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a b s t r a c t 

Domains and domain walls play a critical role in determining the functional properties of ferroelectric 
thin films for various applications. Understanding the formation and structures of the domains and do- 
main walls is of vital importance to manipulating their configurations and exploring their dynamics. 
When domains assemble into hierarchical structures, the superdomains and superdomain walls emerge, 
which exhibits exotic morphology and may lead to distinct new behaviors. Here, taking the K 0.5 Na 0.5 NbO 3 

thin films as a model system, we establish the misfit strain-misfit strain phase diagram at different tem- 
peratures and study the formation condition, morphological features, and polarization configurations of 
two types of superdomain structures by using phase-field simulations, which compare well with prior 
experiments. We show how the superdomain structures can be viewed as superposition of two sets of 
polytwin structures along well-defined planes. Several types of superdomain walls are identified, which 
possess different energies and finite thickness in analogy to conventional domain walls. We also show 

that some superdomain walls can be anomalously wide and electrically conductive. This work can gener- 
ate new interests in exploring the structures and functionalities of superdomain and superdomain walls 
in ferroelectric thin films, which can potentially be utilized for next-generation electronic devices. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

Domain structure has been one of the core topics in the 
study of ferroelectric and related materials for decades [1] . These 
mesoscale features can span across several length scales from 

nanometers to millimeters and significantly impact the macro- 
scopic properties of the ferroelectric materials, including the piezo- 
electric coefficients [2] , coercive fields [3,4] , switching dynamics 
[5] , optical properties [6] , etc. Many functional applications of fer- 
roelectric materials, such as piezoelectric transducers [7] , non- 
volatile memories [8] , negative-capacitance electronics [9] , and 
nonlinear optical devices [10] , rely on the creation and control of 
specific domain structures. Therefore, it is of critical importance to 
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understanding the equilibrium structure of ferroelectric domains 
and their dynamic evolution under various external stimuli. 

In ferroelectric epitaxial thin films, the reduced dimension and 
modified boundary conditions result in thermodynamically stable 
nanosized domains separated by high-density domain walls. For 
perovskite oxide thin films, typical polytwin structures consisting 
of two alternating domain variants include a / c domains [11] , a 1 / a 2 
[12] domains in tetragonal thin films (such as BaTiO 3 and PbTiO 3 ), 
and the 71 ° [ 13 , 14 ], 109 ° [13] , and 180 ° domains [15] in rhombohe- 
dral thin films (such as BiFeO 3 ). More complicated domain struc- 
tures may form through a combination of these elementary poly- 
twins [16] , which can be achieved by tuning the misfit strains [17–
21] , film orientations [22–25] , and film thicknesses [18] . These self- 
organized polytwins often exhibit hierarchical organization and 
demonstrate dynamic behaviors that mimic a monodomain state at 
a larger length scale and hence are termed as the “superdomains.”
For example, the superdomains can be switched as a whole by 
electrical [ 19 , 26 ] and mechanical stimuli [27] through the forma- 

https://doi.org/10.1016/j.actamat.2021.117038 
1359-6454/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 



M.-J. Zhou, B. Wang, A. Ladera et al. Acta Materialia 215 (2021) 117038 

tion and propagation of superdomain boundaries [26] , similar to 
the reversal of a monodomain through the nucleation and growth 
of the reversed domain variant [ 28 , 29 ]. The structure and dynamics 
of these superdomains and superdomain boundaries have aroused 
increasing interests [30] due to their intriguing behaviors such as 
periodic doubling [31] , unconventional relaxation [32] , and super- 
switching [19] as well as their potential for novel electronics appli- 
cations [33] . Notably, the term ‘superdomain’ may have been used 
to refer to distinct types of domain structures in different contexts. 
Here, we adopt a generic definition of ‘superdomain’ as the do- 
main structure consisting of two or more bundles of twin polydo- 
mains that are separated by a macroscopically well-defined bound- 
ary, i.e., the superdomain boundary. In this sense, the flux-closure 
quadrants of a 1 / a 2 domains [ 19 , 20 , 30 ], the antiparallel bundles of 
a / c domains [ 21 , 26 ], the three-fold symmetrical domain bundles in 
(111)-oriented films [22–25] , and the mixture of a / c - and a 1 / a 2 - 
type domains [ 18 , 27 ], can all be regarded as ‘superdomains’. 

Most of the superdomains mentioned above are found in thin 
films of tetragonal or rhombohedral ferroelectric perovskite ox- 
ides [34] . Theoretical studies on the twin polydomain structure 
of ferroelectrics have been established, also with a focus on the 
tetragonal or rhombohedral phases [35–39] . In contrast, the lower- 
symmetric orthorhombic phase, such as that of K x Na 1- x NbO 3 ( x 
≥ 0.5) [40] , has more energetically degenerate domain variants 
and corresponding domain walls, which is likely to form other 
types of superdomain structures. For example, recent experiments 
have observed hierarchical ferroelectric domains with stripe-like 
or herringbone-like patterns in K x Na 1- x NbO 3 epitaxial thin films 
grown on (110) O -oriented scandate substrates [41–43] . The stripe- 
like superdomains have been found in K x Na 1- x NbO 3 (0.54 ≤ x ≤

0.77) films grown on the substrates that impart biaxial compres- 
sive misfit strains [41] while the herringbone-like ones emerge in 
K x Na 1- x NbO 3 films (0.80 ≤ x ≤ 0.95) grown on NdScO 3 [42] sub- 
strate that imposes highly anisotropic misfit strains to the film. The 
herringbone-like superdomains can also undergo a structural phase 
transition into a high-temperature orthorhombic phase which ex- 
hibits another stripe-like superdomain pattern [ 44 , 45 ]. Since the 
in-plane misfit strains imparted by these substrates are anisotropic 
in general, the bulk orthorhombic symmetry (Amm2) is reduced to 
the monoclinic symmetry (Pm) in the film, which further compli- 
cates the morphological features of the domains and domain walls. 
In fact, it has been shown that the domain wall orientation in the 
herringbone-like domains varies with respect to the chemical com- 
position [46] . Despite these effort s, it is still challenging to realize 
and understand the three-dimensional arrangement of the super- 
domains solely from experimental characterization [47] . The con- 
figuration of ferroelectric polarization in the superdomains, partic- 
ularly near the superdomain boundaries, is not well understood. 

From the perspective of applications, K 0.5 Na 0.5 NbO 3 (KNN)- 
based ceramics and bulk crystals [48–55] have been regarded 
as one of the most promising lead-free piezoelectric materials 
[56] that exhibits comparable piezoelectric performance with PZT 
[57] and thus have been extensively investigated [ 49 , 51 , 55 ]. There 
is also growing interest to explore the ferroelectric, piezoelec- 
tric, and other functional properties of K x Na 1- x NbO 3 -based epi- 
taxial thin films [ 47 , 58–64 ]. For example, enhanced piezoelectric 
responses have been shown at elevated temperatures close to a 
phase transition from the M C phase to the M A phase in doped 
KNN epitaxial thin films [ 59 , 65 ]. Very recently, ultrahigh dielectric 
tunability has been shown in KNN films with the tetragonal phase 
[66] . In this sense, a concrete understanding of the phase stabil- 
ity over a wide range of misfit strains and temperatures and the 
corresponding domain configurations is indispensable. 

Although there have been a few theoretical studies on the 
phase stability and domain structures of KNN thin films at differ- 
ent misfit strain states [ 45 , 67 ], they are either based on a single- 

domain assumption at room temperature [ 67 , 68 ] or have not fully 
considered the anisotropy nature of the misfit strains for KNN thin 
films grown on (110) O scandate substrates [45] . Recently, Wang 
et al. studied the misfit strain-misfit strain phase diagrams based 
on the strain phase separation theory for KNN of various compo- 
sitions and identified two simple polytwin structures [69] . How- 
ever, it remains unknown how these polytwins can be assembled 
to form the superdomains with herringbone-like and stripe-like 
patterns and how the local polarization is arranged near the su- 
perdomain boundaries. 

In this work, we present a systematic theoretical investigation 
on the formation conditions and equilibrium structures of the su- 
perdomains in KNN epitaxial thin films based on phase-field sim- 
ulations. We first establish the misfit strain-misfit strain phase 
diagrams at different temperatures by high-throughput phase- 
field simulations and identify the formation conditions of the 
herringbone-like and stripe-like superdomains. To understand how 

the superdomains are related to the two sets of polytwin, we enu- 
merate all possible combinations from the symmetry consideration 
and discuss the most likely configurations based on energy analy- 
sis and comparison with experiments. We found subtle features in 
the local morphology and polarization distribution associated with 
the superdomain walls. It is further identified that different types 
of superdomain boundaries may host distinct bound charges, im- 
plying the presence of conductive superdomain boundaries, which 
could bring new functional modalities for domain wall-based na- 
noelectronics. 

2. Method 

We adopt the phase-field model of ferroelectric thin films de- 
scribed in Refs. [70–72] . In the phase-field model, the spontaneous 
polarization P = ( P 1 , P 2 , P 3 ) serves as the order parameter, the 
evolution of which is governed by the time-dependent Ginzburg- 
Landau (TDGL) equation 

∂ P i (x, t) 

∂t 
= −L 

δF 

δP i (x, t) 
, (i = 1 , 2 , 3) (1) 

where F and L represent the total free energy of the system and 
the kinetic coefficient, respectively. The total free energy F for the 
film consists of Landau energy f bulk , gradient energy f wall , electric 
energy f elec , and elastic energy f elas , i.e., 

F = 

∫ 

V 

[

f bulk ( P i ) + f wall ( P i, j ) + f elec ( P i , E i ) + f elas ( P i , ε i j ) 
]

dV. (2) 

The detailed expressions for f bulk , f wall , f elec and f elas are de- 
scribed in literatures [71–73] . The temporal iteration of the TDGL 
eqaution is achieved by the semi-implicit Fourier spectral method 
which is implemented in the phase-field package μ-Pro® [74] . At 
each time step, the electrostatic equilibrium equation is solved 
using a relative background dielectric constant of 45 under the 
short circuit boundary conditions at the top surface and the bot- 
tom interface [75] . For solving the mechanical equilibrium eqa- 
tion, the mixed-typed boundary condition for epitaxial thin films 
is employed using elastic constants [70] of c 11 = 2.3 × 10 11 Pa, 
c 12 = 0.9 × 10 11 Pa and c 44 = 7.6 × 10 10 Pa . In the in-plane di- 
rections of the system, the two-dimensional periodical boundary 
condition is adopted. 

We focus on (001) pc -orientied K 0.5 Na 0.5 NbO 3 thin film in 
this work (“pc” stands for pseudocubic), whose Landau coef- 
ficients, elastic stifness and electrostrictive coefficients can be 
found in literatures [ 45 , 67 ]. The simulation system is discretized 
into 128 �x × 128 �y × 36 �z grid points with the grid size 
�x = �y = �z = 1 nm for establishing the phase diagrams 
and investigating the superdomains. For generating the represen- 
tative domain structures in Fig. 2 , we adopt a larger system size 
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Fig. 1. The misfit strain-misfit strain phase diagrams of (001)-oriented KNN thin films established through phase-field simulations at different tem peratures (a) 300 K, (b) 
200 K, and (c) 600 K. 

Fig. 2. Typical domain structures of (001)-oriented KNN thin films for (a) r -phase, (b) a 2 c -phase, (c) a 1 a 2 -phase, (d) c -phase, (e) a 1 -phase, (f) a 1 a 2 / a 2 c mixed phases and (g) 
a 1 c / a 2 c mixed phases. The corresponding naming of phases is consistent with Fig. 1 . The domains are colored by the direction of polar vectors as labeled on the right. 

(256 �x × 256 �y × 36 �z, �x = �y = �z = 1 nm) for aesthetic 
purposes. In all the simulations, the thicknesses of the KNN thin 
film and the substrate are 20 nm and 12 nm, respectively. The 
equilibrium domain structure is obatined through the iteration of 
the TDGL equation from an initial random noise of polarization 
(for phase-diagram construction in Fig. 1 and all domain structures 
in Fig. 2 ) or a preset domain structure (for all superdomain stru- 
crures in Figs. 3 –7 ) for sufficient numbers of time steps until the 
total free energy is converged. In most simulations, the x and y 
axis corresponds to [100] pc and [010] pc , respectively, except for the 
configurations with antiparallel superdomain polarization ( Fig. 4 c 
and row 5–10 of Table A.1 ) wherein the system is rotated by 45 °
around the z axis ( x //[110] pc , y //[ ̄1 10 ] pc , and z //[001] pc ) to accom- 
modate the domain patterns to the in-plane periodical boundary 
conditions. 

3. Results 

3.1. Misfit strain-misfit strain phase diagrams 

To establish the phase diagrams of KNN thin films, we perform 

a series of phase-field simulations to obtain the equilibrium do- 
main structures at various anisotropic misfit strains (ranging from 

-2.0% to 2.0%) and temperatures ( T = 20 0K, 30 0K, and 60 0K). We 
classify the obtained domain structures by considering seven fer- 
roelectric phases with distinct local polarization vectors, includ- 
ing the r -phase ( P 1 , P 2, P 3 ), a 1 a 2 -phases ( P 1 , P 2, 0), a 1 c -phase ( P 1 , 
0, P 3 ), a 2 c -phase (0, P 2 , P 3 ), a 1 -phase ( P 1 , 0, 0), a 2 -phase (0, P 2 , 
0), and c -phase (0, 0, P 3 ). Notably, due to the anisotropic biaxial 
misfit strains, the r -phase has the triclinic symmetry (space group 
P1), the a 1 a 2 -, a 1 c -, and a 2 c -phases have the monoclinic symme- 
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Fig. 3. Schematics for the construction of (a) the stripe-like superdomain from two single-bundle a 1 c/ a 2 c-type polytwin structures and (b) the herringbone-like superdomain 
from two a 1 a 2 / a 2 c-type polytwin structures in KNN thin films. For each case, two possible combinations are considered with the superdomain wall plane parallel to (010) pc 
or (100) pc . 

Fig. 4. Different types of the a 1 c / a 2 c superdomains in KNN thin films. (a–c) The simulated 90 ° superdomains with (a) head-to-tail (b) head-to-head configurations and (c) 
the antiparallel superdomain. The small arrows in each domain denote the polarization direction. The large empty arrows represent the overall polar direction of a single 
polytwin structure. The scale bars in (a–c) represent 25 nm. The simulated domain structures in (a–c) assume an in-plane misfit strain of ε11 = ε22 = -0.5%. (d) Lateral 
piezoresponse force micrograph of a K 0.7 Na 0.3 NbO 3 film on (110) O TbScO 3 substrate. The dashed and solid squares represent the 90 ° and 180 ° superdomain walls. The image 
area in (d) is around 2.5 μm × 2.5 μm. Image (d) is by courtesy of Dr. Martin Schmidbauer and Dr. Jutta Schwarzkopf at IKZ Berlin. 

try (Pm), and the a 1 -, a 2 -, and c -phases have the orthorhombic 
symmetry (P2mm) in general [76] . Following previous works [69] , 
the a 1 c -, and a 2 c -phases are named as the M C phase to distinguish 
from the a 1 a 2 -phase. The phase coexistence is determined by the 
volume fraction of the minor phase with a criterion of 20%. For ex- 
ample, if a simulated domain structure contains > 20% of c -phase 
aside from the major a 1 c -phase, it would be regarded as a coex- 
isting state of the a 1 c - and c -phases. Following this procedure, the 
misfit strain-misfit strain phase diagrams at different temperatures 
are constructed as shown in Fig. 1 . Each point in the diagrams rep- 

resents one independent simulation at the corresponding combina- 
tion of misfit strains and temperature. Typical domain structures at 
selected temperature and misfit strain states are given in Fig. 2 . 

Fig. 1 (a) shows the multidomain stability phase diagram of KNN 

thin films under anisotropic misfit strains at room temperature. We 
can identify seven single-phase regions labeled by uniformly col- 
ored disks and various two-phase and three-phase regions as de- 
noted by multiple-colored disks. This multidomain phase diagram 

appears similar to the phase diagram calculated by thermodynamic 
calculations under the monodomain assumption [67] and the poly- 
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domain phase diagram computed by using the strain phase sepa- 
ration theory [69] . However, remarkable differences can be seen 
in several aspects. First, the r -phase region at the center of the 
diagram is much narrower than that of the monodomain phase 
diagram. Several phase-coexisting regions are surrounding the r - 
phase, which cannot be captured with the single-phase, single- 
domain assumption. The strain phase separation theory predicts a 
triangular region at the center of the polydomain phase diagram 

for coexisting a 1 c -, a 2 c -, and a 1 a 2 -phases [69] , which is absent 
in the multidomain phase diagram here. Second, there are sev- 
eral two-phase regions between the monoclinic and orthorhombic 
phases (e.g., a 2 c -phase and c -phase) near their boundaries, which 
have not been seen in the monodomain or polydomain phase di- 
agrams [ 67 , 69 ]. Third, the stability range of the phase-coexisting 
regions between any two of the three monoclinic phases (e.g., a 1 c - 
phase and a 2 c -phase), which have also been predicted in the poly- 
domain phase diagram [69] , is much more reduced here. These 
differences are understandable because the phase-field simulations 
explicitly consider the inhomogeneous elastic strain energy and 
the gradient energy associated with the domain structures, which 
are not considered in the other two methods. The presence of 
these short-range interactions can modify the nature of phase tran- 
sitions, leading to the coexistence of several polymorphic ferroelec- 
tric phases. Similar behaviors have been known in phase-field sim- 
ulations of BaTiO 3 [77] and PbTiO 3 thin films [78] . In fact, nan- 
odomains of multiple polymorphic phases in epitaxial ferroelec- 
tric thin films have been observed in experiments [79–81] . In this 
sense, the multidomain stability phase diagram based on phase- 
field simulations can present a more accurate physical description 
of the system of interest than the analytical approaches. 

The stability of the ferroelectric phase changes with tempera- 
ture, as seen in the phase diagram at lower (200 K) or higher (600 
K) temperatures in Fig. 1 (b and c). At the low temperature, the r - 
phase region expands along with the surrounding multi-phase re- 
gions, suggesting enhanced stability of the r -phase upon decreas- 
ing the temperature consistent with the phase transition order in 
bulk KNN [82] . At the high temperature, the r -phase region shrinks 
and completely disappears at 600 K. The central region of the di- 
agram becomes a junction of the other single-phase regions, in- 
cluding three orthorhombic phases, i.e., a 1 -, a 2 - and c -phases, and 
three monoclinic phases, i.e., a 1 c, a 2 c , and a 1 a 2 , which results in 
new types of phase coexistence. Note that the misfit strain-misfit 
strain diagram of KNN thin films at 600 K resembles that of tetrag- 
onal BaTiO 3 at room temperature [77] due to the intrinsic struc- 
tural similarities of the two materials in their bulk states [82] . In 
an earlier work, we have established the temperature-misfit strain 
phase diagrams of KNN thin films subject to equal-biaxial misfit 
strains using the phase-field method [45] . The results here comple- 
ment the previous one for anisotropic misfit strain states, yielding 
more comparable results with the KNN films grown on the (110) O - 
oriented scandate substrates in experiments. Note that the present 
results along the diagonal of the diagrams are generally consistent 
with Ref. [45] . 

3.2. Typical domain structures 

Typical domain structures obtained by the phase-field simu- 
lations at selected temperatures and misfit strains are given in 
Fig. 2 , corresponding to the single-phase and two-phase regions 
in the phase diagrams. As these domain structures are obtained 
by quenching the system from a random noise of polarization, 
all the energy-favorable domain variants have an equal propen- 
sity to develop and exhibit approximately equal volume fractions 
at equilibrium. For example, the r -phase ( Fig. 2 (a)) includes eight 
degenerate domain variants ( r ±1 − r ±4 ) . The domain pattern is mo- 
saic, and the domain walls may be distorted from the permis- 

sible planes due to the nonuniform elastic strains. This irregu- 
lar domain structure is similar to that of rhombohedral BiFeO 3 
epitaxial films grown on (001) pc -oriented SrTiO 3 substrates with 
no miscut angle [14] . Fig. 2 (b) shows a domain structure of 
the a 2 c -phase, which contains four degenerate domain variants 
( a + 2 c 

+ , a + 2 c 
−, a −2 c 

+ , a −2 c 
−) . The ferroelastic domain walls separating 

the domain variants with reversed out-of-plane polarization com- 
ponents (e.g., between a + 2 c 

+ and a + 2 c 
−) are meandering, whereas 

the domain walls associated with the reversal of in-plane polar- 
ization components (between a −2 c 

+ and a + 2 c 
+ ) are generally straight 

along [010] pc . The a 1 a 2 -phase ( Fig. 2 (c)) displays a typical domain 
structure consisting of four a 1 a 2 variants of pure in-plane polar- 
ization separated by ferroelastic domain walls parallel to [100] pc 
or [010] pc and non-ferroelastic domain walls parallel to [ ±1 ±10] pc . 
The domains of the orthorhombic phases, e.g., a 1 -phase and c - 
phase, only exhibit ferroelectric domains with antiparallel polariza- 
tion, as shown in Fig. 2 (d and e). The domain walls are meandering 
in the c -phase while are generally straight along the stretching di- 
rection in the a 1 -phase. The domain structures of the other two 
single-phase regions shown in Fig. 1 , i.e., the a 2 - and a 1 c -phases, 
are omitted in Fig. 2 since they are equivalent to the domain struc- 
tures of a 1 - and a 2 c -phases, respectively, by a mirror symmetry 
operation to the diagonal of the diagram. Notably, some of these 
single-phase domain structures require large tensile (e.g., a 1 a 2 - 
phase) or highly anisotropic biaxial misfit strains (e.g., a 2 c - and 
a 1 -phases) to be stabilized at room temperature, which is chal- 
lenging to realize in experiments. Nevertheless, the formation of c - 
phase has been reported in KNN films epitaxially grown on SrTiO 3 
[66] and DyScO 3 [41] substrates that can impose large biaxial com- 
pressive strains to the films, which agrees well with the predicted 
stability range in Fig. 1 (a) and thus supports our theoretical results. 

Domain structures with more complex patterns may form in 
the two-phase regions, as shown in Fig. 2 (f and g) for the a 1 a 2 /M C 
and a 1 c / a 2 c phases, respectively. The domains in the a 1 c / a 2 c phase 
stabilized by moderate biaxial compressive misfit strains consist of 
several patched regions with stripe-like domain patterns. At the 
boundary between two sets of stripes, the stripe patterns may 
be perpendicular to and extend continuously across the boundary 
or be inclined to the boundary by 45 °. The domain structures in 
the a 1 a 2 /M C phase region stabilized by biaxial anisotropic misfit 
strains also contain patched areas with stripe-like patterns. How- 
ever, these stripes extend along a high-index direction between 
[0 ±10] pc and [ ±1 ±10] pc , thus forming the herringbone-like pat- 
terns when the two bands meet at {100} pc planes. 

3.3. Construction of superdomains by two sets of polytwin structures 

These two complex domain structures ( Fig. 2 (f and g)) resem- 
ble the stripe-like and herringbone-like superdomains observed in 
KNN epitaxial thin films by piezoresponse force microscopy (PFM) 
despite of differences in the chemical compositions, misfit strains, 
and film thicknesses [ 43 , 58 ]. However, apparent differences mani- 
fest in two aspects. First, no significant contrast in the phase im- 
ages of vertical PFM for both the herringbone-like and stripe-like 
superdomains are observed in experiments [ 43 , 58 ], suggesting that 
the out-of-plane polarization direction should be uniform across 
the sample. In contrast, the simulation results contain all degener- 
ate domain variants with antiparallel reversed vertical polarization. 
Second, the domain patterns in experiments are regular and ex- 
tend to more than one micron, forming hierarchical superdomain 
structures with well-defined boundaries. In contrast, the simulated 
domain bundles are confined within tens of nanometers in lateral 
size and are randomly distributed. These discrepancies may be due 
to the finite size of the simulation box (256 nm) and the fact that 
the kinetic factors may favor the nucleation and formation of cer- 
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tain domains during the film growth, which is not considered in 
the simulations from a random noise initial state. 

To better capture the structural features of the superdomains 
in simulations, we manually construct a polytwin structure con- 
sisting of a pair of ferroelastic domains as the initial state and re- 
lax the system to obtain the equilibrium structure. Possible poly- 
twin structures of the a 1 c / a 2 c and a 1 a 2 /M C phases have been 
obtained in this way elsewhere [69] . Then, we explore possi- 
ble combinations of two polytwin structures to create the su- 
perdomain structure. Two examples are shown in Fig. 3 for the 
stripe-like and herringbone-like superdomains. Take the combina- 
tion of a + 1 c 

+ /a + 2 c 
+ and a −1 c 

+ /a + 2 c 
+ polytwins as an example. The 

in-plane components of the overall polarization of a + 1 c 
+ /a + 2 c 

+ and 
a −1 c 

+ /a + 2 c 
+ polytwins are along [110] pc and [ ̄1 10 ] pc , respectively, 

as labeled by the empty black arrows in Fig. 3 (a). The poly- 
twin bundles can be regarded as two “single-domains” with uni- 
form polarization vectors, which can be weld together along 
either (010) pc or (100) pc plane to form the head-to-head or 
head-to-tail configurations, respectively. For convenience, we call 
these two types of superdomains charged and uncharged 90 ° su- 
perdomains, respectively. If the overall in-plane polarization of 
the two polytwin structures are antiparallel, such as that for 
a + 1 c 

+ /a + 2 c 
+ and a −1 c 

+ /a −2 c 
+ polytwins, the superdomain structures 

can be constructed by welding the two bundles along (110) pc or 
( 1 ̄1 0 ) pc planes, forming the 180 ° superdomains with either head- 
to-head or antiparallel configuration ( Table A.1 ). Likewise, we fol- 
low a similar procedure for the a 1 a 2 /M C superdomains to ob- 
tain the head-to-tail and head-to-head configurations, as shown 
in Fig. 3 b. We have enumerated all possible combinations of two 
polytwin structures of the a 1 c / a 2 c and a 1 a 2 / a 2 c phases and list 
the unrepeated cases in Tables A.1 and A.2 for the stripe-like and 
herringbone-like superdomains, respectively. It should be noted 
that the naming of superdomain walls by the angle of the overall 
polarization of the neighboring polytwins, e.g., “90 °” and “180 °”, 
are used in a sense only for the two-dimensional in-plane view. In 
general, the overall polarization of the polytwin bundles also have 
net out-of-plane components and thereby are not rigorously 90 ° or 
180 ° rotated from each other in three-dimension. Nevertheless, we 
will adopt this naming hereafter for convenience. 

3.3.1. The stripe-like a 1 c/a 2 c superdomains 

We first focus on the a 1 c / a 2 c superdomains. As mentioned 
above, the out-of-plane polarization in the a 1 c / a 2 c superdomains 
is uniform in experiments. Therefore, without losing generality, we 
consider the case where the out-of-plane polarization is all up- 
ward. According to Table A.1 , only four superdomain structures 
(row 1-2 and row 5-6) possess overall upward out-of-polarization, 
three of which with the least total energy densities are presented 
as the planar view in Fig. 4 (a–c). We discussed the relaxation of 
these three preset domain structures in Fig. A1 of Appendix and 
compared them with the quenching case starting from random 

noises, the result of which suggests the formation of regular do- 
main structures is energetically favorable. 

The two 90 ° superdomains ( Fig. 4 (a and b)) have the boundaries 
parallel to [100] pc or [010] pc, while the antiparallel case ( Fig. 4 (c)) 
has the boundary along the diagonal direction, i.e., [ ±1 ±10] pc . 
These orientations of superdomain boundaries have also been ob- 
served in experiments. For example, the lateral piezoresponse force 
microscopy (LPFM) phase image of 35 nm-thick K 0.7 Na 0.3 NbO 3 
grown on TbScO 3 substrates also shows two types of interfaces be- 
tween two the neighboring stripe-like polytwins, which are along 
the horizontal/vertical (labeled by solid white boxes) or diagonal 
directions (labeled by dashed white boxes), as shown in Fig. 4 (d). 
Therefore, one can distinguish the 90 ° superdomain walls and the 
180 ° superdomain walls by the overall orientation of these bound- 
aries. However, for 90 ° superdomain walls, it is still challenging to 

determine whether the horizontal/vertical boundaries seen in ex- 
periments are charged (head-to-head or tail-to-tail) or uncharged 
(head-to-tail) superdomain walls. 

The simulation results can provide some insights to identify the 
two cases. First, the head-to-tail superdomain structure has lower 
total energy than the head-to-head counterpart ( Table A.1 ), sug- 
gesting higher stability of the uncharged superdomain walls from 

the energy perspective. Second, the two types of 90 ° superdo- 
main walls have distinct morphological features locally. As shown 
in Fig. 4 , the superdomain wall is flat for the head-to-tail case 
but is rugged for the head-to-head counterpart. In the latter, the 
formation of the zigzag boundary (dashed segments in Fig. 4 (b)) 
and domains with sharp ends at the junctions (domains in marron 
and salmon colors) helps to maintain the head-to-tail configuration 
of local polarization vectors near the superdomain wall for lower- 
ing the electrostatic energy. Therefore, although the head-to-head 
superdomain wall seems to be charged macroscopically (as seen 
from the large empty vectors), it consists of segmented domain 
walls principally charge-neutral (this, however, does not mean they 
have zero bound charge density). Therefore, one can distinguish 
the charged and uncharged 90 ° superdomain walls by examining 
their microscopic morphological features, provided that the exper- 
imental technique has a sufficiently high spatial resolution (e.g., 
≤ 10 nm). Notably, the boundary of the antiparallel superdomains 
( Fig. 4 (c)) is also rugged. We can see a quadrant domain structure 
with a pair of threefold vertices instead of a fourfold vertex at the 
junction of the four monoclinic domain variants. This behavior is 
consistent with the three-state Potts model proposed by Srolovitz 
and Scott for quadrant closure domains [ 83 , 84 ]. 

It is also interesting to examine the polarization distributions 
within the superdomain wall planes. We plot the polarization con- 
figurations in the cross-section planes at the center of the su- 
perdomain walls in Fig. 5 (a–c), corresponding to the three cases 
in Fig. 4 (a–c). For each case, the schematics of the side view of 
the two neighboring polytwins are presented ( Fig. 5 (d–f)). For all 
cases, we find that there are domains and domain walls within 
the superdomain wall planes, as shown by the modulated reddish 
and blueish regions in Fig. 5 (a–c). For the superdomain wall of 
the head-to-head case ( Fig. 5 b), the domains within the superdo- 
main wall plane match with the two neighboring polytwins, i.e., 
the domain walls are inclined to [001] pc by the same angle ϕ. 
However, the adjacent polytwins are incoherent for the other two 
cases ( Fig. 5 (d–f)), resulting in distinct polarization configuration in 
the superdomain wall plane ( Fig. 5 (a–c)). For example, the domain 
walls are inclined to the [001] pc directions by + ϕ and −ϕ in the 
two adjacent polytwins in Fig. 5 (d) while the walls in Fig. 5 (a) are 
vertical near the film surface and bifurcates at the bottom (denoted 
by dashed segments). Similarly, the incoherent polytwin patterns 
at the junction result in modulated polarization distribution in the 
superdomain walls ( Fig. 5 (c)). These findings reveal that there are 
nontrivial local polarization configurations within the superdomain 
wall plane, which embodies the idea of “domains in domains and 
walls in walls” [85] . 

3.3.2. The herringbone-like a 1 a 2 /M C superdomains 

We then turn to the a 1 a 2 /M C superdomains that exhibit the 
herringbone-like pattern. Note that similar patterns with nested 
domains of non-45 ° inclination to the superdomain boundary have 
also been termed as chevron-like structures in other ferroelec- 
tric materials [ 30 , 32 ]. Without losing generality, we focus on the 
a 1 a 2 / a 2 c superdomains. Among all the cases in Table A.2 , we 
present cases where the herringbone-like pattern can be iden- 
tified in Fig. 6 (a–c). The relaxation process of these represen- 
tative a 1 a 2 / a 2 c superdomain structures from the preset patterns 
is presented in Appendix ( Fig. A2 ). The superdomain structures 
in Fig. 6 (a) and (b) are equivalent by swapping the a + 2 c 

+ and 
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Fig. 5. Cross section views of the simulated a 1 c / a 2 c superdomains in KNN thin films. (a–c) Polarization distribution in the superdomain wall plane of the superdomain 
structures corresponding to Fig. 4 (a–c). (d–f) Schematics of the domain structures of the two polytwin structures adjacent to the superdomain walls in (a–c). The arrows in 
each domain denote the polarization direction. The scale bars in (a–b) represent 20 nm. 

Fig. 6. Different types of a 1 a 2 / a 2 c superdomains in KNN thin films. (a–c) The simulated superdomains consisting of (a) a + 1 a 
+ 
2 /a 

+ 
2 c 

+ /a −1 a 
+ 
2 /a 

+ 
2 c 

− , (b) a + 1 a 
+ 
2 /a 

+ 
2 c 

−/a −1 a 
+ 
2 /a 

+ 
2 c 

+ , and 
(c) a + 1 a 

+ 
2 /a 

+ 
2 c 

+ /a −1 a 
+ 
2 /a 

+ 
2 c 

+ domains. (a,b) have zero net out-of-plane polarization while (c) has positive overall out-of-plane polarization. The small arrows in each domain 
denote the polarization direction. The large empty arrows represent the overall polar direction of a single polytwin structures. The scale bars in (a–c) represent 25 nm. The 
simulated domain structures in (a–c) assume an in-plane misfit strain of ε11 = -0.2% and ε22 = 1.0 %. (d) Lateral piezoresponse force micrograph of a K 0.9 Na 0.1 NbO 3 film on 
(110) O NdScO 3 substrate. The red arrows denote the termination of a polytwin bundle. The image area in (d) is around 1.0 μm × 1.0 μm. Image (d) is by courtesy of Dr. 
Martin Schmidbauer and Dr. Jutta Schwarzkopf at IKZ Berlin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

a + 2 c 
− domains and hence have the identical total energy. They are 

shown as an example to demonstrate possible degenerate states 
which exhibit the same morphology. The superdomains in Fig. 6 (c) 
can be regarded as a “poled” state of either Fig. 6 (a) either ... 
or ... (b) by a large electric field along [001] pc that can switch 
the a + 2 c 

−domains to the a + 2 c 
+ domains. Another equivalent down- 

wardly polarized state with only a + 2 c 
−domains is omitted. Other 

symmetrically equivalent combinations of the a 1 a 2 /M C polytwins 
can be classified either into the “unpoled” (e.g., Fig. 6 (a and b)) or 

the “poled” cases ( Fig. 6 (c)). The rest combinations with head-to- 
head configurations, as shown in Table A.2 , generally have much 
larger energy densities than the cases shown here and will not be 
discussed hereafter. 

In all three cases, the global polarization vectors of the ad- 
jacent polytwin bundles (denoted by large empty arrows) are in 
head-to-tail configuration across the horizontal superdomain walls. 
Therefore, the overall domain structures are also polarized along 
[010] pc . Notably, for all cases in Fig. 6 , the superdomain walls are 
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Fig. 7. Cross section views of the simulated a 1 a 2 / a 2 c superdomains in KNN thin films. (a and b) Polarization distribution in the superdomain wall plane of the superdomain 
structures corresponding to Fig. 6 (a)and (c). (c and d) Schematics of the domain structures of the two polytwin structures adjacent to the superdomain walls in (a and b). 
The arrows in each domain denote the polarization direction. The scale bars in (a–b) represent 20 nm. 

flat and sharp, in contrast to the rugged boundaries in Fig. 4 (b and 
c). A quantitative evaluation of the superdomain wall width will 
be given in the Discussion. The local polarization vectors near the 
superdomain wall also exhibit head-to-tail configurations near the 
superdomain walls. In experiments, the herringbone-like pattern 
consisting of a set of a 1 a 2 /M C polytwin bundles have been revealed 
in 30 nm-thick K 0.9 Na 0.1 NbO 3 thin films grown on NdScO 3 sub- 
strates ( Fig. 6 (d)). We highlight two morphological features. There 
are alternating bright and dark stripes within each polytwin bun- 
dle, which corresponds to the a 1 a 2 and M C type domain variants, 
respectively. The M C domains are much thinner than the a 1 a 2 do- 
mains in experiments, while they are similar in the simulations. 
This discrepancy is understandable because this ratio of the do- 
main width is a function of the anisotropic misfit strains, as shown 
in Ref. [69] , which may differ in the present simulations from 

the experiments. Moreover, due to the ultrathin nature of the M C 
domains in experiments, it is challenging to distinguish whether 
the observed herringbone pattern in Fig. 6 (d) is the poled or un- 
poled states. Considering the small differences in the total free en- 
ergy densities of the three states ( Table A.2 ), it is entirely possi- 
ble that the observed herringbone structure is a mixture of the 
poled and unpoled states, thereby containing four combinations in 
general ( Fig. 6 (a–c) and the omitted downwardly poled case). No- 
tably, there are discontinuities in the herringbone pattern in exper- 
iments, as indicated by red arrows in the LPFM images in Fig. 6 d, 
which may be related to the multiple combinations of the a 1 a 2 /M C 
polytwin bundles. 

The cross-section view of the superdomain walls and the 
corresponding polarization distribution within the plane for the 
herringbone-like structures are presented in Fig. 7 . We find that 
the polarization configuration at the sharp superdomain wall of 
the unpoled case in Fig. 7 (a) is identical with the neighboring 
polytwins due to the coherent domain wall orientations at the 
junctions ( Fig. 7 (c)), i.e., they are both tilted with respect to 
[100] pc by −ϕ. In contrast, the polarization distribution within the 
“poled” superdomain wall plane exhibits complex topological fea- 
tures ( Fig. 7 (b)). This is because the domain walls of the neighbor- 
ing polytwins are incoherent, i.e., they are tilted with respect to 
[100] pc by + ϕ and −ϕ respectively. 

The two types of superdomain structures presented above 
demonstrate that the superdomain walls can be flat and have a 
well-defined orientation globally and simultaneously possess sub- 
tle features at the local length scale. These multiscale features 
are reminiscent of the rough nature of conventional domain walls, 
which can be straight globally but with kinks locally [ 86 , 87 ]. Un- 
like the conventional domain walls, however, the superdomain wall 
plane may host modulated polarization distributions with nontriv- 
ial topological features. The presence of nanodomains and domain 

walls within a superdomain wall may be associated with intriguing 
properties and deserve further theoretical and experimental explo- 
rations. 

4. Discussion 

In the following, we draw a further analogy between the su- 
perdomain walls and the normal domain walls by discussing the 
width of superdomains and the bound charge distributions across 
the walls. 

4.1. Width of the superdomain walls 

We first evaluate the width of the superdomain wall. For a con- 
ventional domain wall of a ferroelectric, the domain wall width 
can be obtained from the polarization profile across the wall 
[ 88 , 89 ]. Similarly, for the superdomain wall, we can plot the over- 
all polarization profile averaged within each plane parallel to the 
superdomain wall plane. For example, for the a 1 c / a 2 c superdomain 
with the head-to-tail configuration in Fig. 4 (a), the polarization is 
averaged within the (010) pc plane to obtain the one-dimensional 
profile across the superdomain wall as plotted in blue dots in 
Fig. 8 (a). Similar profiles can be obtained for the other superdo- 
mains in Figs. 4 and 6 . For each case, the width of the superdo- 
main wall is determined by the tangent construction used for de- 
termining the thickness of a diffuse interface [ 88 , 90 ], as labeled 
in Fig. 8 . It is seen that the three a 1 a 2 /M C superdomain walls are 
relatively sharp (~ 1.8 – 3 nm) comparable with a conventional 
ferroelectric domain wall (~ 1 – 3 nm). In contrast, the walls of 
the a 1 c / a 2 c superdomains are much wider, e.g., 7.0 nm and 8.6 
nm for the head-to-tail and antiparallel superdomains, respectively. 
Nevertheless, the 180 ° superdomain walls are thicker than the 90 °
counterpart, which is also typical for conventional domain walls 
of ferroelectric materials such as PbTiO 3 [91] and BaTiO 3 [92] . The 
head-to-head superdomain wall has a remarkably wide thickness 
( > 40 nm) and reduces the magnitude for the overall polarization 
in the neighboring polytwins. Note that for conventional domain 
walls, the charged walls are also much thicker than the neutral 
ones [ 93 , 94 ]. 

We also note that the superdomain wall profile is symmetric to 
the center of the polytwin except for the head-to-head superdo- 
main wall of the a 1 c / a 2 c superdomains. This asymmetry suggests 
that the tail-to-tail superdomain wall, which forms at the two ends 
of the simulated system due to the periodic boundary condition, 
is intrinsically inequivalent to the head-to-head counterpart. A de- 
tailed comparison between the head-to-head and tail-to-tail super- 
domains is beyond the scope of the present study. 
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Fig. 8. Profiles of the averaged polarization across the superdomain walls of (a) the a 1 c / a 2 c and (b) a 1 a 2 / a 2 c superdomains. The profiles are drawn along the direction 
perpendicular to the superdomain wall plane. 

Fig. 9. Bound charge density mapping at the superdomain walls. (a–c) The calculated bound charge density ρb distributions in the center layer of KNN thin films for the 
stripe-like superdomains corresponding to in Fig. 4 (a–c), respectively. (d) The profiles of averaged ρb across the superdomain walls. 

4.2. Bound charges at the superdomain walls 

The conventional domain walls in ferroelectric materials are 
movable interfaces that can exhibit larger susceptibility than the 
surrounding domains [95] , host free carriers and become electrical 
conductive [94] , and enhance photovoltaic effects [92] , thus hold- 
ing promises for novel nanoelectronics applications. Here, we pro- 
pose that the superdomain wall can also be conductive or insulat- 
ing, depending on the configurations. 

The domain wall conduction is ascribed to the uncompensated 
bound charges near the wall (measured by the volumetric den- 
sity ρb = −∇ · P ), which results in free carriers accumulating and 
thus rendering the wall to be conductive. Therefore, we evaluate 
the distributions of the bound charge density ρb for all the super- 
domains shown in Figs. 4 and 6 . Since the spontaneous polariza- 
tion tends to relax near the surface and interface regions and yield 
bound charge density not intrinsic to the domain walls, we only 
examine the mapping of ρb in the center layer of the film to have 
a relatively conservative estimation of ρb . The results for the three 
a 1 c / a 2 c superdomains are shown in Fig. 9 while the correspond- 
ing one-dimensional profiles across the superdomain walls are also 
presented. We can see that the head-to-tail superdomain wall gen- 

erally has negligible bound charge, except for some local hot spots 
at the domain vertices. In contrast, the head-to-head superdomain 
wall is associated with considerable positive bound charge density 
that extends to ~30 nm away from the superdomain wall plane. 
Therefore, this type of superdomain wall may be much more con- 
ductive to electrons than the uncharged counterpart, which can be 
utilized to distinguish these two types of 90 ° superdomain walls in 
experiments, e.g., by using the conductive atomic force microscopy 
[96] . For the 180 ° antiparallel case, we find that even though the 
superdomain is globally uncharged, it is locally charged with al- 
ternating positive and negative ρb along the zigzag boundary. This 
configuration may lead to spontaneous separation of electrons and 
holes and can be regarded as an array of nanoscale p-n junctions 
that may be useful for diode applications [97] . The ρb for the three 
a 1 a 2 /M C superdomains are generally not appreciable as the a 1 c / a 2 c 
cases, which may be ascribed to their smaller thicknesses, and 
thus are not shown. These findings suggest that the superdomain 
walls may bring new insights to creating conductive channels in 
the domain wall-based nanoelectronics [33] . It would be interest- 
ing to verify the predicted superdomain wall conduction in KNN 

and other materials and further explore the creation and dynami- 
cal control of the superdomain walls. 
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4.3. The analogy between domain walls and superdomain walls 

Based on our findings, we would like to summarize a few sim- 
ilarities and differences between the conventional domain walls 
and the superdomain walls in ferroelectric thin films. Both inter- 
faces usually have well-defined orientations macroscopically but 
also exhibit subtle morphological features at a finer scale. Like the 
conventional domain walls, the superdomain wall can also be de- 
scribed by a hyperbolic tangent-like profile and shows different 
energies and widths depending on the rotation angle of the over- 
all polarization across the wall. The superdomain wall can be as 
sharp as a conventional domain wall (1–3 nm) or much wider (6 
– 9 nm) even in the uncharged configuration. There might be in- 
triguing textures of ferroelectric polarization within the superdo- 
main wall plane absent in conventional domain walls. The charged 
superdomain wall can be even wider and may give rise to consid- 
erable electrical conductivity. Besides, even though the presently 
studied superdomain walls are Ising-like, it is entirely possible to 
expect the discovery of chiral superdomain walls under appropri- 
ate circumstances. It is also worth to note that the orientation of 
a permissible domain wall for a ferroelastic can be theoretically 
predicted by using the mechanical compatibility condition [ 98 , 99 ]. 
Generalization to non-permissible domain walls can be realized by 
using the microelasticity theory [ 16 , 100 ]. Likewise, it would be of 
interests to explore the possibility for predicting the macroscopic 
orientation of a “permissible” or “non-permissible” superdomain 
boundary, such as by utilizing the nonlinear elasticity theory of 
structural transformation [ 101 , 102 ]. 

5. Summary 

We establish the multidomain stability phase diagrams of epi- 
taxial KNN thin films subject to anisotropic misfit strains at dif- 
ferent temperatures by using phase-field simulations. Based on 
the diagrams, we identified the formation conditions and struc- 
tural features of two types of superdomains with stripe-like or 
herringbone-like morphology, which agree very well with exper- 
iments. We demonstrate how the superdomain structures can be 
constructed from two sets of polytwins and thus the formation of 
superdomain walls. The superdomain walls not only display fea- 

tures analogous to the conventional domain walls, such as dif- 
ferent energies, thicknesses, and potentially conductivity, but also 
exhibit unique features such as modulated polarization configura- 
tions within the superdomain wall plane. The understanding at- 
tained in the present study on the domain structures in low- 
symmetry ferroelectric phases can be extended to other ferroelas- 
tic/ferroelectric systems, such as the ‘chevron’ domains in LaAlO 3 
[103] and the ‘quantum domain solid’ state in SrTiO 3 [104] . More- 
over, the roughness at the superdomain junctions implies a frac- 
tal nature of these boundaries, which may lead to unique dynam- 
ical behaviors during domain switching [105] . Future work is an- 
ticipated on exploring the relaxational and dynamical behaviors of 
the superdomains and walls. 
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Appendix 

Figs. A1 and A2 present the relaxation process of the three 
states in Fig. 3 for the stripe-like superdomains and the three 
states in Fig. 6 for the herringbone-like superdomains from the 
manually preset patterns to the equilibrium. For comparison, we 
also show the relaxation for the simulations under the same 
boundary conditions but starting from a random noise state. It is 
seen that, for all preset cases, the total energy quickly reduces as 

the simulation runs while the relaxation is much slower for the 
quenching cases. The energy relaxation is accompanied by the de- 
velopment of polarization magnitude to the equilibrium value and 
the adjustment of the domain wall plane orientation. Comparing 
to the quenching simulations, the resultant domain structures from 

preset domain patterns have much lower energies in general, sug- 
gesting the formation of domain structures with regular patterns 
is energetically favorable. 

Table A.1 

Possible combinations of polytwin domains for the a 1 c/a 2 c superdomain. 

∗ The total energy density for each case is relative to the minimal case. 
∗∗The domain structures in row 5 – 10 are rotated around the z -axis by 45 ° so that x //[110] pc , y //[ ̄1 10 ] pc , and z //[001] pc while in the other cases, x //[100] pc , y //[010] pc , 
and z //[001] pc . 
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Table A.2. 

Possible combinations of polytwin domains for the a 1 a 2 /a 2 c superdomain. 

∗ The total energy density for each case is relative to the minimal case. 
∗∗ In all cases here, x //[100] pc , y //[010] pc , and z //[001] pc . 

Fig. A1. Relaxation of different preset domain structures for the a 1 c / a 2 c superdomains in KNN thin films. The left panel shows the initial domain structures with preset 
polarization magnitude | P | = 0.2 C/m 2 . The middle panel shows the variation of the total free energy with respect to the simulation timestep t . The inset shows an expanded 
plot for the region denoted by the dashed square. The right panel shows the final domain structures at t = 20,0 0 0. 
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Fig. A2. Relaxation of different preset domain structures for the a 1 a 2 / a 2 c superdomains in KNN thin films. The left panel shows the initial domain structures with preset 
polarization magnitude | P | = 0.2 C/m 2 . The middle panel shows the variation of the total free energy with respect to the simulation timestep t. The inset shows an expanded 
plot for the region denoted by the dashed square. The right panel shows the final domain structures at t = 20,0 0 0. 
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