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ABSTRACT

The thickness of the piezoelectric single crystals is known to have a significant impact on their piezoelectric properties. For high-perfor-
mance transducers used in high-frequency medical diagnostic applications, the thickness of the piezoelectric single crystals must be reduced.
However, the scaling effect, where the piezoelectric and dielectric properties deteriorate as the thickness decreases, remains insufficiently
understood, and the mechanisms underlying this phenomenon are unclear. To address this issue, we investigated the changes in polarization
and dielectric properties and the underlying mechanism of the scaling effect in alternating current (AC)-poled rhombohedral [001]-oriented
0.72Pb(Mg1/3Nb2/3)O3–0.28PbTiO3 (PMN–28PT) single crystals with respect to the sample thickness. The typical scaling effects, commonly
observed with decreasing sample thickness, were confirmed through the degradations in polarization and dielectric properties of AC-poled
crystals. The AC-poled crystals exhibited 109.5° domain walls parallel to the (001) plane, and the domain sizes in the surface layer were
more than double those in the inner region regardless of thickness. The larger domain size in the surface layer reduces the density of the rel-
atively soft 109.5° domain boundaries, thereby it causes an increase in the coercive field and degradation of the dielectric properties as the
thickness decreases. The accumulated space charge on the surface induced an internal bias field for the thin samples, which is considered
the origin of the large 109.5° domain size in the surface layer by applying the clamping pressure on the domains within that layer. This
unexplored mechanism could contribute to solving the scaling effect problem in PMN–28PT single crystals for high-frequency ultrasound
biomicroscope applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0260627

INTRODUCTION

Piezoelectric materials, which enable the interconversion
between mechanical and electrical energy, have been widely used in
electromechanical devices such as actuators and transducers.1,2

Ferroelectric binary solid solution (1− x)Pb(Mg1/3Nb2/3)O3–
xPbTiO3 (PMN–PT) single crystals oriented along the [001] direc-
tion have attracted significant attention not only from industry but
also from research field due to their excellent piezoelectric coeffi-
cients (d33 > 1500 pC/N), electromechanical coupling coefficients
(k33 > 0.90), and high free dielectric permittivity (εT33/ε0 . 5000),
which outperform those of commercialized PbZr1−xTixO3 (PZT)

ceramics.3–6 Ferroelectric crystals should be electrically polarized to
activate their piezoelectricity. Various post-treatment methods,
such as field-cooling poling,7–9 corona poling,10–12 and stress assis-
ted electrical poling,13,14 etc., have been proposed as an effective
approach to induce piezoelectricity and enhance the piezoelectric
properties through domain engineering. The alternating current
poling (AC-poling) method has recently been proposed as a simple
and cost-effective substitute for the direct current poling
(DC-poling) method, improving both the dielectric and piezoelec-
tric properties of [001]-oriented relaxor–PT single crystals.15,16

Using [001]-oriented relaxor–PT single crystals with an AC-poling
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technique represents a promising strategy to enhance the sensitivity
and expand the frequency bandwidth of ultrasound-based piezo-
electric transducers for medical diagnostic applications.17–20

Ultrasound biomicroscopes utilizing piezoelectric materials
have been of interest for applications such as the diagnosis of
ocular lesions, cardiovascular diseases, etc.20–22 Higher center reso-
nance frequency and wider bandwidth have been in demand to
achieve better axial resolution and sensitivity of the transduc-
ers.19,20,23 For example, the operational frequency of transducers
used for intravascular and ocular ultrasound imaging generally
ranges from 20 to 60MHz22 and 35 to 50MHz,21 respectively. The
frequency constant Nt is expressed as Nt ¼ fr � t, where fr is the
resonance frequency and t is the thickness along the vibration
direction.24 The [001]-oriented relaxor–PT single crystals exhibit a
lower frequency constant (Nt) compared to PZT ceramics due to
their relatively high elastic compliance (sE33), which results in a
decrease in their resonance frequency, following the relationship

fr /
ffiffiffiffi
1
sE33

q
.25–27 For high-frequency ultrasound diagnosis applica-

tions with high performance, the single crystals may need to be
thinner than PZT ceramics to achieve the same resonance fre-
quency due to their lower frequency constant (Nt).

25–27 However, it
has been reported that the dielectric and piezoelectric properties
decrease as the sample thickness decreases for piezoelectric ceram-
ics and single crystals, so-called the scaling effect.27–38 Several
mechanisms to account for this phenomenon have been suggested,
such as surface residual stress,27,28,31,32,38 interface effect,31 and
domain size effect.29,30,36 Namba et al.27 recently observed the
mechanically damaged domain structure in the surface layers of
DC-poled PMN–PT single crystals, caused by the grinding process.
They argued that the damaged surface layer, which could be
removed through thermal annealing, hinders polarization rota-
tion.26 Li et al.31 claimed that the thickness-dependent dielectric
permittivity (εT33/ε0) of Mn-doped PMN–PT crystals can be attrib-
uted to surface residual stress and interface clamping effects, both
of which may suppress polarization switching or vibration. Lee
et al.29,30 suggested that the scaling effect on the dielectric permit-
tivity (εT33/ε0) and electromechanical coupling factor (k33) might be
caused by disruption of the equilibrium 4R domain structures and
limited polarization rotation as the thickness of [001] DC-poled
rhombohedral piezoelectric crystals approaches their domain size.
It has been reported that the AC-poled [001]-oriented relaxor–PT
crystals also exhibit the scaling effect due to their mechanically
damaged and rough surfaces.33,34,36,37 It was reported that surface
residual stress altered the dielectric properties of crystals, which
leads to noticeable differences in the dielectric permittivity above
Tm, depending on its surface conditions (such as degree of rough-
ness, annealing, etching, etc.) or sample thickness.31,34 However,
other studies have shown that the dielectric permittivity above Tm
converges irrespective of the sample thickness.29,30,35,37 This indi-
cates that the scaling effect mechanism in these cases is only valid
when the material is in the ferroelectric phase, which has domain
structures with spontaneous polarization. In light of previous
studies, the domain structure of the [001]-oriented relaxor–PT
single crystals may contribute to the scaling effect. Although
numerous studies have been conducted on the thickness-dependent
domain size in ferroelectric materials, little has addressed the

changes in the domain structure of the AC-poled [001]-oriented
relaxor–PT single crystals depending on the sample thickness, and
the issue remains unclear. Therefore, research on the scaling effect
related to the domain structure of AC-poled [001]-oriented
relaxor–PT is essential for achieving high performance in high-
frequency ultrasound transducer applications.

We propose an unexplored mechanism underlying the scaling
effect in AC-poled [001]-oriented rhombohedral PMN–28PT single
crystals. Prior to measurements, the tailored crystals were annealed
above 600 °C to eliminate dicing and polishing-induced surface
residual stress. It was found that the domain structure of AC-poled
crystals consisted of 109.5° domain wall parallels to the (001) plane,
and the domain size in the surface layer was more than twice that of
the inner region regardless of the sample thickness. It indicates that
the density of 109.5° domain wall, which is more piezoelectric active
(i.e., softer) than 70.5° domain wall, decreased with decreasing
sample thickness due to the increased volume fraction of the surface
layer. As a result, the coercive field (Ec) increased, while both the
remnant polarization (Pr) and dielectric properties degraded as the
sample thickness decreased. Therefore, the scaling effect can be
caused by the large domain size in the surface layer in AC-poled
[001]-oriented PMN–PT single crystals. It was observed that the
internal bias (Ei) gradually shifted toward more negative values as
the sample thickness decreased. The large domain size in the surface
layer may be stabilized by clamping pressure from the accumulated
space charge, which moves readily during the first half of the AC
cycle but becomes trapped during the subsequent AC-poling cycles.

MATERIALS AND METHODS

PMN–28PT single crystals were grown along the crystallo-
graphic [001] direction using the vertical Bridgman method at
iBULe Photonics Co., Ltd. (Incheon, Republic of Korea). The single
crystal samples were then diced into 5 × 5mm2 squares with thick-
nesses of 1000, 500, 250, 125, and 100 μm along the [001] direc-
tion, and their crystallographic orientations were confirmed using a
real-time Laue system. The plate samples were heated above 600 °C
in a furnace to eliminate surface residual stress induced during the
dicing process. Gold electrodes were vacuum-sputtered onto both
sides of the (001) plane surface of the single crystal samples to
measure their electrical properties.

The single crystal samples were heated at 300 °C with short-
circuited electrodes to achieve a fully depolarized state before the
experiments. The dielectric properties of samples were measured at
room temperature with an impedance-phase gain analyzer (HP
4194a, Hewlett-Packard, Palo Alto, CA, USA). For the alternating
current (AC) poling process and electric field-dependent polariza-
tion measurements, a bipolar triangular with a peak-to-peak elec-
tric field of 10 kV/cm at 1 Hz was applied using the TF analyzer
3000 (aixACCT, Germany). The poled single crystal samples were
fractured, and then the Pt electrode was deposited onto the freshly
cleaved surface using an ion sputter (E-1045, Hitachi High-
Technologies Corp. Japan). The domain structures of single crystal
samples were then observed through the cleaved surfaces using a
scanning electron microscope (SEM) (Quanta-200, FEI Co., Hillsboro,
Oregon, USA). The domain size and surface layer were then analyzed
using ImageJ software (LOCL, University of Wisconsin, USA).
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RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the remnant polarization (Pr) and
coercive field (Ec) of the PMN–28PT single crystal samples mea-
sured from the P–E hysteresis loops (see Fig. S1 in the
supplementary material) as a function of the number of AC-poling
cycles (Nc) for different sample thicknesses. Both Pr and Ec rapidly
decreased during the first five cycles and then plateaued as the
number of AC-poling cycles (Nc) increased regardless of sample
thickness. After the fifth cycle, the saturated Pr decreased, whereas
the saturated Ec increased as the sample thickness decreased. The
free dielectric permittivity (εT33/ε0) decreased, while the dielectric
loss (tanδ) increased gradually with decreasing sample thickness
measured at 1 kHz as shown in Fig. 1(c). Budimir et al.39–41 investi-
gated how the Gibbs free energy of the ferroelectric perovskite
materials changes as a function of polarization to understand the
mechanism enhancing piezoelectric properties within the frame-
work of the Landau–Ginzburg-Devonshire theory. They argued
that the degree of flatness in the Gibbs free-energy landscape, given
external conditions such as temperature, pressure, etc., determines
the dielectric susceptibility and piezoelectric response.41 The
domain walls in ferroelectric perovskite materials induce electric
and stress fields in regions adjacent to the domains in contact,
leading to modifications in both their dielectric and piezoelectric
properties.42 It is well known that the 109.5° and 70.5° ferroelastic
domain walls can exist in the rhombohedral phase PMN–PT.43–45

Wang et al.42 demonstrated that the 109.5° domain wall exhibits a
flatter Gibbs free-energy landscape than that of the 70.5° domain
wall in lead-based perovskite ferroelectrics. Therefore, domains
adjacent to the 109.5° domain wall possess a soft path and exhibit
soft piezoelectric features, e.g., high dielectric (ϵr) and piezoelectric
(d33) constants with a lower coercive field (Ec). In contrast,
domains near the 70.5° domain wall have a hard path, which leads
to depressed piezoelectric properties and a higher coercive field. In
addition, the polarization vector of domains adjacent domain walls is
closer to the [001] direction than that of domains with spontaneous
polarization oriented along the [111] direction, oriented at 54.7° from
[001] in the rhombohedral phase PMN–PT single crystal.46 Wan
et al.45 observed that the 70.5° domain walls rapidly decreased during
the initial stage of AC-poling, particularly within the first five cycles,
while the 109.5° domain walls became dominant as the number of
AC-poling cycles exceeded five. The domain structures of DC-poled
and five cycles of AC-poled samples with a thickness of 1000 μm were
observed as shown in Fig. S2 in the supplementary material. The
herringbone-like domain structure, exhibiting the mixed 70.5° and
109.5° domain walls typical of the rhombohedral phase ferroelectrics,
was observed in the DC-poled sample. In contrast, the 70.5° domain
walls were significantly reduced, such that periodic 109.5° domain
walls became more distinct after five cycles of AC-poling. It was con-
firmed that the thickness-independent decreases in both Pr and Ec
during the first five cycles can be attributed to the reduced density of
70.5° domain walls. The thickness-dependent saturated Pr, Ec, and
dielectric properties of AC-poled samples may arise from differences
in the domain structure of AC-poled single crystals depending on
sample thickness.

Figure 2 shows SEM images of the surface layer and inner region
of the AC-poled PMN–28PT single crystal samples with thicknesses

FIG. 1. (a) Remnant polarization (Pr), (b) coercive field (Ec) measured from the
electric field-dependent polarization curves as a function of the number of
AC-poling cycles, and (c) free dielectric permittivity (εT33/ε0) and dielectric loss
(tanδ) at 1 kHz of AC-poled (50 cycles) PMN–28PT single crystal samples with
varying thicknesses of 1000, 500, 250, 125, and 100 μm.
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of 1000, 500, 250, 125, and 100 μm. The periodic 109.5° domains par-
allel to the (001) plane were observed regardless of sample thickness,
as reported in previous studies.45,47,48 It is noteworthy that the domain
sizes were nearly identical in the inner regions, whereas larger domain
sizes were observed in the surface layer.

The surface layer thickness, which consisted of larger
domains, and the domain sizes in both the surface layer and the

inner region of AC-poled PMN–28PT single crystal samples were
measured by SEM image analysis as shown in Fig. 3 and Table I.
The distribution of surface layer thickness and domain size in the
surface layer is depicted in Fig. S3 in the supplementary material.
The measured domain sizes in the inner region ranged from 0.66
to 0.74 μm and showed no obvious correlation with sample thick-
ness. The domain sizes of the surface layer in the 1000 and 500 μm

FIG. 2. Scanning electron micrographs of the surface layers (a)–(e) and inner regions (f )–( j) of PMN–28PT single crystal samples with thicknesses of 1000, 500, 250,
125, and 100 μm, respectively, after 50 cycles of AC-poling.

FIG. 3. Measured (a) surface layer thickness and (b) domain size in the surface layer and the inner region of AC-poled (50 cycles) PMN–28PT single crystal samples with
thicknesses of 1000, 500, 250, 125, and 100 μm.
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samples were greater than 3 μm [3.5 (±1.1) and 3.9 (±1.2) μm],
while those in the 250, 125, and 100 μm samples were 2.8 (±0.9),
1.8 (±0.4), and 1.6 (±0.4) μm, respectively. As the distance from the
surface increased, the size of large domains in the surface layer
gradually decreased, eventually becoming similar to those in the
inner region. These gradual variations in the domain size may con-
tribute to an increase in the error bars for the average domain size
in the surface layer. The surface layers in the 1000 and 500 μm
samples were above 30 μm [31 (±2.5) and 32 (±1.6) μm], whereas
those in the 250, 125, and 100 μm samples were 21 (±3.3), 17
(±3.4), and 15 (±1.3) μm, respectively. Both the surface layer thick-
ness and its domain size decreased as the sample thickness
decreased below 500 μm. Even though these decreased, the domain
sizes in the surface layer remained more than twice as large as
those in the inner region. Thus, the volume fraction of the surface
layer increased as the sample thickness decreased. It indicates that
the density of 109.5° domain wall decreases as the sample thickness
decreases. In light of these aspects, the decreased ϵr and the
increase in both Ec and tanδ of AC-poled single crystals as the
sample thickness decreases can be attributed to the reduced density
of 109.5° domain wall, which causes a reduction in the soft path.
The decreased density of 109.5° domain wall can also reduce the Pr
as the sample thickness decreases.

Figure 4 shows the dielectric properties of unpoled PMN–
28PT single crystal samples with thicknesses of 1000, 500, 250, 125,
and 100 μm. The unpoled samples show that the dielectric permit-
tivity (ϵr), dielectric loss (tanδ), and phase angle (°) increase as the
sample thickness decreases, except for the 250 μm thickness sample
[i.e., it exhibits decreased dielectric permittivity (ϵr) and multiple
peaks in dielectric loss (tanδ) and phase angle, and these anomalies
were highly repeatable] as indicated in Fig. 4. It indicates that the
surface layer deviates more from an ideal capacitor compared to
the inner region, leading to an increase in conductive loss as the
sample thickness decreases. The anomalies in dielectric properties
of the unpoled 250 μm thickness sample may be related to the self-
polarization phenomenon discovered in ferroelectric thin films49–51

and single crystals grown using the solid-state crystal growth
method.52–55 This issue is beyond the scope of the present work
and will be addressed in future research.

Figure 5(a) presents contour maps of the current as a function
of the applied electric field and the number of AC-poling cycles,

TABLE I. Measured domain size in the surface layer and the inner region and
surface layer thickness of AC-poled (50 cycles) PMN–28PT single crystal samples
with thicknesses of 1000, 500, 250, 125, and 100 μm.

Sample thickness
(μm)

Domain size (μm)

Surface layer
(μm)

Inner
region

Surface
layer

1000 0.66 (±0.05) 3.5 (±1.1) 31 (±2.5)
500 0.67 (±0.04) 3.9 (±1.2) 32 (±1.6)
250 0.70 (±0.05) 2.8 (±0.9) 21 (±3.3)
125 0.74 (±0.06) 1.8 (±0.4) 17 (±3.4)
100 0.67 (±0.05) 1.6 (±0.4) 15 (±1.3)

FIG. 4. (a) Dielectric permittivity (ϵr), (b) dielectric loss (tanδ), and (c) phase
angle (°) of unpoled PMN–28PT single crystal samples with thicknesses of
1000, 500, 250, 125, and 100 μm.
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which were used to reconstruct P–E curves (see Fig. S4 in the
supplementary material for intuitive understanding). It qualitatively
demonstrates the difference in the electric field corresponding to
the maximum and minimum polarization switching current peaks
between the first half (positive electric field range) and the last half
(negative electric field range) of each cycle. The internal bias (Ei) of
samples was measured as a function of the number of AC-poling
cycles using the P–E hysteresis loops (see Fig. S1 in the
supplementary material) with changes in the sample thickness as
shown in Fig. 5(b). The results clearly reveal two distinct behaviors:
(1) A rapid decrease in Ei within the first five cycles irrespective of
the sample thickness, and (2) a gradual increase in Ei toward more
negative values as the sample thickness decreases. For the first five
AC-poling cycles, the 70.5° domain walls rapidly decrease during
each half cycle with polarization reversal induced by the electric
field.45 As the AC-poling cycle starts in the positive direction and

ends in the negative direction, the negative coercive field (–Ec) is
consistently smaller than the positive coercive field (+Ec) in the
initial state. Therefore, the observed decrease in Ei during the first
five cycles results from the rapid reduction in the density of 70.5°
domain wall with each half cycle. The gradual increase in Ei toward
negative values as the sample thickness decreases indicates that the
domain becomes harder to reverse its polarization direction into
the negative direction. It may be attributed to the fact that space
charge can move more easily in the surface layer of the unpoled
crystals and drifts during the first half of the AC-poling cycle due
to the higher conductive loss of the surface layer compared to the
inner layer. Subsequently, when the single crystal is polarized after
the first half cycle, the space charge accumulated in the surface
layer can no longer be easily released from the layer by applying an
electric field due to the improved capacitance and reduced dielec-
tric loss of the inner layer after the first half cycle. Genenko and

FIG. 5. (a) Contour maps showing the current as a function of the applied electric field and (b) internal bias field as a function of the number of AC-poling cycles for differ-
ent thicknesses of PMN–28PT single crystal samples.

FIG. 6. Schematic illustration of the domain structure near the surface of AC-poled [001]-oriented PMN–28PT single crystal with the variation in clamping pressure depend-
ing on the distance from the surface.
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Lupascu et al.56–58 suggested that space charge in ferroelectric
materials can induce clamping pressure at a domain wall, thereby
preventing its switching through the drift mechanism. Therefore,
the accumulated space charge in the surface layer can provide
clamping pressure on the domain wall, hence stabilizing large
domains within this layer. This suggests that the surface space
charge plays a critical role in maintaining large domains in the
surface layer of rhombohedral phase PMN–PT single crystals.

Figure 6 illustrates a schematic of the domain structure near
the surface of the AC-poled PMN–28PT single crystal with the varia-
tion in clamping pressure depending on the distance from the surface.
The clamping pressure gradually decreased as the distance from the
surface increased and eventually approached zero as the distance
became sufficiently large (PClamping,1 . PClamping,2 . PClamping,3 ≃ 0).
As a result, the domain size gradually decreased with increasing dis-
tance from the surface due to the gradual decrease in the stabilizing
clamping pressure required to maintain a large domain size.

CONCLUSION

In summary, the mechanism underlying the scaling effect that
degrades the polarization and dielectric properties of the AC-poled
[001]-oriented rhombohedral PMN–28PT single crystals was inves-
tigated. The coercive field (Ec) of crystals increased, whereas the
remnant polarization (Pr) and dielectric properties of AC-poled
samples degraded as the sample thickness decreased. It was
observed that the domain structure of the AC-poled crystals con-
sists of 109.5° domain walls, and the domain size in the surface
layer was more than twice that of the inner region, irrespective of
the sample thickness. Although the thickness of the surface layer
and its domain size decreased, its volume fraction increased as the
sample thickness decreased. Therefore, we propose that the scaling
effects in the AC-poled [001]-oriented rhombohedral PMN–PT
single crystals can be attributed to a decrease in the density of
109.5° domain wall in the surface layer. The accumulated space
charge in the surface induced internal bias field (Ei), and it is con-
sidered the reason for stabilizing the large domains in the surface
layer. These results may contribute to addressing the scaling effect
issues in high-performance transducers for high-frequency ultra-
sound biomicroscope applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the electric
field-dependent polarization results used for calculating the coer-
cive field and remnant polarization, and the schematic illustration
demonstrating how the contour maps were plotted.
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