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Domain hierarchy in annealed (001)-oriented Pb (Mg4,3Nb,/3)O3-x%PbTiO4
single crystals
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The domain structures of annealg¢d0l)-oriented PIMgq;5Nby/5)O3-x% PbTiO;(PMN-x% PT)

crystals forx=10, 20, 30, 35, and 40 at.% have been investigated by polarized optical microscopy
and scanning force microscopy in the piezoresponse mode. The results demonstrate the presence of
a domain hierarchy on various length scales ranging from 40 nm to 0.1 mm, which varies with

© 2004 American Institute of Physid®©Ol: 10.1063/1.17933533

The crystalline solution RMg4;3Nb,,5)O5-x% PbTiO;, copy. Investigations have focused on revealing how the do-
PMN-xPT, is known to have complex structure-property re-main structure changes between phaseR, M, andT with
lationships. In the unpoled condition far=0.35, a relaxor increasingx from a zero-field-cooledZFC) condition. Our
ferroelectric state is known to exist, characterized by a frefesults demonstrate the presence of a domain hierarchy on
quency dispersive dielectric maximuri.Phase transforma- various lengths scales, which varies with
tion investigations by x-ray diffractio®XRD) and neutron Single crystals of(00D)-oriented PMNx%PT (x=10,
scattering have shown a tetragorfaphase forx>0.35, a 20, 30, 35, and 40were grown by a top-seeded modified
monoclinic M, phase for 38:x<35, a rhombohedraR  Bridgman method/**The crystals were cut into plates with
phase for 0.25x<0.30>* and a slightly distorted typical dimensions of 44X 0.3 mn?. The top faces of the
pseudocubic phase designated Yagor x< 0.25%% Corre-  crystals were polished to 0.2&m finishes. Before measure-
sponding to these structural studies, counterpart investiganents were begun, all crystals were annealed at 550 K for
tions of the domain structure evolution with increasePd@ 30 min to remove surface stresses. Careful investigations
content have also been performed by polarized optical miwere performed by POM, starting from the annealed condi-
Croscopa/(lpow]—?’ and transmission electron microscopy tion. Gold electrodes were deposited on the bottom face of
(TEM).***2 However, due to limited resolution, optical mi- €ach sample by sputtering. The electroded face was then
croscopy does not reveal details of domain configurationsglued to the SFM sample stage, and the opposite unelec-
but rather only provides a representative domain structuréoded surface was subjected to SFM tip scanning. SFM im-
averaged throughout the specimen thickness. Also, by TEMRJes were obtained in the piezoresponse mode using com-
the high energy of electron beams can alter the domaifercial equipment(DI 3100a by Vecop All scans were
distribution’? making it difficult to identify whether hierar-
chal domain structures exist on various length scales.

Recent developments in scanning force microscopy
(SFM), performed in the piezoresponse made PFM), of-
fer an alternative way to observe the domain structure of
ferroelectric materials>** This technique is based on the
detection of local vibrations of a ferroelectric sample induced
by a testing ac signal applied between the conductive tip of
the SFM and the bottom electrode of the sample. The oscil-
lations of the sample underneath the tip modulate the global
deflection signal and are detected using a lock-in
technique’® Recently, investigations of PZN-8%PT and
PMN-29%PT single crystals have been performed using
PFM!® Small irregular domain structures were observed in
the poled condition in both vertical and lateral piezoelectric
modes, whereas large antiparallel domains were found in the
unpoled condition. The dependence of the domain structure
on orientation has also been reported for unpoled PZN-
45%PT crystalé‘.3 In the unpoled condition, small irregular
domains were reported ai®90l)-oriented surfaces; whereas
for (111) cuts, normal micron-sized domains oriented along
permissible crystallographic planes were found.

The purpose of this investigation was to study the evo-
lution of the domain structure with composition f@01)-
oriented PMNxPT crystals by piezoresponse force micros-

FIG. 1. Piezoresponse force images for variq@®l)-oriented PMN-
¥Electronic mail: viehland@mse.vt.edu X%PT crystals.
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FIG. 2. Domain hierarchy of00D-orientated PMN-30%PT iR phase(a) FIG. 3. Domain hierarchy of001)-orientated PMN-35%PT itM, phase.

Spindle-like macrodomain plates with(410) type preferred orientation by  (5) Stripe-like macrodomain plates with [810]-type preferred orientation

POM; (b) wave-like self-assembled domains by PF{d) high-resolution by POM; (b) microdomain striations with &110) type preferred orientation

PFM image illustrating nonsmooth domain boundaries and irregularity; anchy pFM, (kinks are illustrated at boundarjegc) high-resolution PEM im-

(d) cross-sectional line analysis normal[tiQ]. age, illustrating nonsmooth domain boundaries and irregularities;(@nd
cross-sectional line analysis normal[tdl(].

performed at room temperature, using a conductive silicon
tip coated with cobalt. An ac voltage with a frequency of domain plates. The PND are essentially nonstress accommo-

20 kHz and amplitude from 1 and 10 V was applied betweerdating, and thus their boundaries are not restricted by elastic
the conductive tip and the bottom gold electrode. compatibility. A similar domain structure was observed for
Figure 1 shows PFM images of unpolé@Dl)-oriented PMN-20%PT. However, with increasing PT concentration,
PMN-xPT crystals for variousx values between 10 and more regular domain patterns became evident, as to be
40 at.%. Polar nanodomains were observed in PMNshown below, indicating an importance of stress accommo-
10%PT, which had an irregular morphology and distribu-dation.
tion. The size of these domains was about 40 nm, which is Figure 2 shows POM and PFM images taken over vari-
very close to the tip resolution limi@20 nm). With increas- ous lengths scales f¢001)-orientated PMN-30% PT, which
ing PT content to 20 at.%, the size of the PNDs was nois of the R phase’* Figure 2a) shows a POM image that
changed, but their density increased and they began to forfi¢veals rhombohedral macrodomain plates twined close to a
into regular patterns. However, presumably due to composi110), which have a spindle-like morphology. The macro-
tional fluctuations, the degree of regularity varied somewhatiomain widths are~1 um and their lengths are-20 um.
from area to area. For 30%PT, the size of PNDs was notablinside the macrodomain plates, miniature “wavy” domains
increased, and their distribution became much more regulaariented close to @110 were found, as shown in the PFM
This resulted in the gradual development of an anisotropigmage of Fig. 2b). A higher-resolution PFM image, shown in
domain morphology, with preferential alignment close to aFig. 2(c), illustrates that the domain boundaries are rough,
(110 type direction. With increasing to 35 at.%, a self- and that there are irregularities of similar size to PND inter-
assembly of PND into long and thin domain striations, ori-nal to the “wavy” domains. In Fig. (@), cross-sectional line
ented close to 110), became apparent. The domain lengthsanalysis along thg110] direction revealed an average do-
were on the order of tens of microns, whereas the widthgnain spacing of-0.34 um, where the phase difference fluc-
were much less. For PMN-40%PT, microsized tetragonatuated pronouncedly as a function of distance.
domains were observed with a preferi@d1) type orienta- Figure 3 shows the domain hierarchy fqO01)-
tion. The domain lengths were on the order of tens of mi-Orientated PMN-35% PT, which is of thé phase’” Broad
crons, and the widths were on the order of several micronsstripe-like domains oriented close to{@02) direction were
For (00)-oriented PMN-10%PT, which is of th&  found by POM, as shown in Fig(&. The average domain
phase“,‘6 POM revealed a featureless image. However, thevidth was~50um. Inside the macrodomain plates, alternat-
corresponding PFM image, shown above, revealed the preiig domain striations oriented close to(H10 were found
ence of PND. Comparison of these results show that pKase that had a width 0&K0.5 um, as shown in the PFM image of
consists of PND, which do not seif-assemble into macro+ig. 3b). Kinks between neighboring striations, illustrated
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age, revealing that the striations are quite rough. Cross-
sectional analysis taken along th#10], shown in Fig. 4d),
reveals an average domain spacing-& um that fluctuated
notably, possibly reflecting the domain heterogeneities in

Fig. 4(c).
[100] In summary, our results demonstrate a domain hierarchy
[001] on various length scales between nano- and milli-meters. Ob-

servations can be summarized with respect to relevant
phases. Phaséconsists of PND, which do not self-assemble
into macrodomain plates. PhaRé&x=30%) consists of PND
that begin to self-assemble into colonies close tal&0),
which is spatially limited to<1 wm. Colonies then assemble
into macrodomain plates oriented close ¢(bll). Phase
Mc(x=35%) consists of miniature polar domains, which
self-assemble intg110 striations of a scale<1 um. Alter-
nating striations then assemble into macrodomain plates of
mm size, which are oriented close t§a01). Whereas, phase
T(x=40%) consists 0f(001) oriented striations ofum size
that have an internal nanoscale heterogeneity, which self-
assemble into macrodomain plates of mm size oriented along
a{001).

0 23 . 30 L 100 The authors gratefully acknowledge the support of the
Distance (um) Office of Naval Research under Grant Nos. N000140210340,
o . ) N000140210126, and MURI N000140110761.
FIG. 4. Domain hierarchy af001)-orientated PMN-40%PT it phase(a)
Stripe-like macrodomain plates with(a00 type preferred orientation by
POM; (b) (100 orientated stripe-like microdomains with fibrous subdomain
structures by PFM(c) high-resolution PFM image, illustrating domain ir-
regularity; and(d) cross-sectional line analysis normal[t0Q].

1G. A. Smolenskii and A. Agranovskaya, Sov. Phys. Solid Sthtd429
(1960.

2L. E. Cross, Ferroelectricd51, 305(1994).

3B. Noheda, D. E. Cox, Shirane, J. Gao, and Z. Ye, Phys. Re%6B
054104(2002.

by a circle, are 90° twins between them. A higher-resolution “J. M. Kiat, Y. Uesu, B. Dkhil, M. Matsuda, C. Malibert, and G. Calvarin,
PFM image is given in Fig.®). The striations can be seen Phys. Rev. B65 064106(2002. _ _

to be rough and nonuniform in thickness, having internal 063'0);‘1;12' Viehland, J. F. Li, P. M. Gehring, and G. Shirane, cond-mat/

irregularities of similar size to PND. Cross-sectional line o5y, Gehring, W. Chen, Z.-G. Ye, and G. Shirane, cond-mat/0304289.
analysis, shown in Fig. (8), yielded an average domain “c.s. Tu, C.-L. Tsai, V. H. Schimidt, H. Luo, and Z. Yin, J. Appl. Phys.
spacing of~0.35um. In addition, the analysis indicated 89, 7908(2001.
pronounced contrast variation within a domain, as iIIustratede- Xu, H. Luo, H. Xu, and Z. Yin, Phys. Rev. B4, 020102(2003).
by the peaks between two triangles, which may be subdo-C: Tu. I. Shih, V. Schmidt, and R. Chien, Appl. Phys. Lei3, 1833
mair_}_;trlécwre_s ?]ereSpr?ndifng'\;I?\lpi\ée/sFir_} '_:ig?]S i Ei log.olg:;’ﬁdall, D. Barber, and R. Whatmore, J. Microds, 275 (1987.

€ domain hierarcny o -40% 1 1S shown In FIg. p viehland, M.-C. Kim, Z. Xu, and J.-F. Li, Appl. Phys. Let67, 2471
4, which is of theT phase®* Stripe-like tetragonal domains (1995 PP
oriented close to 4001) are apparent in the POM image of *°Z. Xu, M.-C. Kim, J.-F. Li, and D. Viehland, Philos. Mag. A4, 395

Fig. 4@). These macrodomain plates are similar to th (1996).

PI\%INL‘(??%O/ P?Fsee ac '(O?(;) tﬁ' %goefs.a eeS . C? ? OSfe OflsM. Abplanalp, L. M. Eng, and P. Gunter, Appl. Phys. A: Mater. Sci.
-35%PT, except for thin ringes, indicative of a o/ oo 66 5231(1998.

larger transformation stress. Internal to the macrodomainséc. Harnagea, Ph. D. Dissertation, Martin-Luther University, Halle-
fine broken domain striations were found that were oriented wittenberg, Germany, 2001.

close to a<001>, as can be seen in the PFM image of Fig_ 15M. Abplanalp, D. Barosova, J. Erhart, J. Fousek, P. Gunter, J. Nosek, and

; ; ; _ M. Sulc, J. Appl. Phys91, 3797(2002.
A(b). Their lengths varied from Sever.al te30,u.m. Itis rel. .15 Bdikin, V. V. Shvartsman, and A. L. Kholkin, Appl. Phys. Let83,
evant to note that these macrodomains and internal striations, 4, (2003.
were both oriented along the same direction, unlike that foriy, tan, z. xu, J. Shang, and P. Han, Appl. Phys. L&8, 3732(2000.

PMN-35%PT. Fig. 4c) shows a higher-resolution PFM im- . zhu and P. Han, Appl. Phys. Let?5, 3868(1999.





