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Relaxor ferroelectricaare appliedin electonic devices such as actuators and sonars. Morphotrophic [toaswlaries
(MPBs) with monoclinic structures are known for thhigh piezoelectricity analectromechanical coupling factan solid
solutions of PbTi@and relaxor ferroelectrid®b(Mai/s, Nb3)Os or Pb(Znys, Nby3)Os). However,the monoclinic sructures
related to polar nanosizibmains(polar nanoregions) exhilaiig the relaxor properties aflielectric dispersiomave not been
reported Using transmission electron microscopy and synchrokoay scattering, wepresent the firsbbservatios of
coexistingmonoclinic structureandpolar nanoregionsear the MPBn Pb(Yh2Nb1/2)O3 #£bTiOs. The polar nanoregioria
this materialare randomly shapednlike theferroelectric nanodomains ttie canonical relaxoPb(Mgus, Nby3)Os £bTiCs.
Furthermorejn situ observatios reveal that the monoclinic polar nanoregions gamsvthetemperaturedecreasesA pair-
distribution functionaralysis revealsa mixture ofmonoclinic Pm and Cm structuresin the polar nanoregionsithout the
rhombohedral structuref other Pbbased relaxor solidolutions Owing to thepeculiar nature of the coexistence thé
relaxor property(polar nanoregionsand high piezoelectricitymonoclinic structure)this materialis expected as aew

platformfor understanihg relaxor ferroelectricity.



Introduction

Revealinginhomogeneous polar nanostructuresaishallengingtask in materials science. However,
suchcomplexpolar structuresnust be characterized because thakfiancehe functional propertie®f
materials Relaxorferroelectric solid solutiors are a special class ofmaterials exhibiting high
piezoelectricitynear the rarphotropic phase bounda(iPB) separating théwo phased1,2]. These
materialshave a significant impacton piezoelectric device becausetheir piezoelectric coefficients
exceed those ofommerciallyused Pb(Zr, Ti)® by more than four timesTheir propertiescan be
understood througferroelectric nanosized domainse( polar nanoregions), whichexe postulated to
explain the nonlinear temperature dependence of the index of refrd@jéh Recent studiehave
suggesd that polar nanoregionsenhancehe piezoelectricityn relaxorferroelectric solid solutionsf
Pb(Maus, Nbp3)Os KPbTiO; and Pb(Zms, Nbzz)Oz KPbTiCs [5]. However, polar nanoregions that are
genuinely related to the relaxor properited piezoelectricityenhancement remain exploredbecause
therelaxor charactéstics of dielectric dispersioare lost as the PbTgontent increase3 herefore we
focus on a sold solution thaimultaneously induce theslaxa property and piezoelectricity due to

PbTiG; substitution

Pb(Yb2Nb12)Os PbTiOs (PYN &PT) is a solid solution of an antiferroelectric and a
ferroelectric, and the relaxorand ferroelectric phase are separated by an MPRB £ 0.5) The
piezoelectriccoefficient of PYN %PT is high, being510 pC/N for polycrystals and ,800 pC/N for
single crystalsTheelectromechanical coupling factqgrermittivity, and remanent polarization BYN +
XPT areapproximately 5%, 2,000 at room temperature (D60 atthe Curie temperature)and 30
FC/cn?, respectively[6,7], comparableo those oftypical ferroelectricsPb(Mgys, Nizs)Os and Pb(Zr,
Ti)Os used in actuators and sensdkswell-known feature oPYN &PT is hightemperature stability
with D &XULH WHPSHUDWXUH Rccar@rigly, PPYINRPIWS Iduidblefor applicatiors

subjected tdargestrainsand high operating temperatursach as multilayer actuatdi& 9].

2



PYN xPT exhibits antiferroelectricity in the range0 Qx QO.1, relaxorferroelectricityin the
range 0.1 Qx QO0.5, and ferroelectricityin the range0.5 Qx [10,11] Notably, both the high
piezoelectricityand relaxor propertie®f dielectric dispersiorare observed in the same relaxgnase
This property is unusudlecause the two phenomena are exclusive in otheaBdd solid solutiongor
instance, increasing the Pbgi@ontent in (1x)Pb(Mduz, Nbpz)Os XKPbTiO: suppresses theelaxor
character whilencreasinghe piezoelectricity12]. Despite these interesting propertitg&e mechanism
underlying thehigh pieoelectric coefficients and theature ofthe microscopic polar nanoregioirs the
relaxor phaseemainelusive How thex content influences thiecal structurachanges alsoimportant

for understanithg this material.

Through transmission electron microscopy (TEM) imaging =mdy pairdistribution function
(PDF) analysis, wahow thatmonoclinic polar nanoregiorere connected to the relaxor proyeasnd
high piezoelectricityof PYN %PT. The lowsymmetry polananoregions related therelaxor property
differ from those of typical relaxefierroelectricbased solid solutiam We also show that thsize of

these regionmcreasswith decreasing temperatuyteading todielectric dispersion.

Methods

Dark-field images were obtainadinga transmission electron migwope (JEM2100F, JEOL Co. LtJl.
with an acceleration voltagef 200 kV. The images and diffraction patterns were rdedrwith a
complementary metabxide semiconductor camera (OneVie®ataninc.). Heating was observeih
situ usinga heating holder (Gatan 648)he specimen was maintained fd min at each temperature
(specifiedin the video of the heating experimentAtomic-resolution highangle annular darKield
(HAADF) scanningTEM (STEM), and brightfield STEM were conductedon a microscopeequipped
with a sphericahberration correctoat anaccéeration voltageof 200kV (JEM-ARM200CF, JEOL Co.

Ltd.). The probe serangle, current, and angudetection range othe HAADF detector were 18.
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mrad, 9 pA, and 50450 mrad, respectively.The observed specimens were fabricatedia
mechanosynthes[d1]. The PbO, YbNb@ and TiQ compoundavere mixedin a ball-mill for 9 h and
heated at approximate8504,050¢ | R @Wh. The pecimens were thinned by argon ion milling and

carboncoatedo prevent electron charging.

The dielectric constan¥” L Y E EY'Was determined from impedance measurements on ceramics
sputtered with gold electrodesor these measurementdP4294A and Agilent 4192 impedance
analyzes were operatefrom 80 to 800 Kin the frequency rangeé kHz to 1 MHz with a peakio-peak

biasof 400 mV. To differentiate theelaxor and ferroelectric behaviorse measuredhe derivative of
the inverse permittivity, aeL%. This expressioneasily distinguishes aCurietVeiss temperature

dependencedndependent of temperaturedm relaxor behaviorlipear temperature dependencedsf
where thegradientis theexponent in the modified Curi#&/eiss model)The temperaturevolutiors of

some diffraction peakswere followed by x-ray diffraction on a highaccuracy BragdBrentano
diffractometerat theCu K pwavelength issued from an -k8V rotating anode. The peaks were fitted

pseudeVoigt profiles.

The total x-ray scattering measuremenigere collected orthe high-energy x-ray diffraction
beamline BLO4B2 at the SPring8 facility. An incident x-ray beam of energy 113 keV was
monochromated bythe Si 333 reflection of a bent monochromatofhe angular range of the
measurements was G&5°, giving amaximum momentum transf€max of approximately25 A 1. The
coherent intensity(Q) was obtained by subtractitige background, absorption, and polarization effects
from the experimental scattering intensifihe structure facto®Q) was obtained by normalizing the
experimental coherent scattering intensity basedhe Fabe&Ziman formula[13]. For calculating the

experimental PDIS(r), we Fouriertransfamed Q) as follows

)INL 1% 3:5:3Fs;+¢3N@41)



The gecimens wreground in a mortaand thernpackedinto quartz capillariesTo avoid the preferred
orientation effect, thecapillaries were rotated during the measurements. Structural models were
constructed by fittingo the experimental PDFL4]. The lattice parameters, atomic coordination, and

temperature factors were refinesing tte PDF data
Results

We first characterize the structural change in the compa@unttdthen examinpolar nanoregions in the
relaxor phase Figure 1 presentsthe electron diffraction pattesnof PYNXPT with different
compositions Based on theelectrical measurementdiet patternswvere classified into three phases
antiferroelectric, relaxoferroelectri¢ and ferroelectrig11]. In the antiferroelectricphase(x = 0 and
0.05), superlattice reflections were observedalhthreedirections.Along the [110] axis, the observed
{¥% Y2 Y3 -type superlattice reflectionsere attributed t@ation ordering of Yb and NH.5]. Along the
[001] axis,superlattice reflectianoriginaing from antiferroelectric displacemenigere observedThe
displacemat vectordescribed ag0.36 0.36, () ranalong the [110] and§&] directions indicating the
presence of grain boundary.Thetwo directions of superlattice reflections selecteeareadiffraction
are presented irsupplementary Fgg 1 and 2 During the relaxor phase(x = 0.2 and 04), the
antiferroelectric superlattice reflectiomdong the[00]] direction disappeared but tHé&> 2 %3 -type
reflections of cabn ordering in the110] patterngemained In the ferroelectric phasg = 0.6), both

types ofsuperlattice reflectiongdisappeagd and th€110) reflectionwas split

The local structural changein real space were observed throuddrk-field imaging and STEM.
Figure 2 shows atomicresolution STEM imagesof pure PYN along the [001] direction.
Antiferroelectic displacementgappear asnodulatiors of the (110) lattice planesn the pseudocubic
(PC) structure.The fast Fourier transform (FFEhows thathis modulationis related to the (0.36 0.36
O)pc superlattice refiction observed in thelectron diffraction patterrSpecifically, the antiferroelectric

displacements can be descrilzh motifwith four up and four down dipoles pointing along the [+1 +1



Olpc GLUHFWLRQ Sue anodujation of theantiferroelectric structuréFig. 2¢ inset) was
observed impreviousx-ray diffraction patterns[16,17]. The satellite peak position (0.36, 0.36,c0)f

TEM is comparablavith the peak(3/8, 3/8, 0)c predicted by structural model3he displacements are
perpendicular to the satellite peak direction of FFT, demonstrattrensversenodulation waveln the
HAADF sSTEM image, he displacement of the arrewarked Pb atoms isZX 2, close to that of the-

ray structural analysi$l6]. The STEM imagedn Fig. 2 reveal the comgex and antiferroelectric
structure of Pb(Ybi2Nb12)Os. It should be notedthat electron irradiation can removéhese
antiferroelectric displacementsee Supplementary Fig. )3 converting thespecimeninto a simple
perovskite structureBecause thgpecimen is insulating, the charging due to electron irradiation £ause
local electric field [18,19] These local electric fields should destabilize the local electric polarization of

Pb atoms, which caused the transition from the antiferroel¢ctp@raelectric phases.

The effect of the{¥2 %2 %2} superlattice reflectionen microstructuravasalso investigatedthrough
darkfield imaging. This study was performed on P¥BI2PT, which is eminently suitabter ordering
analysis owing to itéow ferroelectric transitionemperaturgT. = 343 K); accordingly, it exhibits small
spontaneous polarization at room temperafi®d. Figure 3 shows a daffield image ofthe %2 Y2 %2
reflection, demonstrating the presence of antiphase boundarjgsre PYN the Yb and Nb cationsra
ordered along the [111] axid5], facilitating a phase shift of cation orderingnd the subsequent
creation ofantiphase boundarieSimilar antiphase boundariémve beerreported inlead perovskite
Pb(MawsNb23)Oz [20], which has anMg:Nb ratio of 1:2. Accordingly, theNb atans should be
segregatedy {2 %2 Y2} ordering[21]. Conversely,in Pb(Yhby2Nb12)Os with an Yb:Nb ratio of 1:1,
ordering is easily inducewvith no energy loss ofsegregation.The cation ordering comprises the
sequence of Yb and Nb planes along the [Ildijrection (see the catieordering structure in
Supplementary Figurd). The intensities of the {¥2 %2 Y2} spots decrease with increasingdbsetent as

shown in Fig. 1 and Supplementary Fig.,4{¢ This orderingweakly existsin the relaxor phasand



disappears in the ferroeleict phaseBecause the intensity is proportional to the ordering of domains
electron diffractio22], the weak intensgs of {¥2 ¥z %2} reflectionsshow shorrange order of Yb and
Nb atomsin thex = 0.4relaxor phaseNotably, relaxor behaviorappearin somePb-basedperovskites
when theB site of the ABOs structurehas random cation distributior(slisordered specimens)n
Pb(Sa2Nb12)O3 and Pb(Sg2Taw2)Os, orderingdue toannealingleads to the suppression of relaxor
behaviors in favor of ferroelectric phasevhile ordering leads to an antiferroelectric phase
Pb(In2Nb12)O3 [23]. The shortrangecationordess play animportant role in the emergence relaxor
propertiesvia internal random electric fields Pb(Maw3Nb23)Oz [12,24] The presenstudy confirmed

shortrange ordeng of the cation# the relaxor phasef PYN &PT.

We identified theerroelectric domains related the relaxorproperty {.e., thepolar nanoregionsn
PYN 9.4PT. Theresults aralisplayedin Fig. 4. The butterfly-shaped diffuse scattering in te&ectron
diffraction pattern (Fig. 4a) reveals the presence @isotropieshape polarized domainsSuch
indicative patternsof polar nanoregionf25] havebeenobserved in otherelaxor ferroelectric§26 28].
Thus, the local structureof PYN 9.4PTwas visually derivedfrom a systematic collection afarkfield
images(Fig. 4b#). In these images, each reflection ugedhe darkfield imaging wasvisualized for
breakdown offriedel'slaw under twebeam excitatiorj29,30]. Underthis condition,the ferroelectric
domains parallel to the reflecti@ppearas bright domain§31,32]. Figure 4(b)present the darkfield
imageof the s&r reflection which contrass the ferroelectricdomainsat the nanoscald@he arrowheads
in the s rimages point to siteshaving the same contrash Fig. 4(b) and (c)demonstratinghat PYN+
0.4PT possessepolar nanoregions Withs§r]pc polarization directionsA similar imaging was applied
to the 002 and r freflections(Fig. 4(d) and (e))Samecontrast sites appeared in terkfield images
of the 002 and @ freflections suggesting thaf001],c componerg of spontaneous polarizaticaiso
existed in the polar maregions Although thesedarkfield images demonstratthe spontaneous
polarizationof both [110yc and[001]pc componentsn the local structure of the polar nanoregions, the
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magnitudes othesecomponentslepenéd on location. Thuspoth the magnitudes and directions of the
polarization vectorsary within the [110}c and [001}c directions suggesting anonoclinic symmetry of
the polar nanoregios Besides, some haped polar nanoregions were observed in the same grain (see

Supplementary Fig. 5), which agrees with the presence of the buttkabed diffraction spots.

The thermal evolution of the polar nanoregions was clariffedughin situ heatingexperiments
The temperaturdependentdynamics ofthese nanoregionsare possibly linkedto the temperature
dependence of the dielectric propertiaich display broad peaksnd ferroelectricrelaxation. The
images in thesupplementarywideo and panels(a) #k) of Fig. 5 wereobtainedfrom the s$r reflectiors
and depictthe changgin the polar nanoregions at temperatiteetween300 and 700 K during the
heating and cooling process@s¢.300K (room temperature}he polar nanoregionsxhibitednanoscale
contrast.Heating thespecimerreduced the size of th@olar nanoregionand graduallydiminishedthe
contrast The dielectric constanpeaked aflm = 575 K (Fig. 5(1)). As revealed in therideo andthe
snapshots in Fig. (5)he size ofthe polar nanoregiondegan decreasing uptreating througim. The
contrastalmostdisappeared &80 K, which is close tothe estimated Burns temperature (i.e., the
temperature at which pr nanoregions start to emerg8s thespecimenwas cooledrom 700K, the
contrast ofthe polar nanoregionsreappearedat 680 K and both the numberand sizeof the polar
nanoregionsncreased with further cooling to rooteamperatureAt room temperature, thdomains of
the polar nanoregionweresimilar to those before heating but with a differpattern revealingthatthe

domain patterns of polar nanoregionsiareversibly changely annealing

Besides, Fig. 5& shows longange banghaped domains along with polar nanoregions at room
tempeature. This reveals a hierarchical ferroelectric structure in the relaxor phase. Tharigag
macroscopic domains disappeared at 550 K although polar nanoregions existed. Considering that the
longrange domains vanished at 550 K, the macroscopic donsamsld be caused by lowgnge
ferroelectric interactions with the energy comparable to 550 K.
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These results excelldntagree withthe temperaturdependenpermittivity and x-ray diffraction
measurementssée Fig. 6). The derivative of the inversdielectric permittivity aavas constant at
temperature above approximately00 K andexhibited alinear trend at lower temperaturdhe onset
of therelaxor propertiesnatchedhe structural sigatureof relaxor properties in thEEM observations
Furthemore,slight distortions irthese polar nanoregiomgereobservedn thex-ray diffractionpatterns
Figure6 shows the thermal evolutiaof the 002 and 11feflections The 002reflectionbegan splitting
at thetemperaturds. The behavior of the 002 reflection is complicabedause aymmetry changeas
observed at temperatuerbetweenTs and Tm. We ascribe the change to the developmerdyoiamical
polar nanoregionsit Tg. Theseregionscould belarge or static enough t@ausea structural change
observable byn averaged technique ofay diffraction. The dynamical nature thfe polar nanoregions
is confirmed by the deviation from the Culi¢eisslaw of the dielectric permittivity betweefs andTp.
The 111 reflection presesd an angledistortion ofthe lattice £at Tm, suggestinga phase transition
toward monoclinic phases &. Hence, we provide direct evidence of polar nanoregions in BIRT
andtheir correlationsvith a dielectric signaturef relaxor behavioand theonset of symmetriowering

atTs andTm.

Theright-handside of Fig. 1shows theelectron diffraction patterns of PY®.6PT, which contains
the highest titanium amouamong the investigated specimens. Th&0} reflectionswere split in this
composition Dark-field imaging based on theplit reflectiors (marked by the red and blue arrowheads
in Fig. 7) yielded90° twin domainsSuchtwin formationis commonin tetragonalperovskits with
P4mm symmetry such afPbTiO; and BaTiQ. The twindomainsweresized 50 200 nm, demonstrating

a ferroelectricomposition

To further reveal theolar characer of PYN &PT, the local structuewere constructed via RDF
analysis which extractdhe shortrange and longange structures contang important information on

polarorderingfrom relaxor to femelectric Theanalysis results of thecal structuresreshown in Fig.
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8. The long- and shorrange ordersvaried among thecompositions(Fig. 8(a) and (b)) In the
antiferroelectricphase X = 0), the long-rangefitting result (20400 2 D Gs#tiBfiedthe shortrange
order, suggesting that the averagad localstructures were the sameThe PDF results support the

antiferroelectric®mnastructureof Fig. 8(c), consistentvith the HAADFiSTEM results.

In therelaxor phaséx = 0.4), none of the longangefitted modelsmatched the shorrange PDF
indicating differences betweerthe averageand local structure during this phase This result is
reasonabldecausehe local structureomprisedpolar nanoregiongésee Fig. 4)Thus, theaverage and
local structures were constructed by sepéydtiing the long and shortangesHere, the experimental
PDF was fitted bya twophase modebf Pm and Cm monoclinic phaseswhich could explain the
average structure in this materj@B] (other modelsuch asR3m and R3cobtained inferioreliability
factorsin the refinement These monoclinicstructure of the relaxor phasecould describethe long
range PDF in Fig8(a) with a reliability factor of 10.88%6. The local structures were constructed by
distorting the average structures. The fitting result of &flg) producedhe local structuresf Pmand
Cm (seeFig. 8(c)). ThePmandCm phases werelectrially polarizedin the (010} and(110) planes,
respectivelyln the longrange fitting, the angle deviatioais 90.2° in the®mstructure, demonstrating a
small distortion. Hence, the average structure of the relaxor phase can be regarded as a pseudocubi
structure. Conversely, the shoange fitting shows larger distortion of £= 93.7° in the locaPm
structure. Thus, PYND.4APT hasthe distortedmonoclinic structures in the short range aneearly cubic
structure in the long raegNotably, sngle-phase modelef Pmor Cm structuredailed toreproducehe
peak shapes around542 (Supplementary Fig6); furthermore,the twephase modebbtained the

lowed reliability factor (Supplematary Table }, supportingthe coexistence dfothmonoclinicphases.

A further analysis was conducted dretferroelectric phase af= 0.6. The experimental PDF was
consistent withthe coexistence of the tetragon@#mm and monoclinicPm structures.Thesephases

were selected becausee reliability factor was lowered after assuming monoclinic Pm phase As
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shownin Fig. 8, the modelsvell explairedthe experimental PDi both the long and sharanges The
fractiors of PAmm and Pm were approximately 62% and 38%espectively The main phaseP4nm,
correspondedb the presence of tetragonal twi(seeFig. 7). However the P4nm structurealonecould
not reproduce the experimental P@E4.5 2 in the shortrange (Supplementary Fig). In the short
range, thePm structuregave alower reliability factor thanP4mm (Supplementary Table 2). These
results indicatethe cexistenceof P4Ammand Pm structuresin the ferroelectric phase of = 0.6

moreover, thelistortion of the local structure correspond®tmsymmetry
Discussion

The twephasemodelsallowed the fitting of the PDF results for PYWNAPT and PYND.6PT.Previous
x-ray and neutron diffraction studidsave confirmedphase coexistence in other perovsksiaid
solutions For examplein Pb(Zr, Ti)&, rhombohedra{R3cor R3m) + monoclinic Cm) structuresexist
at the zirconiumrich side of the phase diagraamd tetragonal P4mm) + monoclinic Cm) structures
appeatin the ferroelectric phag84 86]. A similar phase coexistenegasdemonstrated iferroelectric
Pb(Mgus, Nbp3)O3 £bTiOs [37,38] A phenomenological descriph of higherorder Devonshir¢gheory
predictsthe existence ofhree monoclinic phase®a corresponohg to Cm with a polarization vector
between [11] and [001],Mg corresponding t&m with a polarization vector between [110] antlf],
andMc corresponding t&m [39]. In thetheoreticalphase diagrapmonoclinicCmandPm phases are
energeticallydegenera@andcanform a mixture consistentvith the experimentalesultsof PYN &PT.
Our experimental resulfsalong with thewealth of experimental and theoreticdtapresented in the
literature,affirm that phase coexistencgith a monoclinic phase is a common chaegistic near the
MPB of perovskitesWe notethat the longrange (average) structure of PP T atthe low PT content
side of the phase diagram is not rhombohedmhtrary toall other reported Rbased perovskite solid
solutions.That is, thePYN #T sdid solutionis auniquemember of thePb-basedrelaxor perovskite
family.
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The constructed structureslisplayed interesting trendsrigure 8(d) comparesthe electric
polarizatiors in structures with differert contens. The antiferroelectric displacementstbé Pb atoms
wereparallel to [110)c in thePmnaphase, whereas the PAmmphaseof x = 0.6, the polarizatiowas
displaced alond001],c. RelaxorphasePm and Cm could become electrically polarized in t{@L0).
and (110)c planes the intermediate directions of the end members. Thus, the piezoelectricity
enhancemenobriginates from the monoclini€m and Pnphases, which facilitate the free rotation of

polarization within the mirror pland¢40 #42].

Furthermore, e peculiar nature of PYBPT can beclarified by comparingits physical properties
and domain structurasith those ofPb(Mgaus, Nir3)O3 &KPbTiCs, in which therelaxorphasg(x = 0) has
the average cubic structurBrifn) and the local rhombohedral structuR3() while the MPB (x =
0.35) possesses a monoclin@m structurewith high piezoelectricity[43 #6]. As x increasesthe
relaxational character ofTmax = Tmax (10° Hz) +Tma(10? Hz) decreases angtacheszero atx = 0.5
[12]. Conversely, the electrochemical coupling increasesaiid is maximizedtax = 0.35. However,
PYN xPT exhibited both theelaxor property anegnonoclinicassociatechigh piezoelectricityin the
relaxor phas€0.2 <x < 0.5 see Fig. 8e)This finding is attributable tanonoclinic polar nanoregions
formed by substituting Tat the B sites of PYN, as demonstrated in this studye polar nanoregions
canbe dynamically changed by changing the temperatu@ugh theTm, as observed in thm situ
observation The sizeof polar nanoregions significantly increases with decreasi@egemperaturelhis
behaviorexplains the relaxor properties of dielectric dispersion bedauge polar nanoregions cannot
follow high-frequency electric field$47]. Moreover monoclinic structures facilitate the rotation of
electric polarization similaly to Pb(Mg/, Nbp3)Oz £bTiO; and nonrelaxor Pb(Zr, Ti)@ nearthe
MPB. The simultaneous realization mionoclinic structures angblar nanoregiongelated todielectric
dispersionshould underlie therelaxor charactestics and high piezoelectricity in the relaxor phase.

Furthermore, the domain structures of PXRT differ from those of Pb(Mgs, Nby3)O3 £bTiCs.
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WhereasPb(Mauz, Nbp3)O3 £bTiOs presentdamellalike ferroelectric nanodomains that elongati®ng
one direction in the monoclinic phase nds&e MPB[48,49], PYN XPT presented random distribution
of polar nanoregionéFig. 4). This differencanight also contribute tdielectric dispersion becausiee
relaxor property is attributable tandom orientations of electric polarizatjo®., inner random electric

fields, caused bywnhomogeneous cation distributions
Conclusions

This studyrevealedunprecedentegolar structures of monoclinic polar nanoregionscomprehensive
local structural analysis of RY&PT also revealedunique structural changein this material The
antiferroelectric phasg = 0 and0.05) exhibitedtransverse ionic modulations &8, 3/8, Qpc along the
[110]pc direction The displacementf these modulationsvere visualizedusing atomicresolution
STEM. Cation orderingnducedantiphase boundaries in tike= 0.2 compoundAs the PbTiQ content
increased, thelectricpolarizationdirection changedfrom [110}c to [001}c throughthe (110). and
(010),c planes.Temperatureehangeablemonoclinic polar nanoregionaere observed inthe relaxor
region of PYN &PT, simultaneouly enablingthe relaxor property antigh piezoelectridy andlarge
electromechanical coupling factoreearthe MPB This simultaneous realization isique compared

with Pb(Maus, Nbz/3)O3 £bTiOz and other relaxebased solid solutions
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Figure 1 Compositional dependence of the electron diffraction patterns in BN,03; KPbTICs. The indices
are based on the pseudocubic perovskite structure of@¥RT. The reekdged circles and bleedged ellipses
exemplify {¥2 ¥ Y2}type reflections due to cation orderingXxrn= 08.4 and split reflections originating from
twins in thex = 0.6 phase, respectively he selecte@rea diffractionpatterrs were obtained from areas with a
diameter of 500 nm.
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Figure 2 Atomic-resolution STEM analysis. (a) HAADISTEM and (b) brightield STEM images along the

[001] direction inPbYhy2Nb1203 (PYN HPT). The inset in (b) is the fast Fourier transform pattern. (c)-High
magnification image showing antiferroelectric displacements (pointed by arrows). The yellow rectangle delineates
the unit cell of thePmnastructure. The inset is a schematic of tingstal structure viewed along theaxis of

Pmna The gray, blue, green, and red spheres denote Pb, Yb, Nb, and O, respectively.
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Figure 3 Darkfield image of PYN®.2PT showing antiphase boundaries. The inset shows the {2 % %5}
superlattice reflectionsed for the darkeld image.
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Figure 4 Polar nanoregions in PY®.4PT. (a) Electron diffraction pattern along [110]. The right panel is a
magnified image. (b;) [ s&] components of the polar nanoregions: Diekd images based on the (8fr and

(c) $s rreflections. (d, e) [001] components of the polar nanoregions=-iEdimages based on the (d) Band

(e) 002 reflections. The contrast in images (c) and (e) was reversed by reversing the experimentally obtained
intensities. In (b) and (&@nd similarly in (d) and (e), the arrowheads point to the sites of equal contrast, which
demonstrates the contrast reversal between thefiddtkimages of theCand Cgeflections. All images were

obtained on the same grain. The scale bars are 100 nm.
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Figure 5 In situ heating observation of polar nanoregions in PEMPT. (a)}k) Darkfield images based oa$r

reflection (extracted from the supplementary movie). (I) Temperature dependence of the dielectric constants in
PYN 0.4PT. The alphabetical symbols correspond to the images obtained during heating (red) and cooling (blue).
The permittivity data are reproded from Ref[11].
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Figure 6 Temperature evolution of permittivity andray diffraction intensity in PYND.4PT. (a) Temperature
dependences of (a) the derivative of the inverse dielectric congtdnj the 002 reflection, and (c) the 111
reflection. The right axes in pase(b) and (c) refer to the lattice constanand angle £of the unit cell,
respectivelyTm and Tg represent the temperature of the maximum dielectric constant and the Burns temperature,

respectively.
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Figure 7 Dark-field images demonstrating twin domains in P¥YN6PT. The red and blue arrows indicate the

electricpolarization directions. The insets are electron diffraction patterns indicating the used reflection.
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Figure 8 Pairdistribution function (PDF) analysis of Pb¥iNb:-0s &KPbTiO; with x = 0, 0.4, and 0.6. (a)
Experimental PDF and the lomgnge (20400 A) fitting results refined by structural models. The blue lines show
the differences between the experimental and calculated PDFs. (b) Fitting results in thengfeofl.5+ 2 F
Crystal structures after refinement. Two phases coexist in the compositiong with4 and 0.6. The fitting
results are listed in the Supplementary Information. (d) Eleptiarization directions in each phase. (e) Phase

diagram derived in this study.
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Supplementary Figuré. Grain boundary viewedlong [001]in PbYhy2Nb1,,0s. (a) Bright-field
image. The marks are the aréaisselecteehrea electron diffraction patterr{b) Electron diffraction

patterns in areas 1 and 2. The right panel is the superimposed patterns of diffraction pattetas 1 and



Supplementary Figur2 Grain boundary viewed along [111] in PYNOSPT. (a) Brightfield image.
(b) Electron diffraction pattern frofnoth the grainsc andd of panel (a). (c, d) Electron diffraction
patterrs from the grairs (c) and (d). ¢, f) Darkfield images obtained by the spoandd of panel (b),

respectively.



Supplementary Figur@ Disappearance of afgrroelectric displacement&, b) Electron diffraction
patterns (a) before and (b) after electron irradiation of 10 minutes. (c, d) H/AAEBM images (c)
before and (d) after electron irradiatidBlectron irradiation changed the structure iatgimple
perovskite without modulation The transition temperaturdly from the paraelectricto
antiferroelectric phases B53 K. Thus, heating due to electron irradiation is negligible in the

transition. This suggests that local electric fields due to electron chargingl t@sgghenomenon.



Supplementary Figure 4. {#2 % Y} cationdering structure and composition dependence of the
intensities of "0 0 0 V S RalVhjSchematics of thémna structure alonga and ¢ axes.(c)
Intensity profileof the {¥2 % %2} spotin each composition. The intensitiekthe {2 % %4} spotare
normalized bythose ofthe 111 reflectiong electron diffraction patterngd) Magnified profile ofx

= 0.4in panel (c)



Supplementary Figur®. The relation between butterfshaped spots and polar nanoregions. (a)
Electron diffraction pattern. (b) Dafield image via s&r reflection with contrast reversed. (c)
Dark-field image via $s r reflection. The same patterdemonstratthe ®ntrastdue toferroelectric
domains. Thé/-shapeddomainsare consistent with the presence of the buttesthaped spotdhe
scale bar is 50 nm.



Supplementary Figuré. Experimental PDF and fitting results in each range = 0, the reliability
factor Rup = 7.503%for the medium range ari®lyp, = 15.17% for the long rang&he marks<CnYPm

andP4/mmPmmean the models assuming the two phases.

Supplementaryrable 1. The reliability factor Ryp (%) of each model iPYN-0.4PT The volume
fraction of Pm'Cmis approximately 53%:47%.

Pm Cm Pm/Cm
Long range 12.81% 13.03% 10.88%
Medium range  9.236% 8.602% 7.475%

Short range 12.12% 16.18% 10.87%




Supplementarylable 2. The reliability factor Ryp (%) of each model in PYM.6PT. The volume
fraction of PAnmVPmis approximately 62%:38%.

P4mm Pm P4mm/Pm
Long range 14.03% 16.08% 13.66%
Medium range  10.42% 8.718% 7.963%
Short range 21.92% 16.92% 17.75%

Supplementaryable 3. Crystal structure of the monoclinic local strucRme(two-phase modelin
PYN-0.4PT.The parameters are refined to fit the experimental PDF in the long range.

Pm
Lattice Parameters
a 2 4.09373
b 2 4.08906
c 2 4.09852
R°) 90.204
Atomic positionsX, Y, 2)
Pb 0,0,0
o1 0.565,0.000,0.428
02 0.528,0.500,0.050
03 0.073,0.500,0.460

Yb/Nb/Ti 0.550,0.500,0.461




Supplementarfable 4. Crystal structure of the monoclinic local struc@me(two-phase modelin
PYN-0.4PT.The parameters are refined to fit the experimental PDF in the long range.

Cm
Lattice Parameters
a 2 5.78004
b 2 5.77474
c ? 4.10920
A°) 90.359
Atomic positionsX, y, 2)
Phbl 0,0,0
01 0.443,0.000,0.032
02 0.237,0.252,0.466
Yb/Nb/Ti 0.472,0.000,0.542

Supplementaryable 5. Crystal structure of the monoclinic local strucRéenm(two-phase model)

in PYN-0.6PT.The parameters are refined to fit the experimental PDF in the long range.

P4Amm
Lattice Parameters
a 2 4.00374
c 2 4.14237
Atomic positions &, Y, 2)
Pbl 0,0,0
01 0.500,0.000,0.465
02 0.500,0.500,0.092

Yb/Nb/Ti 0.500,0.500,0.547




Supplementaryrable6. Crystal structure of the monoclinic local structBra (two-phase model) in

PYN-0.6PT.The parameters are refined to fit the experimental PDF in the long range.

Pm
Lattice Parameters
a 2 4.01378
b 2 3.99461
c 2 4.14286
A°) 90.197
Atomic positionsX, Y, 2)
Pbl 0,0,0
o1 0.550,0.000,0.443
02 0.551,0.500,0.060
03 0.042,0.500,0.383
Yb/Nb/Ti 0.539,0.500,0.454




