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d strain effect on relaxor
ferroelectric domains in epitaxial 0.67Pb(Mg1/3Nb2/

3)O3–0.33PbTiO3/SrRuO3 heterostructures†

Jamal Belhadi, *a Urška Gabor, a Hana Uršič, b Nina Daneu,a Jieun Kim,c

Zishen Tian,c Gertjan Koster,ad Lane W. Martin c and Matjaž Spreitzer a

Controlling the growth of complex relaxor ferroelectric thin films and understanding the relationship

between biaxial strain–structural domain characteristics are desirable for designing materials with a high

electromechanical response. For this purpose, epitaxial thin films free of extended defects and secondary

phases are urgently needed. Here, we used optimized growth parameters and target compositions to

obtain epitaxial (40–45 nm) 0.67Pb(Mg1/3Nb2/3)O3–0.33PbTiO3/(20 nm) SrRuO3 (PMN–33PT/SRO)

heterostructures using pulsed-laser deposition (PLD) on singly terminated SrTiO3 (STO) and ReScO3

(RSO) substrates with Re ¼ Dy, Tb, Gd, Sm, and Nd. In situ reflection high-energy electron diffraction

(RHEED) and high-resolution X-ray diffraction (HR-XRD) analysis confirmed high-quality and single-

phase thin films with smooth 2D surfaces. High-resolution scanning transmission electron microscopy

(HR-STEM) revealed sharp interfaces and homogeneous strain further confirming the epitaxial cube-on-

cube growth mode of the PMN–33PT/SRO heterostructures. The combined XRD reciprocal space maps

(RSMs) and piezoresponse force microscopy (PFM) analysis revealed that the domain structure of the

PMN–33PT heterostructures is sensitive to the applied compressive strain. From the RSM patterns, an

evolution from a butterfly-shaped diffraction pattern for mildly strained PMN–33PT layers, which is

evidence of stabilization of relaxor domains, to disc-shaped diffraction patterns for high compressive

strains with a highly distorted tetragonal structure, is observed. The PFM amplitude and phase of the

PMN–33PT thin films confirmed the relaxor-like for a strain state below �1.13%, while for higher

compressive strain (�1.9%) the irregularly shaped and poled ferroelectric domains were observed.

Interestingly, the PFM phase hysteresis loops of the PMN–33PT heterostructures grown on the SSO

substrates (strain state of �0.8%) exhibited an enhanced coercive field which is about two times larger

than that of the thin films grown on GSO and NSO substrates. The obtained results show that epitaxial

strain engineering could serve as an effective approach for tailoring and enhancing the functional

properties in relaxor ferroelectrics.
I. Introduction

Oxide relaxor ferroelectrics with a perovskite structure are
complex materials with remarkable dielectric and piezoelectric
properties which are attributed to the coexistence of polar
nanoregions (PNRs) and nanoscale inhomogeneities with
normal ferroelectric properties.1–3 In their bulk form, relaxor
efan Institute, Jamova cesta 39, 1000,
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ferroelectrics have been intensively studied by both experi-
mental and theoretical methods due to the great number of
potential applications, such as in energy harvesting devices,
medical devices, information storage devices, etc.2,4,5 The (1� x)
Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–PT) solid solution, composed
of the relaxor PMN (rhombohedral phase) and classical ferro-
electric PT (tetragonal phase), is one of the most studied relaxor
ferroelectrics having received considerable interest from both
the scientic and industrial communities due to its extraordi-
nary piezoelectric properties (ultrahigh piezoelectric coefficient,
d33 > 1500 pC N�1) and electromechanical coupling factor (k33 >
0.9) when approaching the morphotropic phase boundary
(MPB).6–9 Recent studies using experimental (e.g., neutron and
X-ray scattering measurements) and theoretical (e.g., molecular-
dynamics simulations) methods showed that the structural
description at the nanometer scale in the PMN–PT system is
non-trivial. The exact origin of the giant piezoelectric response
© 2021 The Author(s). Published by the Royal Society of Chemistry
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in PMN–PT is still under debate due to the high complexity of
the microstructure and the local polar order/disorder at the
MPB.10–15 Despite the great attention received by PMN–PT in
thin lm form, in particular for energy harvesting, energy
storage and cooling applications,16–21 there is still a lack of
knowledge regarding epitaxial thin lms, particularly concern-
ing correlations between the local atomic structure/strain and
physical properties.10,22–27 Thus, understanding of the domains
in relaxor ferroelectric thin lms and their evolution under
external parameters such as epitaxial strain is crucial for prac-
tical applications. While strain engineering in ferroelectric and
multiferroic thin lms is known to be a powerful route to
control, tune, and enhance the functional properties and also
create/induce new exotic properties that do not exist in bulk,28–30

few studies have been done on the effect of strain in relaxor
ferroelectrics.10,23,31,32 Note that control of the epitaxial strain at
the atomic level and the profound understanding of its effect on
the structural characteristics require samples of high quality,
free from inactive pyrochlore phases. However, due to the
compositional complexity of PMN–PT, the synthesis of pyro-
chlore free phases is known to be challenging. Pulsed-laser
deposition (PLD) is one of the most used techniques for the
epitaxial growth of a wide range of ferroic oxides and hetero-
structures.33–35 The high volatility of lead at high deposition
temperatures (usually >500 �C; the temperature necessary for
the formation of the perovskite phase) promotes the formation
of the pyrochlore phases which results in high leakage currents,
among other effects. Using PLD, different strategies have been
considered to minimize the evaporation of lead at high
temperatures and to produce pure PMN–PT lms. These strat-
egies are based essentially on the optimization of growth
parameters (temperature of the substrate, oxygen pressure,
energy density, laser frequency, etc.), the use of substrates with
a higher miscut, or by employing targets with lead
excess.16,21,36–38 Recently, by examining the chemical composi-
tion of epitaxial PMN–33PT lms, Gabor et al. reported that the
lms prepared from targets with PbO excess exhibit a deciency
in magnesium concentration.21 The magnesium decit was
believed to maintain the macroscopic electroneutrality, other-
wise violated by the surplus of lead. We should note that the
loss of magnesium at high temperatures due to the re-
evaporation from lms was also reported.38

In this context, the principal aim of the present work is the
growth of high-quality epitaxial relaxor ferroelectric PMN–33PT
thin lms, which, in turn, enables the investigation of the role
of biaxial mist strain in driving changes to the domain struc-
tures and piezoelectric response of the functional layer. In order
to avoid the aforementioned issues with lead and magnesium
deciency and to produce stoichiometric PMN–33PT thin lms,
20 mol% PbO and 10 mol% MgO excess were used in the target
in the present study. In addition, one has to take into account
that the growth quality of the lms strongly depends on the
substrate quality, which needs to be sufficiently high to solely
investigate the effect of the strain. In this work, the PMN–33PT
thin lms (40–45 nm) were grown on atomically smooth and
singly-terminated oxide single-crystalline SrTiO3 (STO) and
ReScO3 (Re ¼ Dy, Tb, Gd, Sm, and Nd) (RSO) substrates (with
© 2021 The Author(s). Published by the Royal Society of Chemistry
a rocking curve value < 0.05�). These substrates permit the
application of a wide range of compressive strains on the PMN–
33PT lms from �2.90% (STO substrate) to �0.12% (NSO
substrate). Finally, achieving high quality functional PMN–PT
heterostructure capacitors also depends on the nature and
crystalline quality of an electrode layer. Here, a high-quality
SrRuO3 (SRO) layer was used as a bottom electrode. The
choice of SRO is motivated by its epitaxial growth and smooth
surface on a large number of perovskite single-crystalline
substrates.39 Besides, SRO presents good electrical conduc-
tivity and high chemical stability which makes it an ideal
candidate for the bottom electrode in epitaxial perovskite het-
erostructure device fabrication.40 In order to control the
epitaxial growth mode at the unit cell level of the deposited
materials, in situ high-pressure reection high-energy electron
diffraction (RHEED) was used; rst for the SRO on singly
terminated STO and RSO substrates and then for the PMN–
33PT layer on the SRO/STO and SRO/RSO templates.

The effect of the strain on the domain structures and
microstructures was analyzed using high-resolution X-ray
diffraction (HR-XRD) and high-resolution transmission elec-
tron microscopy (HR-TEM). To the best of our knowledge, no
HR-TEM analysis of the epitaxial fully strained PMN–33PT lms
grown on RSO substrates has been reported so far. The ferro-
electric and piezoelectric responses and the domain switching
of the PMN–33PT layers were investigated using piezoresponse
force microscopy and the properties were correlated to the
strain state and the structural characteristics of the material.
II. Materials and methods
Sample preparation

The PMN–33PT polycrystalline target with 20 mol% PbO and
10 mol% MgO excess was prepared in-house using the colum-
bite route. The detailed preparation procedure is described
elsewhere.41 The SRO target for the bottom electrode is
a commercial target purchased from Beijing Goodwill Metal
Technology. The (�45–50 nm) PMN–33PT/(�20 nm) SRO het-
erostructures were grown on single terminated substrates by
PLD (Twente Solid State Technology, TSST) using a KrF excimer
laser. The PMN–33PT thin lms were grown under 0.27 mbar of
oxygen pressure (pO2) at a heater temperature of 570 �C while
the SRO bottom electrode layer was grown under 0.13 mbar of
pO2 at 585 �C. The uence and pulse frequency of the laser were
xed at 2.25 J cm�2 and 4 Hz for the ablation of the PMN–33PT
while for SRO they were xed at 2.5 J cm�2 and 2 Hz, respec-
tively. The target-to-substrate distance was kept constant at
55 mm for all depositions. Aer the PMN–33PT depositions, the
samples were cooled to room temperature at a rate of
10 �C min�1 in 600 mbar O2.
Structural characterization

The X-ray q–2q patterns, rocking curves (u scan), X-ray reec-
tivity (XRR), and reciprocal space mapping (RSM) were per-
formed with the use of a high-resolution X-ray diffractometer
(Empyrean, Malvern PANalytical). All XRD measurements were
RSC Adv., 2021, 11, 1222–1232 | 1223
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done using a double-bounce Ge (2 2 0) hybrid monochromator
on the incident beam and a PIXcel3D detector on the diffracted
beam. The diffracted beam in the q–2q scans and RSMs was
captured in 1D mode while 0D mode was used for XRR and
rocking curves. An in situ RHEED system (STAIB Instruments)
operating at an accelerating voltage of 30 kV was used to
monitor the surface quality and the crystallinity of the
substrates and the SRO and PMN–33PT layers. The RHEED
patterns and real-time evolution of the intensity were analyzed
using kSA 400 soware (k-Space Associates).

The surface structure morphology and the roughness of the
substrates and as-grown thin lms were studied by atomic force
microscopy (AFM, Veeco Dimension 3100 SPM) using silicon
probes (OTESPA-R3, Bruker).

Samples for scanning transmission electron microscopy
(STEM) were prepared using the conventional approach for the
preparation of cross-sections. The samples were thinned in
plan parallel down to a thickness of 10–15 mm using a tripod
precision polishing machine. The thinned section was glued
onto the copper holder and ion-milled to perforation in
a precision polishing ion-milling system (PIPS, Gatan, Pleas-
anton, USA). The TEM analyses were performed using a 200 kV
probe-aberration corrected atomic-resolution scanning trans-
mission electron microscope (JEOL ARM200 CF, Jeol Ltd.,
Tokyo, Japan) equipped with an energy dispersive X-ray spec-
trometer (Jeol Centurio 100) and Gatan Quantum ER Dual
EELS spectrometer for the analyses of chemical composition.
Fig. 1 AFM height images (a and c), the corresponding scan line (b and d
and GSO substrates, respectively. The insets in (b) and (d) show a step h

1224 | RSC Adv., 2021, 11, 1222–1232
The measurements of cation distortions were realized on
gures that contained the entire heterostructure and they were
based on the assumption of constant scan distortion in
a single gure. The substrate was taken as the reference and
the measurements were repeated in at least two images.
Strains were calculated using the GPA (geometric phase anal-
ysis) tool in Digital Micrograph.
Piezoresponse force microscopy analysis

The local piezoelectric response of PMN–PT thin lms was
studied by piezoresponse force microscopy (PFM) using an
Asylum Research, Molecular Force Probe 3D AFM. A Pt-coated Si
tip with a radius of curvature of �10 nm (OMCL-AC240TM-R3,
Olympus, Japan) was used. The spring constant and the reso-
nance frequency of the cantilevers were 2 N m�1 and 70 kHz.
The scanning ac electric voltage of 3.5 V and frequency � 350
kHz were applied between the conductive AFM tip and SRO
bottom electrode. The phase hysteresis loops were measured in
switching spectroscopy off-electric eld mode. Three cycles
were measured with the waveform parameters: the sequence of
increasing dc electric eld steps was 20 Hz with a maximum
amplitude of 10 or 15 V; the frequency of the triangle envelope
was 200 mHz; and there was an overlapping ac sinusoidal signal
similar as the one used above for PFM scanning. In the results,
the third cycle of each measurement is shown.
), and RHEED patterns (inset in (a) and (c)) of the single terminated STO
eight of one unit cell.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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III. Results and discussion
Growth control of PMN–33PT/SRO on singly terminated
substrates

The growth of epitaxial thin lms with atomic precision and
sharp interfaces requires atomically at and singly terminated
substrates. In this work, a ScO2-terminated surface for the
ReScO3 (Re ¼ Dy, Tb, Gd, Sm, and Nd) substrates was achieved
by annealing at high temperatures followed by chemical etching
using a NaOH-deionized water solution.42 For the STO
substrates, a TiO2 terminated surface was obtained aer etching
with buffered-HF solution followed by annealing at high
temperature.43

The examples of AFM topography and the RHEED patterns of
the treated STO and GSO substrates are shown in Fig. 1. The
patterns show well-dened step edges with a height of one unit
cell, conrming the single TiO2 and ScO2 surface terminations
of the STO and ReScO3 substrates, respectively. Furthermore,
the RHEED patterns (insets in Fig. 1(a and c)) of both substrate
types recorded at room temperature in vacuum show sharp and
narrow diffraction spots with the presence of Kikuchi lines
which suggests crystalline and atomically at surfaces. The
RHEED patterns for the ReScO3 substrates present additional
half-order spots (indicated by arrows) which are evidence of
orthorhombic symmetry.

Note that controlling the growth at the atomic level for both
the SRO bottom electrode layer and PMN–33PT is key for
obtaining the high-quality lms and understanding their
growth mechanism. Here, we used high pressure in situ RHEED
to investigate the real-time growth evolution of the studied
heterostructures.

In Fig. 2(a), an example is shown for the real-time specular
RHEED spot intensity evolution recorded during the growth of
Fig. 2 Time dependence of the RHEED intensity of the specular spot dur
(b) PMN–33PT on different SRO templates. The inset in (a) shows the RH
RHEED patterns at a different stage of the growth for PMN–33PT grown

© 2021 The Author(s). Published by the Royal Society of Chemistry
SRO on the SSO substrate with a ScO2-terminated surface. As
can be seen from Fig. 2(a), clear RHEED oscillations were ob-
tained for the SRO grown on SSO up to a thickness of about
20 nm giving evidence of a 2D (layer-by-layer) growth mode. The
RHEED pattern recorded aer the deposition of SRO (inset in
Fig. 2(a)) exhibits sharp diffraction spots suggesting a very
smooth 2D surface and high epitaxial quality which is crucial
for the growth of functional PMN–33PT layers.

The real-time RHEED intensity evolution during the growth
of PMN–33PT on SRO/STO and SRO/ReScO3 templates is dis-
played in Fig. 2(b). The rst step of the growth of PMN–33PT
layer is characterized by a decrease in the intensity of the
specular RHEED spot followed by clear oscillations (maximum 7
oscillations for PMN–33PT/SRO/GSO which corresponds to
about 3 nm of the deposited PMN–33PT layer) and, then, the
intensity remains constant with increasing deposition time
suggesting a transition from a 2D layer-by-layer to a step-ow
growth mode. Then, several RHEED images were taken at
a different stage of growth (Fig. 2(c)). The RHEED patterns have
sharp lines and insignicant intensity variations until the
growth end (2500 pulses), and it conrms a smooth surface and
2D-growth mode. Note that similar RHEED patterns were
observed on all studied PMN–33PT layers grown on different
substrates. The deposition rate was estimated from RHEED
oscillations and it is found to be in the range of 0.0172–
0.0197 nm per pulse. The thickness estimated from this depo-
sition rate, matches well with the total thicknesses obtained
from the X-ray reectivity (Fig. S3 in the ESI†) and TEM analysis.
This is a proof of the negligible change in the deposition rate
during the growth.

At room temperature, the surface quality of all as-grown
PMN–33PT lms was checked using RHEED and AFM (Fig. S1
in the ESI†). The obtained RHEED patterns show sharp streaks
ing the growth of (a) SRO on ScO2 single terminated SSO substrate and
EED pattern recorded after the deposition of SRO layer. (c) Example of
SRO/SSO.

RSC Adv., 2021, 11, 1222–1232 | 1225
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Fig. 3 The diagram presents a comparison of the pseudocubic lattice constants and the lattice mismatch between STO and ReScO3 (Dy–Nd)
substrates and PMN–33PT and SRO.
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with the presence of diffraction spots evidencing a smooth
surface and high crystalline quality of the PMN–33PT layers.
The obtained root mean square (RMS) roughness from AFM
topography was found to be in the order of the unit cell height
(varying from 0.267 nm for PMN–33PT/SRO/SSO to 0.486 nm for
PMN–33PT/SRO/STO) conrming the smooth surface of all
samples.
Strain effect and structural investigation using HR-XRD and
HR-STEM

As mentioned above, the STO and ReScO3 substrates apply
different epitaxial strain states upon the subsequent lms
(Fig. 3). As can be seen from the gure, SRO experiences
a compressive strain when grown on STO (�0.64%) and
a tensile strain when grown on the ReScO3 substrates ranging
from �0.64 to +2.06% while PMN–33PT is compressively
strained in the range from �2.9% (STO) to �0.12% (NSO).

To determine the crystalline quality and study the effect of
the strain on the structural characteristics of PMN–33PT/SRO
heterostructures, the high-resolution XRD (q–2q, rocking
curve, and RSM) and XRR were carried out. According to the q–
Fig. 4 (a) q–2q XRD patterns of PMN–33PT/SRO/(STO and ReScO3) he
(001) diffraction peak.

1226 | RSC Adv., 2021, 11, 1222–1232
2q patterns of all the studied samples, all heterostructures are
single-phase and pyrochlore-free. The presence of Laue fringes
around the main Bragg peaks is indicative of epitaxial high-
quality thin-lm growth (Fig. 4(a) and S2 in the ESI†). As we
can see from Fig. 4(b), the rocking curves obtained for all the
PMN–33PT thin lms have low full width-at-half-maximum
(FWHM) values (Du < 0.06�) that indicates a relatively low-
level mosaicity and conrms the high crystalline quality of the
heterostructures. Note that the SRO layers also present very low
mosaicity with FWHM values of 0.05–0.08� (not shown here).
The XRR patterns of all PMN–33PT/SRO heterostructures
(Fig. S3 in the ESI†) show the presence of clear nite Kiesig
fringes, which indicates high interface quality and smooth
surfaces. The obtained roughness from the simulation of the
XRR patterns is below 0.4 nm for the SRO layers and close to the
values obtained from AFM for the PMN–33PT layers.

Except for the PMN–33PT/SRO/STO and PMN–33PT/SRO/
NSO heterostructures, one can see from Fig. 4(a) that the out-
of-plane lattice parameter of PMN–33PT increases (2q of the
diffracted peaks shis to lower angles) when the lattice
mismatch increases which is consistent with an increase in the
in-plane compressive strain. The HR-XRD RSM studies were
terostructures and (b) the rocking curves of PMN–33PT layers around

© 2021 The Author(s). Published by the Royal Society of Chemistry
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also performed to obtain information about the in-plane cell
parameters, strain state and domain structures of the PMN–
33PT layers. The selected RSMs around symmetric 002 and
asymmetric 013/0�13 reections for PMN–33PT/SRO under
different strain states grown on DSO, GSO, and SSO are shown
in Fig. 5(a–f). The RSMs of the other PMN–33PT/SRO hetero-
structures are shown in Fig. S4 in the ESI.† First, the obtained
results indicate that all SRO layers are fully strained (same Qx as
the substrate), except for SRO/NSO (Fig. S4(b)†), where the in-
plane cell parameter of SRO layer is different from the NSO
substrate. The second observation is that the PMN–33PT layers
grown on SRO/DSO, TSO, GSO, and SSO are coherently strained,
while the PMN–33PT layers grown on SRO/STO (Fig. S4(a)†) and
SRO/NSO (Fig. S4(b)†) are relaxed and partially relaxed,
respectively, with respect to the substrate lattice. The partial
strain relaxation in the SRO layer grown on NSO and strain
relaxation of the PMN–33PT layer grown on SRO/STO is related
to the large epitaxial lattice mismatch with the substrate of
about 2% and �2.9%, respectively. The partial strain relaxation
Fig. 5 (002) and (013) RSMs of PMN–33PT/SRO/DSO heterostructure sho
heterostructures showing the butterfly-like shape (c–f).

© 2021 The Author(s). Published by the Royal Society of Chemistry
of the PMN–33PT layer grown on SRO/NSO is due to the bottom
SRO layer which is not fully strained. Noting that, by reducing
the thickness of SRO or by using a bottom electrode with a small
lattice mismatch with NSO substrate (e.g., Ba0.5Sr0.5RuO3),
a fully strained PMN–33PT could be grown on NSO substrate.10

It is intriguing to note from Fig. 5 that the fully strained
PMN–33PT layers present a progressive change of the RSM
reection from a disc-like shape for highly strained lms
(Fig. 5(a and b)) to a classic buttery-like shape for mildly
strained lms grown on GSO and SSO substrates (Fig. 5(c–f)).
The presence of such a buttery-like shaped pattern in PMN–
33PT lms is likely evidence of the presence of relaxor nano-
domain structures.10,26 However, the disappearance of the
buttery-like shape for the highly strained lm (PMN–33PT/
SRO/DSO) is an indication of a change in the polar domains
and can be explained by the reduction of the relaxor domains
and the disorder within the PMN–33PT structure.

Recently, Kim et al. investigated the effect of biaxial-strain in
55 nm PMN–32PT/Ba0.5Sr0.5RuO3/GSO, SSO, and NSO and
wing the disk-like shape (a and b) and PMN–33PT/SRO/(GSO and SSO)

RSC Adv., 2021, 11, 1222–1232 | 1227
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Fig. 6 The evolution of (a) the out-of-plane, in-plane lattice parameters, and c/a of PMN–33PT as a function of lattice mismatch with the
substrates, (b) the unit cell volume of PMN–33PT and SRO as a function of the unit cell of the substrate.
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found that the X-ray diffuse-scattering of PMN–32PT grown on
NSO substrate results in a classic buttery-shaped pattern and
a disc-shaped pattern for PMN–32PT grown on SSO and GSO
substrates.10 This change was explained using molecular-
dynamics simulation by the change in the morphology of the
domain structures which evolves from small and complex
multi-domains for less strained sample (PMN–32PT/Ba0.5Sr0.5-
RuO3/NSO) to large, up-and-down poled domains for the
intermediate and highly strained samples (PMN–32PT/Ba0.5-
Sr0.5RuO3/GSO and SSO).

In our thin lms, the buttery-pattern shape can be observed
for PMN–33PT grown on SRO/GSO and SRO/SSO, which is not
present in the case of highly strained lm (PMN–33PT/SRO/
Fig. 7 TEM cross-section images of PMN–33PT/SRO/DSO (a) and PM
analysis of the in-plane (3xx) and out-of-plane (3yy) lattice strains.

1228 | RSC Adv., 2021, 11, 1222–1232
DSO). The difference observed between our results and that
reported by Kim et al.10 could be related to the difference in the
local unit-cell chemistries since in the present study we used
a lead- and magnesium-rich PMN–33PT target (20 mol% PbO
and 10 mol%MgO excess) which probably gives rise to different
local B-site cation environment surrounding the lead ions,
resulting in a stabilization of relaxor state for relatively higher
compressive strain. The stabilization of a relaxor state for PMN–
33PT samples with strain state below 1.13% is also conrmed by
the PFM investigations (see the next section).

The in-plane and out-of-plane lattice parameters, tetragon-
ality (c/a), and the unit-cell volume for all PMN–33PT thin lms
are regrouped in Fig. 6. For all PMN–33PT layers, as we can see
N–33PT/SRO/GSO (b) heterostructures and their corresponding GPA

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Filtered HAADF-STEM image of the PMN–33PT/SRO/DSO heterostructure showing a continuous transition of atomic columns from
the substrate across the two interfaces without the presence of dislocations. The DSO–SRO contact is sharp and follows one atomic layer,
whereas the SRO–PMN–33PT heterointerface makes steps to one neighboring atomic plane (interchanging of Sr and Pb at the A-site, B-site
intermixing is also likely). (b) Local atomic structure of the SRO–PMN–33PT heterointerface, where the SRO layer ends with the B-site layer
(RuO2) and the PMN–33PT layer starts with the A-site layer (PbO). Tilting of RuO6 and perhaps also the ((Mg2/9Nb4/9Ti3/9)O6) octahedra directly at
the contact is likely (pink region).
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in Fig. 6(a), the out-of-plane cell parameter (c axis) is larger than
the in-plane cell parameter (a axis). Also, the pseudo-cubic cell
parameter of the bulk PMN–33PT is between the c and a axes of
the thin lms, showing that the PMN–33PT lms exhibit
a tetragonal-like symmetry at macroscopic scale. Note that,
except for the partially relaxed PMN–33PT layers (PMN–33PT/
SRO/STO and NSO), the tetragonality decreases linearly with
decreasing lattice mismatch which implies a decrease of the
applied strain. The calculated unit-cell volume from the cell
parameters for both SRO and PMN–33PT is plotted in Fig. 6(b)
as a function of the cell parameter of the substrate. For all
heterostructures, the unit-cell volume of SRO and PMN–33PT
layers is close to their bulk values which indicate that the lms
are free from any signicant defects and the induced lattice
variations in PMN–33PT are due to the applied compressive
strain.

To further investigate the interface quality, local cell
parameters, strain state, and defects, two PMN–33PT/SRO het-
erostructures (grown on DSO and GSO substrates) were
analyzed by transmission electron microscopy (TEM).

The cross-section TEM images of the PMN–33PT/SRO/DSO
and GSO are shown in Fig. 7(a and b), respectively. The
images show a sharp and well-dened interface at both the
substrate (DSO, GSO)–SRO electrode and SRO–PMN–33PT
interfaces. The thickness of the SRO layer on the DSO and GSO
is 22–24 nm, whereas the PMN–33PT layer has a thickness of
around 45–46 nm. The GPA analysis of the in-plane (3xx) and
out-of-plane (3yy) lattice strains shows that the strains are
homogeneous in both the SRO and PMN–33PT layers and there
are no dislocations or other 2D defects present in any of the
layers. The HR-STEM images at higher magnication addi-
tionally conrm continuous (uninterrupted) transition of
atomic planes from the substrate into the SRO layer and further
into the PMN–33PT.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The HAADF-STEM images were used for measurements of in-
plane and out-of-plane lattice spacings in epitaxial layers grown
on both substrates. An example of HAADF-STEM for PMN–
33PT/SRO/DSO is shown in Fig. 8. The results show that the in-
plane cell parameters of both the SRO and PMN–33PT are
matched to those of the DSO and GSO substrates. DSO and GSO
have 0.35% and 1.08% larger (pseudo-cubic) lattice spacing in
comparison to SRO, respectively, and, therefore the SRO layer is
slightly expanded in the in-plane direction in both systems. In
the SRO/DSO system, where the lattice mismatch is small
(0.35%), the change (shrinkage) in the out-of-plane direction
was not measurable in HAADF-STEM images. On the other
hand, in the GSO–SRO system, where the mismatch is around
�1%, the in-plane expansion (0.3930 nm / 0.3973 nm) is
compensated by contraction of the SRO lattice in the out-of-
plane direction.

In both investigated systems, the substrate surface (DSO,
GSO) is atomically at and offers ideal conditions for the growth
of epitaxial SRO. The analysis of the HAADF-STEM images
shows that the substrate is B-site (ScO2 layer) terminated, and
the SRO layer starts with the A-site layer (SrO). Our observations
of the GSO–SRO interface are in agreement with Kan et al.44 who
studied the GSO–SRO heterointerface in detail. They found that
the mismatch between GSO and SRO is compensated by
signicant octahedral distortions (oxygen octahedral tilt angle)
of the ScO6 (directly at the interface) and RuO6 octahedra of the
rst four layers of SRO. In addition, cation displacements in the
SRO layer were measured. While the octahedral tilt is neutral-
ized aer the rst four atomic layers in SRO, the in-plane and
out-of-plane cation displacements remain constant throughout
the SRO layer.

The continuous transition of atomic layers is also observed
at the SRO–PMN–33PT heterointerface in both systems (DSO
and GSO substrates). The in-plane cell parameter of the PMN–
RSC Adv., 2021, 11, 1222–1232 | 1229
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Fig. 9 Topography (a–d) height and (e–h) deflection images, PFM out-of-plane (i–l) amplitude, and (m–p) phase images of PMN–33PT thin films
on different substrates. The crosses in (i–l) correspond to the measurement points of the local PFM phase hysteresis loops shown in panels (q–t).
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33PT is coherent with SRO, meaning that the PMN–33PT layer is
contracted from 0.4018 nm to 0.395 nm and 0.397 nm in
systems with DSO and GSO, respectively. The shrinkage is not
accompanied by the formation of mist dislocations but is
compensated by expansion in the out-of-plane direction as
already indicated by XRD results. The out-of-plane cell param-
eter values measured from HAADF-STEM images are 0.415 nm
on DSO and 0.409 nm on GSO and they are in good agreement
with those obtained by XRD. The HAADF-STEM images of the
SRO–PMN–33PT contact show that the interface is stepped, with
steps limited to one atomic plane, where a certain degree of
cation mixing is expected. The formation of steps is also an
effective mechanism for compensation of lattice mismatch.
Also, at this heterointerface, the compensation of octahedral tilt
in the SRO layer is expected.
Investigation of piezoelectric performance by PFM

The local piezoelectric performance was investigated by pie-
zoresponse force microscopy in PMN–33PT lms on NSO, SSO,
GSO, and DSO substrates. The topography, deection, and PFM
amplitude and phase images are shown in Fig. 9. The PMN–
33PT lms with a compressive strain below �1.13% grown on
NSO, SSO, and GSO did not show piezoelectric response, only
noise is observed. These results could indicate the relaxor-like
behavior similar to that in other lead-based relaxors during
the rst few PFM scans,45 but, also, the paraelectric behaviour is
not excluded. According to the literature,41 in PMN–PT bulk
ceramics and thicker lms, the compositions above x ¼ 0.30
possess ferroelectric-like behaviour. However, when decreasing
the average grain size, relaxor-like behavior prevails.46
1230 | RSC Adv., 2021, 11, 1222–1232
On the other hand, in the lms grown on DSO substrates,
piezoelectric response is observed (Fig. 9(l and p)), most prob-
ably due to the largest compressive strain (�1.9%) induced in
these lms, as conrmed by the XRD RSMs results. A few
hundred nanometre-sized irregularly shaped ferroelectric
domains are present. A similar domain structure was observed
also in thicker PMN–33PT lms prepared by PLD.41 These
results indicate that the large compressive stress as well as
application of dc elds induce the relaxor-to-ferroelectric
crossover in a few tens of nanometre-thick relaxor-like PMN–
33PT lms. When applying larger electric elds, the
ferroelectric-like behaviour appears in all samples, which is
evident from the local PFM phase hysteresis loops shown in
Fig. 9(q–t).

Interestingly, the PFM hysteresis loops (Fig. 9(q–t)) show that
PMN–33PT grown on SSO substrate with a strain state of
��0.8% exhibits a large coercive eld (Fig. 9(r)). Note that this
coercive eld is about two times larger than that of the PMN–
33PT thin lms grown on GSO and NSO substrates. These
results are in agreement with the recent study reported by Kim
et al.10 in which enhanced electromechanical response in PMN–
32PT/Ba0.5Sr0.5RuO3/SSO with an increase in the saturation
polarization and the coercive eld was observed. Using the
molecular-dynamics simulations, the authors showed that,
while the compressive strain drives a tendency toward more
ferroelectric-like order, certain unit cells become more disor-
dered at some critical applied strain.

The obtained results demonstrate that the effect of the strain
in relaxor ferroelectric thin lms manifests differently
compared to the classical ferroelectrics and the stabilization of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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different unit-cell ordering could be used as an effective way for
tailoring and enhancing the functional properties in relaxor
ferroelectrics.
IV. Conclusion

In the present study, we reported the growth of the epitaxial
45 nm PMN–33PT/20 nm SRO heterostructures using PLD and
investigated the effect of compressive strain on the domain
structures and piezoelectric response of PMN–33PT. By using
a well-dened substrate surface (STO and ReScO3 substrates
with Re ¼ Dy, Tb, Gd, Sm, and Nd), the high quality and stoi-
chiometric heterostructures were obtained. In situ high-
pressure RHEED was used to control the real-time growth of
SRO and PMN–33PT layers revealing a 2D growth mode.
Combining HR-XRD and HR-STEM investigations, a fully
strained PMN–33PT/SRO heterostructures were revealed on
DSO, TSO, GSO, and SSO substrates with sharp interfaces con-
rming the 2D cube-on-cube growthmode. In addition, the GPA
analysis showed homogeneous strain within the hetero-
structures with the absence of defects. The HR-XRD RSMs of
PMN–33PT layers revealed a progressive evolution of the
domain structures from buttery-shaped reciprocal space maps
to disc-shaped patterns with increasing compressive biaxial
strain. These changes were explained by the stabilization of
relaxor domains for low strain states which evolves to more
distorted ferroelectric domains for the highest achieved strain
states. The piezoelectric force microscopy studies revealed
typical relaxor-like behaviour for a strain state below �1.13%
while for higher compressive strain irregularly shaped and
poled ferroelectric domains were observed in agreement with
the RSMs results. Interestingly, the local PFM piezoelectric
phase hysteresis loops revealed a large coercive eld for PMN–
33PT/SRO/SSO heterostructure (strain state of ��0.8%). Noting
that, the results obtained in the present study demonstrate that
the domain structures and piezoelectric performances in
relaxor ferroelectric thin lms are sensitive to applied external
strain which could be used to tailor or enhance the functional
properties.
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