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The domain structure, dielectric, and piezoelectric properties of 0.7 Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMN-
PT) single crystals with nanocomposite electrode, which includes MnOx semiconductor nanogratings and
a Ti/Au conductive layer, were studied in this paper. These artificial MnOx nanogratings can alter the
electric field distribution and then enhance the domain density. PMN-PT crystals with Ti/Au-MnOx

nanocomposite electrodes showed high piezoelectric constant of 2250 p.m./V and dielectric constant of
5400 at 1 kHz, respectively. Compared to ones with conventional planar electrodes, the piezoelectric and
dielectric constants of the samples with nanocomposite electrodes were increased 36.7% and 38.3%,
respectively. Piezoresponse force microscopy (PFM) images revealed the domain pattern near the elec-
trode/single crystal interface. A linear domain structure induced by the MnOx nanocomposite electrode
was found in the samples with thickness less than 200 mm. Time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) results showed the diffusion of Mn about 300 nm in depth in PMNPT crystal after
heat treatment during MnOx nanocomposite electrode. It is believed that the localized high electric fields
induced by fringe effects caused by the nanocomposite electrode can enhance nucleation of new do-
mains, and that diffusion from the patterned Mn layer may also lead to an enhancement in domain wall
mobility. Our findings open up a new domain engineering technique for tailoring the dielectric and
piezoelectric properties of PMN-PT single crystals.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Relaxor ferroelectric single crystals have been widely used in
electro-active devices due to their excellent piezoelectric and
dielectric properties near the morphotropic phase boundary (MPB)
[1,2]. It is widely accepted that the enhanced piezoelectric response
and poling efficiency near the MPB are due to an increased number
of allowable domain states [3e6]. Moreover, the piezoelectric and
dielectric properties of a ferroelectric material are highly related to
its domain wall features [7]. Thus, the piezoelectric properties of
ferroelectric materials can be tailored by domain engineering
techniques [8,9]. The most commonly used domain engineering
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technique is the manipulation of the domain wall mobility by
adding acceptor or donor type dopants [10].

In recent years, it was also reported that domain engineering
can be achieved by using micro-patterned metal electrodes. Un-
even electric fields could form in a single crystal with patterned
electrodes during electrical poling, which can be used for tailoring
the domain structure and piezoelectric properties of ferroelectrics
[11e13] [14,15]. Wada et al. reported that the domain size in BaTiO3
single crystal could be effectively reduced by using a patterned
electrode during the electrical poling process. The domain size of
BaTiO3 with a planar electrode was larger than 5 mm, and the
domain size of BaTiO3 with a patterned electrode was smaller than
3 mm [16]. The piezoelectric coefficient (d31) of BaTiO3 with smaller
domain sizes (i.e., patterned electrodes) was found to be�243.2 pC/
N, which is significantly higher in absolute amplitude
than �62.0 pC/N of the ones with larger domain sizes (i.e., planar
electrodes) [16]. The enhanced piezoelectric coefficient in the
BaTiO3 with a patterned electrode has evidenced that the patterned
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electrode method is a powerful technique for manipulating the
properties of ferroelectrics.

The dielectric and piezoelectric properties of PMN-PT have
been studied using metal-based electrodes for several years
[2,17]. Recently, a composite electrode method including
conductive and semi-conductive layer on the ferroelectric relax-
ors has been developed for better piezoelectric properties [18].
Mn oxides (MnOx) are considered to be the suitable semi-
conductor materials for the semi-conductive layer since the
electrical resistivity is ranging from 1 to 105 Ucm [19]. Yamashita
et al. used a sol-gel method to coat a high density, but randomly
distributed MnOx patterns, on PMN-PT single crystals as a part of
the composite electrode. PMN-PT with a composite electrode
exhibited nearly a 40% improvement in their longitudinal piezo-
electric (d33) values [18]. The authors attributed the enhanced d33
values to the effects of the composite electrodes on the domain
structure. Similar behavior was also observed in a PMN-PT single
crystal with a periodical nanocomposite electrode, which exhibits
an enhanced piezoelectric properties24. The composite electrode
may prevent rapid domain reversal when electric fields are
applied to the PMN-PT crystal, as the electrical flux in the sample
is nonuniform [18]. Furthermore, more new domains may
nucleate at the interfaces between patterned composite elec-
trodes and single crystal due to surface doping effect [20]. Based
upon Landauer's nucleation theory, the nucleation of new do-
mains is the initial stage of domain evolution during polarization
reversal [21]. Formation of smaller domains is the key approach
for enhancing piezoelectric properties [22], which is usually
defect-assisted [23]. Surface doping effect has been observed in
the lithium tantalite substrate with a periodic nickel grating [24].
The diffused ions could enhance the domain nucleation proba-
bility and enhance domain wall motion [25]. A powerful tool to
quantify oxide ion diffusion and evaluate diffusion depth profile is
time-of-flight secondary ion mass spectrometry (ToF-SIMS)
[26,27]. The existing known fact is an enhancement in the
piezoelectric properties with a micro/nano-patterned composite
electrode can be achieved in ferroelectric single crystals [18,28].
However, the influence of the MnOx nanocomposite electrode on
the mechanisms of domain formation in PMN-PT single crystals is
still not clear.

In this paper, the relationship between the domain structure
and piezoelectric properties in a PMN-PT crystal with a MnOx
nanocomposite electrode was investigated. Two methods, elec-
tron beam lithography and focused ion-beam milling, are
commonly used for fabricating nanoscaled patterned electrodes
with specific structures [29e31]. Although a complicated
patterned metal electrode with size in the nanoscale can be
fabricated using these techniques, the throughput is relatively
low and the process can be costly. In this work, MnOx nano-
composite electrodes were fabricated using Lloyd's mirror inter-
ference lithography (LIL), a proved scalable nanofabrication
technique [32,33]. After the heat treatment, Mn from the MnOx
nanocomposite was found to be diffused into PMN-PT crystals.
ToF-SIMS was used to analyze the depth profile of diffused Mn.
The influence of the nanocomposite on electric fields in PMN-PT
single crystals was simulated using COMSOL. The dielectric and
piezoelectric properties of the PMN-PT single crystals were
measured using LCR meter and laser vibrometer system, respec-
tively. To provide a better understanding of how the domain
structure is modified by the patterned electrodes, samples with
different thicknesses were studied using piezoresponse force
microscopy (PFM). The mechanisms contributing to the enhanced
property in the PMN-PT single crystals with nanocomposite
electrodes will be elucidated using the combined ToF-SIMS,
COMSOL simulation, and PFM results.
2. Experimental section

2.1. Fabrication of nanocomposite electrodes

For the nanocomposite electrode fabrication, LIL is an effective
technique for fabricating nanograting structures, which allows for
control of electrode structure sizes and features on large exposure
areas [28]. The distance between the nanogratings could be
controlled by using the interference equation:L ¼ l=ð2n sinqÞ,
whereL is the grating period, n is the refractive index (nair¼ 1), l is
the wavelength of the ultraviolet laser (325 nm), and q is the
incident angle of light/laser. In this experiment, a precise pitch of
800 nm was obtained with a light incident angle of 11.7�. First, a
200 nm layer of photoresist (Sumitomo PFI-88A1/2) was coated on
the [001]-grown PMN-PT single crystal (CTS Corporations, IL, USA).
Then, the light intensity pattern was recorded by the photoresist to
form a 1D grating nanostructure. The nanograting was fabricated
parallel to [010]C direction, as shown in Fig. 1(a). After the photo-
resist exposure and development, a 100 nm thick Mn metal layer
was deposited on the PMN-PT crystal with a nanostructured
photoresist by electron-beam evaporation. The lift-off of Mn was
implemented by using acetone. After the lift-off process, a Mn
nanograting layer was left on the top surface of the PMN-PT crystal.
After that, the sample was annealed at 800 �C for 3 h in air. During
the high temperature (800 �C) treatment, the conducting Mnmetal
layer was oxidized forming a semiconducting MnOx layer [18,34].
The surface morphology of the MnOx nanograting is shown in
Fig. 1(b). Lastly, a blanket layer of 5 nm thick Ti and 100 nm thick
gold was deposited on the entire top surface of the sample as the
conducting layer, as shown in Fig. 1(c). This nanocomposite elec-
trode was then finally prepared including MnOx semiconductor
nanogratings with the pitch of 800 nm (MnOx line width of 500 nm
and spacing between two neighboringMnOx lines of 300 nm) and a
Ti/Au conductive layer (5/100 nm thick). The direction of nano-
composite electrode was along [010]C.
2.2. PMN-PT sample preparation

After the nanocomposite electrode fabrication process, a [001]-
grown PMN-PT single crystal wafer with dimension of
25 mm � 25 mm � 0.6 mm was diced into rectangular plates
(4 � 4 � 0.6 mm3) for experiments. Different thicknesses of sam-
ples were prepared by lapping and polishing from the bottom of
samples. The rootmean squared roughness (Rq) waswell controlled
below 5 nm, as measured by scanning probe microscopy (Dimen-
sion Icon, Bruker, Santa Barbara, CA). Ti/Au electrodes were
deposited on the bottom surface of the PMN-PT samples to create
the parallel-plate capacitors. Lastly, all samples were poled at an
electric field amplitude of 10 kV/cm for 30 min at room tempera-
ture in air.
2.3. PFM measurements

The domain morphology of PMN-PT single crystals was char-
acterized by a piezoresponse force microscopy, PFM (Dimension
Icon, Bruker, Santa Barbara, CA). PFM is a versatile method for
studying ferroelectric domain structure by applying an electrical
voltage to the sample surface with a conductive tip of a scanning
force microscope18. PFM requires detection of small tip displace-
ments induced by inverse piezoelectric oscillations from the sam-
ple. A sample with rough surfaces could significantly affect the PFM
image. Thus, careful lapping and polishing are needed to ensure the
sample surface is smooth. The samples were waxed on the glass
substrate and lapped down to certain thicknesses (200 mm, 50 mm,



Fig. 1. The schematic and SEM image of fabrication results. (a) The MnOx nanograting was fabricated parallel to [010]C direction (b) the MnOx nanograting pattern on PMN-PT single
crystal surface, (c) it shows the clear MnOx nanocomposite electrodes after 100 nm gold electrode deposition.

Fig. 2. The fringe effect simulation of MnOx nanocomposite electrode. The MnOx

nanograting has an 800 nm period with pattern size 500 nm and 100 nm in width and
thickness, respectively. The color bar denotes the electric field intensity. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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and 30 mm). To avoid contacting and destroying the nanocomposite
electrode, the lapping and polishing were done on the non-
composite side (bottom side). Polishing was conducted right after
the lapping process. The samples were polished with a 300 nm
Al2O3 slurry (a mixture of deionizedwater and Al2O3 in volume rato
of 6:1) and finally with a 50 nmAl2O3 slurry. After the polishing, the
Rq of the samples were measured below 5 nm.

2.4. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

In ToF-SIMS measurements, a finely focused, pulsed primary ion
beam is rastered across the sample surface and the secondary ions
emitted to each pixel are extracted into a time of flight mass
spectrometer, mass filtered, and then counted [35]. With dual beam
operation, a depth profile of ions can be obtained, and a quantifi-
cation of elements can be achieved that is standardized. ToF-SIMS
analyses were conducted using a TOF-SIMS V (ION TOF, Inc.
Chestnut Ridge, NY) instrument equipped with a Binmþ (n ¼ 1e5,
m ¼ 1, 2) liquid metal ion gun, Csþ sputtering gun. Both the Bi and
Cs ion columns were oriented at 45� with respect to the sample
surface normal. A pulsed Bi3þ primary ion beam at a 25 keV impact
energy with less than a 1 ns pulse width was used. For depth
profiles acquired in this study, 1 keV Cs ion with a 7.5 nA current
was used to create a 120 mm by 120 mm area, and the middle 50 mm
by 50 mm area was analyzed using a 0.3 pA Bi3þ primary ion beam.
The sputtering time for with and without diffusion samples was
560 s and 335 s over the area, respectively.

2.5. Piezoelectric properties measurement

The dielectric properties were measured using a LCR meter
(KEYSIGHT technologies, E4980A, Santa Clara, CA). To measure the
piezoelectric coefficient of the PMN-PT single crystals, a d33 mea-
surement setup that combined with a high-resolution (<10 p.m.)
laser vibrometer (Polytec, OFV-5000, Irvine, CA) and a function
generator (Tektronix, AFG3101, Lake Mary, FL) was used. The
displacement of the sample was recorded by the laser vibrometer
and an oscilloscope (Agilent Technologies Inc., DSO7104b, Santa
Clara, CA).

3. Results and discussion

3.1. Simulation of the electric flux distribution

In domain engineering, nucleation of new domains is a critical
step in the evolution of polarization reversal [15,36]. However, the
mechanism of domain nucleation during application of electric
fields is still not clear, because it is difficult to observe the
appearance of an individual nanoscaled domain [20,37]. The key
factors that may affect domain nucleation are the activation electric
field for the domain nucleation, the averaged electric field over the
volume of individual nuclei, the shape of the nuclei, and temper-
ature [15]. Previous experimental studies of a LiNbO3 single crystal
with amicron-scaled stripe-patterned electrode revealed that most
of the domain nucleation sites occur near the edge of the elec-
trodes, and that this enhancement of domain nucleation result
from the spatial electric field distribution [20,38]. The stripe-
patterned electrodes had a 2.6 mm periodicity on the surface of
the LiNbO3 ceramic and resulted in the nucleation of needle-like
domains [11].

Yamashita et al. reported a PMN-PT crystal with random-
patterned MnOx composite electrodes could exhibit a ~40%
enhancement in the dielectric and piezoelectric constants [18]. The
random-patterned MnOx composite electrodes did change the
piezoelectric properties. However, the mechanisms of the pattern
effects were not mentioned in the report. In our previous study,
uneven electric fields were found beneath the nanocomposite
electrodes [28]. In the present work, the nanocomposite electrodes
consist of a periodical MnOx semiconductor nanograting and a
coating with a Ti/Au conductive layer. The nanocomposite elec-
trodes could screen part of the electric field based on different
materials. To have a better understanding of the influence of
nanocomposite electrodes on the local electric fields in the sample,
COMSOL was used to simulate the electrical flux distribution in
PMN-PT crystals with a patterned electrode. The width and thick-
ness of theMnOx nanograting used for simulationwere 500 nm and
100 nm, respectively. The spacing betweenMnOx nanogratings was
300 nm. Thus, the pitch size of the MnOx nanograting on the sur-
face of PMN-PT crystal was 800 nm. A ground boundary condition
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was assigned to the bottom electrode, and 100 Vwas applied across
a 600 mm thick PMN-PT crystal. Fig. 2 shows the simulated electric
flux distribution in the PMN-PT crystal. On the edge of each MnOx
nanograting, a strongly non-uniform electric field was generated by
a fringe effect. Beneath the edge of the MnOx nanograting, the
electric field was found to be three to six times higher than the area
between the two nanogratings or at the center area of the nano-
grating. Consequently, a larger quantity of the new domains was
formed at the edge of the MnOx nanograting, since the region had a
higher electric field that could easily exceed the activation field of
domain nucleation. The needle-like domains propagated, forming
nuclei that were parallel to the direction of applied field [15]. The
non-uniform electric fields created by the nanocomposite elec-
trodes on the PMN-PT crystal may lead to a higher domain density
at the edge of the MnOx nanograting, as well as prevent rapid
domain reversal during application of electric field [18]. The dif-
ference in domain reversal timing may produce larger charged
domain boundary regions and dense domains of the PMNePT
single crystal. Thus, the simulation result illustrates the electric
field spatial distribution and the favored regions for domain
nucleation. The fringe effect observed in the simulation result is
similar with the work reported by Shur et al. [20].
3.2. Mn doping/diffusion analysis

Heat treatment of the PMN-PT crystals during the nano-
composite electrode fabrication process may result in the doping/
diffusion of Mn ions into PMN-PT. In order to maintain charge
neutrality, it is known that the formation of oxygen vacancies is
needed when acceptor dopants (Mn2þ) substitute onto the B-site
(e.g., Ti4þ, Mg3þ, and Nb5þ) in PMN-PT [39]. The oxygen vacancies
tend to diffuse along the direction opposite to that of the orienta-
tion of polarization, forming a defect dipole [40]. These oxygen
vacancies may promote the domain nucleation rate in PMN-PT
crystals with MnOx nanocomposite electrodes. ToF-SIMS was
employed to quantify the diffusion of Mn ions. Two PMN-PT crys-
tals with Mn oxide nanogratings, with and without heat treatment,
were prepared for the ToF-SIMS analysis and the results are shown
in Fig. 3. There are three regions in each figure; they are a MnOx
region, an interface region and a PMN-PT single crystal region (from
left to right). The material was sputtered using a Cs ion beam from
the top surface of the nanocomposite which is the MnOx layer.
Atomic forcemicroscopy with a tappingmodewas used tomeasure
the crater depth in the bombarded area, and the measured crater
depth was used to calculate the sputtering rate. As the material was
progressively removed, the intensity of Mn ion decreased, and the
intensities of Ti and Pb ions increased, commensurate with the
Fig. 3. ToF-SIMS results of MnOx nanocomposite electrodes with and without heat t
location of the interface region. The intensity of Mn ion reached a
plateau in the PMN-PT single crystal region as the top nano-
composite electrode and interfaces were being completely
removed by the ion beam. The sample without heat treatment
shows the Mn ion intensity starts to drop significantly at a depth of
~80 nm (in the interface region) and reaches a minimum at a depth
of ~130 nm, as shown in Fig. 3(a). Below this depth (the red region
of the figure), the intensity of Ti and Pb ions were stable, which
means that the sputtered materials mostly come from PMN-PT. On
the other hand, a significant doping/diffusion of Mn into PMN-PT
was found in the sample that was heat treated, as shown in
Fig. 3(b). The intensity of theMn ion curve evidenced that the depth
of Mn doping/diffusion was ~300 nm.
3.3. Domain structure analysis

In order to understand the influence of nanocomposite elec-
trodes on the domain structure, domain morphologies of the PMN-
PTcrystals with different thicknesses were acquired using PFM. The
high spatial resolution of PFM makes it ideal for the study of
domain morphology changes on the nanometer scale [41]. In a
control group, the domain structure of 30 mm and 200 mm thick
crystals with planar electrodes were measured by PFM. The out-of-
plane polarization phase images are shown in Fig. 4(a) and (b), and
their topography images are shown in the insets. The surface
roughnesses (root mean square) were less than 5 nm. The PFM
images revealed that both samples (of different thickness) with
planar electrodes had a randomly distributed ribbon-shaped
domain structure as previously reported by Shvartsman et al. [42].

The PFM images of PMN-PT crystals (thicknesses of 30, 200 and
600 mm) with nanocomposite electrodes are shown in Fig. 5. The
PFM image of the 600 mm thick crystal had a similar ribbon-shaped
domain structure to the crystal with a planar electrode (see Fig. 4(a)
and (b)). When the sample thickness was decreased to 200 mm,
linear domain structures which were parallel to the direction of the
MnOx nanogratings, [010]C direction, were observed. Similar linear
domain structures were also observed in the 30 mm thick crystal.
The linear domain structure may be induced by the fringe effect at
the edges of nanocomposite electrode. The fringe effect provides a
high electric field gradient locally, which may favor nuclei forma-
tion. Thus, more domains may be nucleated along the edge of the
MnOx nanograting, resulting in the linear domain structures. The

nucleation probability (P) is proportional to exp
�
�Eactive
Elocal

�
, where

Eactive is the activation field and Elocal is the electric field averaged
over the volume of the nucleus [20]. When the thickness of the
crystal is above a critical value, the polar nuclei forming near the
reatment (a) PMN-PT without heat treatment; (b) PMN-PT after heat treatment.



Fig. 4. The PFM domain image of PMN-PT with conventional planar electrodes in different thicknesses. (a) The thickness of the sample is 30 mm, and (b) 200 mm; the insert images
are the topography and surface roughness.

Fig. 5. The PFM domain image result of PMN-PT with MnOx nanocomposite electrodes in different thicknesses. (a) 600 mm (b) 200 mm (c) 30 mm (d) schematic images of nucleation
of new domain observation by PFM for samples in different thickness.
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nanocomposite electrodes do not grow throughout the crystal
volume. Part of the new-forming domains merge together in the
crystal, resulting in a randomly oriented ribbon-shaped domain
morphology (see Fig. 5(a)). However, as the sample thickness is
reduced, the fringe effect can only influence the process up to a
depth of 200 mm, resulting in a linear domain morphology (See
Fig. 5(b) and (c)). A schematic of the domain growth process in
crystals with different thickness is given in Fig. 5(d), summarizing
our plausible explanation for why the nanocomposite electrode can
generate two different types of domain distributions in crystals of
different thicknesses. Similar linear domain patterns were also
found in a 50 mm thick PMN-PTcrystal, as shown in Fig. 6(a) and (b).
The zoomed-in PFM image (Fig. 6(c)) shows the linear domain
pattern had a width of 150 nm. This figure also demonstrates near-
periodic linear domain structures with a periodicity of ~300 nm.
Fig. 6(d) shows the phase intensity, which is illustrated as a dash-
line in Fig. 6(c). Changes in the phase signal intensity matched
well with the MnOx nanocomposite electrode pattern. Further-
more, the MnOx nanocomposite electrode on the 50 mm thick PMN-
PT crystal clearly generated a periodic linear domain pattern over
the entire sample surface.

Based on these experimental observations, a MnOx nano-
composite electrode can be used to generate different nanodomain
patterns in PMN-PT single crystals. A patterned domain structure
with a high domain density could be generated by a combination of
the fringe effect and the diffusion of Mn. When the domain density
increased, the piezoelectric properties have shown significant
enhancement [43].
3.4. Ferroelectric hysteresis measurements

Fig. 7 shows the polarization-electric field loops (P-E loop) of
PMN-PT crystals with and without nanocomposite electrodes. The
samples were treated with the same poling condition. The 600 mm
thick PMN-PT crystals with and without nanocomposite electrodes
exhibited similar and well-saturated P-E loops under application of
a triangular bipolar waveform (f ¼ 1 Hz) with an amplitude of
10 kV/cm. Before each measurement of hysteresis loop, a preset



Fig. 6. PFM images of MnOx nanocomposite electrodes PMN-PT single crystal with 50 mm thickness. (a) The domain pattern along the edge of original grating electrode with
20 � 20 mm2 scanning area; (b) and (c) are the enlarge figures with 10 � 10 and 2 � 2 mm2 scanning area; (d) the phase diagram of the cross section in (c), and the waviness phase
signal follow the edge of MnOx, positive and negative phases indicate different domains.

Fig. 7. Normal and inverted electric field (E-field) induced ferroelectric (PeE) hysteresis loop. (a) PMN-PT with conventional planar electrodes. (b) PMN-PT with nanocomposite
electrodes on one surface and a plane electrode on the other surface.
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pulse E-field (10 kV/cm) is applied on the sample. The hysteresis
loop was recorded after 20 loop cycles. PE curves of each sample
were collected under two different electric field conditions, which
we designate here as normal and inverted electric fields. The
normal electric field is along the direction from the nano-electrodes
to the opposite surface, and the inverted field is reversed. Fig. 7(a)
shows the P-E loops for a sample without a nanocomposite elec-
trode under both normal and inverted electric fields. Similar P-E
loops with a remnant polarization (Pr) of 20.48 mC/cm2 and a co-
ercive electric field (Ec) of 2.45 kV/cmwere observed in both cases.
On the other hand, the P-E loops of PMN-PT with nanocomposite
electrodes are shown in Fig. 7(b). The values of Pr and Ec were
24.42 mC/cm2 and 2.24 kV/cm, respectively. Under the normal
electric field, the Mn nanograting induced oxygen vacancy was
accumulated on the surface and formed a lower internal bias field,
Ei ¼ 0.05 kV/cm. Under the inverted electric field, the oxygen va-
cancy migrated to the whole crystal and formed a higher internal
bias field, Ei ¼ 0.18 kV/cm. Compared to the sample without
nanocomposite electrodes, the P-E loops of samples with the
nanocomposite electrodes were slim (decrease 5.7%) and non-
symmetric (internal bias field Ei ¼ 0.18 kV/cm). Also, the Ec of
normal and inverted electric fields were clearly not equal. The



Fig. 8. Piezoelectric coefficient measurement system and results. (a) The piezoelectric coefficient measurement system which including a laser vibrometer system, a function
generator, an amplifier and an oscilloscope. (b) The piezoelectric constant of PMN-PT with MnOx nanocomposite electrodes and conventional planar electrodes in three different
thicknesses, 30 mm, 200 mm and 600 mm. The standard deviation (error bar) of piezoelectric constant for plane electrode sample 20 mm, 200 mm and 600 mmwere 37 pC/N, 82 pC/N,
and 100 pC/N respectively. The standard deviation of piezoelectric constant for structured electrode sample 20 mm, 200 mm and 600 mm were 234 pC/N, 37 pC/N, and 150 pC/N
respectively.
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slimmer loop demonstrates reduced hysteretic losses under high
amplitude drive. The non-symmetric nature results in a horizontal
shift in the P-E loops, indicating the presence of internal dipolar
fields that bias the crystal [44]. The inverted electric field hysteresis
data for PMN-PTwith nanocomposite electrodes showed a partially
poled phenomenon. The PMN-PT samples with nanocomposite
electrodes were partially poled during the P-E measurement with
lower field amplitudes. This dipolar field from theMn dopingmight
be leading to the asymmetry offset in the P-E loops.

3.5. Piezoelectric constant measurements

The illustration of the setup is shown in Fig. 8(a). A sine wave
with an electric field amplitude of 1.6 kV/cm was applied to the
crystal at a frequency of 1 Hz. The piezoelectric coefficient (d33) was
then calculated by dividing the measured displacement by the
applied voltage. PMN-PT crystals with three different thicknesses
(30 mm, 200 mm, and 600 mm) and different electrodes (nano-
composite electrodes and conventional planar electrodes) were
studied. To minimize the compositional differences between the
samples, the samples used in this work were prepared from the
same section of the PMN-PT crystal. The thickness variation will
cause the measuring error of the piezoelectric constant. The
thickness of samples was measured by using length gauge (CT
6000, Heidenhain, Traunreut, Germany) three times for each
sample and the error of thickness measuring was less than 1%.
Before measuring d33, the samples were put away for 24 h after
poling to reach a stable state. For each condition, three samples
were prepared. And the d33 were measured at three different lo-
cations of each sample. The data shown in Fig. 8 (b) is the statistical
average d33 and themeasuring error was less than 3%. The d33 value
of PMN-PT crystal with the plane electrode is consistency with
Tian's works [45] and Zhang's works [46] around 1600 pC/N. PMN-
PT samples with nanocomposite electrodes showed a higher d33
value of 2050 ± 150 p.m./V than the ones with planar electrodes.
Three samples with same conditions were prepared, and the data
were averaged from three samples with three different locations.
The standard deviation of the piezoelectric constant for plane
electrode sample 20 mm, 200 mm and 600 mmwere 37 pC/N, 82 pC/
N, and 100 pC/N respectively. The standard deviation of the
piezoelectric constant for structured electrode sample 20 mm,
200 mm and 600 mm were 234 pC/N, 37 pC/N, and 150 pC/N
respectively. The dielectric constant was measured by a LCR meter.
PMN-PT samples with nanocomposite electrodes showed a
dielectric constant value of 5400, and the ones with planar elec-
trodes were 3905. The values of the dielectric and piezoelectric
constants of the PMN-PTcrystal with the nanocomposite electrodes
were 38.3% and 36.7% higher than the crystal with a conventional
planar electrode, respectively. The d33 value of the crystal with
conventional electrodes did have a modest increase of about 8% as
the thickness was increased from 30 mm to 600 mm because of the
clamping/pinning of domain wall motion was reduced in the
thicker samples [47]. These improvements could be explained
directly due to the patterned electrodes.

4. Conclusion

Single crystals of PMN-PT with MnOx nanocomposite electrodes
showed a high d33 value and dielectric constant, which were 36.7%
and 38.3% higher than the ones with a conventional planar gold
electrode, respectively. The enhanced d33 may be due to the higher
domain densities which originate from two domain nucleation
mechanisms: Mn doping/diffusion and the fringe effect. ToF-SIMS
investigations demonstrated that the doping/diffusion of the Mn
into PMN-PT may result in defect dipoles, which resulted in a
slightly asymmetric characteristic in the P-E loops. PFM images
revealed an increase in the domain density for crystals with
nanocomposite electrodes when the crystal thickness was less than
200 mm. The simulation results show a fringe effect beneath the
edge of the patterned MnOx nanograting. The non-uniform electric
fields resulting from the MnOx nanocomposite electrode in the
PMN-PT may increase the domain nucleation rate and prevent
rapid domain reversal. Thus, nucleation of small domains with
reversed polarization will occur first in local regions that have
higher electric fields. This work provides a better understanding of
PMN-PT single crystals with tailored MnOx nanocomposite elec-
trodes for improving piezoelectric properties.
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