Domain engineered states over various length scales in (001)-oriented Pb ( Mg 1/3 Nb
2/3)0 3 -x% Pb Ti O 3 crystals: Electrical history dependence of hierarchal domains
Feiming Bai, Jiefang Li, and D. Viehland

Citation: Journal of Applied Physics 97, 054103 (2005); doi: 10.1063/1.1855392

View online: http://dx.doi.org/10.1063/1.1855392

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/97/5?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Domain engineered switchable strain states in ferroelectric (011) [Pb(Mg1/3Nb2/3)O3](1-x)-[PbTiO3]x (PMN-PT,
x=0.32) single crystals

J. Appl. Phys. 109, 124101 (2011); 10.1063/1.3595670

Microstructure and electrical properties of ( 120 ) O -oriented and of ( 001 ) O -oriented epitaxial antiferroelectric
Pb Zr O 3 thin films on (100) Sr Ti O 3 substrates covered with different oxide bottom electrodes
J. Appl. Phys. 102, 044111 (2007); 10.1063/1.2769335

Orientation dependence of transverse piezoelectric properties of 0.70 Pb (Mg 1/3 Nb 2/3) O 3 - 0.30 PbTiO 3
single crystals
Appl. Phys. Lett. 85, 6221 (2004); 10.1063/1.1839288

Domain hierarchy in annealed (001)-oriented Pb ( Mg 1/3 Nb 2/3) O 3 - x % PbTiO 3 single crystals
Appl. Phys. Lett. 85, 2313 (2004); 10.1063/1.1793353

Interweaving domain configurations in [001]-poled rhombohedral phase 0.68 Pb(Mg 1/3 Nb 2/3 ) O 3 -0.32
PbTiO 3 single crystals
Appl. Phys. Lett. 83, 2040 (2003); 10.1063/1.1605796

= Space Control = Advanced
M l T L I N C O L N Electronics
= Air & Missile Defense
L A B O R AT O R Y = Tactical Systems
= Communications Systems
C A R E E R S & Cyber Security = Homeland
Protection

= Intelligence, Surveillance and
Reconnaissance Systems = Air Traffic Control

Discover the satisfaction of
innovation and service LINCOLN LABORATORY

to the nation MASSACHUSETTS INSTITUTE OF TECHNOLOGY = Y LERRMMORE



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1683370892/x01/AIP-PT/MIT_JAPArticleDL_042915/MIT_LL_1640x440_banner.jpg/6c527a6a713149424c326b414477302f?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/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1855392
http://scitation.aip.org/content/aip/journal/jap/97/5?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/109/12/10.1063/1.3595670?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/109/12/10.1063/1.3595670?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/102/4/10.1063/1.2769335?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/102/4/10.1063/1.2769335?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/85/25/10.1063/1.1839288?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/85/25/10.1063/1.1839288?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/85/12/10.1063/1.1793353?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/83/10/10.1063/1.1605796?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/83/10/10.1063/1.1605796?ver=pdfcov

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS7, 054103(2005

Domain engineered states over various length scales in (001)-oriented
Pb(Mg/;3Nb,/;3)03-x%PbTiO 5 crystals: Electrical history dependence
of hierarchal domains

Feiming Bai, Jiefang Li, and D. Viehland
Department of Materials Science and Engineering, Virginia Tech, Blacksburg, Virginia 24061

(Received 26 August 2004; accepted 10 December 2004; published online 11 Februgry 2005

The dependence of the domain structure on poling @01-oriented PEMg;5Nby3)Os-

X% PbTiO; crystals withx=20, 30, 35, and 40 has been investigated by scanning force microscopy
in the piezoresponse mode and by polarized optical microscopy. The results demonstrate a domain
hierarchy on various length scales, ranging from nanometers to millimeters, which is notably
dependent upon the electrical history of the specimen. The results provide important insights into the
nature of the domain engineered state in these crystal80@ American Institute of Physics

[DOI: 10.1063/1.1855392

I. INTRODUCTION the relaxor state of the ZFC condition is altered into a normal
ferroelectric one in the FC condition that has a diffuse trans-
Single crystals of PBg;sNb,/3)O5-x%PbTiO; (PMN-  formation and remanenc&€*® Structural investigations of
x%PT) and PlZn;;3Nb,5)05-x% PbTiO; (PZNXx%PT)  the FC by x-ray and neutron scatterings have showed that the
have attracted much attention as high performance piezoelegtable structure is th€ phase forx> 35, the monoclinidv ¢
tric actuator and transducer materialsd@main-engineered phase for 36<x< 35, and the monoclini, phase for 20
statg due to an electric field induced rhombohedral-to-~x<30 at 300 K*?° In the ZFC condition at a constant
tetragonal phase transition, was first proposed by Park angmperature of 300 K, an irreversibie— M, transition has
Shrout to explain the ultrahigh electromechanical propertiesbeen reported with increasing for x=307° whereas, the
Structural studies of the similar system (Bh_Ti,)O;  stable structure remainkl; with increasingE for x=35.
(PZT) have since revealed the existence of new ferroelectriCorresponding investigations by POM have revealed mi-
monoclinic(M) phases, sandwiched between the rhomboheeronsized domairt in the FC, whereas images obtained
dral (R) and tetragonalT) ones, near a morphotropic phase from the same crystal in the ZFC are featureless.
boundary(MPB).%™* However, systematic investigations have not yet been
The crystalline solution PMN&6PT is known to have performed comparing the morphological details over a range
complex structure-property relationships. In the annealed oof length scales for the ZFC and FC domain structures,
zero-field-cooledZFC) condition forx<35, a relaxor ferro- which maybe important to understand the nature of the
electric state exists, which is characterized by a frequencgomain-engineered state and resultant anomalous electrome-
dispersive dielectric maximur® Phase transformation in- chanical properties. The lack of such prior studies may in
vestigations by x-ray diffractioiXRD) and neutron scatter- part be due tdi) insufficient resolution of POM to reveal
ing have shown & phase foix> 35, a monoclinidVic phase  small scale features an@) difficulties in maintaining the
for 30<x<35, aR phase for 25-x<30,"® and a slightly ~ fully poled condition upon ion milling a TEM specimen. In
distorted pseudocubic phase designateKder x< 25%1%  recent years, scanning force microscdfy¥M) in the piezo-
Corresponding to these structural studies, counterpart invegsesponse mode has been used to study ferroelectric
tigations of the domain structure evolution with increase ofdomains’*?* This technique is based on the detection of lo-
PT concentration have also been performed by polarized ogeal vibrations of a ferroelectric sample induced by a testing
tical microscopy(POM),**** and by transmission electron ac signal applied between the conductive tip of the SFM and
microscopy(TEM).**° For example, spindlelike rombohe- the bottom electrode of the sample. The oscillations of the
dral domains, monoclinic domains with various optical ex-sample underneath the tip modulate the global deflection sig-
tinction angles, and stripelike tetragonal domains have beenal and are detected using a lock-in techniEfUSmall ir-
reported in PMN-24%P¥ PMN-33%PT? and PMN- regular domain features have been reported in unpoled and
50%PT crystals® respectively. In addition, previous TEM poled PZNx%PT and PMNx%PT crystal€*? demon-
studied*™® have revealed miniature polar nanodomainsstrating that small scale ferroelectric domain features can be
(PND) of several hundred angstroms in size f0<30, identified by this method.

where the average size decreased with decreasirsgnall The purpose of this investigation was to determine the
cross-hatched tweedlike domains for=3@ < 35; and normal ZFC and FC domain structures @001)-oriented PMN-
micronsized 90° domains in tHE phase. X%PT crystals, for 28:x<40, by piezo-response force mi-

In the poled or field-coole¢FC) condition, the structure- croscopy(PFM). Investigations have focused on revealing
property relationships of PMN%PT are known to be sig- how the domain structure changes between pliage the
nificantly different, relative to that of the ZFC. For example, ZFC condition and phaskl, in the FC conditionjii) how
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FIG. 1. Domain hierarchy of001)-orientated PMN-20%PT in the ZFC and
FC conditions.(a) Lack of macrodomain plates in the POM image for the
ZFC condition, a similar image was found for the FC conditi@); PFM
image for the ZFC condition; an@) PFM image for the FC condition.
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FIG. 2. Domain hierarchy of001)-orientated PMN-30%PT in the ZFC
Il. EXPERIMENTAL PROCEDURE AND SAMPLE condition, which is of thek phase(a) Spindlelike macrodomains wifli10]
PREPARATION preferred orientation by POM(b) wavelike self-assembled domains by

. PFM; (c) high resolution PFM image illustrating nonsmooth domain bound-
Single crystals of PMN«%PT (x=20, 30, 35, and 40  aries and irregularity: an¢t) cross-sectional line analysis normal[td0].

were grown by a top-seeded modified Bridgman metiéd.

The crystals obtained from HC Materigldrbana, I were g, ions of light and dark color regions, representative of
cut into plat_es with typical dlmer_13|or_ls 0fbd4 0.3 mn¥, different domain variants, were roughly equal. In the FC
and were oriented aI(_)ng te0) dlrecyo_n. The top fgces of condition [see Fig. 1c)], miniature domains of irregular
the crystals were polished to 0.28n finishes. SFM images  ghane remained present, and there was no clear evidence of
were opta|ned in the piezoresponse mode using a Cc’mme§Tgnifican'L domain growth. However, the relative volume
cial unit (Vecoo DI 3100a All scans were performed at fraction of one domain variant was strongly favored over the

room temperature using a conductive silicon tip coated Witrbthers, indicating an alignment of PND along an easy axis.
cobalt(tip radius of~20 nm). Gold electrodes were depos-

ited on the bottom face of each sample by sputtering. The

electroded faces were then glued to the SFM sample stag@: PMN-30%PT

An ac voltage with a frequency of 20 kHz and amplitude  Figure 2 shows POM and PFM images taken over vari-
between 1 and 10 V was applied between the conductive tipus lengths scales f¢001) PMN-30%PT in the ZFC condi-
and the bottom gold electrode. Scans were taken by rasterinbn. The stable phase is of tHe structure>* Figure 2a)

the SFM tip on the top face@inelectroded side Measure-  shows a POM image, which reveals the presence of macro-
ments were first performed on annealed crystals. Subsfomain plates oriented alof10; that are~1 um in width

quently, investigations were performed on crystals that haéind~40 um in length. Inside of the macroplates are “wavy”

been poled under a field &=4 kV/cm. domains with an average length efL um that have some
preferential orientation alonfl10;, as shown in the PFM
Ill. RESULTS image of Fig. 2Zb). Figure Zc) shows a higher resolution

A PMN-20%PT PI_:M image. This image |Ilust__rat<és that the domam boqnd-
aries are notably nonsmoottii) that there are irregularities
Figure 1 shows POM and PFM images taken over vari-of similar size and morphology to PND within the wavy
ous length scales fq001) PMN-20%PT in the ZFC and FC domains; andiii ) that there is a lack of morphological regu-
(E=6 kV/cm) conditions. In the ZFC conditiofisee Fig. larity. Cross-sectional line analysis revealed an average do-
1(@)], which is of theX phase,‘6 no larger scale domain main spacing of~0.25um, where the phase difference fluc-
features were found by POM. Similar POM images weretuated notably as a function of the spatial coordinate along
obtained for the FC condition, but are not shown. However{11G.
miniature polar domains of nanometer sigeND) were Figure 3 shows POM and PFM images taken over vari-
found in the PFM images, whose morphology and distribu-ous lengths scales f¢g001) PMN-30%PT in the FC condi-
tion were quite irregular, as shown in Figbl The volume tion. The stable phase is of tié, structure*>%° Figure 3a)
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FIG. 3. Domain hierarchy of001)-orientated PMN-30%PT in the FC con- FIG. 4. Domain hierarchy of001)-orientated PMN-35%PT in the ZFC
dition, which is of theM, phase(a) Spindlelike macrodomains wittL10) condition, which is of theVi; phase(a) Striplike macrodomains witfil00]
preferred orientation by POMYb) identification of polar nanodomains or preferred orientation by POMp) domain striations witq110] preferred
PND by PFM;(c) high resolution PFM image illustrating size of PND; and orientation by PFM, and kinks are illustrated at domain boundafd$tigh
(d) cross-sectional line analysis normal[td0]. resolution PFM image; an@l) cross-sectional line analysis normal[id.0].

shows a POM image that reveals tiny domains developing001} that are~50 um wide. Inside the macroplates are al-
inside spindlelike domains, forming at almost 90° anglesternating domain striations oriented alofig 0}, as shown in
The spindle domains are-1 um in width and maintain a the PFM image of Fig. @). Kinks in the domain striations
{110 orientation, consistent with the polarization of thl, ~ were found, as illustrated by the circled area in the figure.
phase being confined to tif&10), plane. The internal struc- The kinks are 90° twins betwedd1Q} striations, with their
ture of the FC domains was probed using PFM, as shown iffvin walls along{00L. Figure 4c) shows a higher resolution
the image given in Fig. ®). Miniature polar domains were PFM image. Under higher resolution, the domain striations
found in the PFM images, whose morphology and distriou-were found to be notably rough and nonuniform in thickness.
tion were quite irregular. Figure(® shows a higher resolu- Adain, irregularities of similar size and morphology to PND
tion PFM image. Comparisons of FigsicRand 3c) in the ~ Were found within the domain striations. A cross-sectional
ZFC and FC conditions will reveal a dramatic decrease in théine analysis taken along thl1G plane is shown in Fig.
size of the miniature domains on poling for PMN-30%PT. In4(d), illustrated by the white arrow. The average domain
the ZFC condition, the miniature domains demonstrate a sigiPacing was~0.35um, where the spacing and phase con-

nificant degree of self-assembly, although irregularities offast between neighboring variants varied notably. In addi-
similar size and morphology to PND were found within the tion, cross-sectional analysis indicated pronounced contrast
domain striations: whereas in the FC condition, self-variation within a domain, as illustrated between the two

assembly was no longer apparent on a length scale distiffiangles in the figure. _ _
guishable by PFM, rather only the irregularities were appar- ~ Figure 5 shows POM and PFM images taken over vari-

ent. Cross-sectional analysis confirmed a significant decread®!s lengths scales f¢001) PMN-35%PT in the FC condi-

: H 19,20 —:
in the size of the miniature domains in the FC conditiontion. The stable phase is also of thk; structure.™ " Figure

(0.04 um), relative to that of the ZF0.25 um in width and ~ 5(& shows a POM image that reveals the presence of mac
microns in length rodomain plates oriented alo§@01} that are~50 um wide,
which is quite similar with the POM image in ZFC condi-
tion. The internal structure of the FC macrodomains was
C. PMN-35%PT probed using PFM, as shown in the image given in Fig).5
Figure 4 illustrates the domain structure characterizatiorFigure 5c) shows a higher resolution PFM image. Inside the
results taken over various length scales (001)-oriented macroplates was found alternating domain striations; how-
PMN-35%PT in the ZFC condition. The stable phase is ofever, comparisons of the higher resolution PFM images in
the M¢ structure®* Figure 4a) shows a POM image, which the ZFC and FC conditions, Figs(c} and 5c), will clearly
reveals the presence of macrodomain plates oriented alorrgveal two important differences. First, the FC domain stria-
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condition, which is of thel phase(a) Stripelike macrodomains witt.00)
preferred orientation by POM}) [100]-orientated striplike microdomains
with fibrous subdomain structures by PFid) high resolution PFM image
illustrating irregularity; and(d) cross-sectional line analysis parallel to

FIG. 5. Domain hierarchy of001)-orientated PMN-35%PT in the FC con-
dition, which is of theM phase.(a) Stripelike macrodomains witf100]
preferred orientation by POMb) domain striations with eithef110] or
[010] preferred orientation by PFM, which are of notably smaller length [010].

than those of the ZFC conditiori¢) high resolution PFM image; an@)

cross-sectional line analysis parallel[t0). of the phase difference, possibly reflecting the local internal
) ) ~ domain heterogeneities in Fig(d of this figure.

tions were notably shorter in length than the corresponding  Figures 7a) and 7b) show POM and PFM images in the
ZFC ones—less than Am compared to tens of microns, gc condition, respectively. The macrodomain plates in the
although the widths were quite similar. Second, the FC dop| M image can be seen to be similar to those for the ZFC
main striations were zigzagged betwe@a0} variants about  congition in terms of size, an internal fibrous structure, and
the {110}, as indicated in Fig. &). In both the FC and ZFC  the presence of fringes. However, in the PFM image, com-
conditions, internal irregularities of similar size to PND were parisons of the internal fibrous structure between the ZFC
found. Cross-sectional analysis yielded similar averaggng FC conditions will reveal that t{801} lamella domains
domain sizes for both the FC and ZFC conditions

(~0.25 um).

D. PMN-40%PT

Figure 6 shows POM and PFM images taken over vari-
ous lengths scales fg001)PMN-40%PT in the ZFC condi-
tion, which is of theT phase®* Macrodomain plates oriented
along{001} are apparent in the POM image of Figap The
plates are similar to those of PMN-35%PT, except (igra
fibrous internal structure within the plates is also oriented
along{001} and(ii) 90° fringes indicative of larger transfor-
mation strains. The internal structure of the macrodomain
plates was identified to be alternatif@d1)-oriented lamella
domains that were broken in the longitudinal direction, as
shown in the PFM image of Fig.(B). Figure c) showed
the high resolution PFM image of the broken lamella do-
mains. Again, irregularities of about the same size as PND

were found to exist within the lamella. Cross-sectional analyFIG. 7. Domain hierarchy of001-orientated PMN-40%PT in the FC con-
dition, which is of theT phase.(a) Stripelike macrodomains witk100)

sis, taken alon.g th@)O.l} plane, is ShOWI”I_ n Fl_g' @). The preferred orientation by POMb) [100]-orientated striplike microdomains
average doma_m spacing W&52 um and it varied notably. it fibrous subdomain structures by PFI¢) high resolution PFM image
Fluctuations within a domain can be seen about a mean valugstrating irregularity; andd) cross-sectional line analysis normal@1.0].
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are wider, longer, and more regularly spaced in the FC con-
dition: application ofE caused some to grow in a sidewise
direction to the field and others to shrink. However, inspec-
tion of the lamella domains will reveal many internal irregu-
larities, indicating that domain growth does not occur by a
coherent boundary movement, but rather by the reorganiza-
tion of internal irregularities.

IV. DISCUSSION AND SUMMARY

Our PFM results provide important insights into the na-
ture of the domain-engineered state in PMB&-PT crystals.
The results demonstrate the presence of a domain hierarchy
on various length scales, ranging from nanometers to milli-
meters, which depends upon the electrical history of theFIG. 8. Structure of a polydomain martensitic plate consisting of alternating

crystal. The findings can be summarized with respect to re|I_amellae of two twin-rela_ted orientation variaritlomaing of the mart_ensite _
shown by black and white. The boundary between the lamellae is the twin
evant phases.

. plane. The ratio of the “black” and “white” domain thicknesses provides the
For x=20 at. %, in phase, the results show the pres- macroscopic invariancy of the habit plane. These plates fully fill a saffiple.

ence of PND that do not self-assemble into macrodomain

plates. The E’ND are essentially nonstress gccommodatingompensation; whereas the macrodomain plates are 90° fer-
The boundaries between them are not restricted by elastige|astic domains, whose distribution achieves stress accom-
compatibility. Field cooling aligns PND, however, it fails t0 mogation. Accordingly, in this classic case, a domain hierar-
induce the formation of normal micronsized domains or theirchy exists, consisting ofi) micronsized 180° ferroelectric

assembly into macrodomain plates. domains oriented along001}, which exists inside ofiii)

In phaseR (i.e., the ZFC condition of PMN-30%HTthe |arger 90° ferroelastic domains, also oriented al¢@}.
PND assemble into wavy domains with some preferential ~ gy what is different in PMNe% PT crystals? First, the
orientation along{110}. These wavy domains then self- fingerprints in PMNx%PT crystals were oriented along
assemble into macrodomain plates that are oriented along_lo} for both PMN-30%PT and PMN-35%PT. Second, the
{11L. However, in phas#l, (i.e., the FC condition of PMN-  fingerprints were apparently built from finer scale polar
30%PT), the hierarchy of domain structures is notably sy ctures or PND—there is an additional lower end of the
changed, specifically resulting in a dramatic decrease in thgjerarchal scale. Third, thingerprintswere quite irregular
domam_S|ze, _although the macrodomain plates keep the samg morphology—the wavy domain boundaries indicate that
{110} orientation. N random fields disrupt the long-range polar order, partially

In phaseMc, for both the ZFC and FC conditions, the compensating the polarization. Thus, the domain hierarchy
PNDs self-assemble into domain striations; however, thergan not be completely adjusted at each length scale in an
are important differences in the internal structure of the Striaindependent manner, i.e., polarization compensation and

tions._ The sFriations in the ZFC condition are Iong and preftress accommodation occur at all stages of the hierarchy,
erentially oriented along onifA10}; whereas those in the FC ang not at separate length scales independent of the other.
condition are more limited in spatial extent, consisting of pgyth, fingerprints within macrodomain plates were found
zigzags betweef01Q variants abouf110G}. In both the ZFC 5y in phaseR, M, andMg, and not in phaseX and T.

and FC conditions, the domain striations self-assemble i”t@-'inally the fingerprints in PMNe%PT crystals were very
much larger macrodomain plates which are oriented alonghin_—ine hierarchy consists of an extremely high domain

{003, ) ) o wall density. In particular, the density of fingerprints was
PhaseT (x=40%) consists of001} oriented striations of  gxireme near the MPB: at lower PT contents domain irregu-

micrometer size that have an internal nanoscale heterogenggities dominated the morphology and at higher PT contents
ity, which self-assemble into macrodomain plates of m"”me'fingerprints did not form.

ter size oriented along #001}. Application of E results in

growth c.)f spme{OQl} St“at'.ons at th? expense of others, via 1. Self-assembly due to stress accommodation in
reorganization of internal irregularities. adaptive martensite

Alternatively, let us consider the conventional ferroelas-
tic microstructure. On a fine length scale, alternating layers

A natural question to ask is what is the origin of the of twin-related domains exist, which also form a fingerprint
domain hierarchy, and subsequent changes with compositiguattern, as shown in Fig. 8. The twin boundaries of the
and electrical history. It is important to compare our resultsfingerprints are not restricted to be 180°. Self-assembly is
with conventional ferroelectric “fingerprint” domains in achieved by varying the relative domain layer thicknesses of
BaTiOs. In this case macrodomain plates have been obthe fingerprints, which are adjusted to establish the macro-
served, which contain internal fingerprint domains. Follow-scopic invariance of the habit plaf&®® and in doing so
ing conventional thought, these fingerprint patterns areeliminating the long-range stress fields generated by crystal
180° T domains whose distribution achieves polarizationlattice misfits>*3This requires the domain-averaged stress-

A. Origin of domain-engineering state
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free transformation strain of each plate to be an invarianties along the{110; and {010}, it is natural that colonies of
plane strainIPS), where the invariant plane is parallel to the PND assemble with a morphology oriented along these two
habit plane. Stress-accommodating alternating domain layedirections, as showed in Fig(d&. To achieve a more com-
(or fingerprintg typical of ferroelastics will occur for any plete stress accommodation, macrodomain plates then form.
displacive transformation, which can form a domain-At higher PT contents, in th& phase region, the domain
averaged transformation strain that is an IPS—includinchierarchy is much more like that expected of a conventional
ferroelectrics. C—T phase transition in ferroelectric perovskites. Critical to

On a longer length scale, minimization of the sum of thethe fine fingerprints is a low domain wall energy density—
strain and interfacial energies drives a self-assembly of altemhich is the key requirement for the conformal miniaturiza-
nating domain layers into a polydomain plate, as also showtion of stress-accommodation. Our results show that this re-
in Fig. 8. The typical domain sizk, is related to the thick- quirement is satisfied only in the vicinity of the MPB.

ness of the polydomain plaf@ and the domain wall energy Field cooling may alter the distribution of PND. Thus,
density y as the domain hierarchy can be changed by electrical history. In
the FC condition, for both PMN-30%PT and PMN-35%PT,
o= lzD, (1) the domain striations were reduced in size relative to the
HEq ZFC one. This significant increase in domain wall density

where is a dimensionless constapt,is the shear modulus, May  favor ~ the conformally ~ miniaturized ~ stress-
and e, is the twinning straif®?* It is a profound analogy accommodatindor adaptive ferroelectric state. In the ZFC

that the typical thicknesses of ferroelectric and ferromagneti&ondition' the Iat-tice symmetry of PMN-30%PT is phzﬁe
domains in a plate of thicknedd are also proportional to and x-ray reflections are relatively broad; whereas in the FC
\s"—yD. condition, the lattice symmetry iM,, and the reflections

Recently, a theory for the conformal miniaturization of consi'derably sharpé?.Sharpening of the reflection; also oc-
the self-assembled domain topology shown in Fig. 8 wa£urs in theMc phase of PMN-35%PT on field cooling. Com-
developed” This theory considered the case of abnormallyparisons of these observations with the PFM images indicate
small domain wall energy or extreme domain wall density.that field cooling may favor a shorter-scale geometrical pat-

The theory was applied to ferroelastics and ferroelectricd€™Ng Of miniature polar domains. In this case, the reduc-
containing miniaturized domains—in  particular, to tion in the mhomogen(_eous I|r_1e broadening may reflch are-
PMN-x%PT and PZN%PT crystals. It predicted the self- [2xation of the elastic strain energy between miniature
assembly of nanodomains into particular topologies, whosd©mains, which also alters the domain hierarchy.

hierarchy was determined by stress accommodation and spe-

cific geometrical invariant conditions. The theory unambigu-B- Summary

ously predicted that theV phases of PMN%PT and In summary, our results demonstrate the presence of a
PZN-x%PT are not homogeneous, but rather an adaptivgomain hierarchy on various length scales, ranging from na-
mixed structural state with microdomain-averaged adjustablgometers to millimeters. Changes in the domain hierarchy
topological parameters. Changes in PND topology then reyith composition and electrical history of the crystal are dis-
sulted in changes in domain hierarchy, and also in an appagyssed with respect to stress accommodation, polarization
ent phase stability. compensation, and random fields.
For x=30 at. % in the ZFC condition, phastconsists
2. Self-assembly of domain-engineered states in of PND that self-assemble into colonies close tq140}
PMN-x% PT which is spatially limited to<1 um, which subsequently
. ] ] ] assemble int¢111} macrodomain plates. However, in the FC
In PMN-x%PT crystals, we believe three ingredients— cqngition, the domain sizéof phaseM,) is dramatically de-
stress accommodation, polarization compensation, and raRieased. Fox=35 at. %. in both the ZFC and FC conditions

dom fields—are key to understanding the domain hierarch haseMc consisted of PND that self-assembled ifid0;

Partial stress accommodation may occur at the ﬁngerpri”étriations, which subsequently self-assemble {0@L} mac-
boundaries, in addition to partial polarization compensation,,qomain plates. Thél1Q striations in the ZFC condition
Also, hierarchal self-assembly is apparently complicated by, e |ong(tens of microns whereas those in the FC condition

random fields, which partially compensate the polarization. 5 more limited in spatial extefiess than a micron
At lower PT contents, random fields may limit self-

organization qf the domain hlerarchy. Thu;, pnly PNl_) are, ~ K NOWLEDGMENTS
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