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Direct observation of two-step polarization reversal by an opposite field
in a substrate-free piezoelectric thin sheet
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The domain switching behavior of a substrate-free lead magnesium niobate-lead titanate thin sheet
by an opposite electric field (E) was examined by piezoresponse force microscopy. It is shown that
the polarization reversal process involved two steps. First, the polarization switched from the initial
normal direction to an in-plane direction at —E<<5 kV/cm. Second, at —E>5 kV/cm, the
polarization was further switched from the in-plane direction to the opposite field direction. The
preference of the in-plane polarization at —5 kV/cm was attributed to the thin-sheet geometry,
which also manifested itself as a maximum in dielectric constant at the same field. © 2009
American Institute of Physics. [DOI: 10.1063/1.3107264]

A major recent development in perovskite piezoelectric
oxides was the orientation-enhanced piezoelectric response
in specially cut lead magnesium niobate-lead titanate (PMN-
PT) and lead zinc niobate-lead titanate (PZN-PT) single
crystads.l’2 With a rhombohedral composition near a morpho-
tropic phase boundary, (001) PMN-PT single crystals can
exhibit a dj; coefficient more than three times higher than
that of the bulk. More recently, an analogous giant piezoelec-
tric enhancement was also observed in 8 and 22 um thick
polycrystalline [Pb(Mg,;/3Nb,/3)O03]9,63-[PbTiO3]o 37 (PMN-
37PT) thin sheets processed and sintered without a substrate
(substrate-free there:after).3’4 In situ x-ray diffraction indi-
cated that these substrate-free PMN-37PT thin sheets re-
tained a large fraction of a-domains with an in-plane polar-
ization direction even after poling. The observed preference
of a-domains in the PMN-37PT thin sheets was attributed to
the depolarization effect of the thin-sheet geometry. This be-
havior is markedly different from the predominance of
c-domains with a normal polarization observed in ferroelec-
tric thin film capacitors such as Pb(Zr, ,Ti;g)O3 grown on a
substrate™® where a-domains mainly existed in twin
boundaries.*” In an electric field opposite to the poling di-
rection, these ferroelectric Pb(Zr,,Tigg)O5 films underwent
straight 180° polarization reversal. Several piezoresponse
force microscopy (PFM) studies have been devoted to exam-
ining the kinetics of this polarization reversal process in an
opposite field>™® and were extended to ferroics such as
BiFeO3.lO’11 Since the PMN-37PT thin sheets do not have the
clamping effect of a substrate, it is likely that the polarization
reversal process of these substrate-free PMN-37PT thin
sheets would be quite different from that of films grown on a
substrate that exhibit predominantly c-domains.

The purpose of this study is to examine the polarization
switching behavior of polycrystalline PMN-37PT thin sheets
at a single grain level in an opposite electric field by mea-
suring the vertical piezoelectric response (VPFM) as well as
the lateral piezoelectric response (LPFM) simultaneously us-

YElectronic mail: shihwh@drexel.edu.

0003-6951/2009/94(13)/131101/3/$25.00

94, 131101-1

ing the PFM technique. The PMN-37PT sheet was 8 um
thick made first by dispersing crystalline lead magnesium
niobate Pb(Mg, 5Nb,,3)O5 (PMN) powders made from a col-
loidal coating z1ppr021chl2’13 in a lead titanate precursor solu-
tion containing lead acetate and titanium isopropoxide in eth-
ylene glycol to yield a PMN-37PT precursor powder with a
nominal 10% lead excess. After drying at 300 °C, the PMN-
37PT precursor powders were mixed with a proprietary dis-
persing resin and ball milled in an alcohol/ketone mixture for
24 h followed by the addition of the remaining portion of the
resin along with a phthalate-based plasticizer and ball mill-
ing for an additional 24 h. The slurry was then deaired, and
cast into the desired thickness and sintered in a doubly cov-
ered Al,O5 crucible at 1000 °C for 2 h."*

PFM measurements were carried out using a modified
scanning probe microscope (Stand Alone SMENA apparatus,

NT-MDT) equipped with a platinum-iridium coated silicon

tip (electrostatic force microscopy-Ptlr5 coating, Nano-
world). A function generator (DS345, Stanford Research
System) provides an alternating current (ac) voltage of 1 V
operated at 15 kHz between the tip and the bottom electrode
on the back side of the PMN-37PT sheet for PFM measure-
ments and an additional direct current (dc) bias voltage to
generate a dc bias electric field in the sample. Both the
VPFM, which was proportional to the vertical component of
the polarization and the LPFM, which was proportional to
the lateral component of the polarization as schematically
shown in Fig. 1(a), were recorded using a lock-in amplifier
(SR830, Stanford Research System).4 Note that the LPFM
only measures the polarization along one lateral direction
[y-direction in Fig. 1(a)] and misses the polarization that
points in the x-direction. To examine the domain switching
behavior in an opposite electric field, the sample was first
scanned with a 12.5 kV/cm dc bias field. Subsequently, the
VPFM and LPFM were scanned with an opposite bias field
of —1.25, —2.5, =5, —=7.5, —10 to —12.5 kV/cm.

Figure 1(b) shows the topographic image of a 5
X5 um? area of an 8 um thick PMN-37PT thin sheet. The
grain marked by the dash square was studied by PFM. Figure
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FIG. 1. (a) A schematic of the PFM and (b) an atomic force microscopy
image of the 8 wm PMN-37PT thin sheet. The dash square in Fig. 1(b)
shows the region where the detailed PFM measurements were carried out.
The VPEM correlates with the vertical component of the polarization while
the LPFM with the lateral component of the polarization along the width
direction of the PFM probe.

2 shows the VPFM and LPFM images of the dash square in
Fig. 1(b) at various electric fields. From Figs. 2(a) and 2(e),
at E=12.5 kV/cm, the VPFM image was bright and the
LPFM image was dark indicating the polarization was
mostly aligned with dc bias field. As the bias electric field
was reduced to zero, the VPFM was reduced and the LPFM
increased producing domain patterns of alternating bright
and dark stripes in both the VPFM [Fig. 2(b)] and LPFM
[Fig. 2(f)] images. Figures 2(c) and 2(g) show the VPFM
image and the LPFM image obtained at an opposite field of
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FIG. 2. VPFM images of the inset of Fig. 1(b) at (a) 12.5 kV/cm, (b) 0
kV/em, (c) —5 kV/cm, and (d) —10 kV/cm and the LPEM of the same
region at (e) 12.5, (f) 0, (g) —5, and (h) —10 kV/cm. The vertical scale bar
indicates the magnitude scale. The right-hand column shows the schematics
of the domain switching sequence as an opposite field is applied to the
PMN-PT sheet.
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E=-5 kV/cm. As can be seen, the LPFM became brighter
than at zero field [Fig. 2(g)] and the VPFM became darker
than at zero field [Fig. 2(c)] indicating switching of the po-
larization direction from the normal to an in-plane direction.
When the bias electric field further changed from —5 to —10
kV/cm, the VPFM became brighter [Fig. 2(d)] and the LPFM
darker [Fig. 2(h)] indicating the polarization switched from
an in-plane to a normal direction. The results shown in Figs.
2(a)-2(h) indicate that the polarization reversal of a PMN-37
PM thin sheet in an opposite electric field involved two
steps. The polarization first switched from a normal to an
in-plane direction at fields around —5 kV/cm as evidenced
by the decrease in VPFM and increase in LPFM. The second
step involved switching the polarization from an in-plane
direction to a normal direction in the negative field direction.
To illustrate the steps, the sequence of the polarization
switching is shown in schematics in the right column of Fig.
2. The detailed mechanism of the two-step domain switching
process is beyond the scope of the present paper and can
only be speculated here. In typical situation where a sub-
strate is present, 180° domain switching would be preferred
because the substrate prohibits any switching that involves
lateral strain. However, in the present substrate-free film ge-
ometry the lateral strain in the planar direction is allowed.
Furthermore, the preference of the in-plane polarization may
provide a local minimum in free energy in polarization caus-
ing the 90° domain switching from the normal polarization to
the in-plane polarization at low opposite electric fields. At a
higher opposite electric field, a second 90° domain switching
causes the in-plane polarization to switch to the opposite
normal polarization. More studies are needed to clarify this
mechanism.

Since both the VPFM and the LPFM were not uniform
in space, we plot the VPFM and LPFM distributions at vari-
ous bias electric fields in Figs. 3(a) and 3(b), respectively.
The peak magnitude of the VPFM first decreased from
around 0.6 at E=12.5 kV/cm to about 0.3 at E=0 and —5
kV/cm. After that it reversed the trend and increased to
about 0.7 at E=—10 kV/cm. In Fig. 3(b), the LPFM first
broadened its distribution to higher LPFM values at
E=-5 kV/cm due to the emergence of more a-domains at
this field and the distribution narrowed to a lower LPFM
range at E=—10 kV/cm as in-plane polarization switched to
the normal direction. Using these distributions in Figs. 3(a)
and 3(b), we obtained the average VPFM and LPFM over
the scanned area at each electric field shown in Fig. 4(a).
The average VPFM exhibited a minimum at around
E=-5 kV/cm and the average LPFM exhibited a maximum
at around —5 kV/cm. The behavior in Fig. 4(a) supports that
in-plane polarization was preferred in these PMN-37PT thin
sheets even in an opposite electric field. Only with a large
enough opposite field one could switch the polarization di-
rection to align with the opposite electric field. We also
monitored the phase of VPFM and LPFM at a few locations.
It was observed that at E~—-5 kV/cm where the amplitude
of VPFM exhibited a minimum the phase of VPFM under-
went a rapid change from —88° at E=0 kV/cmto 21° at —5
kV/cm, to 63° at E=—6 kV/cm. On the other hand, the
phase of LPFM remained more or less the same as the field
was changed from positive to negative.

The domain switching behavior as shown in Figs.
2(a)-2(h) and Figs. 3(a) and 3(b) at the single grain level can
manifest itself in macroscopic measurements such as width-
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FIG. 3. (Color online) Distribution of (a) VPFM and (b) LPFM at different
applied fields.

mode resonance ﬁrequencies'5 and dielectric constant of the
PMN-37PT sheet. As an example, Fig. 4(b) shows the rela-
tive change in the dielectric constant of a poled PMN-37PT
sheet versus the bias electric field. The sample shown in Fig.
4(b) was poled at 15 kV/cm at 80 °C on a hot plate for 30
min and aged for 1 day before the measurement. As can be
seen, the relative dielectric constant exhibited a maximum at
—5 kV/cm. The maximum in the dielectric constant shown in
Fig. 4(b) was consistent with the maximum average LPFM at
this field. It is known that a-domains of PMN-PT exhibited a
higher dielectric constant than the c-domains.'® Conse-
quently, the maximum average LPFM at —5 kV/cm, indicat-
ing the largest population of a-domains, results in a maxi-
mum in dielectric constant.

In summary, we have examined the domain switching
behavior of an 8 um thick PMN-37PT thin sheet produced
without a substrate in an opposite electric field. Unlike ferro-
electric films deposited on a substrate with predominant
c-domains that exhibit straight 180° polarization reversal in
an opposite field, the PMN-37PT thin sheet exhibited a two-
step polarization reversal in an opposite field. First, the po-
larization switched from the normal to an in-plane direction
at —-E<5 kV/cm. At —=E>5 kV/cm, the in-plane polariza-
tion switched to the normal direction aligning with the op-
posite field to complete the polarization reversal. The prefer-
ence of the a-domains in the -5 kV/ecm<E<O0 was
attributed to the depolarization effect of the thin-sheet geom-
etry and manifested itself in the maximum relative dielectric
constant change measured at E=-5 kV/cm.
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FIG. 4. (a) The average VPFM and LPFM vs applied field, (b) relative
dielectric constant change of the PMN-37PT thin sheet vs electric field. Note
the correlation between the peak in LPFM and the peak in relative dielectric
constant change at —5 kV/cm.
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