
Acta Materialia 182 (2020) 10–17 

Contents lists available at ScienceDirect 

Acta Materialia 

journal homepage: www.elsevier.com/locate/actamat 

Full length article 

Multi-layered domain morphology in relaxor single crystals with 

nano-patterned composite electrode 

Chengtao Luo 

a , ∗, Wei-Yi Chang 

a , Min Gao 

b , Chih-Hao Chang 

a , Jiefang Li b , 
Dwight Viehland 

b , Jian Tian 

c , Xiaoning Jiang 

a , ∗

a Department of Mechanical and Aerospace Engineering, North Carolina State University, Raleigh, NC 27695, USA 
b Department of Materials Science and Engineering, Virginia Tech, Blacksburg, VA 24061, USA 
c CTS Corporation, 4925 Indiana Ave, Lisle, IL 60532, USA 

a r t i c l e i n f o 

Article history: 

Received 18 July 2019 

Revised 30 September 2019 

Accepted 7 October 2019 

Available online 24 October 2019 

Keywords: 

Piezoelectricity 

Domain engineering 

Single crystal 

Piezoresponse force microscopy (PFM) 

Ferroelectric relaxor 

a b s t r a c t 

(1- x )Pb(Mg 1/3 Nb 2/3 )O 3 - x PbTiO 3 (PMN-PT) single crystals, especially with compositions near its mor- 

photropic phase boundary (MPB), have been employed for a broad range of applications such as ultra- 

sound transducers, sensors, and actuators. To further enhance the properties of PMN-PT, electrode pat- 

terning, as a method of domain engineering, was proved to be an effective approach. In our previous 

report, a 200 nm grating pattern electrode (Ti/Au–MnO x ) (nano-electrode) was prepared on one surface 

of PMN-PT crystal, exhibiting 30% d 33 enhancement. In this work, the multi-layered domain morphol- 

ogy and the domain engineering from nano-electrode were characterized using piezoresponse force mi- 

croscopy (PFM). A hypothetical domain engineering model for nano-electrodes is established to explain 

the experimental results as well as the property enhancement from the nano-electrode. The electrode 

patterning proves that the nano-scale modification can tune the macro-scale piezoelectric properties of 

the bulk material. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Ferroelectric relaxor-PbTiO 3 single crystals have been ex-

tensively studied for their outstanding piezoelectric properties

over the last two decades. These materials, such as binary

Pb(Mg 1/3 Nb 2/3 )O 3 –PbTiO 3 (PMN-PT), Pb(Zn 1/3 Nb 2/3 )O 3 –PbTiO 3 

(PZN-PT) and ternary Pb(In 1/2 Nb 1/2 )O 3 –Pb(Mg 1/3 Nb 2/3 )O 3 –PbTiO 3 

(PIN-PMNPT) single crystals with morphotropic phase boundary

(MPB) compositions, show excellent properties and have a broad

range of applications including next-generation electromechanical

devices [1–5] . 

In relaxor-PT single crystals, domain engineering has proven

to be an essential method for enhancing the piezoelectric prop-

erties. The relationship between piezoelectric properties and do-

main morphology was first studied in BaTiO 3 by Wada et al. [6] ,

where a high domain wall density was reported suggesting a large

stored mechanical energy density in the boundaries. As predicted

by the adaptive phase theory [7] , the stored mechanical energy can

be mitigated if the twin wall energy is small, and/or if the twin

distribution is altered to achieve geometric invariant conditions

that relax the elastic energy. The enhanced piezoelectric proper-
∗ Corresponding authors. 
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ies of the monoclinic ( M ) phase of relaxor-PT crystals are believed

o be due to polarization rotation, which requires that the polar

nisotropy be small, which in turn requires the twin wall energy

o be small. This is true for ab-initio uniform homogeneous inter-

ediate M phases, and for nonuniform adaptive monoclinic phases

onsisting of the tiling of polar nanoregions (PNRs). Thus, it is es-

ential to make the domain engineering through the PNRs for the

roperty enhancement, and usually it is achieved by doping during

he crystal growing [8] . 

To shorten the research cycle and reduce the development

ost, many new domain engineering methods without changing

he composition are also developed, including tuning poling con-

itions and using patterned electrodes [9] . A domain engineering

ethod that involves patterned electrodes on a perovskite mate-

ial, BaTiO 3 , was studied by Wada et al. [10] . It was reported that

he patterned electrode (with a pitch of a few microns) prepared

y photolithography could induce finer engineered domain config-

rations compared to the samples with conventional plane elec-

rodes (plane-electrode). The smaller domain size, corresponding

o higher piezoelectric coefficient d 31 values of BaTiO 3 was also

onfirmed. Later, another patterned electrode applied on PMN-PT

ingle crystals was reported by Yamashita et al. [11] . In his work, a

andomly distributed MnO x pattern was prepared by sol–gel form-

ng of an Au–MnO x composite electrode. PMN-28%PT single crys-
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als with such double-sided electrodes had nearly a 40% improve-

ent in their piezoelectric coefficient (d 33 ). Although this method

ad the drawbacks of sample electrode pattern randomness and

he domain engineering mechanism was not clearly understood,

atterned electrodes on relaxor-PT crystals have proven to be an

ffective domain engineering method. 

Recently, PMN-30%PT crystals with nanolithography Ti/Au–

nO x nano-composite electrodes (nano-electrode, with a pitch of

800 nm) showed high piezoelectric constants of 2250 pm/V and

ielectric constants of 6820 at 1 kHz, which represent 36% and

8% enhancements from their conventional plane-electrode coun-

erparts, respectively [12] . The new nano-electrodes were fabri-

ated using Lloyd’s mirror interference lithography (LIL), which has

he advantages of low cost and high scalability. The necessity of

eat treatment mentioned in previous work of Yamashita et al.

11] was proven by time-of-flight secondary ion mass spectrom-

try (ToF-SIMS), showing that the Mn from MnO x was diffused

nto the surface region of PMN-PT crystals during the heat treat-

ent. The inner-bias field observed from P–E loops further con-

rmed such surface Mn-doping. The influence of nano-electrodes

n the local electric field was further simulated by COMSOL, show-

ng the strong localized non-uniform electric fields on the edge of

ach MnO x nanograting, or fringe effect. The simulation result was

hen used to explain the domain morphology on the (001) plane

ccording to a previously reported model from a LiNbO 3 study [13] ,

hich pointed out that domain engineering may originate from

patially non-uniform fields. However, further piezoresponse force

icroscopy measurements (PFM) revealed that the domain mor-

hology did not follow the orientation of the nano-electrode when

he sample thickness was ≥200 μm [12] , which was not shown in

he case of LiNbO 3 [13 , 14] . More evidence from X-ray diffraction

XRD) reciprocal space mapping (RSM) was provided by Gao’s et al.

ork recently [15] . The lattice symmetry from near-surface regions

learly showed the field-induced rhombohedral ( R ) – monoclinic

 M A ) phase transition, while the detailed RSM patterns further

roved the existence of the non-uniform poling fields underneath

he nano-electrode. At the same time, the difference between the

RD results from the nano-electrode and plane-electrode calls for

 suitable heterogeneous domain engineering model to integrate

hese findings based on the domain morphologies. 

In this study, we advanced the study of poled PMN-30%PT with

i/Au–MnO x nano-composite electrodes (nano-electrode) [12 , 16] by

ocusing on the measurement of domain morphology. The do-

ain patterns on the cross-section plane were found changing

rom near-surface to interior regions, forming multi-layered do-

ain morphologies. By comparing the domain densities and region

oundaries within the domain morphology of nano-electrode and

lane-electrode crystals, the polarization rotation sequences were

etermined and the domain engineering from the nano-electrode

as explained. The nano-electrode confined the monoclinic in the

ear-surface region and block the interior polarization rotation,

nd the resulting overall rising of the stored mechanical energy

as the key to the property enhancements. 

. Experimental procedure 

.1. Fabrication of nano-electrode samples 

The tested samples in this work were the [001]-grown PMN-

0%PT single crystals (CTS Corporations, IL, USA). The original sin-

le crystal wafer was [001]-orientated and had the dimension of

0 × 20 × 0.6 mm 

3 . The one-sided nano-electrode was fabricated on

ne 20 × 20 mm 

2 side before the wafer was diced into [001]-

rientated rectangular plates (4 × 4 × 0.6 mm 

3 ) for experiments. 

Same to our previous works [12 , 16] , Lloyd’s mirror interference

ithography (LIL) was used in nano-electrode fabrication. In gen-
ral, LIL is a photolithography technique widely used in nanograt-

ng structure fabrication, which is sufficient for controlling nanos-

ructure sizes on a large exposure area. The distance between the

anograting, or grating period, or the pitch size we used in this

ork was 500 nm. The Mn films were deposited and patterned

anogratings were formed along the [100] direction. A heat treat-

ent (800 °C, 3 h) was then conducted to further introduce the

oping of Mn into the surface. In the end, a layer of 5 nm-thick Ti

nd 100 nm-thick gold was deposited through electron-beam evap-

ration on the entire top surface of the sample as a nano-electrode.

he Ti/Au electrodes were also deposited on the other surface of

ano-electrode crystals to create parallel-plate capacitors. Since the

ested samples are the same, more detailed fabrication processes

an be found in our previous publication [12] . 

Conventional plane-electrode PMN-30%PT single crystals, as the

ontrol group, were prepared with the same dimensions. The same

i/Au electrode used in the nano-electrode samples were deposited

n both sides. The plane-electrode samples were poled at an elec-

ric field amplitude of 10 kV/cm for 30 min at room temperature in

ir. 

.2. PFM measurements 

The domain morphology was observed by piezoresponse force

icroscopy (PFM) (Dimension Icon, Bruker, USA). Before the PFM

xperiment, the poled 4 × 4 × 0.6 mm 

3 thin plate samples were

roke along the [010] direction, and the resulting cross-section

100) plane was perpendicular to the [100]-orientated nanograt-

ngs and two electrode surfaces. The necessary electrode isolation

as made to prevent the short and the cross-section (100) plane

as then scanned under the PFM. Within the description of multi-

ayered domain morphology in this work, ‘depth’ was used for re-

erring to the distance between the nano-electrode surface and the

oint under the PFM scanning. In this work, the depth range of the

FM scanning area was 20–300 μm to protect the PFM probes. 

. Experimental results 

Before discussing the detailed PFM results, Fig. 1 schematically

hows how to distinguish the different domain configurations ac-

ording to the PFM contrasts. First, the as-grown PMN-30%PT sam-

les are in the rhombohedral ( R ) phase [17] . After poling along

001] direction, the R phase has four possible spontaneous polar-

zation directions along 〈 111 〉 , and forms what is designated as the

 4R ’ configuration [1] in Fig. 1 (a). For PMN-30%PT single crystal, the

oling field along [001] direction may also induce the phase tran-

ition [18] from R phase to monoclinic A ( M A ) phase (the nota-

ion M A follows definitions of Vanderbilt and Cohen [19] ). Like the

R , the polarization orientations of the monoclinic ( M ) phase af-

er the phase transition, or polarization rotation, also form a ‘ 4M ’

onfiguration, as illustrated in Fig. 1 (a). However, practically, the

quivalent polarization direction from the 4R may not be perfectly

ligned along the [001] direction. Thus, the two 〈 111 〉 polarization

ectors may rotate and form the ‘ 2R ’ configuration, as shown in

ig. 1 (b). Here, the 2R is still in the [001]-poled condition, which is

ifferent from the [011]-poled ‘ 2R ’ [1] . 

Secondly, 71 ̊ and 109 ̊ domain walls within each domain

onfiguration can be distinguished by PFM measurements. As

chematically illustrated in Fig. 1 (c), the in-plane PFM phase con-

rast marked the [0 + q 0] and [0 −q 0] polarization orientations

wavevector q not specified), while the out-plane PFM phase con-

rast marks the [ + q 0 0] and [ −q 0 0] ones. Here, the coordinate

ystem orientation used in Fig. 1 (c) is also used in describing the

ollowing PFM results in this work. By combining these phase con-

rasts, the 4R configuration can be obtained, as shown in Fig. 1 (d).
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Fig. 1. PFM settings and domain configurations: (a) poled rhombohedral and monoclinic polarization in pseudocubic lattice, (b) 4R and 2R domain configurations, (c) nano- 

electrode sample’s orientation during the PFM measurement, marking in-plane polarization is along [010] direction and out-plane polarization is along [100] direction, (d) 

4R configuration from in-plane and out-plane PFM phase contrasts combinations. 
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In the case of the 2R in Fig. 1 (b), there is no in-plane phase con-

trast, so the corresponding combination number is also halved. 

In poled relaxor-PT single crystals, ‘skin effects’ are usually used

to describe the lattice symmetry difference between XRD and neu-

tron diffraction results on the same sample [20–23] . Considering

the penetration and scattered range of the X-rays are much smaller

than that of neutron beams, the lattice symmetry has been shown

to be different at different depths from the surface of poled crys-

tals. In this study, domain morphologies from both nano-electrode

and plane electrode crystals are compared at different depths from

the electrode surface. The influence from the poling electric field

amplitude upon the domain morphology is also considered. 

3.1. Domain morphology from the nano-electrode sample 

The domain morphology of the nano-electrode crystal is shown

in Fig. 2 . Both 4R and 2R domain configurations (schematically il-

lustrated in Fig. 1 (b)) were observed. The out-plane PFM results

are schematically illustrated in Fig. 2 (a), which shows that the re-

gion with a 2R domain configuration ( 2R region), is located closer

to the nano-electrode surface than the region with a 4R domain

configuration ( 4R region). Fig. 2 (a) also demonstrates the difference

between the 71 ̊ and 109 ̊ domain walls. In detail, the 2R region

only has 71 ̊ domain walls, whereas the 4R region has both 71 ̊

and 109 ̊ domain walls ( Fig. 2 (b) and (d)). Fig. 2 (c) and (e) provide

the additional in-plane PFM results taken from the same area as

that of Fig. 2 (b) and (d), respectively. The depth range is 45–95 μm

for Fig. 2 (b) and (c), and 166–216 μm for Fig. 2 (d) and (e). Gener-

ally, domain walls in the 2R regions show a longer range of polar

ordering and larger domain widths, than those in the 4R regions. 

Further experiments, the PFM scanning on the full range of the

depth, show that the domain morphology is also related to the pol-

ing field amplitudes. In Fig. 3 , the 4R and 2R regions can be distin-

guished, and the boundaries between these regions are in the mid-

dle of each panel. Fig. 3 (a) and (b) shows the same region from
 crystal poled under 5 kV/cm. Similarly, Fig. 3 (c) and (d) show

he same region for a poling field of 7.5 kV/cm. Additionally, the

oundary locations are found to shift with different poling elec-

ric field amplitudes. The depths of the boundaries are 66.5 μm,

8 μm and 99.5 μm for samples poled under 5 kV/cm, 7.5 kV/cm,

nd 10 kV/cm, respectively. This shifting can be explained by the

ocal free energy difference between the two regions. Since the 2R

onfiguration is developed from the 4R by polarization rotation, as

iscussed with regards to Fig. 1 (b), the free energy of the 2R re-

ions is lower than 4R ones. Such an energy difference is higher in

 larger poling field and thus the 4R → 2R transition becomes easier,

aking the 2R region broader. It can also be concluded that this

ind of domain configuration transition happens from the elec-

rode surface to interior regions. For finer domain scales, the 71 ̊

omain density in the 2R region is highly dependent on the poling

eld amplitude, whereas the domains in the 4R region show little

hanges. The detailed statistics on domain widths will be further

iscussed in the later chapter. 

.2. Domain morphology from the plane-electrode crystals 

The domain morphology of the plane-electrode crystal is shown

n Fig. 4 . Like Fig. 2 (a), a schematic illustration of the domain pat-

erns is given in Fig. 4 (a). Comparing to the nano-electrode sam-

les, the plane-electrode ones have a remarkable extra region be-

ween the electrode surface and the 2R region. To determine the

omain configuration of this region, both reported XRD results

15] and PFM results in this work are considered. First, the skin ef-

ect was observed in PMN-30%PT single crystal [20] , and the lattice

ymmetry of the near-surface region was confirmed as M A phase

n the recent XRD reports [15] . Secondly, PFM results in Fig. 4 (b)

nd (c) show that the extra region has observable longitudinal 109 ̊

omain walls, while the 71 ̊ domain walls are only partially dis-

ributed and not recognizable in most areas. Thus, the in-plane

nd out-plane contrast combination number is two in the most
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Fig. 2. Domain morphology from the nano-electrode sample poled under 10 kV/cm. (a) The schematic domain patterns in the (100) plane show the 2R → 4R region sequence 

near the nano-electrode. PFM results are separately shown as (b) out-plane domain pattern in 2R region, (c) in-plane domain pattern in 2R region, (d) out-plane domain 

pattern in 4R region, and (e) in-plane domain pattern in 4R region. 

Fig. 3. Domain morphology in the (100) plane with 2R → 4R region boundaries from the nano-electrode samples. PFM results are separately shown as (a) out-plane domain 

pattern poled under 5 kV, (b) in-plane domain pattern poled under 5 kV, (c) out-plane domain pattern poled under 7.5 kV, and (d) in-plane domain pattern poled under 

7.5 kV. 

Fig. 4. Domain morphology from the plane-electrode sample poled under 10 kV/cm. (a) The schematic domain patterns in the (100) plane show the 2M → 2R → 4R region 

sequence near the plane-electrode. The 2 M region just marks the vertical 109 ̊domain wall. The 71 ̊domain wall orientation angle ( θ d ) from different regions are also listed. 

PFM results are separately shown as (b) out-plane domain pattern in 2 M region, (c) in-plane domain pattern in 2 M region, (d) out-plane domain pattern in 2R region, (e) 

in-plane domain pattern in 2R region, (f) out-plane domain pattern in 4R region, and (g) in-plane domain pattern in 4R region. 
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Fig. 5. Statistics of domain morphology from both nano-electrode and plane-electrode crystals in different poling fields. (a) Region boundaries from different sam ples in 

different poling conditions; (b) domain width of the nano-electrode crystals in different poling conditions with the comparison of the plane-electrode one. 
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part of this extra region and brings the ‘ 2M ’ domain configuration

which can summarize the features from both XRD and PFM results.

(The partially distributed 71 ̊ domain walls in 2M region is further

shown in Fig. S1 .) 

As shown in Fig. 4 (a), the 71 ̊ domain orientation angles ( θd )

are measured relative to the horizontal [001] direction. Fig. 4 (a)

also lists the θd from 2M, 2R and 4R regions. The measured 71 ̊

domain walls are chosen from randomly picked areas where the

in-plane contrasts are the same to make 0 ̊ < θd < 90 ̊. The sta-

tistical results show that the 71 ̊ domain walls are tilted toward

to [001] direction ( θd is decreased) by about 3 ° from 2R region

to 2 M region, while θd is consistent from 4R region to 2R region.

The measured θd decreasing here corresponds to the R → M A phase

transition, while the same polarization rotation was already proved

by XRD result before [18 , 24] . 

In addition to the 2M region shown in Fig. 4 (b) and (c), the

2R and 4R regions are also shown in Fig. 4 . Like Fig. 2 and Fig. 3 ,

the in-plane and out-plane results of Fig. 4 have the same depth

ranges: 25–75 μm ( Fig. 4 (b) and (c)), 115–165 μm ( Fig. 4 (d) and (e)),

and 202–252 μm ( Fig. 4 (f) and (g)). Similar to Fig. 3 , the domain

morphology including the region boundaries are provided in Fig.

S2 , showing both 2M → 2R and 2R → 4R region boundaries. 

3.3. Domain statistics 

The statistical results of domain morphology from PFM results

are summarized in Fig. 5 . The effects of different electrode types

and poling field amplitudes are both considered. The counted PFM

data is including but not limited to those previously given in Figs.

2 –4 . 

First, the multi-layered domain morphologies which are marked

by different domain configuration types are shown in Fig. 5 (a).

The region boundary locations are also compared in different sam-

ples. Generally, the plane-electrode crystals have 2M, 2R, 4R re-

gions from the electrode surface to the interior, whereas the nano-

electrode crystal only has 2R and 4R regions and is not fully poled

under 5 kV/cm. A near-linear movement of the 2R → 4R boundary

is observable with increasing poling field. 

Meanwhile, the domain width from both 71 ̊ and 109 ̊ domains

are compared in Fig. 5 (b). As it is shown in the right part of

Fig. 2 (a), the 71 ̊ domain width is calculated from the out-plane

contrasts, while the 109 ̊ domain width is mainly calculated from

the in-plane contrasts. The calculated domains are randomly cho-

sen in different depths, while the domain width is not changing

with the depth within each region. Thus, the domain width from

different regions can be summarized without the depth informa-
ion in Fig. 5 (b). With increasing poling field, the 71 ̊ domains from

oth the 2R and 4R regions become broader, whereas those from

he 2R regions grow significantly. Such morphology differences in-

icate that the stored mechanical energy in the 71 ̊ domain wall

s decreased in the 2R → 4R crossover, as the polarization is in-

reased. On the other hand, the 109 ̊ domain width is not sensi-

ive to the poling field, as 109 ̊ polarization rotation requires more

nergy than the 71 ̊ ones. Secondly, the domain width from plane-

lectrode crystals is shown in the right part of Fig. 5 (b). Under a

oling field of 10 kV/cm, instead of forming 2M regions, the 2R re-

ion domains in the nano-electrode sample is broader than those

n the plane-electrode one. 

From the view of domain engineering [1 , 9] , the enhancement of

he domain density (reciprocal of domain width) is the key origin

f understanding the piezoelectric property enhancement. Com-

ared to plane-electrode crystals, the nano-electrode ones have

ider 4R regions ( Fig. 5 (a)). Moreover, the domain density of the

R regions is the highest amongst all types of regions. Since the 2R

egion has no 109 ̊ domain wall and 2M region has little 71 ̊ do-

ain wall, the volume fraction of the 4R region greatly affect the

otal domain density. Thus, although the single domain width is

lightly higher (in 4R region) in the nano-electrode crystals than

n the plane-electrode ones ( Fig. 5 (b)), the total domain density

s still higher in the nano-electrode crystals than in the plane-

lectrode ones, which contributes to their piezoelectric property

nhancement. The significant 71 ̊ domain wall merging in the

ano-electrode crystal ( Fig. 5 (b)) will be further discussed from the

nergy view later in this work. 

.4. Lattice symmetry from the surface of the plane-electrode sample 

In Fig. 5 (a), the most significant difference in the lattice sym-

etry is the existence of the extra 2M region in the plane-

lectrode sample. However, it cannot be concluded that there is no

 phase in the nano-electrode sample, since the lattice symme-

ry from the near-surface region (depth < 20 μm) cannot be pro-

ided by PFM scanning. The PFM probes are easily broken in this

egion because of the sample topography near the edge changes

apidly and randomly. To solve this problem, in-situ XRD was used

o scan the lattice symmetry from the near-surface region under

he nano-electrode (depth < 10 μm [24 , 25] ). These results were

ublished in our previous report of Gao et al. [15] . Here, XRD

SM from (002) zone was provided in Fig. S3 . The XRD/PFM re-

ult difference indicates that the M phase domains in the nano-

lectrode crystal are confined to the near-surface regions. So, the

ulti-layered domain morphologies for both nano-electrode and
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Fig. 6. The schematic processes of domain engineering from both plane-electrode and nano-electrode: (a) The M phase domain growth in the (001) plane near-surface region 

during the field-induced phase transition; (b) The stored mechanical energy changes with the increasing polarization in the near-surface region. 
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lane-electrode sample from the near-surface to interior region are

oth M → 2R → 4R , while M phase conditions from samples with

ifferent electrode types are different in the randomness and depth

istribution ranges. 

. Domain engineering model for nano-electrode 

A suitable domain engineering model is hypothesized to inter-

ret the multi-layered domain morphologies based on PFM and

RD results. The schematic process of the domain engineering

rom both plane-electrode and nano-electrode crystals are illus-

rated ( Fig. 6 ) from views of domain growing process in the (001)

lane near-surface region ( Fig. 6 (a)) and changes on stored me-

hanical energy ( Fig. 6 (b)). In the case of the plane-electrode crys-

al, from left to right in Fig. 6 (a), the new M phase domains

row and occupy the whole surface after the phase transition. The

ear fully relaxed M phase domains merge and form the 2M re-

ion near the surface. In comparison, the growth of the new M

hase domains in the nano-electrode crystal is confined by the

n ions from the nano-electrodes. Such influence is represented

y the dashed lines in Fig. 6 (a), and further PFM images (see Fig.

4 ) proves that the final engineered domain structure follows the

hape and orientation of the nano-electrodes. The Mn-dopant in

he relaxor-PT usually behaves as acceptors, inducing oxygen va-

ancies and forming defect dipoles. This, in turn, pins the domain

all motion and polarization rotation [26–28] . Such pinning ef-

ects result in nonuniform M phase with high randomness and

oor short-range-ordering. Such high domain wall randomness was

roved independently from the XRD peaks splitting and broaden-

ng in our previous XRD report [15] . 

From an energy perspective as shown in Fig. 6 (b), the confined

 phase region continues affecting the domain configuration tran-

itions at different depths and different degrees of elastic relax-

tion. Since an R → M phase transition was proved in the XRD re-

ult [15] , the polarization rotation end of the nano-electrode sam-

le is marked as engineered M phase (Eng -M) to distinguish from

he relaxed 2M region of the plane-electrode sample. As the net

olarization increases, the mechanical energy is transferred into an

lectrical one. The plane-electrode crystal has a 4R → 2R → 2M do-

ain configuration transition sequence (blue line) with decreasing

tored elastic energy, whereas the nano-electrode (red line) had a

R → 2R → Eng- M one. According to the adaptive phase theory [7] ,

he unrelaxed mechanical energy stored in the near-surface re-

ions is higher than that fully relaxed one in 2M region of the

lane-electrode sample. Considering the previous domain statis-
ic, in Fig. 6 (b), the stored energy levels have an increasing order

f 2M-( Eng -M) −2R (nano-electrode) −2R (plane-electrode) −4R . Thus,

he total stored energy increasing from plane-electrode to nano-

lectrode is mainly contributed into two parts: one is the wider

R region and one is the confined Eng- M region, both marked by

he shadow areas in Fig. 6 (b). These two factors are also two main

rigins of the nano-electrode property enhancement. 

Moreover, the 4R → 2R → 2M domain configuration transition se-

uence in the near-surface region is the origin of the 2M → 2R → 4R

egion sequence in Fig. 5 (a), showing that the polarization rota-

ions of the interior region are later than those from the near-

urface region. Such heterogeneous domain relaxation in different

epths/regions explains the significant 71 ̊ domain wall merging in

ano-electrode crystal, as shown in Fig. 5 (b). Since the mechani-

al energy relaxation through 2R → 2M rotation is blocked or con-

ned in the near-surface region of the nano-electrode crystal, the

omain wall merging instead of polarization rotation is becoming

 dominating way to lower the system free energy in the interior

R/4R regions. Thus, the single domain widths are higher in the

ano-electrode crystal than those in the plane-electrode ones. 

Previously reported P–E loops showed that the coercive field

 E C ) of the nano-electrode crystals ( E C is about 2.24 kV/cm)

as nearly unchanged with respect to plane-electrode samples

2.45 kV/cm) [12] , which is unique compared to other Mn-doped

elaxor-PT results [1 , 9 , 29] . Mn-doping is widely used to raise the

echanical quality factor and the Curie temperature, and the

oped relaxor-PT properties generally become harder (larger E C )

ith lower d 33 values [29] . Such differences between Mn-doped

nd the nano-electrode relaxor-PT crystals indicate a contrast in

he Mn ion distributions between the two cases. In the nano-

lectrode crystals, Mn ions diffusing in from the nano-electrode

re only located in the near-surface region [12] . Thus, the hetero-

eneous poling model above describes a possible role for the Mn-

oping, which can prevent polarization rotation in the interior re-

ion and maintain a high domain wall density in the volume. 

This hypothesized model indicates that such a domain engi-

eering method has much potential with regards to countering

caling effects in PMN-PT crystals. Scaling effects have been re-

orted showing that the dielectric and electromechanical prop-

rties degrade with decreasing thickness [1 , 28 , 30–33] , associated

ith a decrease in the ferroelectric domain size. Here, a higher

otal domain wall density (or smaller domain size) was found in

he nano-electrode crystals, compared to the conventional plane-

lectrode ones. In addition, the domain engineering for the nano-

lectrode crystals begins from the near-surface region ( < 20 μm),



16 C. Luo, W.-Y. Chang and M. Gao et al. / Acta Materialia 182 (2020) 10–17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

 

 

[  

 

[  

 

 

 

[  

[  

 

 

and thus the domain engineering introduced by the nano-electrode

will still be effective with decreasing crystal thickness, preventing

significant property decrements ( < 200 μm [33] ). Accordingly, nano-

electrodes and their unique domain engineering will be effective in

mitigating scaling effect problems. 

5. Conclusion 

PMN-30%PT single crystals with a one-side nano-electrode have

been reported to have up to a 30% enhancement in their d 33 value.

Here, a study was made to further explain the property enhance-

ment from the perspective of nano-electrodes using domain engi-

neering. 

Both nano-electrode and plane-electrode poled crystals were

characterized. They had different domain morphologies at differ-

ent depths from the electrode surfaces to the crystal interiors.

The domain region sequence from the surface was found to be

2M → 2R → 4R for the plane-electrode crystal, and Eng -M → 2R → 4R

for the nano-electrode samples. The corresponding domain width

statistics showed that total domain wall density was higher in the

nano-electrode crystals. The high domain wall density from the

wider 4R region of the nano-electrode crystals is an essential ori-

gin of the property enhancement. In addition, the M phase domain

engineered by the nano-electrode were found to have higher ran-

domness compared to the plane-electrode ones. According to the

adaptive phase theory, the corresponding higher stored elastic en-

ergy is essential to property enhancement. 

In summary, a suitable domain engineering model is hypoth-

esized to interpret the multi-layered domain morphologies based

on PFM and XRD results. The electrode patterning proves that

the nano-scale modification can tune the macro-scale piezoelectric

properties of the bulk material from the electrode surface. Thus,

this domain engineering method has much potential to counter

scaling effects in relaxor-PT crystals and has a promising prospect

in the future developments of microelectromechanical systems

(MEMS). 
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