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a b s t r a c t 

Ferroelectrics’ structure-property relationships are of guiding significance in high-performance material 

designing and usually clarified from the aspect of symmetries, which is arduous and costly. On the prin- 

ciple of convenience, here, the concept that domains can provide a brandnew nondestructive and fast way 

for this relationship clarification is demonstrated. Utilizing scanning probe microscopy, quantitative orig- 

inal local elastic/piezoelectric/ferroelectric performances of various characteristic domain configurations 

are directly investigated in relaxor ferroelectric Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 single crystals. Among them, the 

polygonal lamellar domains with coexistence of straight c, a and c/a walls in the at-morphotropic phase 

boundary composition, own high surface effective Young’s modulus (average values close to 160 GPa), 

strong original average local piezoresponse (8.5 pm) and effective longitudinal piezoelectric response (d 33 , 

14 pm V 

−1 ), together with ease of electrical switching. Low free energy barrier and strong piezoelectric 

anisotropy contribute intrinsically to these better functionalities. Higher and easier domain wall motion, 

larger ratio of c + /c − domains, and larger depolarization and elastic energies stemmed from larger domain 

width/size act as extrinsic factors. These results help to understand relaxor ferroelectrics comprehensively 

and provide a reference of domain-based structure selection for better material design. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Ferroelectrics have a wide application in industry as actua-

ors, transducers, memories, and ultrasonic/optical-electric/energy

arvesting devices [1 , 2] , because of their excellent dielec-

ric/piezoelectric/photoelectric performances. Among them, relaxor 

erroelectrics, e.g., (1-x%)Pb(Mg 1/3 Nb 2/3 )O 3 -x%PbTiO 3 (PMN-x%PT),

ttract much more attention than others by virtue of ultrahigh

lectromechanical and optoelectric [3] capabilities. For instance,

he macroscopic longitudinal piezoelectric response (d 33 ) of PMN-

T single crystals (e.g., > 2500 pC N 

−1 ) around morphotropic phase

oundary (MPB) is four times larger than that of the best doped

bZr 0.48 Ti 0.52 O 3 ceramics in value of ~500 pC N 

−1 [4 , 5] . Debate
∗ Corresponding authors. 
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n the origin of these attracting performances in relaxor-PT based

olid solutions has never stopped over the past two decades, due

o the complexity in distinguishing symmetries accurately via com-

ination of various diffraction techniques [6-9] , such as recipro-

al space map, synchrotron radiation, neutron diffuse scattering

nd Raman scattering. Moreover, these revelation is arduous, time-

onsuming and costly. 

Apart from the atomic arrangement related symmetries, do-

ains are crucial to ferroelectrics’ basic structure-property rela-

ionship understanding and performance tailoring. Domains, i.e.,

reas having the same polarization direction, are one of the es-

ential, distinct but vital microstructures in ferroelectrics. Domain

ormation bounds up with structural symmetries resulted from

toms’ arrangement, long range order (LRO) and vibration. With

he capability to be easily reconfigured by external electric or

lastic field, domains can affect ferroelectrics’ functionalities no-

ably, especially for nanomaterials. For instance, polar nanoregions
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(PNRs) [4 , 10] , one unique kind of microstructures in relaxor ferro-

electrics, may formed due to pinning by local strong enough ran-

dom field [6] . They can facilitate polarization rotation thanks to

their ease of switching abilities by external stimuli, and thus con-

tribute largely (e.g., 50% −80%) to the aforementioned novel lon-

gitudinal and shear electromechanical properties [4 , 10] . Despite

the fact that ferroelectric domains with longer range ordered are

still different from PNRs in short range order (SRO), these inspir-

ing findings highlight the significance of microstructures to prop-

erties. Besides, domains and domain walls are found to have in-

triguing phenomena basically different from their parent materi-

als like wall conductivity [11] and vortex domains [12] , triggering

evolution on applications in nanoelectronic devices. Furthermore,

macroscopic performances (e.g., di-, piezo-, opto- and pyro-electric

performances) of relaxor ferroelectrics can be greatly further en-

hanced and tailored via domain engineering [3 , 5 , 13] , through ma-

nipulation of domain patterns, width or sizes, amount and motion

of domain walls. 

Various kinds of microscopies make it convenient to visual-

ize domain patterns, including polarized optical microscopy (POM)

[14 , 15] , transmission electron microscopy [16 , 17] , scanning electron

microscopy [18] , piezoresponse force microscopy (PFM) [6 , 19 , 20] .

Quite plenty of works have reported domain configurations in

relaxor-PT solid solutions, however, several key issues on structure-

property relationship clarification from the aspect of domains are

not stated clearly. Firstly, the lateral component of polarization

vector affects in-plane electromechanical capabilities greatly but is

seldom characterized. Moreover, for the previous out-of-plane do-

main configuration observation, uniform conclusion can hardly be

drawn due to the divergences in the reported case-by-case spec-

imens, aside from the complexity in domains themselves origi-

nated from doping of relaxors (e.g., PMN) into ferroelectrics (e.g.,

PT). For instance, multiple states coexisted complex domains at

MPB in the (001) PMN-PT single crystals at room temperature

via POM were observed [14] . But elsewhere, in the near-MPB-

composition of PMN-PT by the same technique, fine crosshatched

domains in rhombohedral (R) symmetry were found [21] . In con-

trast, by PFM, a domain hierarchy on length scales from 40 nm

to 0.1 mm presents in PMN-PT single crystals [15] . Nanodomains

with opposite polarization orientation embedded on the micro-

sized domains can be seen [15] , indicating the coexistence of

polar clusters within ferroelectric domains [6] . Secondly, despite

its indispensable significance in clarifying the domain structure-

property relationships, direct evidence between these configura-

tions and in-situ properties of domains has seldom been provided

in the simple binary [17 , 22] relaxor-PT systems, ascribed to diffi-

culties in combination of the conventional macroscopic property

detection techniques with the aforementioned microscopies. Not

to mention those complex cases in the ternary [23-25] and even

quaternary [26] systems. Without better solutions and direct ex-

perimental proofs, domain patterns are usually merely thought

and believed to be related and contribute to relaxor ferroelectrics’

macroscopic capabilities, acquired from macroscopic permittivity-

temperature relationships, hysteresis [polarization versus electric

field (P-E)] loops and strain-electric field curves [7 , 27] . To be

more rigorous, direct dielectric/ferroelectric/elastic domain prop-

erties contributing to macro-performances are needed urgently.

Thirdly, comprehensive and direct relationships between configu-

rations and in-situ original properties of domains in relaxor ferro-

electrics are far in lack, especially experimentally. The recent rapid

development of scanning probe microscopy (SPM) facilitates the

possibility of visualizing domain configurations and characteriz-

ing their local multifunctionality conveniently on mesoscale. How-

ever, quantitative performances by nondestructive and fast test-

ing methods in relaxor ferroelectrics still remain unknown. For in-

stance, in the rare reported studies for elastic property characteri-
ation, the commonly used nano-indentation [28] , force curve and

hree-point bending [29] methods have slow test rate and sam-

ling heterogeneity. More importantly, the excessive applied forces

y these means result in damage to specimens’ surfaces such as

rotrusion [28] , dent, or even cracks [29] , which are not desir-

ble and should be avoided especially for nanomaterials/devices.

n the other hand, for piezoelectric/ferroelectric performance mea-

urement, the reported after-normalization [22 , 30] piezoresponses

ithout cantilever calibration are incomparable from case to case,

aking it confusing to distinguish the best corresponding material.

ithout cantilever calibration of inverse optical lever sensitivity

nd spring constant, the detected responses usually include a tip-

ample-dependent equipment magnification and thus cannot re-

ect the intrinsic properties of the materials themselves. This mag-

ification is quite common in commercial PFM utilizing a piezo ce-

amic to generate cantilever’s vibration, and should be eliminated

n quantitative analyses. 

In this work, we clarify relationships between various typi-

al vertical and lateral domain configurations and their original

n-situ quantitative local elastic/piezoelectric/ferroelectric perfor-

ances, in the simple binary relaxor ferroelectric PMN-x%PT single

rystals mainly by SPM. Direct evidence of better domain proper-

ies in the at-MPB composition is given. Great variation in local

ffective piezoresponse and effective d 33 values without/with can-

ilever calibration is revealed. Extrinsic and intrinsic factors are dis-

ussed for explanation of these performance differences. These in-

estigations help draw a round picture of domain structures in the

elaxor ferroelectric, provide a domain perspective for structure-

roperty relationship clarifying and offer a reference of domain-

ased structure selection for better material design. 

. Materials and methods 

Commercial (100)-oriented unpoled relaxor ferroelectric PMN-

%PT ( x = 24, 32, 40) single crystals (MTI Group, Hefei, China)

f R, monoclinic (M) and tetragonal (T) symmetries, respec-

ively, were utilized as specimens. All the samples were cut into

 mm × 5 mm × 0.2 mm, with upper and bottom surfaces pol-

shed to optical surface finish. 

Domain structures on microscale were visualized by POM

LV100POL, Nikon eclipse, Japan) in transmission mode. Configura-

ions and in-situ properties of surface domains on mesoscale were

haracterized by SPM (Cypher S, Asylum research, USA) in various

odes. Vector PFM (VPFM) was utilized for vertical and lateral do-

ain configuration visualization, while DART PFM which had uti-

ized the dual-frequency resonance tracking technique already was

or vertical ones observation. Conductive Ti/Pt-coated silicon can-

ilevers (AC240TM, Olympus; spring constant = 2 N m 

−1 , tip ra-

ius = 28 ± 10 nm) were used in both VPFM and DART PFM

odes. In VPFM characterization, the vertical applied ac drive am-

litude was 0.8 V, and the corresponding drive frequency was 200–

40 kHz; the lateral drive amplitude was 2 V, and the correspond-

ng drive frequency was 600–680 kHz. In DART PFM characteriza-

ion, the applied ac driving amplitude was 0.8 V, and the drive fre-

uency was 200–240 kHz. The test frequency was chosen a little

side the contact resonance peak. The quality (Q) factor of the con-

act resonance peak was different according to different locations,

n a typical range from 25 to 268 here. 

Sizes and ratio of c + and c − domains were statistically analyzed

y the software ImageJ. Domains of c + and c − in the specimens

ere firstly identified and zoned according to different color con-

rast in PFM phase and low response in PFM amplitude. In princi-

le, each domain can be considered to be in mathematical con-

ex shape. Areas in concave shape, which can be considered as

he combination of multiple smaller convex domains, should be

ivided into several convex shapes inside the region. These spe-
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ific secondary partition is not present in detail. After partition-

ng, the area around the edge of each domain partition is the sin-

le domain area, the longest distance between any two points is

he length of the single domain, and the shortest distance be-

ween any two points is the width of the single domain. The area,

ength and width were then measured by ImageJ using the func-

ion “Measure”. For each domain, these parameters were measured

0 times and averaged, as their area/length/width. Then, all these

rea/length/width of a single c + or c − domain was averaged and

nalyzed statistically to acquire the area/length/width of a single

 

+ /c − domain in each specimen. 

Domain switching evolution and retention experiments were

arried out by DART PFM and litho PFM. DART PFM (ac volt-

ge = 0.8 V, resonant frequency = 200–240 kHz) observed

n-situ pristine and switching-after domain patterns. Conductive

i/Pt-coated silicon cantilevers (AC240TM, Olympus; spring con-

tant = 2 N m 

−1 , tip radius = 28 ± 10 nm) were used. Various ex-

ernal electric dc voltages with magnitude from 5 V to 40 V were

pplied to the tip via litho PFM for writing the pristine domains

ith certain patterns locally. 

Local surface elastic properties were characterized by ampli-

ude modulation-frequency modulation (AM-FM). To reduce the in-

uence of probe choice, two kinds of non-conductive silicon can-

ilevers with different tip materials were used: i) with high-density

iamond-like carbon tips (Biosphere B20-NCH, Nanotools; spring

onstant = 40 N m 

−1 , tip radius = 20 ± 5 nm) and ii) with sili-

on tips (AC160TS-R3, Olympus; spring constant = 26 N m 

−1 , tip

adius = 9 ± 2 nm). Using blunt tips eliminates the tip-sample

ontact area effect, by which deeper regions would exhibit larger

ffective Young’s modulus. The deflection sensitivity, spring con-

tant and tip radius of cantilevers were calibrated before measure-

ent of the specimens, utilizing a piece of common silicon single

rystal with a known elastic modulus (160 GPa) as the reference

ample for cantilever calibration. This calibration affects the abso-

ute value of effective Young’s modulus but has little effect on that

f effective stiffness. The absolute value of effective stiffness varies

ith different tips but does not affect the relative value relation

n compositions in the specimens. The acquired AM-FM phase less

han 60 °, and clear frequency responses guarantee the good quality

nd reliability of our AM-FM results. 

Local electromechanical responses were detected by DART

witching spectroscopy PFM (SS-PFM). Conductive Ti/Pt-coated sil-

con cantilevers (AC240TM, Olympus; spring constant = 2 N m 

−1 ,

ip radius = 28 ± 10 nm) were used. Data sets of local SS-PFM

mplitude butterfly curves and phase switching hysteresis loops

n the off-field state were acquired at each point of the 50 × 50

rids on the 5 μm × 5 μm regions in PMN-24%PT and PMN-32%PT

nd of the 20 × 20 grids on the 500 nm × 500 nm region in

MN-40%PT by SS-PFM in mapping mode. The latter is with much

igher resolution. For all the specimens, the maximum applied dc

oltage was 40 V, the drive ac amplitude to the tip was 0.8 V,

nd the scanning direction was from down to up. The drive fre-

uency was 203.7 kHz for PMN-24%PT, 290.9 kHz for PMN-32%PT

nd 235.8 kHz for PMN-40%PT. The Q factor of contact resonance is

elated to the cantilever and sample local stiffness, in value of tens

o hundreds, being different at each point of the SS-PFM testing

rids. For the uncalibrated data processing, all the data from the

bove 2500 or 400 groups of loops were utilized, using the de-

ault inverse optical lever sensitivity (InvOLS, especially the ampli-

ude InvOLS which can be short for “Amp InvOLS”) being 109 nm

 

−1 and default spring constant in value of 1.00 nN nm 

−1 , includ-

ng the magnification effect of the contact resonance. In-situ spa-

ial distribution maps of positive switching voltage (V + ), negative

witching voltage (V - ), coercive voltage (V c ) and imprint voltage

V i ) were extracted. In extraction of coercive voltage by the Asy-

um software, the coercive voltage was considered as the voltage
here the PFM amplitude of the SS-PFM loops was the lowest.

onsequently, the degradation of the tip may cause a decrease in

FM amplitude of the entire SS-PFM loop, but would not change

he corresponding voltage related to the lowest amplitude. In other

ords, the degradation of the tip may result in a decrease in PFM

mplitude, but should not influence the measurement of coercive

oltage directly. Thus the degradation of the tip would have lit-

le effect on our results which could be omitted. For quantitative

nalyses, before each DART SS-PFM mapping measurement, after

nishing the tip focus and sample focus procedures, cantilever’s

arameters such as Amp InvOLS, spring constant and so on were

rstly calibrated via the “GetReal” function of the Asylum Soft-

are. For PMN-24%PT, the Amp InvOLS was 71.19 nm V 

−1 , and

pring constant was 1.48 nN nm 

−1 . For PMN-32%PT, the Amp In-

OLS was 59.71 nm V 

−1 , and spring constant was 3.33 nN nm 

−1 .

or PMN-40%PT, the Amp InvOLS was 64.15 nm V 

−1 , and spring

onstant was 1.87 nN nm 

−1 . Then, hysteresis loops at each point

f the 50 × 50 or 20 × 20 grids were acquired using the “SHO

simple harmonic oscillator) fitting” function to exclude the magni-

cation effect of Q factor of the contact resonance. Not all the data

ould be well SHO fitted. Abandoning those bad-fitted or unsatu-

ated results, only about 10 0–20 0 groups of data remained from

he calibrated 2500 (of PMN-24%PT and PMN-32%PT) or 400 (of

MN-40%PT) data sets for the with-calibration data processing. 

Local piezo response and effective longitudinal piezoelectric re-

ponse (or named “effective d 33 ”) were defined and calculated

y two formulas with different variables, namely, Piezoresponse

pm) = Amplitude (pm) × cos (Phase) and Effective d 33 (pm

 

−1 ) = Amplitude (pm)/Applied ac voltage (V), respectively. After

veraging the corresponding data above, SS-PFM amplitude butter-

y loops, phase switching loops, local hysteresis loops (piezo re-

ponse) and effective longitudinal piezoelectric response loops in

he three specimens without/with cantilever calibration were plot-

ed. All these loops are a little deviated from their zero points due

o the existence of built-in electric field. Hence, we used Average

iezoresponse = (|Piezoresponse max | + | Piezoresponse min |)/2, Aver-

ge Effective d 33 = |the maximum d 33 |-| the minimum d 33 |, Aver-

ge SS-PFM amplitude = Average Effective d 33 × Detected ac Volt-

ge as the piezo response, effective d 33 and average SS-PFM ampli-

ude, respectively, of each single crystal. 

The scan rates of PFM scanning, litho switching, SS-PFM map

esting and AM-FM scanning were set at 3.91 Hz, 1 Hz, 2.44 Hz

nd 2 Hz, respectively. As these samples have high phase transition

emperature, thermal fluctuation has no effect on the results here,

ut induces thermal drift. To minimize the thermal drift, three

ours were taken before measurements, and all the scan rates are

ufficiently fast. Fine-tuning the scanning regions using character-

stic features from the images was carried out to track the thermal

rift and ensure in-situ scanning regions. 

. Results and discussion 

.1. Hierarchical domain configurations 

According to phase diagram [9,16,31] of PMN-x%PT (an illustra-

ion shown in Fig. S1) at room temperature, the off-MPB com-

ositions, PMN-24%PT and PMN-40%PT, have R and T symme-

ry, respectively; while the MPB composition, PMN-32%PT, is in

 M phase [16 , 31 , 32] . Domain configurations on microscale and

esoscale in PMN-x%PT single crystals are shown in Fig. 1 . By

OM, spindle-like domains form 90 ° patterns in all specimens.

ith the content of PT increasing, domains in length of 10–80 μm

ecome thinner and shorter at MPB, with some even vanish at sev-

ral spots; and then self-assembled into longer stripes forming a

ross-hatched pattern. Different from the similar look of these mi-

roscale stripe-like patterns, characteristic mesoscale vertical (do-
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Fig. 1. Hierarchical domain configurations in (100)-oriented unpoled PMN-24%PT, PMN-32%PT and PMN-40%PT single crystals. Stripe domains on microscale by POM in (a) 

PMN-24%PT, (b) PMN-32%PT and (c) PMN-40%PT. Vertical PFM phase and amplitude, lateral PFM phase and amplitude, and surface topography signals on 7 μm × 7 μm by 

VPFM are shown in (d,e), (j,k) and (p), respectively, for PMN-24%PT; in (f,g), (l,m) and (q), respectively, for PMN-32%PT; and in (h,i), (n,o), and (r), respectively, for PMN-40%PT. 

Schematics of domain walls in (s) PMN-24%PT, (t) PMN-32%PT and (u) PMN-40%PT. 
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main with out-of-plane polarization, namely, c domain) and lat-

eral (domain with in-plane polarization, namely, a domain) do-

main configurations by VPFM in the three crystals vary greatly

from each other ( Fig. 1 d-r). Schematics of domain wall kinds are

illustrated in Fig. 1 s-u. Amplitude responses depict electromechan-

ical magnitude, while phase signals illustrate polarization orien-

tation. With increasing contents of Ti 4 + across MPB, labyrinthine

domains with curved c/a walls in PMN-24%PT, alter to polygonal

lamellar ones with coexistence of relatively straight c, a and c/a

walls in PMN-32%PT, then to ribbon-like slim ones with only c

walls in small curvature in PMN-40%PT. Antiparallel nanodomains

are embedded in the micron-domains in PMN-24%PT (labelled by

the red arrows in Fig. 1 d) and PMN-40%PT. Twin domains exist in

PMN-32%PT (red ellipse in Fig. 1 f). Vertical and lateral domains in

(100)-oriented rhombohedral PMN-24%PT have the same configu-

ration, since all the eight equivalent spontaneous polarization vec-

tors contribute equally to these responses. In PMN-32%PT, lamel-

lar lateral domains whose length is throughout the whole field of

vision, are larger sized and in obviously different configurations

compared with those of the vertical ones. The lateral responses in

PMN-40%PT are interfered by crosstalk of its strong vertical signals

and hence, only c domains exist. Fig. S2 presents distinct vertical

domain configurations on larger scanning regions. Purple vertical

domains have down-ward polarization (c − domains), and the yel-

low ones have up-ward polarization (c + domains). Recognition of

c + /c − domains can be proved by electrical switching results below.

Intriguingly, in PMN-32%PT, vertical domains can be distinguished

in majority from surface topography: c + domains are probably re-

lated to deeper regions in topography. All the samples only have

out-of-plane crystal axes determined. The in-plane crystal axes are

not determined so that we cannot tell the domain wall orientation

direction specifically. 

3.2. Responses to local external electric field 

Polarization responses to the various tip-applied external dc

electric voltages from 0 V to ±40 V are present in Fig. 2 a,e and

Fig. S3, within a certain pattern ( Fig. 2 b). Under proper posi-

tive dc fields, c + domains reverse into c − ones through polariza-

tion rotation; and c − can switch into c + by proper negative volt-
ges ( Fig. 2 c). After the double-box poling processes, there was no

hange in the surface morphology, thus only one topography im-

ge of each single crystal was present in Fig. S3a,i,q. Fig. 2 d illus-

rates the visualized vertical domain reversal and domain wall mo-

ion (emergence or disappearance). The pristine polygonal lamellar

omains in PMN-32%PT are the easiest to be electrically switched,

ith partial and complete switching voltages in magnitude as low

s 10 V and 14 V, respectively. Labyrinthine domains in PMN-

4%PT are the most difficult to be reversed, suggested by their total

witching threshold voltage of ±18 V. Retention results of reversed

omains by ±30 V indicate that after electrical reversal for 24 h, all

he switched domains still exist (Fig. S4). To be honest, it is quite

ifficult to determine the real depth of these poled domains. The

oercive field of PMN-PT single crystal is low, with typical value of

ess than 500 V mm 

−1 (0.5 V μm 

−1 ) [9] , or ~2.3 kV cm 

−1 (0.23 V

m 

−1 ) [13] . Usually, dc fields with values two to three times larger

han the coercive field can switch the sample throughout the thick-

ess direction completely [13] . Then, the dc voltage of 40 V is

ot sufficient to switch domains down to the bottom. Thus, pos-

ibly, these poled domains were just formed in the vicinity of the

op surface of the samples. All specimens’ average piezoelectric re-

ponses are effectively increased after switching ( Fig. 2 e), in ac-

ordance with the enhancement of piezoelectricity/ferroelectricity

y poling on macro scale [13 , 33] . Among all the crystals, both the

ristine and switched domains of PMN-32%PT own the strongest

iezoelectricity, revealed by average amplitude of 80 pm and 100

m, respectively. 

.3. Quantitative analyses of local performances 

.3.1. Local surface elastic properties 

In these chemically homogeneous PMN-x%PT single crystals,

urface elastic properties by AM-FM using a high-density diamond-

ike carbon tip are present in Fig. 3 and Fig. S5. Results by a silicon

ip are provided in Fig. S6. 

All the samples have smooth surfaces, despite the existence of

cratches caused by polishing in PMN-24%PT and PMN-40%PT, and

he surface fluctuation related to c + /c − domains in PMN-32%PT. In

oth cases using the two kinds of probes, on average, the effec-

ive Young’s modulus of PMN-24%PT is the lowest (90.5 GPa), while
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Fig. 2. (a) PFM phase of in-situ domain evolution on 5 μm × 5 μm by dc electrical switching from 0 V to ±40 V in PMN-24%PT, PMN-32%PT and PMN-40%PT. (b) The 

schematic of dc voltages’ application. Positive voltages were applied on the central 3 μm × 3 μm (in white) and negative ones with the same magnitude on the central 

1 μm × 1 μm (in black). The whole pristine region is 5 μm × 5 μm (in gray). (c) Schematics of c domain switching processes and determination of c + /c − by external dc 

electric field. (d) Schematics of domain reversal and domain wall motion during switching. (e) PFM amplitude changes of pristine and electrically switched domains by dc 

±40 V without cantilever calibration. 
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e  
hose in PMN-32%PT (117–158 GPa) and PMN-40%PT (116/144 GPa)

re comparable to that of the silicon single crystal (160 GPa). The

ffective stiffness changes on compositions have a similar trend.

he wide range variations in the average values of effective Young’s

odulus in PMN-32%PT and PMN-40%PT are attributed to diver-

ences in local regions and the chosen tips. In PMN-32%PT, it

an be seen that c + and c − domains have almost equal effective

oung’s modulus and effective stiffness ( Fig. 3 d-l and Fig. S6a-c).

onsequently, the value variation of elastic property among the

hree local regions in PMN-32%PT is not ascribed to the amount

ifference of c + /c − domains, but may relate with surface defects

uch as domain walls and oxygen vacancies. 

.3.2. Local piezoelectricity and ferroelectricity 

Vertical domains and their corresponding in-situ spatial dis-

ribution maps of V + , V - , V c and V i by SS-PFM in PMN-x%PT

re present in Fig. 4 . A correlation between these characteristic

lectrical-switching voltage parameters and domain structures can

e seen in all the specimens. Characteristic voltages of c + domains

re smaller than those of c − domains. Table S1 lists the aver-

ge switching voltages extracted from the distribution maps and

hose calculated by V c = (|V + | + |V - |)/2 and V i = (|V + |-|V - |)/2. De-

pite a small deviation in values, the direct-read and calculated

 c and V i are close to each other in a similar relative magnitude

rend. The results show that PMN-32%PT has the smallest aver-

ge coercive voltage V c (11.75 V from calculated result and 15 V

rom direct-read result) and the largest average imprint voltage V i 

8.75 V from calculated result and 5.5 V from direct-read result)

mong the three specimens, revealing its relative ease of electrical

omain switching and higher magnitude of imprint which origi-

ates from internal electric field and leads to a shift in the fer-
oelectric hysteresis loop along the field axis [34 , 35] . This higher

agnitude of imprint may be related to a higher concentration of

efect dipoles such as oxygen vacancies in this monoclinic MPB-

omposition, which can be aligned and stabilize the domain con-

guration along polarization direction during dc poling [34] . These

esults are in accordance with those observed responses to exter-

al electric field. 

Quantitative average local electromechanical loops in the three

pecimens with/without calibration are plotted in Fig. 5 and Fig.

7. 

The square SS-PFM local hysteresis loops ( Fig. 5 c and Fig. S7c)

re similar to those P-E loops characterized by macroscopic mea-

urements [36 , 37] . The shape of local hysteresis in relaxors is con-

rolled by local properties (e.g., local relaxation time spectrum),

hile in ferroelectrics it is defined by nonlocal polarization wall

ynamics [38] . It should be noted that possible electrostatic field

ffect or the interaction between the cantilever and the sample

urface directly affect the PFM amplitude and thus affect the quan-

itative analyses of piezoelectricity. The electrostatic field effect

ould influence the phase difference. If the phase difference is

round 180 °, then the electrostatic effect could be ignored. In our

esults, both in PFM signals and SS-PFM loops we can see that the

hase difference is around 180 °. This experimental fact thus ex-

ludes the contribution of the electrostatic field effect. Usually, to

pply a dc voltage to the probe or sample surface may help com-

ensate the surface potential of the sample which may cause the

lectrostatic field effect. But in our experiments, the surface po-

entials of all the samples were too small to result in large electro-

tatic field effect. As a result, no external dc voltage was needed. 

Table S2 and Table 1 record the maximum/minimum and av-

rage piezoresponse and effective d 33 in the three specimens ex-
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Fig. 3. Topography, in-situ Young’s modulus and stiffness images in (a-c) PMN-24%PT, (d-l) PMN-32%PT and (m-o) PMN-40%PT via AM-FM using a high-density diamond-like 

carbon tip (Biosphere B20-NCH, Nanotools; non-conductive silicon cantilever; spring constant = 40 N m 

−1 , tip radius = 20 ± 5 nm). For PMN-32%PT, results of three regions 

are presented: (d-f) region 1, (g-i) region 2 and (j-l) region 3. 

Fig. 4. Domain configurations and their corresponding in-situ spatial distribution maps of characteristic electrical-switching voltage parameters, i.e., V + , V - , V c and V i by 

SS-PFM in (a-g) PMN-24%PT, (h-n) PMN-32%PT and (o-u) PMN-40%PT. Vertical domain configurations by PFM in (a-c) PMN-24%PT, (h-j) PMN-32%PT and (o-q) PMN-40%PT. 

PFM topography and amplitude images are in black and white and labeled with “Topo.” and “Amp.”, respectively. Distribution maps acquired from the local switching 

curves in (d-g) PMN-24%PT (50 × 50 pixels within 5 μm × 5 μm), (k-n) PMN-32%PT (50 × 50 pixels within 5 μm × 5 μm) and (r-u) PMN-40%PT (20 × 20 pixels within 

500 nm × 500 nm). 

Table 1 

The average piezoresponse, effective d 33 and amplitude without/with cantilever calibration (using default/calibrated Amp InvOLS and spring con- 

stant, without/with SHO fitting) in PMN-24%PT, PMN-32%PT and PMN-40%PT, extracted from local hysteresis loops and effective d 33 versus voltage 

loops. 

Average Piezoresponse(pm) Average Effective d 33 (pm V −1 ) Average Amplitude(pm) 

Without calibration With calibration Without calibration With calibration Without calibration With calibration 

PMN-24%PT 117.5 6.75 150 9.1 120 7.28 

PMN-32%PT 180 8.5 245 14 196 11.2 

PMN-40%PT 120 7.45 165 10.1 132 8.08 
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Fig. 5. Quantitative average local electromechanical properties in PMN-24%PT, PMN-32%PT and PMN-40%PT single crystals, processed averagely using the 10 0–20 0 data sets 

from the spatial distribution maps with cantilever calibration over 5 μm × 5 μm (for PMN-24%PT and PMN-32%PT) or 500 nm × 500 nm (for PMN-40%PT). (a) SS-PFM 

amplitude butterfly loops and effective longitudinal piezoelectric response (d 33 ) versus voltage loops; (b) SS-PFM phase switching hysteresis loops; (c) Local hysteresis loops. 

Table 2 

PNB, NNB, stability gap, built-in electric potential, V + , V - , V c and V i in the PMN-x%PT ( x = 24, 32, 40) single crystals from the original local hysteresis loops 

(with cantilever calibration, excluding the magnification effect of contact resonance) by SS-PFM. 

PNB (V) NNB (V) V + (V) V - (V) Stability Gap(V) Built-in Electric Potential(V) Coercive Voltage(V) Imprint Voltage(V) 

PMN-24%PT 4.2 −5.8 22.5 −25.9 10 −1.6 24.2 −1.7 

PMN-32%PT 4.9 −7.1 15.2 −14.9 12 −2.2 15.05 0.15 

PMN-40%PT 6.7 −6.2 12.1 −22.2 12.9 0.5 17.15 −5.05 
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c  
racted from these local loops. Firstly, it can be seen that do-

ains in PMN-32%PT at MPB own the strongest local piezoelec-

ric/ferroelectric response (the strongest piezo response in value of

.5 pm and largest effective d 33 of 14 pm V 

−1 with calibration),

hile those in the PMN-24%PT (piezo response of 6.75 pm and ef-

ective d 33 of 9.1 pm V 

−1 ) and PMN-40%PT (piezo response of 7.45

m and effective d 33 of 10.1 pm V 

−1 ) located off MPB have com-

arable magnitudes. This trend is further supported by those ob-

erved in Fig. 2 e, value divergences of which come mainly from

ethod differences. PFM am plitudes reflect intrinsic contribution

rom lattice strain to the piezoelectricity, while SS-PFM loops con-

ain domain wall motion effect induced by electrically switching.

ore reversed domains and higher level of domain wall motion

ccur here by the SS-PFM mapping, contribute greatly to the larger

iezoresponses. Secondly, a huge data value decrease between the

ases without and with cantilever calibration is revealed, suggest-

ng the significance of cantilever calibration process on the quanti-

ative analyses of piezoelectricity. For instance, with cantilever cal-

bration, the average effective d 33 of PMN-32%PT decreases from

45 pm V 

−1 to 14 pm V 

−1 , the latter of which represents the orig-

nal piezoelectric magnitudes. The hysteresis results without can-

ilever calibration could be easily mistaken for samples’ piezoelec-

ricity/ferroelectricity determination. However, in this process us-

ng default Amp InvOLS of 109 nm V 

−1 and default spring constant

f 1.00 nN nm 

−1 without SHO fitting, the contributions of mag-

ification from the equipment, contact resonance or many details

f testing procedures (e.g., location of cantilever focus, the specific

etected region, etc.) are usually included. For quantitative analy-

es, cantilever calibration is required. 

Thirdly, positive nucleation bias (PNB), negative nucleation bias

NNB), stability gap (defined by PNB-NNB), built-in electric poten-

ial (defined by PNB + NNB), V + and V - , V c and V i are extracted

rom the original local hysteresis loops ( Table 2 ). V c and V i are

lose to and in a similar tendency with those in Table S1. The

ositive values of stability gap indicate the ferroelectric property,

nd the increase in this parameter with Ti 4 + increasing suggest

he increased stability of the bias-switched states in the crystals.

38] The built-in electric field, related with local defects such as

rozen electric random fields, accounts for the deviation from zero

oint in the P-E loops, [38] exhibiting as the aforementioned im-

rint phenomena. 
t  
The values of imprint voltage in the three single crystals from

able 2 and Table S1 show a deviation, resulted from different

ample sizes and sources of test data. The average imprint voltages

isted in Table S1 were acquired from the SS-PFM imprint voltage

patial distribution map ( Fig. 4 g,n,u), using SS-PFM local switch-

ng curves without cantilever calibration. The sample size is large:

500 groups of data sets for PMN-24%PT and PMN-32%PT (50 × 50

ixels on the 5 μm × 5 μm regions) and 400 groups of loops for

MN-40%PT (20 × 20 pixels on the 500 nm × 500 nm region). As a

ontrast, the imprint voltages in Table 2 were taken from the orig-

nal local hysteresis loops with cantilever calibration by SS-PFM,

hich represent intrinsic properties of the single crystals. But the

ample size is much smaller compared with those in Table S1: only

0 0–20 0 groups of well-SHO-fitted hysteresis data sets were used

or data processing and plotting. Those bad fitted data were aban-

oned. Both of these values are reliable. The ones in Table S1 re-

ect the properties of local regions directly with a larger sample

ize. 

.4. Discussion 

.4.1. Domain formation 

Domain formation is ascribed to i) the balance between random

eld and ferroelectric interaction of nanoclusters, and ii) gradient-

riven morphological transition. Labyrinthine domain configu- 

ations can be considered as a feature in the (100)-oriented

hombohedral relaxor-PT single crystals with low PT content,

s observed here in PMN-24%PT and reported in other systems

ike Pb(Mg 1/3 Nb 2/3 )O 3 -PbZrO 3 -PbTiO 3 [25] and Pb(In 1/2 Nb 1/2 )O 3 -

bZrO 3 -Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 [26] . These configurations are

ormed by the disappearance or mergence of the SRO nano-sized

olar clusters and their aggregations, which is attributed to the

tronger influence of random field over the ferroelectric interac-

ion. Particularly, the strong-enough local random field in some

egions, pinning the PNR and their aggregations in the opposite

irection from their surrounding ferroelectric microdomains, gives

ise to the occurrence of nano antiparallel domains embedded in-

ide the micron-domains ( Fig. 1 b). Noting that PMN is a pure

elaxor and PT is a pure ferroelectric, the introduction of Ti 4 + 

ations tends to increase the size of polar clusters via increasing

he off-center displacement, thereby strengthening the interaction
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between dipolar moments leading to long-range symmetry break-

ing [6 , 14] . Thus we infer that it changes from SRO in dominant to

coexistence of SRO and LRO, and then to LRO in dominant with the

content of Ti 4 + increasing in PMN-x%PT solid solution. The random

field originates from built-in charge disorder and decreases with

increasing substitution of Ti 4 + cation [6 , 19] in relaxor-PT systems.

Consequently, in compositions with more PT content, ascribed to

the weaker effect of random field over the ferroelectric interaction,

domains self-organize into lamellar or ribbon-like patterns accord-

ing to their macroscopic symmetries to minimize elastic energy, as

the cases in PMN-32%PT and PMN-40%PT. 

From another aspect, it is predicted theoretically by the Landau-

Ginzburg-Devonshire (LGD) approach that the labyrinthine do-

main configurations, which have the minimal energy between the

gradient-correlation energy and electrostatic energy, could lead to

the gradient-induced morphological transition [39] . As the gra-

dient coefficient g 44 increases, the labyrinthine-like feature turns

to ribbon-like one, which can be verified experimentally here by

the PFM vertical domain configuration transformations from PMN-

24%PT to PMN-40%PT. Thus, the vertical domain patterns in PMN-

24%PT and PMN-40%PT are induced by this gradient-driven transi-

tion as well. 

Intriguingly, vertical domains in PMN-32%PT can be distin-

guished in majority from their surface topographies. In the PMN-

24%PT with R symmetry and PMN-40%PT with T symmetry, the

c domains do not show any relation to their topography images

here. However, the analogous phenomena as observed in PMN-

32%PT have been reported in other relaxor-PT single crystals with

various symmetries by different researchers, e.g., Pb(Zn 1/3 Nb 2/3 )O 3 -

PbTiO 3 (PZN-PT) with R or T phases [29, 40] and Pb(In 1/2 Nb 1/2 )O 3 -

Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PIN-PMN-PT) located close to MPB but

slightly on the R side [24] . All of these indicate that these phe-

nomena are not unique but common. Thus, in AM-FM, the elas-

tic properties of c + /c − domains were just determined from PMN-

32%PT. These phenomena of c domain-topography relation can be

attributed to the mechanochemical polishing effect [24 , 40] , which

was believed to be related with the mechanical differences (e.g.,

hardness) between the head and tail parts of the domains. It is

quite intriguing and unexpected that head and tail parts of do-

mains are possibly to have property differences, for instance, re-

sponse to mechanical load [41] and spatial current distribution

[42] . Besides, this phenomenon may suggest the sensitivity of do-

mains in the MPB-composition PMN-32%PT to external stress, in

comparison with the other two off-MPB compositions under the

same polishing condition. 

3.4.2. Mechanisms of local piezoelectric/ferroelectric responses 

changes 

The MPB-composition, PMN-32%PT, is the easiest to be electri-

cally switched by external dc voltages and has the strongest piezo-

electric/ferroelectric responses, compared with the other two off-

MPB compositions. The M phases in relaxor-PT crystals help to

form the MPBs with R or T phases, resulting in phase instability,

and inducing high piezoelectric response [9] . Electric-field-driven

polarization rotation [32] , the relatively lower energy barrier of the

MPB-composition by Landau theory ( Fig. 6 a) and the strong piezo-

electric anisotropy of the monoclinic distortion [43] contribute to

these properties. 

From another aspect, domain and domain wall related issues

can be extrinsic factors contributing to the reported performances,

ascribed to the minimization of depolarization field energy and

elastic energy originated from the occurrence of multidomains in

ferroelectrics [44] . These factors contain amount, shapes and sizes

of domains, and the kinds and density of domain walls, together

with domain wall motion. First of all, due to the property diver-

gences in c + and c − domains, large amount of c + domains and
igh aspect ratio of c + /c − in PMN-32%PT give rise to its small local

 c , resulting in the most easily excited domain wall motion under

ow external electric field. This high domain wall mobility facilities

ase of polarization rotation [9] , and thus contributes extrinsically

o the better dielectric and piezoelectric performances. Besides, do-

ain size is a key factor affecting local properties by influenc-

ng local depolarization and elastic energies. On the whole, both

he formation of domains and domain walls decreases crystals’ lo-

al elastic energy. Theoretically, the decrease in domain size gives

ise to a decrease of depolarization and elastic energies. How-

ver, by domain size’s decrease, the consequent requirement of

omain wall increase (in amount/area/length) would lead to en-

rgy cost increase [45] . Hence, the determination of domain size

s a balance of energies between domains and domain walls [45] .

ig. 6 c-e illustrates the statistical analyses of vertical domain sizes

n the three single crystals. Their raw domain partition and statisti-

ally analyses of area/length/width are present in Fig. S8-S10. Typ-

cally, domain width is commonly used for domain size descrip-

ion. Fig. 6 e illustrates that the domain width in PMN-32%PT and

MN-40%PT are the largest and smallest, respectively. Similar trend

an be seen in the single c + domain area from Fig. 6 c. Among

he three crystals, the largest single domain width/size in PMN-

2%PT theoretically suggests its highest depolarization and elas-

ic energies. These high energies makes domains in PMN-32%PT

nstable and sensitive to external stress, evidenced by its small

 c , ease of electrical switching and the coupling of domain pat-

erns with surface topographies. However, compared with those

n PMN-24%PT, domains in PMN-40%PT with smaller width/sizes

how electrical instability. This instability of these slim domains is

 result of competition between domain and domain wall energies.

n PMN-40%PT, the smaller domain width/size gives rise to lower

epolarization and elastic energies, but the consequent larger do-

ain wall amount causes energies increase. In the end these en-

rgies stemmed from domain and domain walls in PMN-40%PT are

 little higher than those in PMN-24%PT, inducing smaller V c and

asier domain wall mobility. It is reasonable that PMN-32%PT with

he largest domain width own the smallest coercive voltage, be-

ause the coercive field has been reported to have no certain rela-

ionships with domain size. For instance, it was found that in the

111]-oriented tetragonal PIN-PMN-PT crystals with domain sizes

f 50 μm and 500 nm, the coercive field was almost the same, be-

ng 8.6 kV cm 

-1 [46] . This experimental result supports that the

oercive field can be insensitive to the domain size. In addition,

ifferences in curvature, width, types of domains walls in the crys-

als may cause energy differences and thus bring in performance

ariations. A clearer comparison of domain wall configuration and

ensity on 1 μm × 1 μm in the crystals is present in Fig. S11. 

Overall, the local piezoelectric responses are contributed by two

actors, intrinsic one and extrinsic one. The intrinsic contribution

s lattice deformation and energy barriers originated from symme-

ry differences, while the extrinsic one is related to domains and

omain walls, such as aspect ratio of c + /c −, domain width/size,

otion and density of domain walls. It alters from case to case

nd is still under debate whether the intrinsic or the extrinsic

actor is in dominant contribution to the giant electromechanical

esponses in relaxor-PT solid solutions. By investigating the sub-

oercive field piezoelectric behavior of PMN-PT crystals via the

ayleigh approach [43 , 47] , it has been found that the irreversible

ontribution (representing the extrinsic contribution) is generally

bout 10% −20% for either R or M crystals [43] , demonstrating that

he intrinsic contribution (lattice) is mainly responsible for the

igh piezoelectric response. While, the contributions of PNRs to

he shear piezoelectricity can be as much as 50% −80% [10] . In this

ork, we infer that the main factor could be the intrinsic one, al-

hough domains and domain walls do affect the local electrome-

hanical responses to some extent. 
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Fig. 6. (a) The schematic of free energy versus polarization in the at-MPB composition (PMN-32%PT) and the off-MPB compositions (PMN-24%PT and PMN-40%PT). (b-e) 

Statistical analyses of vertical domain sizes: (b) aspect ratio of total area; (c) area, (d) length, and (e) width of a single domain. 

4

 

e  

s  

i  

s  

t  

l  

l  

w  

A  

t  

Y  

a  

e  

t  

t  

i  

c  

t  

r  

e  

c

D

C

v  

P  

L  

i  

i  

&  

Y  

&

A

 

o  

o  

S  

a  

(

S

 

f

A

 

P  

fi  

v  

d  

o

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Conclusions 

In this work, we quantitatively analyze the original local

lastic/piezoelectric/ferroelectric properties of the various distinct

ymmetry-dependent vertical and lateral domain configurations

n (100)-oriented PMN-x%PT single crystals via SPM, offering

tructure-property clarification from the aspect from microstruc-

ures. On mesoscale, with increasing contents of Ti 4 + across MPB,

abyrinthine domains with curved c/a walls change to polygonal

amellar ones with coexistence of relatively straight c, a and c/a

alls, then to ribbon-like slim ones with c walls in small curvature.

mong them, the polygonal lamellar domains in at-MPB composi-

ion with M symmetry, exhibit better performances: high effective

oung’s modulus, strong original average piezo response (8.5 pm)

nd effective d 33 (14 pm V 

−1 ), low coercive voltage, and ease of

lectrical switching. Balance between random field and ferroelec-

ric interaction of nanoclusters, and gradient-driven morphological

ransition account for these domain formation. Low energy barrier

n MPB-composition and strong piezoelectric anisotropy in mono-

linic distortion contribute intrinsically to the attractive capabili-

ies in PMN-32%PT. Higher and easier domain wall mobility, larger

atio of c + /c − domains, and larger depolarization and elastic en-

rgies originated from domains and domain walls make extrinsic

ontributions. 
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