [(b) and (c)]
at 9.3 kHz, the acoustic image [(d) and (e)] at 0.5 kHz and
(f) at 9.3kHz. The scanning area of 30 x 30 um? for [(a),
(b) and (d)] are the same, and the same area of 10x 10 gm?
for [(c), (e) and (f)].

To further illustrate the frequency-dependency of
acoustic signal, we focus on acoustically imaged do-
mains of ferroelectric PLZT ceramics at lower fre-
quency, as shown in Fig. 4. Figures 4(d) and 4(e) are
acoustic images of ferroelectric domains in PLZT sam-
ple at ultra-low frequency down to 0.5 kHz. Although
the domain patterns show some vague due to the dis-
turbs from the ambient at such low frequency, the fin-
gerprint domain patterns are still in agreement well
with the piezoresponse image of Figs. 4(b) and 4(c) at
9.3kHz. The acoustic image at 9.3kHz (Fig. 4(f)) be-
comes more clear than that at 0.5 kHz (Figs. 4(d) and
4(e)). Compared with other AFM-based acoustic mi-
croscopies such as atomic force acoustic microscopy
(AFAM),["] ultrasonic force microscopy (UFM)!]
and scanning near-field ultrasound holography!? op-
erating at high frequency ranging from several hun-
dreds of kHz to a few MHz, our present acous-
tic microscopy offers superhigh resolution, ultra-low
imaging frequency and remarkably resolved image as
well. Especially for observing ferroelectric domains,
such low-frequency acoustic microscopy shows unique

imaging features than UFM by Tsuji et al.,['® in which
the ultrasonic imaging of PZT ceramics exhibits a
blurry domain boundary at high frequency close to
500 kHz.

It is interesting to find that ferroelectric domains
visualized by AFM-based acoustic microscopy at such
lower frequency. An in-depth analysis concerning
the physical mechanism of acoustic imaging is nec-
essary in the further work. Although the present low-
frequency acoustic microscopy demonstrates high res-
olution imaging capability,['9! it so far only limits to
ferroelectrics. Based on the interaction between the
acoustic wave and microstructures in the specimen, a
detailed investigation could be made to detect micro-
electronic in the semiconductor and cell structural of
bio-systems, respectively.

In summary, a low-frequency acoustic probe mi-
croscopy based on the commercial AFM has success-
fully applied to study ferroelectric domains excited
by ultra-low frequency acoustic signal. Ferroelec-
tric domain could be observed at frequency down to
0.5kHz. The frequency-dependent acoustic signal re-
veals a strong acoustic response in the frequency range
from 7TkHz to 10kHz, and reaches the maximum at
8.1kHz. The acoustic signal contrast mechanism can
be ascribed to the different elastic response of ferro-
electric microstructures to local elastic stress fields,
which is induced by the acoustic wave transmitting in
the sample when the piezoelectric transducer excites
acoustic waves under ac electrical bias due to nor-
mal piezoelectric effects. This low-frequency acous-
tic microscopy is expected to demonstrate a power-
ful promising tool for nondestructive, high resolution,
real-space imaging of microstructures in ferroelectric
material and biological systems.
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