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ABSTRACT: In ferroelectric thin films, controlling the
orientation of the polarization is a key element to controlling
their physical properties. We use laboratory and synchrotron
X-ray diffraction to investigate ferroelectric bicolor PbTiO3/
PbZr0.2Ti0.8O3 and tricolor PbTiO3/SrTiO3/PbZr0.2Ti0.8O3
superlattices and to study the role of the SrTiO3 layers on
the domain structure. In the tricolor superlattices, we
demonstrate the existence of 180° ferroelectric stripe nano-
domains, induced by the depolarization field produced by the
SrTiO3 layers. Each ultrathin SrTiO3 layer modifies the
electrostatic boundary conditions between the ferroelectric layers compared to the corresponding bicolor structures, leading
to the suppression of the a/c polydomain states. Combined with the electrostatic effect, the tensile strain induced by
PbZr0.2Ti0.8O3 in the PbTiO3 layers leads to polarization rotation in the system as evidenced by grazing incidence X-ray
measurements. This polarization rotation is associated with the monoclinic Mc phase as revealed by the splitting of the (HHL)
and (H0L) reciprocal lattice points. This work demonstrates that the tricolor paraelectric/ferroelectric superlattices constitute a
tunable system to investigate the concomitant effects of strains and depolarizing fields. Our studies provide a pathway to stabilize
a monoclinic symmetry in ferroelectric layers, which is of particular interest for the enhancement of the piezoelectric properties.

KEYWORDS: ferroelectric materials, epitaxial and superlattice film, domain structure, strain and interface effects,
Pb(Zr,Ti)O3-based films

1. INTRODUCTION

Ferroelectric thin films have demonstrated great potential for
microelectronics applications. The dielectric, piezoelectric, and
optical properties of ferroelectric thin films are strongly
influenced by the domain structure.1 Ferroic domain structures
occur to minimize the elastic and the electrostatic energy of the
film2 and so the existence of a particular domain structure is
directly controlled by both the strain and the electrostatic
environment.3 Strain and thus the elastic energy in the film can
be relaxed by either the formation of 90° ferroelastic domains
or by the appearance of misfit dislocations. Moreover, in order
to minimize the electrostatic energy, 180° stripe domain
structures can form consisting of alternate up and down
polarization.4 Although these stripe domain structures are
generally associated with a reduction of the functional
properties when compared to the monodomain state,5,6 recent
studies have demonstrated that ferroelastic domains as well as
pure ferroelectric domains can lead to fascinating physical

properties.7,8 In ferroelectric thin films, the interplay between
epitaxial strain and electrical polarization has been used to
optimize the ferroelectric performance, leading to strain
engineering.9 Since the domain size scales as the square root
of the thickness according to Kittel’s law,10 the density of
domains and domain walls will be high in ultrathin films.
Recently new concepts exploiting ferroelectric nanodomain
structures have emerged such as gradient engineering,7

polarization rotation engineering,11 or domain wall engineer-
ing.12 These new approaches demonstrate that the polydomain
structure can contribute to enhance the ferroelectric properties
in thin films or superlattices.
In this context, superlattices (SLs) can undoubtedly play an

important role in controlling and manipulating ferroelectric
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domain structures. By the periodic repetition of individual
ultrathin ferroelectric layers of varying thicknesses, superlattices
can provide a means to investigate domains on the nanoscale as
well as the effect of possible coupling or decoupling of the
constituent layers. Theoretical studies13−15 have predicted the
enhancement of the ferroelectric properties in different classes
of SL structures. In the case of ferroelectric/paraelectric SLs,
the functional properties can be tuned by adjusting the ratio of
the ferroelectric to the paraelectric material.16 Depending on
the thickness of the layers, strong or weak coupling can take
place between the ferroelectric layers and these are susceptible
to produce changes on the various physical properties.17,8,18

Recently Zubko et al. have shown that the nanoscale domain
wall motion associated with the 180° domain structure in
PbTiO3/SrTiO3 (PT/STO) SLs can lead to an enhancement of
the dielectric permittivity.19 In some PbTiO3/CaTiO3 SLs,

11 a
polarization rotation was reported and associated with an
enhancement of the dielectric constant and the piezoresponse.
These results demonstrate that SLs can provide a tunable
structure to explore the physics of nanodomains.
In previous works, we have reported on the domain structure

in bicolor PbTiO3/PbZr0.2Ti0.8O3 (PT/PZT 20−80) SLs and in
tricolor PT/STO/PZT 20−80 SLs.20 We have shown that the
insertion of an ultrathin layer of STO (1 nm thick) at each
interface between PT and PZT 20−80 layers has inhibited the
formation of 90° polydomain structures that occur in bicolor
PT/PZT 20−80 SLs so as to relax the misfit strains. Here we
present structural studies showing the role played by ultrathin
STO layers on the control of the domain structure in tricolor
SLs. We demonstrate (1) the existence of 180° ferroelectric
stripe nanodomains which are induced by the depolarizing field
produced by the STO layers and (2) the polarization rotation
resulting from the tensile strains occurring due to the particular
combination of PT, PZT, and STO in these tricolor SLs. An
enhancement of the piezoelectric properties is reported in the
literature for such monoclinic symmetry.11,21 Therefore, the
development of such tricolor SLs is of particular interest, not
only for the fundamental understanding of the interaction
between strain and electrostatic contributions, but also for their
potential in improving the piezoelectric performance.

2. EXPERIMENTAL DETAILS
The superlattices were grown on single crystal (001) SrTiO3 (STO)
substrates, by pulsed laser deposition using a KrF excimer laser (λ =
248 nm) and ceramic targets of Pb1.1TiO3 (PT) and Pb1.1(Zr0.2Ti0.8)O3
(PZT 20/80) and SrTiO3. The substrates were chemically treated and
annealed to obtain a TiO2 termination, following the procedure
described by Koster et al.22 The PT, PZT 20/80, and STO layers were
deposited at a substrate temperature of 650 °C in 0.1 mbar of oxygen,
with a laser fluence of 2 J.cm−2 and a pulse rate of 2 Hz. The
deposition system is equipped with a 15 kV reflection high energy
electron diffraction (RHEED) system which was used to control the
surface quality of the substrate, and the first and the last layers of the
superlattice. The superlattices are designated hereafter [PTp/PZTz]x or
[PTp/STOs/PZTz/STOs]x where p, z, or s indicate the number of unit
cells of each material and x corresponds to the number of periods in
the superlattice.
Room temperature structural analysis was performed on a D8

Advance Bruker diffractometer (Cu Kα radiation, 1.5418 Å) and on a
high resolution D8 Discover Bruker diffractometer (Cu Kα1 radiation,
1.5406 Å). The reciprocal space map recorded around the (002)
reflection of the substrate and presented hereafter is plotted in
reciprocal-lattice units (rlu) with respect to the substrate lattice
parameter (aSTO = 3.905 Å). The temperature X-ray diffraction (XRD)
measurements were carried out from room temperature up to 725 °C

in air using an in-house designed goniometer permitting high-
resolution measurements. These studies were done using mono-
chromatic Cu Kα1 radiation issued from an 18 kW rotating anode
(Rigaku). The maximum temperature was imposed so as to avoid any
degradation of the samples. All the measurements were reproducible
after thermal cycling. The lattice parameters were determined by
fitting XRD scans around the (002) reflection (out-of-plane lattice
parameter) or around the (103) reflection (in-plane lattice parameter).
For a superlattice with a period Λ of n unit cells, the average out-of-
plane lattice parameter was calculated from the nth peak of the
superlattice along the [00l] direction. To investigate the in-plane polar
structure, grazing incidence in-plane X-ray diffraction was carried out
at ESRF-BM2 (Grenoble, France). The energy of the X-ray radiation
was fixed at 10 keV (1.2398 Å). Reciprocal space maps (RSMs)
around different (HK0) reflections were investigated. The satellite
peaks around the (100), (010), and (110) reflections were measured at
a grazing incidence angle of 0.5°.

3. RESULTS AND DISCUSSION
The relation between the ferroelectric transition temperature
with the domain structure is well established (see for example
ref 23). To situate the behavior of the tricolor SL, we present in
Figure 1 the temperature dependence of the average out-of-

plane lattice parameter (c-axis) for the tricolor ([PT9/STO2/
PZT10/STO2]20), along with the bicolor mono-([PT2/
PZT2]20) and polydomain ([PT10/PZT11]20) SLs.
We have previously determined that the [PT2/PZT2]20

superlattice24 and the ([PT9/STO2/PZT10/STO2]20 super-
lattice20 are purely c-axis oriented, whereas the [PT10/
PZT11]20 sample is characterized by a 90° a/c polydomain
structure.24 Table 1 summarizes the structural parameters
corresponding to these SLs. In Figure 1, we observe the
decrease of the c-axis lattice parameter related to the reduction
of the out-of-plane component of polarization on approaching
the ferroelectric transition. It is clear that the Curie temper-
ature, TC, is significantly less in the tricolor sample than that of
the two bicolor SLs.
To explore this situation further, we consider the in-plane

lattice parameter for these samples. Starting with the bicolor
[PT10/PZT11]20 sample, the in-plane lattice parameter is 3.985
Å at 607 °C close to TC and 3.935 Å at room temperature. This
superlattice is partially strained to the substrate (a = 3.905 Å),

Figure 1. Temperature dependence of the average out-of-plane c axis
lattice parameter for three SLs: [PT2/PZT2]20, [PT10/PZT11]20, and
[PT9/STO2/PZT10/STO2]20. The dotted line indicates the Curie
temperature of bulk PT. Note the break in the vertical axis.
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since the strain starts to relax at the center of the first PZT 20−
80 layer as observed by high resolution transmission electron
microscopy.24 Despite this strain relaxation induced by the a/c
polydomain formation, the Curie temperature is still signifi-
cantly higher than the value reported for bulk PT (493 °C)25

and PZT 20−80 (460 °C),25 meaning that the strain relaxation
is only partial. We have previously demonstrated in these
bicolor SLs that as the period, as well as the total thickness, is
reduced, the compressive strain induced by the substrate
becomes stronger24 and the monodomain state becomes more
energetically favorable. As a consequence, the domain structure
can evolve from 90° polydomain to pure c domain, as we in fact
observe in the [PT2/PZT2]20 SL, whose in-plane lattice
parameter of 3.905 Å at room temperature (Table 1) indicates
that the SL is fully strained to the substrate. We detect no
ferroelectric transition up to a maximum temperature of 725 °C
for this SL. This upward shift in TC is in good agreement with
reported data that relates the increase of the TC with
compressive strain.26−28 As to the trilayer [PT9/STO2/
PZT10/STO2]20 sample, the temperature dependence of the
lattice parameter compared to that of the bilayer SLs is striking.
We note that the bicolor [PT10/PZT11]20 and the tricolor
[PT9/STO2/PZT10/STO2]20 SLs have a comparable number of
unit cells within the ferroelectric layers and that the sole
difference between the two is the presence of two unit cells of
STO at each PT/PZT 20−80 interface in the tricolor sample.
As we have previously reported, evidence from XRD and
transmission electron microscopy20 shows that the insertion of
the ultrathin layer of STO strongly modifies the domain
structure in the superlattice and suppresses the 90° a/c
polydomain formation. The comparison of the c-axis temper-
ature evolution for these two types of superlattices demon-
strates that the ferroelectric transition is strongly influenced by
the presence of the paraelectric layer in the stacking structure.
We note that for these two samples the ferroelectric transition
is continuous second order, a commonly observed consequence
of the epitaxial strain in ferroelectric thin films and SLs. The
evolution of the out-of-plane lattice parameter for the tricolor
SL is quite soft and despite the pure c-axis orientation, the
Curie temperature is ∼500 °C and thus very similar to the
reported TC of 493 °C for bulk PT. The significant reduction of
the measured average out-of-plane lattice parameter of the
tricolor SLs compared to the bicolor ones, points to a weak out-
of-plane component of the polarization in the tricolor systems.
Considering the strain state of these SLs via the in-plane lattice
parameter given in Table 1, we note that for the tricolor sample
it is appreciably larger (d∥ = 3.959 Å at room temperature) than
the substrate parameter (aSTO = 3.905 Å), indicating that partial
strain relaxation occurs in this SL. Interestingly, the in-plane
lattice parameter for this tricolor SL determined in the vicinity
of the deposition temperature (d∥ (607 °C) = 3.988 Å)
indicates that the PT layer is under tensile strain (aPT (607 °C)
= 3.963 Å),29 while the PZT layer is under compressive strain

(aPZT (607 °C) = 4.017 Å).29 In contrast to this, in the bicolor
[PT2/PZT2]20 sample, the PT and PZT layers are both under
compressive strain since the SL has been coherently grown on
the substrate.
A Curie temperature close to the bulk value as observed in

the tricolor SL is not common even when tensile strain has
been induced30 in the film. However, bulk-like value has been
reported in c-axis oriented thin films4,31 and more recently in
ferroelectric/paraelectric PT-based SLs:19,18 their common
feature being a 180° stripe domain structure. The relation
between the occurrence of 180° domains with a bulk-like TC
has also been justified theoretically.32,33 These stripe structures
consist of an in-plane periodic arrangement within the layers
characterized by alternating up and down polarization. The
formation of this stripe domain pattern reduces the
depolarizing field when the screening by free charges is not
efficient. It is strongly dependent on film thickness (the
depolarizing field is larger in thinner films) and boundary
conditions (more or fewer free charges in short or open circuit
conditions, respectively).2 In the tricolor PT/STO/PZT SLs,
each ultrathin STO layer modifies the boundary conditions
between the ferroelectric layers compared to the equivalent
bicolor structure. A change in the electrostatic coupling
between the ferroelectric layers can therefore account for the
decrease in the TC value observed in Figure 1. Our synchrotron
results rule out the presence of a stripe domain structure in the
bicolor c-oriented [PT2/PZT2]20 superlattice. This indicates a
monodomain configuration for this sample, and thus highlights
the role of the STO layer in producing the 180° domain
patterns in the tricolor superlattices.
The stripe domain structure gives rise to an in-plane

modulation of the structure factor, depending on whether the
polarization in the domain is pointing up or down along the
growth direction.4 This in-plane modulation can be detected by
an XRD scan perpendicular to the domain walls. Figure 2
shows the reciprocal space map recorded around the (002)
reflection of the substrate, where in addition to the out-of-plane
periodicity along the growth [001] direction related to the SL
stacking, an in-plane modulation is clearly detected along the
[100] direction. This in-plane modulation can be attributed to
the presence of a 180° stripe domain structure,19 with only the
first order satellites being detected.19,34 However, such in-plane
modulation could also be produced by an ordered arrangement
of dislocations, periodic structural defects or ferroelastic a-
domains.35−37 Transmission electron microscopy studies as
well as reciprocal space mapping have excluded the presence of
ferroelastic domains in the tricolor SLs.20 To rule out the other
possible non polar sources of periodic modulations, we present
in Figure 3 the temperature dependence of the XRD profile of
the satellite peaks.
The satellite peaks disappear on approaching the ferroelectric

transition. This confirms the polar origin of this modulation,
the intensity being indeed proportional to the square of the

Table 1. Structural Parameters Determined at Room Temperature and Close to the Deposition Temperature for Different
Types of Superlatticesa

sample domains d∥ (Å) (25 °C) d⊥/d∥ (25 °C) d∥ (Å) (temp °C) d⊥/d∥ (temp °C)

[PT10/PZT11]20 a/c 3.935 1.05 3.985 (607 °C) 1.010 (607 °C)
[PT2/PZT2]20 c 3.905 1.08 3.936 (727 °C) 1.040 (727 °C)
[PT9/STO2/PZT10]20 c 3.959 1.01 3.988 (607 °C) 1.009 (607 °C)

ad⊥ and d∥ represent the average out-of-plane and the in-plane lattice parameter, respectively. We note that the parameter value of cubic STO
substrate is aSTO (25 °C) = 3.905 Å and aSTO (727 °C) = 3.932 Å.
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polarization.31 From a linear fit of the integrated intensity of the
satellite peaks (Figure 3b), we determine a transition
temperature of 450 °C for the 180° stripe domain structure,
which is lower than the Curie temperature determined from the
temperature dependence of the out-of-plane lattice parameter
shown in Figure 3c (TC = 500 °C). The discrepancy between
these two values has also been reported in refs 18 and 30 and is
probably because of the lower sensitivity of the integrated
intensities compared to the high resolution X-ray peak position
measurements. We note that the absence of even-order
satellites is indicative of a 1:1 ratio of positive and negative
domains.4 We have developed a model, which allows us to
simulate the type of diffuse X-ray scattering profile presented in
Figures 2 and 3a, to determine structural parameters, such as
the domain period, the polarization, and the domain wall
thickness. The details of these calculations will be presented in
a separate article. It solely relies on the presence of strain and
the morphology of the stripe domain structure.
For the [PT9/STO2/PZT10/STO2]20 SL, the stripe domain

period at room temperature is ∼90 Å. The domain size is
defined by the minimization of the energy costs of the domains
and the domain walls.2 It has been clearly established that the
stripe domain width scales with the square root of the film
thickness in agreement with Kittel’s law.31,4,34 In ferroelectric-
paraelectric SLs, this dependence is limited to the thickness of
the individual ferroelectric layers or to the thickness of a couple
of periods, depending on the nature of the electrostatic
interactions (strong or weak ones) between the ferroelectric
layers across the paraelectric interface.8 As a consequence, the

size of the domains is reduced in superlattices compared to the
values reported in thin films.4,38

In our tricolor superlattices, additional studies are required to
determine precisely the nature of the interactions between the
different ferroelectric PT and PZT 20−80 layers. The condition
for weak coupling reported by Stephanovich et al.,17 is that the
superlattice wavelength Λ is larger than the domain size,
whereas for strong coupling to occur the domain size should be
greater than Λ. Since Λ = 84 Å for the tricolor SL is almost
twice as large as the domain size for all temperatures, we
tentatively (since the situation is more complicated here than
that treated by Stephanovich et al.17) suggest that the coupling
between the layers is weak.
The reduced out-of-plane lattice parameter, as well as the

tensile strain induced in the SL structure, could be a
consequence of a rotation of the polarization. In order to
investigate the in-plane polar structure, in-plane RSMs around
the (100), (010), and (110) reflections were recorded using
grazing incidence synchrotron radiation diffraction. The
analysis of the in-plane distribution of the satellites, produced
by the 180° stripe domain structure enables us to determine the
orientation of the polarization. We present in Figure 4 different

Figure 2. (a) RSM around the (002) reflection of a tricolor [PT9/
STO2/PZT10/STO2]20 SL. (b) The corresponding diffraction profile
along the [H00] direction (in black) points out an in-plane
modulation, characteristic of a 180° stripe domain structure and the
profile fitting (in red) from which a stripe period of about 90 Å is
determined.

Figure 3. (a) Temperature dependence of the X-ray diffraction profile
related to the in-plane modulation, around the (002) reflection of a
[PT9/STO2/PZT10/STO2]20 SL. (b) Corresponding temperature
evolution of the integrated intensity of the satellite peaks. A Curie
temperature of 450 °C is determined from a linear fit. (c) For
comparison the temperature evolution of the average out-of-plane
lattice parameter (c) for this tricolor SL.
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RSMs recorded around the (HK0) reflections for a [PT9/
STO2/PZT10/STO2]20 tricolor SL. Each RSM shows in-plane
satellites, whose period Λ (Λ = 85 Å) is consistent with the
polar modulation measured around the specular reflections.
Since satellite peaks of similar periods are detected around the
(H00), (0K0), and (HH0) reflections, we conclude that the
polarization in the domain structure has in-plane components.
The detection of in-plane and out-of-plane components of the
polarization is strong evidence for the existence of a rotational
phase characterized by a polarization rotation away from the
normal. Such polarization rotation has been already reported by
Catalan et al.39 for an ultrathin film of PT (5 nm thick), and by
Sinsheimer et al.11 for PT/CaTiO3 superlattices.
The rotation of the polarization should result in a monoclinic

distortion11 which can be evidenced by the splitting of the
(HHL) and (H0L) reflections. Depending on the type of
splitting, it is possible to discriminate between the three
monoclinic phases (MA, MB, MC), each being characterized by a
different polarization orientation.40 We present the RSMs and

the corresponding 1D cross sections taken about the (103) and
(113) peaks in the tricolor superlattices in Figure 5.
The 3-fold and 2-fold splitting detected respectively around

the (103) and (113) reflections, are consistent with a Mc phase.
It implies that the polarization is directed along the [u0v]
directions in the pseudocubic coordinates. The splitting along
the L direction allows the calculation of the distorted angle β
which is close to 89.8°. This monoclinic distortion confirms the
polarization rotation and thus the existence of satellites around
in-plane Bragg peaks related to in-plane 180° stripe domains
(Figure 4). Furthermore, it helps to explain the reduced out-of-
plane lattice parameter detected in the tricolor SLs. Figure 6
illustrates the domain orientations expected in a Mc monoclinic
symmetry and compatible with the modulation detected in the
in-plane and out-of-plane RSM presented above.
This type of Mc monoclinic distortion was also reported in

ferroelectric PT/CaTiO3 SLs.11 Enhancement of the piezo-
electric response and the dielectric constant is associated with
this change of symmetry. The monoclinic symmetry reported

Figure 4. Grazing incidence X-ray diffraction RSMs measured for the [PT9/STO2/PZT10/STO2]20 tricolor SL, around the (a) (100) and (b) (010)
reflections, and (c) the diffraction profile along the [110] direction. The arrows indicate the satellite peaks.

Figure 5. X-ray diffraction reciprocal space maps around (a) the (103) and (b) the (113) reflections of the [PT9/STO2/PZT10/STO2]20 tricolor
superlattice. The splitting is highlighted by the 1D cross sections presented: (c and d) along the longitudinal direction for H = 0.987 for the (103)
and (113) reflection, respectively; (e and f) along the transversal direction for L = 2.938 for the (103) and (113) reflection, respectively. The dashed
lines represent the fitting curves used to fit the XRD section profile (red solid curve). A MC monoclinic phase is clearly evidenced by the 3-fold
splitting observed around the (103) reflection. These measurements were carried out on a Bruker Discover diffractometer with Cu Kα1 radiation.
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by Sinsheimer et al.11 was shown to result from a competition
between the direction for polarization in PT under compressive
strain ([001] direction) and CaTiO3 under tensile strain ([110]
direction). This distortion was detected for a specific range of
CaTiO3 volume fraction.
In our tricolor SLs, even if the strain parameter contributes

to the rotation of the polarization, it cannot be considered as
the sole factor, since the strain state is very similar in the bicolor
and the tricolor superlattices. Here, the insertion of the
dielectric STO layer between the ferroelectric layers has
probably enhanced the depolarizing field within the SL. Such
increase of the depolarizing field induced by STO layers has
been clearly demonstrated in PT thin films.41 Consequently the
STO layer acts as a means to modify the boundary conditions
and is thus at the origin of the stripe nanodomain structure.
In polydomain PT/STO superlattices, the rotation of the

local polarization vector across the domain walls joining two
180° domains has been proposed by first-principles calcu-
lations,42 as well as by ultrahigh resolution electron energy loss
spectroscopy observations.8 The polarization rotation is
primarily associated with a large in-plane shift of the Pb
atoms in the PbO layers in the vicinity of the interface42 and
allows the confinement of the polarization flux within the
ferroelectric layers. This in-plane polarization couples to the in-
plane strain induced by the domain walls in the 180° pattern.42

In our tricolor superlattices, the offset of opposite domains can
also contribute in the same way to the local rotation of the
polarization vector. As reported in a polydomain a/c dislocation
free PT thin film,7 a transverse strain gradient due to the
bending of domain walls can induce horizontal flexoelectricity,
which results in an in-plane component of the electric
polarization in the c-domains. In the tricolor samples, there is
no polydomain a/c structure and so there will be no twinning
structure contribution to an in-plane strain gradient. However,
another factor that might affect the local polarization

configuration is an in-plane flexoelectric effect produced by
the strain gradients associated with the 180° polydomain
configurations. Nevertheless, it is probably not the primary
driving force giving rise to the change in symmetry, since no
symmetry lowering is attached to the local rotation of the
polarization vector neither in PT/STO superlattices8 nor in the
polydomain a/c PT thin film.7

The large tensile strain induced in the ferroelectric PT layers
by the PZT 20−80 layers is also going to play a role through
the strain-polarization coupling. Symmetry lowering was
reported from first-principles calculations for the case of
partially relaxed BaTiO3/SrTiO3 superlattices.43 In these
structures, the STO and BaTiO3 layers were under in-plane
tensile strain and in-plane compressive strain, respectively.
These calculations demonstrate that a polarization component
in the [110] direction can take place in the STO layers which
thus contributes to the rotation of the polarization in the
superlattice leading to the monoclinic symmetry.43 In the BTO
layers the polarization develops along the [001] direction
because of the compressive strain. The competition between
these two polarization components, resulting from varying
BaTiO3/SrTiO3 ratio, was reported to control the orientation
of the polarization. In our tricolor superlattices, the PZT is
compressively strained at high temperatures which can lead to
an out of plane polarization on cooling, and both STO and PT
are under tensile strain. Thus, in the tricolor SLs, there is the
possibility of competition between different polarization
orientations through different strain states in the layers, and
this should be considered as a possible explanation for the
polarization rotation and the associated monoclinic symmetry
that we present here. The monoclinic phase results from a
combination of the electrostatic and the strain effects, and of
course, a first-principles study of this complex system would
help clarify some of the fundamental points raised in this work.

4. CONCLUSION

In conclusion, we have shown that a polarization rotation in
ferroelectric/paraelectric tricolor superlattices based on PT,
PZT 20−80 and STO can be achieved through the
combination of tensile strain and enhanced depolarizing field.
This work shows also that the tricolor geometry of the
superlattices offers a good opportunity to tune the strain and
thus functional properties through the structural and electrical
mismatch between the different materials involved in the
superlattice. The role of the paraelectric layer is crucial in
inducing the stripe nanodomain structure inhibiting the 90°
polydomain relaxation, whereas the polarization is rotated
primarily by the effect of tensile strain which is induced by the
combination of different ferroelectric layers. Such tricolor
superlattices constitute an ideal system to investigate the strain
effects as well as the electrostatic interactions between different
ferroelectric materials. The ferroelectric/paraelectric tricolor
superlattices offer an effective pathway to stabilize a rotation of
the polarization, compatible with an enhancement of the
piezoelectric properties.
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