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Polarization switching in(001)-oriented PbsMg1/3Nb2/3dO3−x%PbTiO3, PMN-x%PT, crystals for
x=20 and 35 has been investigatedin situ by scanning force microscopy in a piezoresponse mode,
under a step-increased dc electrical voltagesVdcd. The results demonstrate that switching initiates by
the nucleation of nanosized polar regions with a reversed polarization. Forx=20, nucleation occurs
heterogeneously throughout the volume of the crystal. However, with increasing PT content,
nucleation tends to preferentially initiate near preexisting twin boundaries; with increasingVdc, the
domains becoming increasingly “diffuse” due to heterogeneous nucleation and growth throughout
the crystal. ©2004 American Institute of Physics. [DOI: 10.1063/1.1819993]

Oriented poled single crystals ofs1-xdPbsZn1/3Nb2/3dO3

-xPbTiO3 sPZN-x%PTd and s1-xdPbsMg1/3Nb2/3dO3

-xPbTiO3 sPMN-x%PTd have attracted attention because of
enormous piezoelectricsd33,1800 pC/Nd and electrome-
chanical coupling sk33,0.94d coefficients.1,2 Maximum
property coefficients are found in the vicinity of a morpho-
tropic phase boundary(MPB) between rhombohedralsFErd
and tetragonalsFEtd ferroelectric phases. The enormous re-
sponses have been attributed to the presence of intermediate
monoclinic sFEMd ferroelectric phases.3,4 Polarization rota-
tion instabilities under field within FEM phases are known,
where rotation occurs against a very small anisotropy.5 In-
vestigations of the induced polarization(P) have shown sig-
nificant differences depending upon whether the crystals are
driven under unipolar or bipolar electric field(E):6–8 unipolar
results in anhystereticP–E responses, whereas bipolar re-
sults in significant hysteresis. Clearly, domains play an im-
portant role in polarization switching under bipolar drive.

Polarization switching has been extensively investigated
in normal ferroelectric materials by measuring current tran-
sients in response to square wave electrical pulses of reverse
electric field(E).9–13 Early investigations by Mertz9 revealed
a model for polarization reversal where 2D nucleation of
reversed clusters is restricted to 180° domain walls, and
where 1D growth of reversed step-like domains is restricted
to be coherent in a direction perpendicular to that ofE. It is
known in finite-size systems that the Mertz model is
inapplicable,14 which has been modified by Scottet al.15

However, it was not until recently16–18that defects were con-
sidered to play a vital role in polarization switching. For
example, polarization switching in PMN-x%PT underE has
been understood by heterogeneous nucleation in the vicinity
of quenched random fields that act conjugate toE.18

However, direct(in situ) evidence of polarization switch-
ing by heterogeneous nucleation in the vicinity of random
fields has not previously been reported. This may in part be
due to (i) the lack of resolution in optical microscopy to
reveal small scale features; and(ii ) difficulties in performing
in situ electron microscopy(TEM) with an electric field

stage. In recent years, scanning force microscopy(SFM) in
the piezoresponse mode has been used to study ferroelectric
domains. Small irregular domain features have been reported
in unpoled and poled PMN-x%PT and PZN-x%PT,19,20

demonstrating that small scale ferroelectric domain features
can be identified by this method. However, investigations of
polarization switching under superimposed dc electrical volt-
agesVdcd have not yet been performed.

The purpose of this investigation was to study the
domain evolution of (001)-oriented PMN-20%PT and
PMN-35%PT crystals with changing dc electric bias by
SFM in the piezoresponse mode. The results provide direct
evidence of heterogeneous domain nucleation and growth,
where nucleation is not restricted to occur at domain bound-
aries.

Single crystals of PMN-x%PT ( x=20 and 35) oriented
about (001), which were obtained from HC Materials(Ur-
bana, IL), were cut into plates with typical dimensions of 4
3430.3 mm3. The top faces of the crystals were polished to
0.25mm finish. PFM images were obtained using a commer-
cial unit (Vecoo DI 3100a). All scans were performed at
room temperature, using a conductive silicon-tip coated with
cobalt (tip radius of ,20 nm). Before measurements were
begun, all crystals were annealed at 550 K for 30 min to
remove surface stresses. Gold electrodes were deposited on
the bottom face of each sample by sputtering. The electroded
faces were then glued to the SFM sample stage. During im-
age scanning, an ac voltage with a frequency of 20 kHz and
amplitude between 1 and 10 V was applied between the con-
ductive tip and the bottom gold electrode. During polariza-
tion and/or switching, the ac bias was reduced to zero; and a
step-changed dc bias was superimposed on the bottom elec-
trode to switch the polarization within a small central portion
of the initial image, which was achieved by moving the
grounded SFM tip only over this small area.

Figure 1 shows the piezoresponse force images of
PMN-20%PT for various electrical histories. Data are shown
in this figure beginning from the initial annealed state, fol-
lowed by increasing positiveVdc on the central 232 mm2

area(left-hand column), subsequently followed by increasing
magnitude of negativeVdc on the central 131 mm2 area
(right-hand column). The sequence of bias changes can bea)Electronic mail: viehland@mse.vt.edu
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followed by the arrows in the figure. In the initial annealed
condition (left top), polar nanodomains(PND) were ob-
served, somewhat similar to those previously reported by
electron microscopy.21 The distribution of PNDs was almost
random, although there was evidence of organization of PND
into regular colonies with some spatial correlation. On appli-
cation of positive Vdc (left-hand column), the self-
organization of the colonies was broken down, leaving only
randomly distributed polar regions of nanometer size. With
increasingVdc, the density of the PND was decreased, even-
tually becoming a single domain state atVdc=10 V (solid
dark area). On subsequent application of negativeVdc (right-
hand column), nanosized polar nuclei were formed, which
were randomly distribution within the matrix. With increas-
ing Vdc, the density of these nuclei was increased, until a
reversed single domain state(solid bright area) was formed.
These results directly show that polarization switching in
(001)-oriented PMN-20%PT crystals occurs by heteroge-
neous nucleation, where nuclei creation is not confined in the
vicinity of domain boundaries, but can occur throughout the
crystal volume.

Figure 2 shows the PFM images of PMN-35%PT for
various electrical histories, presented in a similar manner as
that of Fig. 1. In the annealed condition(left top), long and
thin domain striations oriented alongk110l were apparent,
which had a somewhat regular spacing. The domain lengths
were on the order of tens of microns, whereas the widths
were dramatically less,,0.35mm. On application of posi-
tive Vdc to the central 434 mm2 area(left-hand column), the
striations became thinner and less regular. With increasing
Vdc, the striations broke down into isolated PND, eventually
becoming a single domain of the same polarization atVdc
=12 V (solid dark area). On subsequent application of nega-
tive Vdc to the central 232 mm2 area(right-hand column),

polar nuclei of nanometer size formed, which were randomly
distributed. With increasingVdc, the nuclei density increased
and self-organized intok110l striations, indicating a stress-
accommodated domain growth process. However, the twin
boundaries appeared fuzzy or diffuse, presumably due to the
interaction of polarization with charged point defects. These
results indicate that polarization switching initiates by pref-
erential nucleation near preexisting twin boundaries; how-
ever with increasingVdc, nucleation occurs heterogeneously
throughout the crystal volume. At higher voltages, a reversed
single domain state(solid bright area) was found at
Vdc=−9.0 V.

Our results are consistent with recent pulsed polarization
switching investigations of PMN-x%PT and PZN-x%PT by
current transient methods.17,18 In these investigations, polar-
ization switching for PMN-30%PT and PZN-4.5%PT was
found to follow stretched exponential behavior. Based on the
random-field theory of disordered magnetic systems,22 the
results were explained as heterogeneous nucleation of nano-
sized domains in the vicinity of quenched random fields that
act conjugate toE. Accordingly, switching occurs by a
mechanism where domain walls become diffuse with in-
creasingE, due to the creation of polar nuclei heteroge-
neously throughout the crystal volume; rather than by the
creation of 2D nuclei of reversed clusters geometrically re-
stricted to the vicinity of preexisting 180° walls. Recent in-
vestigations by Jullianet al.18 revealed two long-time tran-

FIG. 1. Piezoreponse force images for a(001)-oriented PMN-20%PT crys-
tal under various dc electrical voltages, left top: the initial annealed condi-
tion; left-hand column: under positive bias on the bottom electrode; right-
hand column: under negative bias on the bottom electrode.

FIG. 2. Piezoresponse force images for a(001)-oriented PMN-35%PT crys-
tal under various dc electrical voltage, left top: the initial annealed condi-
tion; left-hand column: under positive bias on the bottom electrode; right-
hand column: under negative bias on the bottom electrode.
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sients that followed stretched exponential behavior: one for
t.10−2 s under moderateE which was dimensionally con-
fined to domain walls sn=2d, and a second for
10−4, t,10−2 s under higherE which was a volume process
sn=3d that was geometrically unconfined with nucleation
preferentially occurring in the vicinity of defects or random
fields. For lower PT content crystals which are closer to re-
laxor systems, our PFM images directly reveal that nucle-
ation is a volume process occurring in the vicinity of
quenched random fields; whereas for higher PT content crys-
tals near the MPB, nucleation is initially geometrically con-
fined to domain wallssn=2d, but with increasing voltage a
switchover to a volume processsn=3d occurs that is uncon-
fined.

In summary, domain switching of(001)-oriented
PMN-x%PT has been investigated by SFM in a piezore-
sponse force mode under various superimposed dc electrical
voltages. The results provide direct evidence of heteroge-
neous domain nucleation for PMN-20%PT, where nucle-
ation is not restricted to occur at domain boundaries. With
increasing PT content to 35%PT, nucleation preferentially
initiates near existing twin boundaries; however, the bound-
aries become diffuse with increasingVdc, due to heteroge-
neous nucleation and growth throughout the volume.
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