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Abstract

Single crystals of 0.7Pb(Mg,;Nb,,;)O,-0.3PbTiO, (PMN-30PT) with a composition close to the morphotropic
phase boundary have demonstrated remarkable electromechanical properties, stimulating intensive research
interest in the field of piezoelectrics. Domain structures have long been associated with their overall piezoelectric
properties, thereby garnering particular research interest for the enhancement of piezoelectric properties. Here, we
report on three distinct domain structures in this material. Through a combination of X-ray diffraction reciprocal
space mapping and piezoresponse force microscopy measurements, an M, crystal structure has been confirmed.
The three-dimensional polar vectors of the three domain structures have been reconstructed with two 4M, and
one 2M, domain structures. Correlations between different domain structures and their local electrical switching
properties have been revealed. Our study of the PMN-30PT single crystal examines diverse domain structures at
the mesoscale in detail, which provides valuable insight into the relationship between structures and properties of
the material.
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INTRODUCTION

Relaxor ferroelectric solid solutions of (1-x)Pb(Mg,,Nb,,,)O,-xPbTiO, (PMN-xPT) have long been the
research focus over the last few decades by virtue of their superb piezoelectric and electromechanical
performance that is closely related to their complex microstructure. In pursuit of high piezoelectric
properties, normally two approaches are adopted: the intrinsic one through composition tuning of the solid
l. To achieve high

9-11

solution or doping"®”* and the extrinsic one through domain/domain wall engineering'
electromechanical properties in the PMN-xPT system, regarding the intrinsic approach, the composition x
is usually tuned to a composition of x~0.3 near the morphotropic phase boundary (MPB), which separates
the rhombohedral and tetragonal phases. The improved piezoelectric performance has been attributed to
the intermediate monoclinic phase bridging the adjacent rhombohedral and tetragonal phases, thus
allowing easy polarization rotation™*"”. The resulting domain structures at the MPB region in various
systems have also demonstrated beyond-binary multilevel switching and memristive behavior, which is
|, When it comes to the extrinsic

13,14

promising for the new paradigms of non-volatile memory applications!
approach, both direct current (DC) poling and an emerging alternating current (AC) poling approach,
along with various other approaches, have been utilized to enhance the piezoelectricity through domain wall

[1,3,15-28]

engineering .

Therefore, PMN-30PT is of particular research interest for revealing its structure-property relationship.
This interest stems not only from its status as an MPB composition but also from its rich domain structures.
From the composition perspective, the hierarchy of domain structures has been known to evolve with
different Ti concentrations. Pb(Mg,.Nb,.)O, (PMN) and PbTiO, (PT) are typical relaxors and classic
ferroelectric systems featuring short-range-ordered polar nanoregions and long-range-ordered domains,
respectively. The increased concentration of PT leads to an increased off-center polar displacement within
the unit cell accompanied by mechanical stress'
self-assembled into larger ones with orientations along the polarization variants. Bian et al. have

29,30

I. To accommodate the elastic strain, smaller domains are

investigated the domain structures of PMN-xPT systems at diverse compositions and their associated local
piezoresponse”'. From the domain engineering perspective, significant effort has been made to examine the
relationship between the domain structure and the electromechanical performance in PMN-xPT systems.
The piezoelectric response of PMN-PT has been enhanced more than three times by increasing the domain
wall density through DC poling!'?. Recently, it has been found that three varied domain structures can be
induced by the DC poling on the patterned electrodes™. Under AC poling, it is suggested that the field-
induced M, phase contributes to the enhanced piezoelectricity in PMN-PT. It has also been discovered
that with increasing AC poling cycles, the domain structure can evolve from 4R to 2R with a concomitant
increasing length of 109° domain walls®. To note, 4R/2R denotes that there are four/two possible
spontaneous polarization directions along the polar axis in the rhombohedral phase™. Additionally, the
elimination of light-scattering 71° domain walls has been used to fabricate transparent PMN-PT single

[3,33]

crystals under AC poling™**..

In this work, three distinctive domain structures have been revealed in different regions of PMN-30PT
single crystals using piezoresponse force microscopy (PFM). X-ray diffraction (XRD) reciprocal space
mappings (RSM), a series of rotational in-plane (IP) PFM, and trailing field experiments have been used to
confirm the M, structure of the crystal, and three-dimensional (3D) polar domain variants have been
reconstructed. The correlation between the domain structures and the local electrical switching properties
has been revealed using switching spectroscopy PFM (SSPEM).
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EXPERIMENTAL METHODS

PMN-30PT single crystals with (100) orientation were obtained from MTI Corporation, China. The crystals
were synthesized by an improved Bridgman method. The size of the crystals is 5 mm x 5 mm x 0.2 mm,
two-sided polished with a surface roughness (Ra) less than 10 A.

High-resolution 6-26 XRD studies and RSMs were carried out using a PANalytical X’Pert Pro diffractometer
with CuK,, radiation. The optical images were taken using a Nikon ECLIPSE LV100POL optical
microscope.

All measurements were performed by two commercial AFM systems, an AIST-NT Smart scanning probe
microscopy (SPM) 1000 and an Asylum Research MFP-3D Infinity at room temperature under ambient
conditions. The IP PFM signal depends on the sample orientation with respect to the cantilever. It means
that only the projected component of the IP polarization vector perpendicular to the cantilever contributes
to the IP PFM signal, as IP PEM modes rely on the torsional vibration of the cantilever. Therefore, in order
to resolve the IP polarization vectors, angle-resolved PFM measurements were carried out by changing the
azimuthal angle between the cantilever and the sample. Consequently, the directions of the IP polarization
variants have been resolved by high-resolution PFM images acquired at the quasi-identical region by
changing the cantilever-sample orientation from 0° to 360° with an interval of 45°. To note, during the
angle-resolved PFM measurements, the orientation of the cantilever is fixed, and only the angle of the
sample is rotated with respect to the cantilever. The angle-resolved PFM measurements were performed
with an AC excitation bias between 1.0 to 2.0 V (peak to peak) with platinum-coated tips (HQ:NSC35/Pt,
Mikromasch) at an off-resonance frequency of 100 kHz to avoid any crosstalk from the topography or
resonance frequencies. For SSPFM measurements, commercial silicon tips with conductive Ti/Ir coating
(ASYELEC.01-R2, Asylum Research) were used.

RESULTS AND DISCUSSION

The composition of PMN-30PT single crystals is at the MPB that separates the rhombohedral and
tetragonal phases, and the existence of intermediate monoclinic phases at this regime is argued to facilitate
the rotation path between these two phases. To analyze the polarization variants in the sample, RSMs were
performed to determine the crystal structure. A twofold and a threefold peak splitting were observed around
310 and 311 reflections, respectively, confirming a monoclinic A (M,) structure
[Supplementary Figure 1]+,

Type 1 domain structures with a typical zigzag feature on the topography are shown in Figure 1. The long
vertical zigzag stripes [Figure 1A], with an average stripe/domain width of 2.5 mm, can be observed in the
majority of the sample regions, as evidenced by the optical image shown in Figure 1G. Coinciding with the
topography, the out-of-plane (OOP) phase shows the same zigzag domain structure, with a clear 180° phase
reversal between the adjacent two stripe domains [Figure 1B]. Such topography-domain correlation
originates from a mechanochemical polishing effect that leads to a polarization-dependent mechanical
property upon polishing. Of note, the downward polarization demonstrates a higher surface height in
comparison to the upward polarization, as confirmed in the OOP poling experiment in
Supplementary Figure 2. Two sets of IP PFM images [Figure 1C-F] were obtained by changing the tip-
sample rotation angle from 0 to 90 to resolve the IP polarization variants as the polarization component
perpendicular to the cantilever leads to a torsional movement of the cantilever that can be sensitively
detected. The 0° and 90° rotation IP PFM phase signals in Figure 1C and E show checkerboard domain
structures with four-color contrast, indicating four polarization variants. Figure 1C and E is then binarized
to Figure 1D and F with only black and white contrast. The trailing field, which is equivalent to an IP
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Figure 1. Type 1 domain structure. (A) Topography of type 1 domain structure. (B) The corresponding OOP phase signal. (C) IP phase
signal measured at a tip-sample orientation of 0. The IP polarization variants are denoted on each domain. (D) The binarized version of
(C). (BE) IP phase signal measured at a tip-sample orientation of 90. (F) The binarized version of (E). (G) The optical image of type 1
domain. (H) The reconstructed three-dimensional polarization vectors for type 1 domain.

electric field with a direction co-determined by the tip motion direction and the polarity of the tip bias, has
been used to resolve the directions of the binary black and white contrast [Supplementary Figure 3]". All
the PFM signals in this paper were measured at off-resonance frequency to avoid the crosstalk from the
topography and possible phase flipping near the resonance frequency. By combining the two IP directions,
as denoted in Figure 1D and F, the polarization vectors for each domain can be established in this (100)
oriented M, PMN-PT sample. The IP projections of the four variants are shown in Figure 1C. Additionally,
in Supplementary Figure 4, full angle-resolved PFM measurements were performed at the quasi-identical
region by altering the cantilever-sample orientation from 0° to 360° at an interval of 45°. IP phase values of
the four domains are plotted as a function of tip rotation angle, and then trigonometric fitting is used to
resolve the relative phase differences between each of the four domains. The same reconstruction result of
the polarization vectors is obtained and shown in Supplementary Figure 5, which is also confirmed by the
trailing field experiments shown in Supplementary Figures 6 and 7. The domain structure shows a 4M,
domain configuration with non-charged head-to-tail 71° domain walls (m1+ and m2+, m1- and m2-) and
180° domain walls (m2+ and m2-, m1+ and m1-), which can be seen from the reconstructed four
polarization vectors shown in Figure 1H. There are no 109° domain walls in this type 1 domain structure.
To note, the PMN-30PT is an MPB composition with an M, structure, which closely resembles the
rhombohedral structure due to the slight structural deviations; therefore, the names of domain wall types
still conform to the conventional usage, denoted as 71, 109, and 180, as defined within a pseudocubic
structure®**,
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Type 2 domain structures with a checkerboard feature in the topography are shown in Figure 2. The
alternating yellow and brown quadrilateral patterns [Figure 2A], with an average base/height of 1.5/3 mm,
can only be observed in a minority of the sample regions embedded in the matrix of type 1 domain
configurations. The OOP phase image shows the same alternating checkerboard domains in comparison
with the topography, exhibiting distinct 180° phase differences [Figure 2B]. The optical image shows a
consistent checkerboard pattern [Figure 2G]. Two sets of IP PFM images with different tip-sample
orientations, i.e., 0° and 90°, were measured to determine the polarization vectors [Figure 2C and E]. Based
on the binarized IP phase values [Figure 2D and F], the reconstructed four polarization vectors with both
upward and downward directions are shown in the schematic in Figure 2H. The IP polarization projections
are denoted in corresponding domains in Figure 2C. Compared to the type I domain structure, 71° domains
are non-existent, but 109° domain walls emerge (m1+ and m3+, m1- and m3-) in addition to the 180°
domain walls that are present in both type 1 and type 2 domain structures. The existence of 180° domain
walls in both type 1 and 2 domain structures is due to the allowed polarization states in both upward and
downward directions.

Type 3 domain structures have a prominent horizontal long stripe domain arrangement along [010], as
shown in Figure 3A. The stripes have a typical width of around 1-2 mm. Not all stripe domains are
continuous, as some of them terminate or merge to form larger stripes. The OOP phase also demonstrates a
clear 180° phase difference between adjacent stripe domains, as shown in Figure 3B. The optical image also
shows a consistent structure, as shown in Figure 3C. It should be noted that the type 3 domain only emerges
at certain regions that are adjacent to the sample edge, as denoted by the red dashed boxes in
Supplementary Figure 8. The same rotational experiments were done and are shown in Figure 3D-G. The
0° rotational IP phase signals [Figure 3D and E] show the same phase contrast as the OOP phase
signal [Figure 3B]. The 90° rotational IP phase signals [Figure 3F and GJ], by contrast, present a
uniform bright phase contrast. This indicates that the polarization components perpendicular to the
cantilever from all variants now have the same direction with respect to the cantilever. The reconstructed
polarization vectors with only two allowed directions, sharing the same mi1+ and m3+ variants as
compared to the type 2 domain, are shown in the schematic in Figure 3H. In this domain
configuration, only non-charged 109° domain walls exist due to the existence of only two polarization
variants.

A PMN-xPT system is a well-known relaxor ferroelectric system, and the hierarchy of domain structures is
known to vary on length scales from nanometer to millimeter with different Ti concentrations. PMN is a
pure relaxor with short-range-ordered polar nano regions (PNRs), while PT is a classical ferroelectric with
long-range-ordered large domain structures. The introduction of Ti*" increases the off-center displacement,
and the distortion inside the PNRs results in a mechanical mismatch between regions with different
polarization orientations. To accommodate the generated mechanical strain or minimize the elastic energy,
the small PNRs tend to amalgamate into larger domains of micrometer sizes, such as the observed stripe
domains or checkboard patterns, following their macroscopic symmetries”’. The observed domain
configurations in all three types of domains show macroscopic domain structures, which is consistent with
previous studies™"***. On a close inspection, type 1 and 2 domain structures, while both showing a clear
four-variant domain configuration, are slightly different from the commonly reported ones™"*?. A very
typical four-rhombohedral domain configuration after DC or AC poling will have four allowed polarization
orientations only in the OOP directions™") either upward or downward. A checkerboard domain structure
along [110] directions and alternating long stripe domains along [010] directions are presented for the OOP
and IP domain structures, respectively. The coexistence of 71° and 109° domains and the absence of 180°
domains are seen. By comparison, a type 1 domain shows zigzag and checkboard domain structures in the
OOP and IP images, respectively, with a coexistence of 71° and 180° domains. Type 2 does show a
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Figure 2. Type 2 domain structure. (A) Topography of type 2 domain structure. (B) The corresponding OOP phase signal. (C) IP phase
signal measured at a tip-sample orientation of 0. The IP polarization variants are denoted on each domain. (D) The binarized version of
(C). (BE) IP phase signal measured at a tip-sample orientation of 90. (F) The binarized version of (E). (G) The optical image of type 2
domain. (H) The reconstructed three-dimensional polarization vectors for type 2 domain.

checkerboard domain structure in the OOP plane but no alternating stripe domains, with a coexistence of
109° and 180° domains. A Type 3 domain structure is consistent with the reported 2M configuration,
showing long stripe domains in both OOP and IP directions. One unique feature of the type 3 domain is the
existence of pure 109 domain walls that do not induce light scattering in comparison to 71 domain walls,
making transparent crystals possible”. However, due to the small fraction of the type 3 domain, the
transparency of the region is not very apparent under the optical microscope [Supplementary Figure 8]. The
formation of a type 3 domain structure may be due to the unusual strain state at the edge of the dented
region [Supplementary Figure 8]. It is known that strain can effectively modify the domain structures or
even alter the phase in the PMN-PT system"™*, which is especially prominent in the PMN-30PT system,
which is close to the MPB and, therefore, has a small anisotropy.

The local ferroelectric properties are further probed by SSPEM mappings of the three different types of
domains [Figure 4]. The imprint field mappings calculated from the SSPEM mapping (V, = (|V | - [V,|)/2),
where V, and V, are positive and negative switching voltages, are also shown. The typical topography image
for type I domain structures with OOP polarization directions is shown in Figure 4A. The corresponding V,
mapping exhibits a nice correlation with the topographical feature, which also resembles the domain
structure in the OOP direction, as shown in Figure 4A. Figure 4C shows the SSPFM curve averaged over
200 groups of data (100 groups of data each for downward and upward domains). Figure 4D-I contain the
same information on the topography, the V, imprint mapping, and the averaged SSPFM curve for type II
and type III domain structures, respectively. The extracted critical fields for each domain type have been
summarized in Table 1. V| sy, and V., are the imprint fields extracted from the averaged SSPFM curve

i-map
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Table 1. Local switching properties of the three types of domain structures

Type Visseem (V) Vimsp (V) Vesserm (V) Vemap (V)
Typel -0.6 -1.28 7.1 7

Type 2 -3.55 -35 13.77 14

Type 3 095 15 1.9 15

[010]

Figure 3. Type 3 domain structure. (A) Topography of type 3 domain structure. (B) The corresponding OOP phase signal. (C) The
optical image of type 3 domain. (D) IP phase signal measured at a tip-sample orientation of O. The IP polarization variants are denoted
on each domain. (E) The binarized version of (D). (F) IP phase signal measured at a tip-sample orientation of 90. (G) The binarized
version of (F). (H) The reconstructed three-dimensional polarization vectors for type 3 domain.

and the SSPFM mappings, respectively. V_gpy and V., are coercive fields extracted from the averaged
SSPFM curve and the SSPFM mappings, respectively, where V_=(|V | +|V,|)/2. From the imprint
mappings [Figure 4B, E, H], it can be seen that in all three types of domain structures, the downward
domains consistently have a negative imprint while the upward domains have a positive imprint, which may
be due to the alignment of the high concentration of defect dipoles, e.g., oxygen vacancies, during the DC
switching processes. V. for type 1, 2, and 3 domain structures are -1.28, -3.5, and 1.5 V, respectively. As a
comparison, V, spry Shows a similar trend (-0.6, -3.55, and -0.95 V), and the deviation might originate from
different sample sizes as the V, s is based on only 200 groups of datasets. The coercive fields, V. pry and
Vo> Show that a type I domain structure has the smallest coercive field, around 7 V, compared to about 14
and 11 V for type 2 and 3 domain structures. The divergence is probably due to the different polarization
variants in type 1, m1 and m2, in contrast to m1 and m3 in type 2 and 3 domain structures. The resultant
vectors m1+ and m2+ or m1- and m2- are closer to the OOP direction of the electric field along the [100]
directions than m1 and m3 pairs, which allows the electrical switching at a lower voltage. The coercive field
of the type 3 domain is slightly smaller than that of the type 2 domain. It is possible that a larger domain size
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Figure 4. Local electrical switching properties for three types of domains. (A-C) The topography, SSPFM mapping, and averaged SSPFM
curves for type 1 domain. (D-F) The topography, SSPFM mapping, and averaged SSPFM curves for type 2 domain. (G-1) The
topography, SSPFM mapping, and averaged SSPFM curves for type 3 domain.

in the type 3 domain leads to a larger depolarization field and elastic energy, which makes the domain
unstable and easier to switch. The detailed V_,,,, mappings and averaged SSPFM loops for upward and
downward domains are shown in Supplementary Figure 9. The cross-boundary regions between type 1 and
type 3, alongside those type 1 and type 2, are shown by the optical microscope images in
Supplementary Figure 10.

CONCLUSION

In summary, three different types of domain structures have been systematically studied using SPM in
PMN-30 PT single crystals with an M, crystal structure. High-resolution PFM and trailing field experiments
were performed to reconstruct the polarization variants in 3D space for three different domain structures.
Type 1 and 2 domain structures have been shown to possess two varying 4M, domain structures featuring a
180°/71° domain wall type and a 180°/109° domain wall type. A Type 3 domain structure has a pure 109°
domain wall type. Detailed electrical switching properties have been studied through the SSPFM mappings,
and the divergence of coercive fields in different types of domains is likely to be associated with different
domain sizes and types. Furthermore, the perfect correlation between the morphology and ferroelectric
domains allows for pinpointing diverse domain structures using optical microscopy. The detailed study of
PMN-30PT single crystal at mesoscale can provide a better understanding of various domain structures and
insight into the structure-property relationship of the material.
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