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ABSTRACT

The three-dimensional arrangement and orientation of domain walls in ferroelectric Ko 9Nag;NbO3/(110)NdScO; epitaxial thin films were
investigated at different temperatures both experimentally by means of piezoresponse force microscopy and three-dimensional x-ray diffrac-
tion and theoretically by three-dimensional phase-field simulations. At room temperature, a well-ordered herringbone-like domain pattern
appears in which there is a periodic arrangement of a;a,/Mc monoclinic phases. Four different types of domain walls are observed, which
can be characterized by out-of-plane tilt angles of +45° and in-plane twist angles of +21°. For the orthorhombic high-temperature phase, a
periodic a;/a, stripe domain pattern with exclusive in-plane polarization is formed. Here, two different types of domain walls are observed,
both of them having a fixed out-of-plane domain wall angle of 90° but distinguished by different in-plane twist angles of +45°. The experi-
mental results are fully consistent with three-dimensional phase-field simulations using anisotropic misfit strains. The qualitative agreement
between the experiment and the theory applies, in particular, to the wide phase transition range between about 180 °C and 260 °C. In this
temperature range, a complex interplay of coexisting monoclinic a;a,/Mc and orthorhombic a,/a, phases takes place.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029167

I. INTRODUCTION

Domains play a central role in ferroic materials.”” Their for-
mation is driven by the total free energy, which is—for ferroelec-
trics—mainly determined by the chemical, electrostatic, elastic, and
domain wall energies. Ferroelectric domain walls are especially

films, the volume fraction of ferroelectric domain walls is often
increased compared to bulk crystals in order to relax strain energy
due to substrate constraints,” potentially providing a large influence
on the ferro- and piezoelectric properties of the films. Therefore,
detailed knowledge of the relationship between morphological/

interesting since they often exhibit different electrical and structural
characteristics than the surrounding materials.” Their orientations
are determined by the mechanical and electrostatic compatibility
conditions at the interface. The properties of domain walls are par-
ticularly important, since they can be generated, moved, and trans-
formed by an external electric field,> which has a significant
impact on the feasibility of domain wall nanoelectronics. In thin

structural and piezo-/ferroelectric properties of domains and
domain walls is especially important for thin films.

In many ferroelectric materials, the electrical polarization
vector and possible domain walls are linked to fixed main crystallo-
graphic directions. For example, in ferroelectrics with a tetragonal
symmetry, the corresponding walls separating domains with differ-
ent polarization vectors can only be tilted relative to the main
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crystallographic axes by angles of 45°, 90°, or 180°.”° In contrast, in
ferroelectric systems with a monoclinic crystal symmetry, domain
walls can exist in low-symmetric orientations with high Miller
indices. In a theoretical work, Bokov and Ye’ were able to show
that the domain wall angles depend essentially on the geometry
and dimension of the monoclinic unit cell, in particular, on the
monoclinic angle and the lattice parameters. Monoclinic ferroelec-
tric thin films are, therefore, of high fundamental and technological
interest, as they combine a flexible domain wall arrangement'’ with
improved ferro-/piezoelectric properties.'' ™"’

In this respect, the solid solution K,Na;_,NbO;'“'"" is an
intriguing material, because it is lead-free and exhibits excellent
ferro-/piezoelectric properties. The existence of monoclinic phases
has been predicted in the framework of the Landau-Ginzburg
theory'®™'® and experimentally confirmed.'”™*' However, these the-
oretical investigations are limited to the treatment of single-domain
or preset simple polydomain systems.”>”’ Recently, Wang et al.
have performed phase-field simulations to obtain the equilibrium
domain structures and establish the temperature-misfit strain phase
diagram considering phase coexistence,”" although anisotropic mis-
match strains are not yet included in these calculations.

Lattice strains determine not only the phase symmetry and
domain wall arrangement in epitaxial films but also have a crucial
influence on phase transitions. In a previous paper,”” we have
revealed that K,oNay;NbO; thin films on NdScO; (NSO) sub-
strates undergo a ferroelectric-to-ferroelectric phase transition at
high temperatures. The phase transition transforms a complex
herringbone-like domain pattern with an alternating monoclinic
a;a,/M¢c domain arrangement26 to an orthorhombic phase, which
appears as a very regular a,/a, stripe domain pattern that occurs in
four different variants of superdomains. However, the three-
dimensional (3D) arrangement and orientation of the domain walls
are still largely unexplored for both the room temperature and
high-temperature phase.

Therefore, in this paper, we have carried out 3D x-ray diffrac-
tion, which is sensitive to the 3D arrangement and orientation of
domain walls and provides additional information about the struc-
tural properties of the involved ferroelectric phases and domain
walls. In parallel, we have performed 3D phase-field simulations,
which are a powerful tool as they combine thermodynamics and
kinetics to simulate the formation and evolution of ferroelectric
domains on a mesoscopic length scale. Within this work, we take a
closer look at the 3D domain wall arrangement and find very good
agreement between simulations and experimental data. This is
especially valid for the wide phase transition regime within which
coexistence between the a;a,/Mc room temperature phase and the
a;/a, high-temperature phase is observed. The excellent agreement
between the experiment and simulation opens up interesting per-
spectives with respect to intentional domain engineering in strained
ferroelectric thin films.

The present work is structured as follows. In Sec. II, we first
give a short introduction to the 3D phase-field model for ferroelec-
tric thin films, followed by an experimental Sec. III, in which we
briefly present the method of fast 3D x-ray diffraction and its prac-
tical implementation at a highly brilliant synchrotron radiation
source. In Sec. IV, our experimental and theoretical results are pre-
sented and discussed.

ARTICLE scitation.org/journalljap

Il. THEORY

The phase-field method has been established as a powerful
approach to model complex domain structures at equilibrium and
to calculate their evolution under external stimuli for ferroelectric
bulk crystals and epitaxial thin films.””** The ferroelectric system is
modeled by taking the spontaneous polarization P(r,t) as the
order parameter. The evolution of the order parameter is described
by the time-dependent Ginzburg-Landau (TDGL) equation,

oP__ OF .
o TP’ )
where F is the total free energy of the system and L is the kinetic
coefficient. Several energy contributions including the Landau
energy, elastic energy, electrical energy, and gradient energy are
considered here, i.e.,

F= J (fLandau +felastic +felectric +fgmdient)dv~ (2)
14

The detailed formulation of each individual term is described
in Ref. 27. The TDGL equation is solved iteratively to obtain the
polarization distribution at equilibrium by adopting the semi-
implicit Fourier transformation method, which is implemented in
the phase-field package u-Pro". At each time step, we solve the elas-
tostatic equation subject to the mixed-type mechanical boundary
condition for epitaxial thin films and the electrostatic equation
under the short-circuit electrical boundary condition at the top and
bottom surfaces.”””’ Two-dimensional periodical boundary condi-
tions are used for all equations in the in-plane directions of the
system. A detailed formulation of the phase-field model for ferro-
electric thin films is given in Refs. 27 and 28. All Landau parame-
ters, elastic stiffness, and electrostrictive coefficients are adopted
from previous Landau-Devonshire models of single-crystalline
K,Na,_,NbO;.”"*

Here, we performed three-dimensional phase-field simulations
to obtain the equilibrium domain structures of K, 9Nag ;NbO; epi-
taxial thin films at room temperature and to examine the domain
evolution during phase transition at elevated temperatures. We
choose an orthogonal coordinate system (x, y, z) in which x is par-
allel to the [001]yso direction, y is parallel to the [110]yso direc-
tion, and z is parallel to the surface normal of the (110) oriented
NdScO; (NSO) orthorhombic substrate. The 3D system is discre-
tized into 256Ax x 256Ay x 60Az grid points, where
Ax = Ay = Az = 1 nm. The film thickness is taken as 35 nm, while
a 20 nm-thick region for the nonpolar substrate is utilized to
impose the zero displacement boundary condition at the bottom of
the system. The remaining 5 nm-thick layers are taken as air. To
obtain the equilibrium domain structure for the ferroelectric thin
film at room temperature, the system is evolved from a small
random noise of polarization for sufficiently long time to relax.

According to the strain-temperature phase diagram of
K,Na;_,NbO; thin films, there is a phase coexistence region near
room temperature under low misfit strains, where the domain
structures are complex.”® Therefore, to obtain the coexistence of
multiple domain variants with a regular pattern, a simple a;a,/Mc
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polydomain structure is preset to serve as a precursor along
with the random noise. For K,¢Nay;NbO; on orthorhombic
(110) NdScOs3, the misfit strain is strongly anisotropic with respect
to the cubic paraelectric reference state with compressive strain
£4c=—0.16% along [001]yso and tensile strain g£,,=0.15% along
[110]ns0- These strain conditions are located at the phase boundary
between the stability regions for Mc;/Mc, and a;a,/Mc in the cal-
culated misfit strain-misfit strain diagram” leading to instabilities
in the simulation. However, it is known from experiments that a
herringbone-like domain arrangement can be stabilized even for
slightly different strain conditions.'’ Furthermore, it must be con-
sidered that the elastic stiffness and electrostriction coefficients are
not exactly known for K oNay ;NbO;, which can lead to additional
uncertainties in the determination of phase boundaries.

Therefore, we have selected a strain condition for the theoreti-
cal simulations, which results likewise in a herringbone-like
domain pattern but is much more stable to slight parameter varia-
tions. Specifically, we assume a relatively large anisotropic misfit
strain of £, = 0.0% and g,, = 1.0% in the simulations. Also, note
that the misfit strains are assumed to be constant in the investigated
temperature range due to the similar thermal expansion coefficients
for NdScO;™* and KNbQ;.” In this paper, we will show that our
specific selection of mismatch strains leads to a very good agree-
ment between the simulation and the experiment. This means that
even though the experimental and simulated conditions are not
fully comparable, our phase-field simulations provide a reasonable
solution in this system considering the energy terms given in
Eq. (2). However, we would like to stress that the agreement between
the simulation and the experiment is only qualitative, while quanti-
ties such as the lateral dimensions of domains or the phase transition
temperature cannot be compared on a quantitative scale.

. EXPERIMENTAL METHODS

KooNag NbO; thin films were epitaxially grown on (110)
NdScO; orthorhombic substrates by liquid-delivery spin metal-
organic vapor phase epitaxy (MOVPE). In comparison to physical
growth techniques such as pulsed laser deposition’>”’ or magne-
tron sputtering,”® epitaxial growth takes place close to the thermo-
dynamic equilibrium and at relatively high oxygen partial pressures
of typically 10-20 mbar. This leads to nearly perfect thin films with
smooth surfaces/interfaces and very regular ferroelectric domain
patterns. In this work, we present results obtained on samples with
38 and 52 nm film thickness. These films are very similar in their
domain pattern. Further details on the samples and growth param-
eters are given in Refs. 21 and 39.

Using piezoresponse force microscopy (PFM), ferroelectric
domains can be imaged with nanometer resolution, and corre-
sponding statements about the three-dimensional orientation of the
electrical polarization vector can be made. However, PFM images
do not provide depth resolution so that the three-dimensional
information about the spatial arrangement and orientation of
domain walls is not accessible. On the other hand, high-resolution
x-ray diffraction (HRXRD) is an effective method that is sensitive
to (i) the orientation of domain walls, (ii) their periodic arrange-
ment, and, additionally, (iii) lattice strains. A critical comparison of
HRXRD and PFM is particularly advantageous because it allows

ARTICLE scitation.org/journalljap

ferro-/piezoelectric properties to be correlated with corresponding
structural features. Each of these structural properties listed above
is three-dimensional in nature, and we will demonstrate in this
paper that HRXRD allows the independent study of each feature.

The x-ray diffraction patterns of crystalline materials contain
crystal truncation rods (CTRs) when surfaces or interfaces are
present.>*" Similarly, domain walls also induce a rod-shaped
intensity distribution in reciprocal space, which is directed along
the domain wall normal. If the domain walls are periodically
arranged, the intensity within the CTRs is periodically modulated,
and sharp satellite reflections arise. Their periodicity in reciprocal
space inversely scales with the periodicity in real space. Finally,
lattice strains (e.g., shearing and local rotation of unit cells within
adjacent domains) often lead to peak splitting, which is the charac-
teristic for the ferroelectric phase present.”” In summary, due to the
three-dimensional nature of lattice strains and domain (wall)
arrangement, only 3D reciprocal space maps of diffracted intensity
give access to the full information. Rapid 3D measurements are fea-
sible, but they require the use of intense synchrotron radiation in
combination with high-frame rate two-dimensional detectors.**"’

The x-ray measurements were performed at the synchrotron
radiation facility PETRA III (DESY, Hamburg) at the experimental
station P08 using an x-ray energy of 15keV. A two-dimensional
detector (DECTRIS PILATUS) with a pixel size of 172um was
placed at a distance of 940 mm from the sample. To achieve a good
angular resolution in both vertical and horizontal directions,
primary apertures of typically 150 x 150 um> were used. A three-
dimensional image of the scattered intensity distribution can then
be obtained very quickly by a simple rocking scan of the sample.
Depending on the desired angular resolution and counting statis-
tics, typical measurement times vary between several minutes and a
few hours.

In order to be sensitive to the domain walls of both the
a;a/Mc room temperature structure and the a,/a, high-
temperature structure, we have chosen the (620)nyso asymmetrical
Bragg reflection. For both phases, the (620)nso reflection gives suit-
able information about the domain wall arrangement and orienta-
tion. Moreover, it is particularly well-suited because the atomic
lattice of the epitaxial layer is not distorted along the in-plane
[110]nso substrate direction.” Thus, the orientation and intensity
modulation of the CTRs in reciprocal space can be used to directly
determine the orientation and the spatial arrangement of the 3D
domain walls.

During the x-ray investigations, an Anton Paar DHS 1100
temperature chamber’’ was used to heat the samples. To ensure
good thermal contact of the samples, they were glued to a copper
sample holder, which was mounted directly on the heating plate.
Piezoresponse force microscopy (Asylum Research, MFP-3D stand-
alone) was applied in the dual AC resonance tracking mode.

IV. RESULTS AND DISCUSSION
A. Room temperature

The room temperature phase of anisotropically strained
KooNayNbO5/(110) NdScO; thin films shows a characteristic
herringbone-like domain arrangement as displayed in the piezores-
ponse force image in Fig. 1(a). This domain pattern is formed by a
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FIG. 1. Herringbone-like  ajay/Mc
domain structure at room temperature.
(a) Lateral piezoresponse force micro-
graph  (1x1um? of a 38nm
Ko.gNag 1NbO; thin film grown on (110)
NdScO;. (b) Phase-field simulation
(256 x 256 nm?) of the 3D domain
structure calculated for £,,=0.0% and
£,,=1.0% together with the unit cells
and polarization vectors of the Mc and
a4a, domains. (c) Corresponding simu-
lated 2D mappings of electrical polari-
zation vectors at the film surface. The
dashed lines A, B, and C indicate the
positions of respective section cuts.
The twist angle & of the herringbone-
like pattern is labeled. (d) 2D maps of
polarization vectors at three sections of
the x-z plane corresponding to the
positions A, B, and C denoted in (c).

0.00 The angle v of the inclined domain
wall viewed from [110] is labeled. The
032 arrows show the overall polarization

(110) c

direction of each domain for better vis-
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coexistence of monoclinic a;a, and M phases.”® Their respective
unit cells are depicted in Fig. 1(b), with the colored arrows indicat-
ing the electrical polarization vector of each monoclinic unit cell.
For the in-plane a,a, ferroelectric phase, the unit cells exhibit alter-
nating in-plane monoclinic distortion angles and pure in-plane
polarization. On the other hand, for the inclined M¢ phase, the
monoclinic distortion shows up in a vertical plane of the pseudocu-
bic unit cell, leading to an inclined polarization vector, with the
in-plane component along [110]yso. More detailed information
about the monoclinic phases at room temperature can be found in
literature, e.g., Ref. 26.

From Fig. 1(a), we can state that the a;a,/Mc domains are
periodically arranged along the [001]yso direction. The domain
walls separating the two phases are smooth but are alternately
inclined by about &ppy = +20° relative to the [110]ygo direction.
The same ordering of the a;a,/Mc domains in a herringbone-like
domain arrangement was also obtained by phase-field calculations
under the anisotropic misfit strains, as shown in Fig. 1(b). Two
possible a;a, and two possible M polar domain variants appear in
the calculated domain pattern. Thus, four superdomain variants of
a;a,/M¢ can form, ie., pink/dark green, pink/light green, violet/
dark green, and violet/light green. The domain walls separating the
a;a,/M¢ phases are inclined by y = +45° with respect to the sample
surface (looking from the [110]yso direction) and are—depending
on the superdomain type—twisted by the herringbone angle, which
is measured to be around &=+19° and compares reasonably well
with the PFM image in Fig. 1(a).

system refers to the orthorhombic
NdScO; substrate.

To examine the polarization direction of each domain, we
map the distributions of polarization vectors at the film surface in
Fig. 1(c) along with three sections in Fig. 1(d) cut along the
[001]nso direction at positions labeled by A, B, and C in Fig. 1(c).
It is shown that the in-plane polarization component within the
M domains are all along the [110]ygo direction, where a tensile
misfit strain is imposed on the film. At the junctions of two types
of superdomains, the polarization vectors arrange in a head-to-tail
configuration and form the flux-closure pattern [as seen in section
C in Fig. 1(d)] to minimize the electrostatic energy. It is found that
the boundaries between the superdomains can be straight (along
[001]nso) or meandering as denoted by the thin dashed curves in
Fig. 1(c). A straight boundary appears when the inclination angles
y of the adjacent superdomains 1 and 2 are identical
(e.g, w1 =y, =+45°), as is the case in sections A and B, while it
becomes curved when the angles Wy are not matching
(y; =+45°# y, = —45°), such as that between sections B and
C. This curving of the superdomain boundary is likely due to the
relaxation of elastic energy associated with the mechanically incom-
patible domain walls.

Since PFM images provide only the in-plane arrangement of
the ferroelectric domain walls, three-dimensional x-ray diffraction
(3D-HRXRD) has been performed for in-depth information of the
domain walls. Figure 2(a) exemplarily shows the 3D intensity distri-
bution of the 52 nm thin film in the vicinity of the (620)nso recip-
rocal lattice point (Multimedia view). The scattered signal from the
Ky oNay ;NbOj; thin film is located at smaller Q,, values relative to
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Q110

Qoor (A)

Q710

the sharp substrate Bragg reflection (marked as “S”), and it is
extended in reciprocal space. In particular, four prominent, differ-
ently oriented CTRs can be clearly distinguished, which are desig-
nated as C1-C4 in Fig. 1(a). They are attributed to the four types
of internal domain walls seen in the phase-field simulation. More
detailed information can be extracted from selected two-
dimensional (2D) views. In these 2D sections [Figs. 2(b) and 2(c)],
the in-plane (“twist”) and out-of-plane (“tilt”) angles of the four
types of domain walls can be quantitatively evaluated. For example,
the Qoo1—-Qi10 out-of-plane section shown in Fig. 2(b) provides a
tilt angle y relative to the sample surface of either y=+45° or
y = —45° for all four types of domain walls. On the other hand, the
in-plane twist angles & of the domain walls can be evaluated from
the Qpo1-Q-110 in-plane section as shown in Fig. 2(c). The corre-
sponding values of & = +21° are in good agreement with the experi-
mental (&ppp = 20°) and simulated (€ = £19°) herringbone angles in
Figs. 1(a) and 1(b), respectively.

In summary, all four different types of domain walls predicted
by the phase-field simulation are also observed in the 3D-HRXRD
measurements. This confirms the high-index nature of the domain
walls, which are inherently different from ferroelastic domain walls
of other higher symmetrical ferroelectric phases of perovskite
oxides, such as the 90°-domain walls in a tetragonal phase and the
71°- and 109°-domain walls in a rhombohedral phase. Also the
experimentally determined tilt angle of y = +45° is completely con-
sistent with the simulations.

B. High temperature

When heating the thin films to higher temperatures, we
observe a ferroelectric-to-ferroelectric phase transition. This can
be inspected in the lateral piezoresponse force image for the
38 nm sample taken at 250 °C in Fig. 3(a). The herringbone-like

010 -0.05 0.00 0.05 0.10
Quor (A)

-3.15
Q110

ARTICLE scitation.org/journalljap

log(l)
6.5

FIG. 2. (a) 3D-HRXRD intensity distri-
bution of a 52 nm KygNay {NbO; thin
film in the vicinity of the (620)xso Sub-
strate Bragg reflection (marked as “S”)
recorded at 30°C. Selected (b)
out-of-plane and (c) in-plane 2D sec-
tions with the viewing direction along
(b) Q0 and (c) Qqqo, respectively.
Multimedia ~ view:  hitps:/doi.org/10.
1063/5.0029167.1

-3.10
(A)

domain arrangement present at room temperature [Fig. 1(a)] has
changed into a periodic and very regular stripe domain pattern.
Two types of superdomains can be identified, which manifest
themselves as light and dark areas. The light superdomains
exhibit a periodic array of narrow stripe domains, where the
domain walls are rotated by about &=—45° from the [110]xso
direction. Within the dark superdomains, no internal contrast is
detected. However, for reasons of symmetry and x-ray measure-
ments discussed below, we expect a similar stripe domain pattern
with domain walls rotated by & =+45°. In a recently published
paper,”” we have shown that the stripe domain pattern consists of
slightly rotated orthorhombic unit cells, finally leading to an
a;/a, domain arrangement with exclusive horizontal electrical
polarization. For more detailed information about the unit cell
symmetry and structural properties of the high-temperature
phase, we refer the reader to Ref. 25.

The stripe domain pattern has also been obtained in phase-
field simulations by raising the temperature up to 327 °C from the
herringbone-like domains at room temperature [Fig. 1(c)]. Here,
we first show the equilibrium high-temperature domain structure
in Fig. 3(b), while the phase transition and domain evolution
during the heating process are left for Sec. IV C. The simulated
high-temperature domain pattern consists of two stripe-like super-
domains, i.e., the orange/black and champagne/black twin polydo-
mains in Fig. 3(b). For each domain variant, the polarization vector
lies within the surface plane with alignment either along [001]yxso
(a; domains) or along [110]yso (a, domains). The domain walls
between the a;/a, stripes are perpendicular to the surface plane,
with in-plane twist angles of & = +45°. The width of the a, domain
is significantly larger than that of a; domains because of the
assumed larger anisotropic misfit strain. Specifically, the tensile
misfit strain along [110]xso (€5, = 1.0%) strongly favors the polar
axis of the unit cell to be aligned toward the y axis for lower elastic
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FIG. 3. (a) Lateral piezoresponse force micrograph (1 x 1,um?) of a 38 nm Kg gNag 1NbOj thin film grown on (110) NdScOj substrate taken at 250 °C. (b) Phase-field sim-
ulation (256 x 256 nmz) of the 3D domain structure calculated for 327 °C. The unit cells of a; and a, domains are shown on the right-hand side together with the respective
electrical polarization vectors. The orthogonal coordinate system refers to the orthorhombic NdScO3 substrate.

strain energy. We also notice that the high-temperature stripe-like
domain pattern inherits to some extent the room-temperature her-
ringbone pattern. This similarity is illustrated by the fact that the
straight superdomain boundary along [001]yso found in the
herringbone-like pattern is also maintained in the high-temperature
domain pattern, which is again consistent with the PEM images in
Figs. 1(a) and 3(a).

The corresponding 3D-HRXRD intensity distribution is
shown in Fig. 4(a) (Multimedia view). Compared to room tempera-
ture [Fig. 2(a)], drastic differences can be observed. In particular,
the four strong and inclined CTRs (C1-C4) have disappeared.
Instead, a complicated and very rich diffraction pattern has formed.
On the one hand, strong vertically aligned CTRs can be observed,
which are caused by the sample surface and the film/substrate
interface. They exhibit pronounced vertical intensity fringes caused

by the finite thickness of the thin film, as can be examined in detail
in a selected out-of-plane 2D section in Fig. 4(b). Furthermore, in
an in-plane 2D section [Fig. 4(c)], we also observe four strong hori-
zontally aligned CTRs, each at 90° to each other. They also show
strong intensity fringes (satellite peaks), which indicate well-
ordered domain walls oriented perpendicular to the sample surface.
From these 2D sections, in-plane domain wall twist angles of
& = £45° and out-of-plane domain wall tilt angles of y =90° can be
evaluated.

The x-ray diffraction data again fit very well to the corre-
sponding phase-field simulations. This concerns mainly the
observation of two different types of domain walls and the agree-
ment of the corresponding out-of-plane tilt angles (y =90°) and
in-plane twist angles (§ =+45°) in both the simulation and the
experiment.

log(l)

6

— 5

f‘; 6.30 .

¢]

3 FIG. 4. (a) 3D-HRXRD intensity distri-
bution of a 52 nm film in the vicinity of
2 the (620)yso substrate Bragg reflection
= -0.05 0.00 0.05 (marked as “S”) recorded at 260 °C.
e} AQ712 (A Selected (b) out-of-plane

(AQq,—Qi10) and (c) in-plane
(Qi19—Qoo1) 2D sections. Multimedia
view: https:/doi.org/10.1063/5.0029167.2
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C. Coexistence regime

Having discussed the room temperature ferroelectric phase
and the high-temperature ferroelectric phase separately in the pre-
vious chapters, we now want to focus our attention on the extended
temperature range within which the phase transition takes place
and in which we have expenmentally observed a coexistence regime
between different ferroelectric phases.”

For this reason, phase-field simulations were performed using
a preset herringbone domain arrangement at equilibrium at room
temperature, see Fig. 5(a) [replotted the same figure here as in
Fig. 1(b)]. The domain evolution at elevated temperatures is cap-
tured by incrementally raising the temperature and relaxing the
system (by 25 K every 10 000 time steps). For simplicity, we assume
that the misfit strain does not change with temperature. As the
system is heated up to 177 °C, two superdomain variants that have
different inclination angles in their domain walls [regions with
curved boundaries, as seen in Fig. 1(c) section C] disappear first
[Fig. 5(b)]. Continuing to raise the temperature leads to the vanish-
ing of the entire herringbone pattern as the M phase disappears,
and only the a,a, phase remains [Fig. 5(c)]. With the disappearance
of the herringbone pattern, the inner domain walls with y = +45°
inclination angle are no longer existent. When further increasing
the temperature to 277°C [Fig. 5(d)], the orthorhombic high-
temperature phase has additionally formed, which manifests itself
in an a/a, stripe domain pattern [Fig. 5(e)], preferably starting
from the sample surface. We also observe a coexistence between the
monoclinic a;a, phase at the film/substrate interface and the ortho-
rhombic a,/a, phase at the film surface at 302 °C. This coexistence
disappears when proceeding further to 327°C [Fig. 5(f)], where
only the orthorhombic a;/a, phase remains.

In order to experimentally verify the results obtained from the
phase-field simulations, we have performed x-ray diffraction in the

ARTICLE scitation.org/journalljap

immediate proximity of the phase transition. In Fig. 6, we compare
2D in-plane intensity distributions measured at different tempera-
tures in the vicinity of the (620)nso substrate Bragg reflection.
Figure 6(a) again shows the diffraction pattern obtained at 30 °C. It
exhibits the four different CTRs (C1-C4) representing the four dif-
ferent types of domain walls typically observed in a herringbone
pattern. When increasing the temperatures, the CTRs become con-
tinuously weaker [Figs. 6(b) and 6(c)], and at 180 °C [Fig. 6(d)], we
observe a complete disappearance. Between 160°C and 220°C
[Figs. 6(c)-6(f)], we can already see the typical cross-shaped inten-
sity pattern characteristic for the orthorhombic aj/a, stripe
domains, even though it is still rather weak. With further tempera-
ture increase to 240°C [Fig. 6(g)] and 260°C [Fig. 6(h)], the
in-plane satellite peaks fully emerge, indicating that the phase tran-
sition to the orthorhombic phase is completed.

It turns out that the experimental temperature values do not
exactly match those in the simulations. This may be due to the fact
that the misfit strain for stabilizing the herringbone structure is differ-
ent in the simulations and the assumption that this misfit strain
remains unchanged upon heating. Nevertheless, the experimental data
shown in Fig. 6 agree qualitatively well with the corresponding phase-
field simulations shown in Fig. 5. However, please note that the
(620)nso Bragg reflection is not sensitive to the monoclinic a;a,
phase, because it does not exhibit the corresponding characteristic
in-plane peak splitting. Therefore, based on Fig. 6, we cannot directly
confirm a gradual transformation of the M phase into the a;a, phase
as predicted by the simulations. This also concerns the predicted coex-
istence of a;a, and a,/a, phases at high temperatures. However, in our
recently published study,”” grazing incidence in-plane x-ray diffraction
revealed that heating up to 180 °C leads to a complete disappearance
of the M¢ phase, while the a;a, phase can always be observed. In
addition, the monoclinic a;a, and the orthorhombic a;/a, phases
coexist between about 200 °C and 220°C. With further heating to

%%
S

(110)

227 °C

327 °C

[001] [170]

FIG. 5. Three-dimensional phase-field simulations (256 x 256 nm?) of the phase transition and domain evolution at elevated temperatures. The corresponding unit cells
together with their respective electrical polarization vectors are shown on the right-hand side. The orthogonal coordinate system refers to the orthorhombic NdScO;

substrate.
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260 °C, the a;a, phase slowly vanishes, and only the orthorhombic
a;/a, phase remains. This finding, together with the behavior observed
in Fig. 6, finally results in an excellent agreement with the scenario
predicted by the phase-field simulations in Fig. 5.

V. CONCLUSIONS

In the present work, we have investigated the three-
dimensional orientation and arrangement of domain walls in
Ko oNagy ;NbO3/(110)NdScOj strained ferroelectric thin films at dif-
ferent temperatures. We carried out piezoresponse force micros-
copy and 3D x-ray diffraction patterns. In parallel, we performed
3D phase-field simulations, which take into account the anisotropic
misfit strains of the epitaxial thin films. Experimental and simu-
lated results are fully consistent for both room temperature a;a,/
Mc and high-temperature a,/a, ferroelectric phases. Particularly
noteworthy is the excellent qualitative agreement in the broad
phase transition regime within which the coexistence between
monoclinic and orthorhombic phases is observed.

The comprehensive deployment of advanced experiment and
simulation techniques allows us to understand the 3D structural con-
figuration of complex domain structures and lower-symmetric phases
in ferroelectric thin films. This routine can be generalized to other fer-
roelectric systems such as (111)-oriented epitaxial thin films* and
other lead-free piezoelectrics.47 On the other hand, it will be interest-
ing to further investigate the domain switching behaviors in
KooNag 1 NbO; thin films and engineer the 3D domain structure in
order to optimize functional properties such as piezoelectricity and
domain wall conductivity. However, these tasks would go beyond the
scope of the present work and are intended for future investigations.
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