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The domain structure images of (001) plates of 0.68Pb(Mg1; 3 Nb2; 3 )0r0.32PbTi03 (PMN-
32%PT) single crystals were successfully obtained using contact resonance mode piezoresponse 
force microscope (PFM) at sample temperatures more than 200 °C. In contact resonance mode 
PFM, we could operate PFM imaging with reduced amplitude of the modulation signal (typically 
4.0 V p-p ~ 0.1 V p-p). It was found that micron-size complex domain structure faded out and 
dot like domains submicron size in diameter emerged gradually as the temperature increased from 
206 °C to 226 °C. 
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1 INTRODUCTION 

There is remarkable interest in PbTi03(PT) 
doped relaxor ferroelectric single crystals such as 
(1 - x)Pb(Zn1 ; 3 Nb 2; 3)0rxPbTi03 (PZN-PT) 
and (1- x)Pb(Mg1; 3 Nb2;3)03-xPbTi03 (PMN
PT). In these single crystals, an electromechanical 
coupling factor of greater than 0.9 has been re
ported for compositions close to the morphotropic 
phase boundary between rhombohedral ferroelec
tric and tetragonal ferroelectric phases. There
fore, these single crystals have been attracting 
considerable attention for medical imaging and ac
tuator applications. 1

• 
2) 

Nevertheless, the origin of their excellent prop
erties has not been clarified. Expensive experi
mental and theoretical studies have been focused 
on the relaxors for more than 40 years. Recently, 
peculiar properties of representative pure (PT un
doped) relaxors were discussed and mostly under
stood in terms of microdomains (polarized micro 
clusters) tens or hundreds of angstroms in diame
ter. Besides, PT doping made the size of these mi
cro domains increased to be submicron and prop
erties were determined as a function of the com

position rate x of PT. 

Hence, to clarify the PT doping effect for the 
relaxors, it is useful to study kinetics and mor
phology of domains under a wide variety of con

ditions. 
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Piezoresponse force microscopy (PFM)3•4
) is 

most effective technique for domain observations. 
This is because PFM has enough sensitivity to 
reveal the polarization on a ferroelectric sample 
and can be easily employed for visualizing domain 
structures on various ferroelectric samples (single 
crystals, ceramics and thin films). 

In our previous work,5l we performed domain 
imaging in (001) plates of PZN-9%PT and PMN-
32%PT at various sample temperatures ranging 
from 25 ° C to 200 ° 0 and reported that it was 
difficult to visualize domain structures at higher 
sample temperatures. As sample temperature in
creases up to its Curie temperature, the coercive 
field decrease to 0. Consequently, at sufficiently 
higher temperature, the modulation voltages ap
plied between the tip and the counter electrode 
during PFM observations induced polarization re
versals and destroyed local domain structures un
der the tip. For (001) plates of PMN-32%PT, 
these polarization reversals were observed at more 
than 200°C. 

In this article, we report the domain structure 
images of PMN-32%PT single crystals obtained 
by contact resoiiance6l (see Fig. 1) mode PFM 
at more than 200 °C. In contact resonance mode, 
the frequency of the modulation signal was main
tained at the resonance frequency of the cantilever 
deflection when in contact with the sample sur
face. Utilizing contact resonance, we could op-



240 Domain lmaging in 0.68Pb(Mg113Nbv3)03 -0.32PbTi03 
Single Crystals using Contact Resonance Piezoresponse Force Microscope 

Metal coated 

sinusoidal 
signal 

Fig. 1 1st mode contact resonance vibration of a 
cantilever. 

erate PFM imaging with lower amplitude of the 
modulation signal and address the issue of the po
larization reversals at higher temperature. 

2 EXPERIMENTAL 

During PFM observations, domains were visu
alized by detecting the inverse piezoelectric oscil
lations caused by the modulation sinusoidal volt
age U(t) = U0 sin(wt) applied between the con
ducting tip and an electrode on the backside of 
the sample 4

) These vibrations resulted in the 
cantilever deflection owing to the tip in contact 
with the ferroelectric sample surface. This modu
lated cantilever deflection was acquired and ampli
fied using a lock-in amplifier. Accordingly, it was 
possible to determine the projection of the polar
ization vector onto vertical direction ( Pz). The 
details of PFM imaging principle were described 
elsewhere. 5

• 
7
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The experimental setup of PFM consisted of 
a commercial atomic force microscope (AFM) 
(Seiko Instruments, SPA300 and SPI3700) con
nected to a lock-in amplifier (NF Electronic 
Instruments, LI-575). The sample stage was 
temperature-controlled by ceramic heater, while 
the piezoelectric tube scanner was maintained to 
be low temperature ( < 80°C) using water cooler. 
A conductive rhodium coated Si cantilever (Seiko 
Instruments, SI-DF3) was used for domain visu
alization. The force constant and the natural res
onance frequency of the cantilevers were 1.8 N /m 
and 28kHz, respectively. The sample tempera
ture was monitored using a r,i.>80 j.LITI chromel-almel 
thermocouple located on the sample surface. All 
PFl\I imaging operations were operated in the air. 

The setup of contact resonance PFM was simi
lar to that of normal PFiVI. The only difference was 
the frequency of the modulation signal. The se
lection of modulation conditions will be discussed 
in Section 3. 

PiVIN-32%PT single crystals were grown by the 
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Fig. 2 The frequency spectrum of a cantilever 
(Seiko instruments, SI-DF3-R) when in contact 
with (001) plate of PMN-32%PT single crystal 
surface. The 1st mode contact resonance fre
quency and its quality factor Q were 150.9 kHz 
and 190, respectively. 

Bridgman method. Obtained PMN-PT ingot was 
sliced into 0.5 mm thick (001) plates. Pt/Ta elec
trodes were deposited on backside of the samples 
by rf-sputtering. 

3 RESULTS AND DISCUSSION 

Figure 2 shows the frequency spectrum of the 
cantilever SI-DF3-R when in contact with (001) 
plate of PMN-32%PT single crystal surface. Here, 
the cantilever was exicted by the local inverse 
piezoelectric oscillations caused by the modula
tion signal. The 1st mode contact resonance fre
quency and its quality factor Q were 150.9 kHz 
and 190, respectively. Thus, ideally, if the modu
lation frequency is selected to be this contact res
onance frequency, the same level of piezoresponse 
amplitude can be obtained with 1/190 of the mod
ulation signal amplitude applied during normal 
(off-resonance) PFM operation. Practically, just 
a little lower frequency (e.g. 150.2 kHz) than this 
contact resonance frequency was selected. This is 
because the contact resonance frequency changes 
easily depending upon the tip-surface interaction 

conditions. Besides, the phase shift offset adjust
ment of the lock-in amplifier was also optimized 

manually to obtain the best contrast PFM images. 

Operating this contact resonance (150.2 kHz) 
mode PFM, the amplitude of the modulation sig

nal was typically 0.1 V p-p· We needed 4.0Vp-p 
for off-resonance (5kHz) mode operation. 5

• 
7
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Figure 3(a) shows 8.2p,mx8.2p,m topographic 
image on (001) plate of PMN-32%PT single crys
tal. The surface of the PMN-32%PT plate was 
polished and root mean square of surface rough
ness was 3.1 nrn. 
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(a) (b) 

(c) (d) 
Fig. 3 (a) 8.2J1.mX8.2J1.m topographic image and (b)(c)(d) PFM (Pz) images observed at various sample 
temperatures on (001) plate of PMN-32%PT single crystal. 

Figure 3(b) through 3( d) are contact resonance 
mode PFM images obtained at various sample 
temperatures ranging from 206 °C to 226 °C. All 
these images were recorded at the same area with 
Fig. 3 (a). Here, white and black areas in ver
tical PFM images represent vertical polarization 
vectors which exit from and enter into the sample 
surface, respectively. Because of the tetragonal 
phase, white and black areas in these images indi
cated +c and -c domains, respectively. 

The domain structures were successfully visu
alized at temperaturs up to 230 ° C. As the tem
perature increased, micron-size complex domain 
structure faded out and dot like domains submi
cron size in diameter emerged gradually. 

At 245 oc (not shown), piezoresponse ampli

tude could not detected without polarization re
versals, indicating that the sample temperature 
overcame the Curie temperature. It must be 
noted that PMN-32%PT undergoes phase tran
sition from tetragonal-4mm to cubic-m3m near 

155 "C.9l Simultaneously observed optical CCD 
images suggested thq,t ,domain boundaries van
ished at 150~160°C. These results implies that 
bulky phase transition underwent near 155 °C, 
while the surface temperature of the (001) plate of 
PMN-32%PT still remained below the Curie tem
perature due to a convection current of the air. 
We need to operate PFM imaging in a vacuum to 
avoid this problem. 

4 CONCLUSIONS 

The domain structure images of PMN-32%PT 
single crystals were successfully obtained using 
contact resonance mode PFM at various sample 
temperatures ranging from 206 "C to 226 "C. In 
contact resonance mode PFM, we could operate 
PFM imaging with reduced amplitude of the mod
ulation signal (typically 4.0Vp-p--> 0.1 Vp~p)· 

Acknowledgements 

241 



242 Domain lmaging in 0.68Pb(Mg113Nbv3)03 -0.32PbTi03 
Single Crystals using Contact Resonance Piezoresponse Force Microscope 

We are pleased to express our gratitude to Dr. 
Yohachi Yamashita for providing excellent sam
ples. This work was partly supported by the Mu
rata Science Foundation. One of authors (KM) 
would like to thank Rohm Co. for financial sup
port during the course of this research. 

References 

[1] S. Park and T. Shrout, IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control 44, 1140 (1997). 

[2] S. Saitoh, T. Takeuchi, T. Kobayashi, 
K. Harada, S. Shimanuki, and Y. Yamashita, 
IEEE Trans. Ultrason, Ferroelectr. Freq. Con
trol46, 414 (1999). 

[3] R Luthi, H. Haefke, K. P. Meyer, L. Howald, 
and H. J. Guntherodt, J. Appl. Phys. 74, 7461 
(1993). 

[4] K. Takata, K. Kushida, K. Torii, and H. Miki, 
Jpn. J. Appl. Phys. 33, 3193 (1994). 

[5] H. Okino, T. Ida, H. Ebihara, and T. Ya
mamoto, Ferroelectrics (in press). 

[6] K. Yamanaka, A. Noguchi, T. Tsuji, T. Koike, 
and T. Goto, Surf. Interface AnaL 27, 600 
(1999). 

[7] H. Okino, T. Ida, H. Ebihara, H. Yamada, 
K. Matsushige, and T. Yamamoto, Jpn. J. 
Appl. Phys. 40, 5828 (2001). 

[8] J. Kuwata, K. Uchino, and S. Nomura, Ferro
electrics 37, 579 (1981). 

[9] 0. Noblanc, P. Gaucher, and G. Calvarin, J. 
Appl. Phys. 79, 4291 (1996). 

(Received December 21, 2001; Accepted January 31, 2002) 


