JF; Viehland, D., “Polarization switching in (001)-oriented

Copyright by the American Institute of Physics (AIP). Bai, FM; Li,
microscopy,” Appl.

Pb(Mg1/3Nb2/3)0-3-x%PbTiO3 crystals: Direct  observation of heterogeneous  nucleation by piezoreponse  force
Phys. Lett. 85, 4457 (2004); http://dx.doi.org/10.1063/1.1819993

AI P Applied Physics

Letters i
Polarization switching in (001)-oriented Pb (Mg 1 3Nb 2 3) 0O 3 x % PbTiO 3 crystals:
Direct observation of heterogeneous nucleation by piezoreponse force microscopy

Feiming Bai, JieFang Li, and D. Viehland

Citation: Applied Physics Letters 85, 4457 (2004); doi: 10.1063/1.1819993
View online: http://dx.doi.org/10.1063/1.1819993
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/85/19?ver=pdfcov

Published by the AIP Publishing

Over 700 papers &
presentations on

multiphysics simulation

NH COMSOL



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1872294094/x01/AIP-PT/COMSOL_APLDL_011514/2013_700-user-presentations_1640x440.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Feiming+Bai&option1=author
http://scitation.aip.org/search?value1=JieFang+Li&option1=author
http://scitation.aip.org/search?value1=D.+Viehland&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1819993
http://scitation.aip.org/content/aip/journal/apl/85/19?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
borrego
Typewritten Text
Copyright by the American Institute of Physics (AIP). Bai, FM; Li, JF; Viehland, D., “Polarization switching in (001)-oriented Pb(Mg1/3Nb2/3)O-3-x%PbTiO3 crystals: Direct observation of heterogeneous nucleation by piezoreponse force microscopy,” Appl. Phys. Lett. 85, 4457 (2004); http://dx.doi.org/10.1063/1.1819993


HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 19 8 NOVEMBER 2004

Polarization switching in  (001)-oriented Pb (Mg;,3Nb5/3)O3—Xx%PbTiO4
crystals: Direct observation of heterogeneous nucleation by piezoreponse
force microscopy
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Polarization switching if001)-oriented PMg;,sNb,5)O03—x% PbTiO;, PMN-Xx%PT, crystals for

x=20 and 35 has been investigaiadsitu by scanning force microscopy in a piezoresponse mode,
under a step-increased dc electrical volt@gg). The results demonstrate that switching initiates by
the nucleation of nanosized polar regions with a reversed polarizatiox=f}, nucleation occurs
heterogeneously throughout the volume of the crystal. However, with increasing PT content,
nucleation tends to preferentially initiate near preexisting twin boundaries; with incrédgirte
domains becoming increasingly “diffuse” due to heterogeneous nucleation and growth throughout
the crystal. ©2004 American Institute of PhysiddOIl: 10.1063/1.1819993

Oriented poled single crystals ¢1-x)Ph(Zn;,sNb,;5)O;  stage. In recent years, scanning force microsa@HM) in
-XPbTiO; (PZNx%PT) and (1-x)Ph(Mg,;3Nb,;5)O;  the piezoresponse mode has been used to study ferroelectric
-xPbTiO; (PMN-x% PT) have attracted attention because ofdomains. Small irregular domain features have been reported
enormous piezoelectriédss~ 1800 pC/N and electrome- in unpoled and poled PMN%PT and PZN«%PT*%
chanical coupling (ks3~0.94) coefficients®> Maximum  demonstrating that small scale ferroelectric domain features
property coefficients are found in the vicinity of a morpho- ¢&n be identified by this method. However, investigations of
tropic phase boundargMPB) between rhombohedrdFE,) polarization switching under superimposed dc electrical volt-
and tetragona(FE,) ferroelectric phases. The enormous re-29€(Vao have not yet been performed.
sponses have been attributed to the presence of intermediate N Purpose of this investigation was to study the

monoclinic (FEy,) ferroelectric phase%‘." Polarization rota- Pi/lnll\lai?TS ;\I/DoTlution olf (Oo_lr)]-orihenteq P(;\AN'fO%.PTb. andb
tion instabilities under field within R phases are known, o970 crystals with changing dc electric bias by

where rotation occurs against a very small anisotropy S\ﬁgﬂeﬂéhgfpﬁeefgﬁgsgﬁgzﬁsmﬁﬁ%hﬁurgsegtﬁifrgxhde g\;\iﬁt
vestigations of the induced polarizatiof) have shown sig- 9 g '

nificant differences depending upon whether the crystals ar‘é’here nucleation is not restricted to occur at domain bound-

R . . . g 6-8 . aries.
driven u_nder umpolar_ or bipolar electric fie{&): ur_npolar Single crystals of PMN% PT ( x=20 and 35 oriented
results in anhystereti®—E responses, whereas bipolar re-

sults in significant hysteresis. Clearly, domains play an im—abOUt(001)’ which were obtained from HC Materia(&r-

. R o . . bana, 1), were cut into plates with typical dimensions of 4
portant role in polarization switching under bipolar drive. :
- Lo . . . 4% 0.3 mn?. The top faces of the crystals were polished to
Polarization switching has been extensively investigate

. : ; . .25 um finish. PFM images were obtained using a commer-
in normal ferroelectric materials by measuring current tran-

. . : cial unit (Vecoo DI 3100a All scans were performed at
sients in response to square wave electrical pulses of reverse

L 9-13 ) - room temperature, using a conductive silicon-tip coated with
electric field(E).* ™2 Early investigations by Merfzevealed cobalt (tip radius of ~20 nm). Before measurements were

a model for polarization reversal where 2D nucleation of egun, all crystals were annealed at 550 K for 30 min to
\r/Sk\ll(SrrseldDChrjs\t/\(/atrhs O'fs résitrrslcetc?itéo-l%lfg dodn?g;g'snis"ﬁ'ﬁ';ic"’t‘;‘&emove surface stresses. Gold electrodes were deposited on

growt R P-IKe : qhe bottom face of each sample by sputtering. The electroded
to be Co.here'n.t na direction perpendicular to thaEoft is ._faces were then glued to the SFM sample stage. During im-
.“”O‘Nr! n fl|£1|te-§|ze systems that. ;he Mertz m0d165| ISage scanning, an ac voltage with a frequency of 20 kHz and
inapplicable,” which has been modified by Scoét al. . :

However, it was not until recentty*8that defects were con- amplitude between 1 and 10 V was applied between the con-
. ’ . : o o ductive tip and the bottom gold electrode. During polariza-
sidered to play a.V|taI rple n |_oolar|zat|0n switching. For tion and/or switching, the ac bias was reduced to zero; and a
Example(,j polarlzdagonhswnchlng n PMN@/FPT underli ha§ .. step-changed dc bias was superimposed on the bottom elec-
een understood by heterogeneous nucleation In the vicinity, e g syitch the polarization within a small central portion

of quenched ra_ndor_n fi(_elds that act conjuga_tEf_c? . of the initial image, which was achieved by moving the
However, directin situ) evidence of polarization switch- grounded SFM tip only over this small area

ing by heterogeneous nucleation in the vicinity of random Figure 1 shows the piezoresponse force images of

fields has not previously been reported. This may in part b‘?’MN-ZO%PT for various electrical histories. Data are shown

due to (i) the lack of resolution in optical microscopy 10 j, yhis figure beginning from the initial annealed state, fol-
reveal small scale features; afd difficulties in performing |5\vaq by increasing positivé/y. on the central X 2 um?
C

in situ electron microscopy TEM) with an electric field area(left-hand columj, subsequently followed by increasing
magnitude of negativé/,. on the central X1 um? area
¥Electronic mail: viehland@mse.vt.edu (right-hand columih The sequence of bias changes can be
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(001) PMN-20%PT (001) PMN-35%PT

FIG. 1. Piezoreponse force images foi0@1)-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.

followed by the arrows in the figure. In the initial annealed
condition (left top), polar nanodomaingPND) were ob-
served, somewhat similar to those previously reported by o, Piezoresponse force images f@¢0@l)-oriented PMN-35%PT crys-
electron microscop§: The distribution of PNDs was almost tal under various dc electrical voltage, left top: the initial annealed condi-
random, although there was evidence of organization of PNDon; left-hand column: under positive bias on the bottom electrode; right-
into regular colonies with some spatial correlation. On appli-"and column: under negative bias on the bottom electrode.
cation of positive V4. (left-hand columip the self-
organization of the colonies was broken down, leaving onlypolar nuclei of nanometer size formed, which were randomly
randomly distributed polar regions of nanometer size. Withdistributed. With increasiny,., the nuclei density increased
increasingVy,, the density of the PND was decreased, evenand self-organized int¢110 striations, indicating a stress-
tually becoming a single domain state ;=10 V (solid  accommodated domain growth process. However, the twin
dark area On subsequent application of negatWg (right-  boundaries appeared fuzzy or diffuse, presumably due to the
hand colump, nanosized polar nuclei were formed, which interaction of polarization with charged point defects. These
were randomly distribution within the matrix. With increas- results indicate that polarization switching initiates by pref-
ing Vy. the density of these nuclei was increased, until aerential nucleation near preexisting twin boundaries; how-
reversed single domain stateolid bright areawas formed.  ever with increasing/y., nucleation occurs heterogeneously
These results directly show that polarization switching inthroughout the crystal volume. At higher voltages, a reversed
(00D-oriented PMN-20%PT crystals occurs by heterogesingle domain state(solid bright area was found at
neous nucleation, where nuclei creation is not confined in th&, =-9.0 V.
vicinity of domain boundaries, but can occur throughout the  Our results are consistent with recent pulsed polarization
crystal volume. switching investigations of PMNX2% PT and PZNx% PT by
Figure 2 shows the PFM images of PMN-35%PT for current transient method42 In these investigations, polar-
various electrical histories, presented in a similar manner agation switching for PMN-30%PT and PZN-4.5%PT was
that of Fig. 1. In the annealed conditigleft top), long and  found to follow stretched exponential behavior. Based on the
thin domain striations oriented alord10 were apparent, random-field theory of disordered magnetic systémthe
which had a somewhat regular spacing. The domain lengthesults were explained as heterogeneous nucleation of nano-
were on the order of tens of microns, whereas the widthsized domains in the vicinity of quenched random fields that
were dramatically less;-0.35um. On application of posi- act conjugate toE. Accordingly, switching occurs by a
tive V4 to the central 4 4 um? area(left-hand columi, the  mechanism where domain walls become diffuse with in-
striations became thinner and less regular. With increasingreasingE, due to the creation of polar nuclei heteroge-
V4o the striations broke down into isolated PND, eventuallyneously throughout the crystal volume; rather than by the
becoming a single domain of the same polarization/gt creation of 2D nuclei of reversed clusters geometrically re-
=12 V (solid dark area On subsequent application of nega- stricted to the vicinity of preexisting 180° walls. Recent in-
tive Vg, to the centrai X 2 um? area(right-hand colump  vestigations by Julliaret al’® revealed two long-time tran-
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