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ABSTRACT: Enhanced piezoelectric, dielectric properties and thermal stability in ternary
relaxor-PbTiO3 based ferroelectric crystals are expected to develop the next-generation of
electromechanical devices. However, due to their increased disorder compared to other
ferroelectrics, designing a controllable phase boundary structure and engineered domain
remains a challenging task. Here, we construct a monoclinic heterophase coexisting in a
ternary Pb(In1/2Nb1/2)O3−Pb(Mg1/3Nb2/3)O3−PbTiO3 single crystal with optimized
composition and an ultrahigh piezoelectric coefficient of 1400 pC N−1, to quantify the
correlation between spontaneous nanopolarity and phase heterogeneity, in an attempt to
understand the origin of the exceptional functionalities. By designing an in situ high-
resolution spectroscopic-microscopic technique, we have observed Ma and Mc heterophase
mixtures spatially separated by the monoclinic heterophase boundary (MHB), which are
responsible for the ferroelectric-dominated and relaxor-ferroelectric-dominated nano-
domain structure, respectively. Internal energy mapping from optical soft mode dynamics
reveals the inhomogeneous polarization and local symmetry on both sides of the MHB.
Various molecular polarizabilities and localized octahedral distortions correlate directly with monoclinic regions and
electromechanical contribution. This work clarifies the heterogeneity between structure, energy, and polar order and provides a
new design freedom for advanced relaxor ferroelectrics.

KEYWORDS: relaxor ferroelectrics, nanostructure, nanodomain, phase coexistence, giant piezoelectricity

■ INTRODUCTION

Relaxor ferroelectrics exhibit outstanding piezoelectric, dielec-
tric, and optical properties and are suitable for the develop-
ment of numerous electromechanical and photoacoustic
applications.1−5 Ternary Pb(In1/2Nb1/2)O3−Pb(Mg1/3Nb2/3)-
O3−PbTiO3 (PIN-PMN-PT) shows a higher coercive field and
better temperature stability than its binary Pb(Mg1/3Nb2/3)-
O3−PbTiO3 (PMN-PT) counterpart.3,6−8 However, designing
the controllable structure and superior functionality of a
ternary solid solution system has always been a challenge
because of its increased chemical and polar disorders. To date,
the morphotropic phase boundary (MPB) mechanism has
been widely accepted for explaining the origin of the good
performance in solid solution ferroelectric materials, while the
existence of polar nanoregions (PNRs) in relaxor ferroelectrics
breaks the long-range ferroelectric ordering with randomly
oriented dipoles, greatly flattening the local free energy profile
and contributing to the further enhanced properties.9−13

Nevertheless, the underlying physical correlations between
structure and polar orders remain to be explored.14 Kalinin et
al. reported the presence of both static and dynamic
mesoscopic inhomogeneous regions in the ergodic relaxor

phase by piezoresponse force microscopy (PFM), with the size
being on the order of 100−200 nm.9,15 Mesoscopic
inhomogeneity is theoretically predicted in a simple
thermodynamic way, showing the relationship between the
diffuse phase transition and the local ferroelectric polarization
distribution.16 In addition, the structure mixture and complex
polarization have been extensively studied from the micro-
meter scale to the nanometer scale.4,17,18 This paradigm is
expected to provide guidance for the structure design, domain
engineering, and functionality improvement of relaxor PT-
based materials.
Phase instability and transverse phonon localization are the

main causes for the emergence of metastable monoclinic (M)
phase bridging rhombohedral (R) and tetragonal (T)
symmetries.17,19−22 Intermediate M-symmetry (Ma, Mb, and
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Mc) groups are believed to balance the accommodated strain
and favor the multidirectional polarization states at
MPB.20,23−26 The as-grown PMN-based relaxor ferroelectric
crystal has a rhombohedral-like (R-like) Ma (space group Cm)
and tetragonal-like (T-like) Mc (space group Pm) phases
coexisting at room temperature, presenting an adjacent laminar
domain structure.22,27−31 It should be noted that exploring Pb-
based ferroelectric performances requires consideration of the
synergistic contributions from the lattice symmetry, polar
order, and internal energy. Therefore, it is necessary to explore
the spatial relationships between the structure, internal energy,
and polarization disorder in Pb-based relaxor ferroelectrics
with MPB composition, and to further strengthen the
understanding of the structure-related piezoelectric contribu-
tions.
The natural interface between the T-like and R-like

heterophase structure near MPB is related to the piezoelectric
enhancement.19,27 Here, we construct a monoclinic hetero-

phase boundary (MHB) of Ma and Mc heterophases coexisting
in a composition-modified PIN-PMN-PT single crystal, which
shows the relaxor characteristics of frequency dispersion,
diffuse phase transitions, and a stronger d33 of about 1400 pC
N−1 over the crystals with pure phase. We systematically study
the heterogeneous structure dynamics and in situ polar order
behaviors. Complete pictures of the connection among
polarization, heterophase, and the internal energy have been
captured by in situ PFM coupled with the polarized micro-
Raman imaging. It provides distinct evidence for explaining
Ma/Mc phase variation, internal energy inhomogeneity, and the
corresponding domain structure. Finally, the respective
electromechanical contribution at each heterophase region is
predicted. This work reveals that the monoclinic heterophase
and the polarization inhomogeneity contribute to the increased
the anisotropy degree, and provides a new strategy for
designing advanced relaxor ferroelectrics.

Figure 1. (a) XRD patterns with the diffraction peaks near 2θ = 22° and 45° for 30PIN-35PMN-35PT, 30PIN-36PMN-34PT, and 31PIN-41PMN-
28PT crystals, respectively. (b) d33 of three single crystals and its temperature dependence on monoclinic 30PIN-36PMN-34PT crystal. (c) High-
temperature dielectric constant for 30PIN-36PMN-34PT single crystal. Inset plots the Vögel-Fulcher fitting. Temperature dependence of (d)
depolarization ratio (ρ) and (e) Raman intensity ratio (η = I803/I587) in z(̅x,x)z and z(̅x,y)z polarized scattering geometries on the monoclinic
30PIN-36PMN-34PT crystal over temperature range of 290−530 K. All Raman spectra data obtained over the temperature range of 273−573 K
are shown in Figure S1(b,c) of the SI.
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■ RESULTS AND DISCUSSION

In order to obtain PIN-PMN-PT with monoclinic phase, as-
grown [001]C-oriented 30PIN-35PMN-35PT, 30PIN-36PMN-
34PT, and 31PIN-41PMN-28PT single crystals were prepared
by precisely controlling the stoichiometry. The basic structures
were characterized by X-ray diffraction (Figure 1a) on single
crystals, showing the sharp diffraction peaks. The 31PIN-
41PMN-28PT crystal belongs to R3m space group of pure R
phase, while the diffraction-peaks splitting into (100)/(001)
and (200)/(002) confirm a pure T (P4mm) symmetry in
30PIN-35PMN-35PT. Between them, an intermediate phase
noted as monoclinic (m) symmetry is found in 30PIN-
36PMN-34PT with MPB composition32,33,38 As shown in
Figure 1b, pure R 31PIN-41PMN-28PT and pure T 30PIN-
35PMN-35PT crystals have a piezoelectric coefficient of d33 ≈
630 pC N−1 with about 920 pC N−1 at room temperature.
Compared with the pure crystals, monoclinic 30PIN-36PMN-
34PT generates a higher piezoelectric coefficient of about 1400
pC N−1 at room temperature and 400 K, and then decreases to
1050 pC N−1 at 450 K upon the increasing-temperature
induced structural transition into T phase. With the temper-
ature increases to 500 K, 30PIN-36PMN-34PT single crystal is
paraelectric without the effective piezoelectric activity.
Figure 1c depicts temperature (T) dependent dielectric

constant [ε( f, T)] on monoclinic PIN-PMN-PT. ε( f, T) curve
illustrates a diffuse phase transition from ergodic relaxor to
ferroelectric phase near 470 K, and ferroelectric-ferroelectric
phase transition near 410 K noted as TM−T. To quantify the
frequency dispersion behavior, the maximum temperature of

εmax (Tm) around 473 K with ΔTm ≈ 10 K over frequency
range of 102 to 106 Hz is fitted by the Vögel-Fulcher law

f f e U k T T
0

/ ( )a B m f= − − ,34,35 where the activation energy Ua of 33.5
meV and the static freezing temperature Tf of about 467 K are
achieved. It implies that the monoclinic PIN-PMN-PT holds
the enhanced relaxation and predicts a strong PNR
interaction.36,37

To explore the heterophase structure, internal energy, and
temperature stability, we employ the unpolarized and polarized
Raman spectroscopy in the cross-polarized VH: z(̅x,y)z and
parallel-polarized VV: z(̅x,x)z geometries. Room temperature
Raman spectra were shown in Figure S1(a) (see the
Supporting Information, SI). Raman-active vibrations extracted
by fitting process show 12 modes on cubic (C) PIN-PMN-PT,
involving the transverse optic (TO) and longitudinal optic
(LO) of 3T1u+T2u modes. The observed modes have been
assigned and marked in z(̅x,y)z spectra, well matching with the
reported experimental and calculated phonon recognition.38−40

Owing to the anisotropy and nonsymmetric second-order
polarizability of PIN-PMN-PT lattice, obvious spectral
variations among the unpolarized, z ̅(x,x)z, and z ̅(x,y)z
scattering can be seen, especially for the Pb-BO6 stretching
modes at low wavenumber range of 30−150 cm−1. A breathing
mode near 55 cm−1 is very strong in z(̅x,y)z geometry, but is
silent in z(̅x,x)z. In addition, the modes at 150−500 cm−1 are
derived from the mixed B−O−B bending and O−B−O
stretching behaviors in BO6 octahedra, while the B−O−B
bending also contributes to the vibrational signals at 500−900
cm−1.

Figure 2. (a, b) Sketches of spontaneous polarizations (PMa
, PMb

, and PMc
) in the monoclinic phase with respect to the pseudocubic unit cell. (c)

HAADF-STEM image of the monoclinic PIN-PMN-PT single crystal. Yellow dashed lines indicate the nanodomains. The bright spots correspond
to Pb columns, and the paler spots are the B-site cation columns. Yellow arrows indicate the displacement of B-site cation from the center of each
cell. Blue dashed lines separate Ma and Mc heterophases. (d) Comparative display of the lattice configurations for Ma and Mc phases with their
polarization states. (e) Strain map of a collected box area in (c). ϵ[100] denotes the strain along the [100] direction.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c22983
ACS Appl. Mater. Interfaces 2022, 14, 10535−10545

10537

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c22983/suppl_file/am1c22983_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c22983/suppl_file/am1c22983_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c22983/suppl_file/am1c22983_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22983?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22983?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22983?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22983?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c22983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Our previous reports41−43 have revealed that the depolariza-
tion ratio can reflect the molecular symmetry difference and
lattice variation of ferroelectric perovskites, following the
formula of the polarized Raman scattering intensity ratio

I

I
z x y z

z x x z

( , )

( , )
ρ = ̅

̅
. The temperature dependent depolarization ρ value

of the vibrational modes around 71, 100, and 803 cm−1 in
Figure 1d fluctuates first at 293−343 K corresponding to the
instable monoclinic phase. The depolarization fluctuation near
room temperature illustrates the unstable lattice polar-
izability,30 which would be attributed to the monoclinic
symmetry with unstable phase coexistence. An abrupt increase
near 400 K confirms the phase transition (TM−T) from
monoclinic to T phase. Similarly, the change of ρ value near
473 K indicates the critical temperature of Tm. Moreover,
diffuse phase transformation of monoclinic PIN-PMN-PT
could be distinguished by calculating the intensity ratio η =
I803/I587 in VV and VH configurations:29 ηVH < 1 and ηVV < 1
in monoclinic phase, ηVH > 1 and ηVV < 1 in T phase, and ηVH
> 1 and ηVV > 1 in C phase, respectively, where the peak
around 587 cm−1 is associated with A1(TO) mode in T phase
and A′′ mode in monoclinic phase. As shown in Figure 1e, the
temperature dependence of η = I803/I587 represents M → T →
C phase transition process. Therefore, by studying the soft-
mode thermodynamics and depolarization fluctuation, the
room temperature monoclinic phase of PIN-PMN-PT as an
adaptive structure exhibits structural instability.
In this metastable intermediate structure bridging R and T

symmetries, the monoclinic polarization orientation is con-
strained to a crystallographic plane, rather than a crystallo-
graphic axis. The Ma lattice is rotated by 45° about the [001]C
direction with respect to the pseudocubic cell, where PMa

lies
along the [uuv] direction (u > v) in the (11̅0)C plane (Figure
2a), whereas Mc allows the spontaneous polarization PMc

along
the [u0v] direction (u ≠ v) in the (010)C plane (Figure 2b).

Strong polarization would contribute to the variation of
octahedral distortion and lattice anisotropy in Ma and Mc
phases. The heterophase region was examined at atomic
resolution using high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) in Figure
2c. The polarization, lattice distortion, and in-plane strain
variations of the HAADF-STEM-measured area have been
studied to reveal the nanoscale coexistence of Ma and Mc
heterophases. Local polarization within the ABO3 lattice can be
obtained by calculating the projected displacement of B-site
cations relative to the center of four neighboring Pb
cations.4,19,44,45 Octahedral distortion behavior shows an
obvious tilting in Ma, whose polarization configurations behave
more orderly. For Mc regions, the polar order is more complex.
Its domain size decreases to several nanometers, behaving
more disorderly. We roughly delineated nanopolar regions
with yellow dashed lines. Hence, there are clear interfaces
separating the Ma and Mc regions with the different
polarization states, in terms of the polar magnitude and polar
orientation.
We define the interface as monoclinic heterophase boundary

(MHB), which is marked by blue dashed lines in Figure 2c. As
sketched in Figure 2d, the Ma lattice generally tilts along the
[010]C axis and presents a generally ordered polarization
orientation, while the Mc region exhibits the local polar
heterogeneity distribution. Because a small magnitude of
atomic displacement in the measured (010)C plane may exhibit
large polarization along the other crystalline axes, the arrow
length cannot in reality reflect the polarization magnitude for
the adjacent Ma and Mc heterophases. Furthermore, the
heterophase structure is also clearly observed in the geometric
phase analysis (GPA) strain image along [001]C (Figure 2e) of
the chosen box region, where GPA is an effective method to
reflect the structural variation in an area of the STEM image.
Around the Ma and Mc heterophase boundary, the lattice is
incoherently strained in the in-plane direction. The sharp

Figure 3. (a−d) Out-of-plane phase images of PFM on the different random-chosen 3 areas of crystalline (001) face of 30PIN-36PMN-34PT single
crystal at MPB. (e−h) Ferroelectric domain wall (DW) distribution images obtained on the corresponding phase signal (a−d) by the gradient-filter
method, respectively. The insets are the respective DW density profile curves collected from five sequential square areas along the diagonal of image
as marked by the dashed red arrow in (e).
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mutation of the in-plane strain variation occurs at the
heterophase boundary MHB, due to the changing lattice
constants between Ma and Mc symmetry. Therefore, STEM
results provide direct evidence about the monoclinic
heterophase coexistence and complex polar disorder on the
atomic-resolved scale.
On the micrometer scale, ferroelectric domains in Ma and

Mc regions and their spatial distribution dependence were
investigated by PFM. Domain variation in monoclinic phase is
associated with the rotational polarization instability, con-
tributing to the crystallographic anisotropy variation of the
polarization orientation.14,46,47 PFM results (see Figure S2 in
the SI) indicate the ribbon-shaped out-of-plane domain
textures on the [001]-oriented crystals with pure R and T
phases. Figure 3 illustrates the out-of-plane ferroelectric
domains on the randomly chosen regions in the monoclinic
30PIN-36PMN-34PT crystal. Both the ribbon-shaped domain
structure and the irregular texture can spontaneously distribute
spatially in two forms: the nanodomain-in-microdomain
configuration (see Figure 3a,b) and the coexistence distribu-
tion separated by clear boundaries (Figure 3c), showing that
the nanoscale domain ripples intersect vertically with the
micrometer-scale ribbon-shaped domains. The variation of
domain configuration implies that MHB on the micrometer
scale possibly belongs to a polarization-misfit interface.
Domain formation in this case is associated with the
accommodation of the misfit-generated stress and internal
electric field of the PIN-PMN-PT crystal, resulting in the

reduction of domain wall (DW) energy. Hence, the DW
distribution is extracted from the phase channel pixel by pixel
using a gradient-filter model, so that the normalized DW
density can be statistically estimated by counting percentage of
pixel at DW location. Figure 3e−h illustrates the corresponding
DW distributions and their DW density profiles in each inset,
which are achieved by calculating the average DW density in
five sequential square areas along the diagonal of each image.
Figure 3g can clearly show the comparison of DW density
between the ribbon-shaped domain area and the irregular
domain, in which the former has a larger density of about 5.0%
than the latter of 4.0%. These domain scenarios in the
monoclinic crystal reflect the inhomogeneous polar order of
PIN-PMN-PT, due to the heterophase coexistence.
Figure 4a,b shows out-of-plane domains in a 90 μm area and

its 30 μm enlarged zone, respectively, clearly illustrating the
regular ribbon-shaped domain morphology on the left and the
irregular one on the right. Differing from pure phase crystals,
domains of the monoclinic phase present the distinct spatial
distribution dependence. Figure 4c,d shows DW distribution
(30 μm) and the quantified DW density image (90 μm),
corresponding to Figure 4b,a, respectively. Combined with the
density profiles (Figure 4e) extracted along the marked arrows
in Figure 4d, the ribbon-shaped domain presents a high wall
density of about 9.0%, while the irregular domain presents the
island-shaped disordered DW configuration with a reduced
density of about 5.0%. Being analogous to the classic
ferroelastic microstructure of polydomain plates,48 the

Figure 4. Out-of-plane PFM phase image (a) with the size of 90 μm and (b) with the enlarged box with the size of 30 μm. (c) Domain wall (DW)
distribution of image (b) obtained by gradient-filter method. (d) A calculated DW density distribution (90 μm). Each density pixel counts the
proportion of DW points in each equally distributed 5 μm area of image (a). (e) Four corresponding line profiles of DW density along the arrows
in (d). (f−h) Raman frequency images around 55, 80, and 585 cm−1, respectively, from micro-Raman spectral mapping in z(̅x,y)z polarized
scattering geometry. The dashed lines sketch the separation boundary of different domain morphologies.
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structure difference affects the size of domain distribution to
control the misfit-generated long-range stress in the inhomoge-
neous lattice.27,46 The observed domain heterogeneity for
stress accommodation will meet the energy minimization
requirement of the system, including lattice strain (elastic),
interfacial energy (gradient), and electrostatic energy mini-
mization. Under this circumstance, the DW energy density γ is
related to the domain size λ0 and the thickness (t) of the

domain layer, following
pt

0
2

0
2

γ = λ μϵ
, where p is a constant, and μ

and ϵ0 are the shear modulus and twinning strain,
respectively.46,49 So the decreased wall density (∝ 1/λ0) of
the ferroelectric domain reflects the growing DW energy
density γ. In monoclinic PIN-PMN-PT, the ribbon-shaped
domain region in Figure 4a possesses a lower DW energy
density γ than the irregular domain area. Therefore, the
different microdomain laminas are of the varied DW density
and DW energy in the PIN-PMN-PT crystal with MPB
composition.
On the basis of the observations of TEM and PFM, the

ferroelectric domain variation is closely related to its mixed Ma
and Mc phase coexistence on the nano-to-micro scale.

Heterophases in relaxor ferroelectrics lead to the misfit stress
of lattice and consequently allow polarization heterogeneity for
accommodating the stress.29,31 The connections between
polarizataion and structure were studied on the same region
of Figure 4b by in situ micro-Raman imaging. Raman
spectroscopy has a high sensitivity to the spatial phase
variation by analyzing the soft-mode.28,29,50 Under the same
ambient pressure and temperature, the phonon frequency shift
is mainly attributed to the intrinsic phase difference and the
internal stress inhomogeneity.51,52 Phonon frequency map-
pings around 55, 80, and 585 cm−1 in Figure 4f−h,
respectively, clearly show a larger frequency on the left side,
associating with the ribbon-shaped domain configuration,
while the irregular domain area corresponds to the smaller
frequency values. Similarly, Hlinka et al.27 reported a
macroscopic lamellar structure in PMN-0.32PT by polarized
Raman spectroscopy, indicating an array of “morphotropic”
interphase boundaries between R-like and T-like areas.
Therefore, Raman images initially reveal that the observed
lamellar domain heterogeneity is consistent with different
phase structures or the effect of the nonuniform internal stress
in monoclinic PIN-PMN-PT. However, it should be noted that

Figure 5. In situ Raman scattering intensity maps of the representative modes around 587 and 803 cm−1 in the polarized (a) VH: z(̅x,y)z and (b)
VV: z(̅x,x)z geometries. (c) Maps of depolarization ratio (ρ) for the corresponding vibration modes. (d, e) The fitted scattering peaks in both
polarized geometries at the marked spots [L1 (solid thick line), L2 (solid thin line), and L3 (dotted thin line)]. (f) Maps of intensity ratio (η = I803/
I587). (g) A schematic of the proposed phase distribution in the measured 30 μm area.
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phonon frequency in theory cannot be directly used for Ma and
Mc heterophase recognition.
To explore the spatial distribution of lattice symmetry and

anisotropy, the polarized Raman images were further obtained
in this heterophase region. The polarized scattering intensity is
proportional to the molecular polarizability αij (C m2 V−1),

following I Iz i j z c ji( , )
16 2

0
4 4

4 α∝ π υ
̅ , where c is light velocity in

vacuum, and I0 is the incident energy.43 Figure 5a,b presents
the z(̅x,y)z and z(̅x,x)z scattering intensity images of the main
phonon around 587 and 803 cm−1. To highlight the difference
of scattering characteristics among the different positions, three
representative areas are chosen and marked as L1, L2, and L3

sites. Figure 5d,e plots the position dependence of the fitted
Raman spectra. z(̅x,y)z scattering intensity is larger around L1

than that around L2−L3 I I( )L
VH

L
VH

1 3> , while the region around
L3 becomes stronger scattering in the z(̅x,x)z geometry
I I( )L

VV
L
VV

3 1> . Intensities from both cross and parallel-polarized
scattering appear the weakest value at the region (L2) around
the center, which is coincidentally located at the domain center
surrounded by long-range ribbon-shaped domains and
irregular ones shown in Figure 4b. Simultaneously, Figure S3
in the SI shows the consistent frequency shift behavior of the
polarized Raman bands around 587 and 803 cm−1.
Inhomogeneous intensity mapping results from the polar-
izability variation of lattice and consequently presents a rough
outline of the distinguished anisotropy distribution with a
spatial resolution of about 1 μm.
Theoretically, the crossed z(̅x,y)z scattering originates from

the x-to-y distortion in the electric-field direction of the
incident light due to the anisotropic perovskite polarizability.
The calculated depolarization ratio ρ value represents the
lattice symmetry and the anisotropy degree distribution of
PIN-PMN-PT crystal, where the value approaching 0.75 (the
maximum value) reflects the enhanced anisotropy.43 As
illustrated in Figure 5c, it shows a lower ρ value around L2

and L3 sites comparing to that at L1. Combining the scattering
intensity images, we find that the area around L1 shows the
larger anisotropy and octahedral distortion degree than L2 and

L3 regions. The MHB separates regions with various
anisotropy and symmetry. Moreover, peak competition
quantified by the scattering intensity ratio can be used to
recognize the coexistent Ma and Mc heterophases, and also
minimize effects from instrumental conditions.29 Intensity ratio
(η = I803/I587) maps in z(̅x,y)z (Figure 5f1) and z(̅x,x)z
(Figure 5f2) configurations further confirm the spatial
inhomogeneity, showing η < 1 at L1 and ηVV > 1 at L2.
The Ma and Mc coexistence separated by MHB has been

revealed by the consistent images of phonon frequency,
molecular polarizability, and lattice symmetry. Heterophase
and MHB structure confirm the theoretical prediction of
eighth-order Devonshire-Landau free energy expansion, which
clarifies the structure variation of low-symmetric Ma and the
more spherical-symmetric Mc subphases in the unit sphere
space.24 The intrinsic monoclinic polarization leads to a
stronger lattice distortion and polarizability difference in Ma
than in Mc. Hence, it directly explains that the L1 region will
follow Ma symmetry, while the L2-L3 areas belong to Mc. In
other words, a high depolarization value and a low intensity
ratio illustrate a low-symmetric Ma phase, while the
neighboring L3 region turns into the more symmetric Mc
phase instead. Figure 5g sketches the Ma and Mc heterophase
distribution on micrometer scale, separated by the MHB,
which simultaneously separate various microdomain config-
urations with different DW energy. Ribbon-shaped domain in
low-symmetric Ma region holds higher DW density and lower
DW energy, when comparing to the irregular domain texture
on high-symmetric Mc. The observed multidomain textures
have been successfully modeled in the structural heterophase
laminates, allowing the minimization of the internal energy of
the crystal, including the elastic, electrical, and the domain
interface energies.53,54 Therefore, the qualitative DW energy in
the distinct domain regions, as one of the key components of
the total internal energy, may interpret the heterophase
dependent energy distribution at the MHB region.
The coexistent heterophases and the architecture of MHB

on the nano-to-micro scale in relaxor materials with
composition close to MPB is regarded as the significant factor

Figure 6. (a, b) Amplitude-voltage butterfly and phase-voltage hysteresis loops obtained by PFM switching measurements on the left and right
zones of (c) phase and (d) amplitude images on the unpoled monoclinic PIN-PMN-PT single crystal. The white dashed lines mark the MHB
location and separate the regions with left labyrinthine and right irregular domain patterns. Domain images include out-of-plane and in-plane
domain images. Scan size is 20 μm.
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in the piezoelectric enhancement. Macroscopic two-phase
laminates and nanoscale heterophase structures have been
observed on Pb-based relaxor ferroelectrics and BiFeO3 films
for the strain accommodation by forming distinct polar
variants.19,22,27 Local piezoelectric response is estimated by
amplitude-voltage butterfly loops and amplitude images by the
vertical PFM method, as shown in Figure 6. The measured
piezoresponse does not show the obvious difference in
amplitude on the left (Ma) and right (Mc) sides of MHB.
Generally, the piezoelectric response of Pb-based relaxor
ferroelectrics can be improved by electric poling along the
[001]C crystallographic direction in R or O phase. Through
estimating the degree of short-range order from Raman
spectra,18 it is explained that the ribbon-shaped domain on
the [011]C-poled relaxor-PT based crystal exhibits weaker
piezoresponse than the [001]C-poled one. However, compar-
ing the intrinsic piezoelectric contributions of the Ma or Mc

phase for the unpoled PIN-PMN-PT should consider lattice
structure and internal energy properties, rather than the
domain switching effect.55 According to the Landau phenom-
enological theory,14,44,56 the polarization anisotropy and
energy barrier between the various polarization states in the
nanodomain of an intermediate phase will be greatly
weakened, leading to a flatter Landau energy profile than
that of the pure R or T structure. Combining the Raman
scattering results for microscopic structure analysis and TEM
results of nanoscale polar features, it is observed that compared
with the Ma region, the Mc phase exhibits reduced nanodomain
size, higher domain wall energy, and lower free energy for
polarization rotation. Therefore, for ternary PIN-PMN-PT, the
contribution of the Mc phase to the piezoelectric property is
greater than that of the Ma phase.

■ CONCLUSIONS

In conclusion, a ternary PIN-PMN-PT relaxor ferroelectric
crystal with a monoclinic phase was studied, where an MHB
spatially separates the adaptive Ma and Mc heterophases, in
which the variation of the laminar ferroelectric domain
structures are associated with the different domain wall energy,
polarization rotation free energy, molecular polarizability, and
symmetry. The interface at MHB will generate the misfit stress
and asymmetric electric field. The nano-to-microscale Ma and
Mc heterophases allow the intrinsic polarization rotation free
energy instability with the polymorphic nanodomain states.
The ribbon-shaped domain with larger DW density is observed
at the low-symmetric Ma phase region, while the irregular
domain texture with the decreased DW density exists at the
higher spherical-symmetric Mc phase region. The heteroge-
neous phase coexistence and polar orders with distinct
direction variants meet the requirement of strain accommoda-
tion. Internal strain accommodation leads to different domain
configurations and domain wall energies of Ma and Mc areas.
According to the relationship between the local heterogeneous
Ma and Mc symmetries and their nanopolar domains, we reveal
that the Mc polymorphic nanodomain structure contributes
more to the enhanced electromechanical property. This work
provides a new idea for understanding the origin of the large
piezoelectric response, guiding the structure design and
piezoelectric enhancement of relaxor ferroelectric material
systems.

■ EXPERIMENTAL SECTION
Preparation of PIN-PMN-PT Single Crystal Samples. Ternary

Pb(In1/2Nb1/2)O3−Pb(Mg1/3Nb2/3)O3−PbTiO3 (PIN-PMN-PT) sin-
gle crystals were grown using the modified Bridgman method, with
details reported by Xu et al.57 As-grown single crystals were oriented
to the crystallographic [001] direction and cut into plate samples with
sizes of 10 × 10 × 0.45 mm3. The unpoled sample surface was
mechanically polished.

HAADF-STEM. STEM specimen was prepared with a dual-beam
focused ion beam (FIB) system (Nanolab Helios 650) using Ga ion
accelerating voltage (30 kV). Then, ion-milling operation was
implemented from 24 pA to 9.3 nA. The HAADF-STEM images
were captured using the STEM mode of a JEM Grand ARM300F
microscope with double spherical aberration (Cs) correctors operated
at 300 kV. A probe convergence angle of 24 mrad and the detection
angles of 63−180 mrad were applied.

XRD, Dielectric, and Piezoelectric Constant Character-
ization. X-ray diffractometer (XRD, Cu Kα, D8 Advance, Bruker)
was employed to reveal the crystal structures. Temperature depend-
ence of dielectric constant at a temperature range from room
temperature to 570 K were carried out at 102 to 106 Hz using an
impedance analyzer (Keysight Technologies E4990A). Piezoelectric
constant (d33) was measured after poling under 2 kV/mm DC fields at
170 °C for 15 min in silicon oil using a quasi-static piezo-d33 m (ZJ-
6A, Institute of Acoustics, Chinese Academy of Sciences, Beijing,
China).

PFM. To observe the spontaneous domain texture and the
switching dynamics, PFM tests in contact mode and DataCube-
PFM mode58 were implemented on a commercial scanning probe
microscopy system (Dimension Icon, Bruker) equipped with a
controller including a function generator and lock-in amplifier. A
conductive diamond coated probe (DDESP-V2) with a spring
constant of ∼80 N/m and a resonant frequency of about 450 kHz
(Nom.) was used in contact mode. The observed PFM response was
collected by applying an AC drive-voltage at the low frequency of 25−
30 kHz and the amplitude of 2.5−5 V on sample, which was attached
on a polished metal disc by conductive silver paint as the bottom
electrode. PFM phase and amplitude images were obtained with a
pixel of 256 × 256. An image process method of gradient-filter
algorithm has been employed to extract the domain wall distribution
by calculating the discrete derivative (dϕ/dx and dϕ/dy) of the PFM
phase signal (ϕ) to an approximate gradient g(ϕ) at pixels reflecting
the phase mutation region. According to the achieved domain wall
distribution image, the domain wall density can be figured out by
counting the percentage of the pixel at the domain wall location in a
unit range.

Raman Spectroscopy and Micro-Raman Scattering Map-
ping. The unpolarized and polarized Raman spectra and mapping
data were carried out on a Jobin-Yvon LabRAM HR Evolution micro-
Raman spectrometer with a Linkam THMSE 600 heating/cooling
stage with a rate of 10 K/min and an accuracy of ±0.1 K. The spectral
resolution was better than 1 cm−1. The wavelength of the excitation
source was 532 nm. Laser-induced heating effect can be eliminated
due to the weak energy of about 4 mW on the measured surface. An
objective lens of 100× and NA = 0.90 was employed to focus the 532
nm light beam to the spot size of approximately 0.72 μm. In situ
micro-Raman mapping realizes the same repeatedly measured site by
mounting the sample on a motorized xy-stage with a move step-size of
1 μm. Hence, the spatial resolution of Raman imaging is estimated at
about 1 μm. A Piezo XY-Nanopositioning Stage [Physik Instrumente
(PI)] was employed to realize in situ imaging measurements of
scanning probe microscopy and Raman spectroscopy.

The polarized scattering spectra and mappings use the polarizers
placed in the excitation and detection path to define the paralleled-
polarized (VV) and the crossed-polarized (VH) scattering geometries.
The polarized Raman scattering can control the propagation (ki, ks)
and electrical-field (Ei, Es) directions of the incident and scattered
light. The classic notation for describing the polarized scattering
geometry is Porto’s notation,59 ki(Ei, Es)ks, which is used to express
the orientation of the crystal with respect to the polarization of the
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laser in both the exciting and analyzing directions.43 The back-
scattering Raman spectroscopy used in our work needs the direction
relations of ki = −ks, ki ⊥ Ei, and ks ⊥ Es. Raman spectra in the VV and
VH geometries were recorded on the polished (001)-cut PIN-PMN-
PT crystals. We assume that the axes x, y, and z are parallel to the
cubic [100], [010], and [001] directions. The scattering light is
collected by an analyzer, which is oriented either VV or VH to the
polarization of the incident laser, thus corresponding to z(̅x,x)z and
z(̅x,y)z geometries, respectively.
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