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Strain-induced bent domains in ferroelectric nitrides
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Ferroelectric nitrides have emerged as promising semiconductor materials for modern electronics. However,
their domain structures and associated properties are basically unknown, despite their potential to result in
optimized or new phenomena. Density functional theory calculations are performed to investigate the effect
of epitaxial strain on multidomains of (Al, Sc)N nitride systems and to compare it with the monodomain case.
The multidomain systems are predicted to have five strain-induced regions, to be denoted as Regions I to V,
respectively. Each of these regions is associated with rather different values or behaviors of physical properties
such as axial ratio, polarizations, internal parameters, bond lengths, etc. Of particular interest is the prediction of
bent domains under compressive strain extending beyond −5.5%, which indicates that domain walls may play a
key role in the mechanical failure properties of these systems. Interestingly, such bending induces the creation of
a finite in-plane polarization (in addition to out-of-plane dipoles) due to geometric and symmetry considerations.
Strikingly too, the bent domains have lower energy than the wurtzite monodomains and have atomically sharp
boundaries. Our findings may pave the way for domain-wall engineering in ferroelectric nitrides.
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I. INTRODUCTION

Wurtzite AlN is a pyroelectric material but is not ferro-
electric since its polarization direction cannot be switched
by an electric field [1,2], which limits its applications [3,4].
On the other hand, new wurtzite-type ferroelectrics have been
achieved by doping it with Sc to make Al1−xScxN compounds
[5], for which the polarization-versus-electric field hystere-
sis loops were observed for different Sc compositions. Such
promising nitride system for technological applications [6,7]
has therefore attracted great attention. In particular, its sponta-
neous polarization, that lies along the z axis, can be larger than
1.0 C/m2, enabling applications for random access memories,
actuators, and sensors [8–16].

Numerous theoretical studies have also been conducted in
(Al,Sc)N alloys [17–22] and AlN/ScN superlattices [23–26],
to explain the origin of the ferroelectricity, as well as to
predict and understand other physical properties, including
piezoelectricity, electro-optic conversion, and energy storage.
Of particular importance for these properties is the existence
of a nonpolar metastable hexagonal phase in ScN [27,28] and
the possibility to continuously go from such nonpolar state
to the wurtzite structure via a physical handle, which may be
epitaxial strain or composition.
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Moreover, ferroelectric materials typically exhibit do-
mains, which are regions of uniform polarization usually
forming during the paraelectric-to-ferroelectric phase transi-
tion [29]. The resulting domain wall separating two domains
can adopt novel or enhanced characteristics, such as pho-
tovoltaic effects [30], electronic conductivity at ferroelectric
domain walls [31,32], and strong magnetoresistance in
BiFeO3 domain walls [33], some of which are potentially me-
diated by the attraction of defects by the domain wall [34,35].
All these singular, localized, properties are expected to lead
to novel applications in nanoelectronics [36]. To the best of
our knowledge, domains and their possible evolutions with
epitaxial strains are not well known in (Al, Sc)N systems. One
may in fact wonder if surprises are in store there, especially
when also realizing that polarization switching was found to
occur via a novel mechanism in nitride ferroelectrics [37,38].

In the present study, we conduct first-principles calcula-
tions to investigate the evolution of strain-induced properties
in multidomains and monodomains made of AlN/ScN su-
perlattices. We do reveal the existence of unusual features,
including multidomains that (1) are bent and that give rise
to an additional in-plane polarization, that superimposes on
typical out-of-plane dipoles; and (2) have atomically sharp
domain walls.

This article is organized as follows: Section II provides
details about the methods. Section III presents properties of
the multidomain and monodomain. Finally, Sec. IV gives a
summary of this work.
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FIG. 1. Crystal structures of AlN/ScN superlattices. Panel (a) depicts the nonpolar hexagonal-derived structure in Region I for an epitaxial
strain being equal to +8% (the red solid box defines a unit cell at number i). Panel (b) shows an intermediate multidomain structure of Region II
for strain at +7%. Panel (c) displays a wurtzite-derived multidomain configuration in Region III for ηin = 0%. Panel (d) shows the multidomain
structure at −7% strain in Region IV. Panel (e) depicts the multidomain structure at −9% strain in Region V. The arrows represent the direction
of the electric dipoles. The orange dashed lines represent the position of the domain walls. The bond lengths Sc-N1, Sc-N2, Al-N3, and Al-N4,
internal parameters uScN1, uScN2, and uAlN3, and the definition of the angle θ are shown in panels (a) and (e) and their inset.

II. METHODS

Two types of 1 × 1 AlN/ScN superlattices structures are
initially considered in the present study. One is a wurtzite
monodomain with a spontaneous polarization along the z di-
rection. The other one is a wurtzite multidomain with 180◦

uncharged domain walls. Practically, the periodic supercell of
the multidomain structure consists of two domains separated
by two domain walls. As illustrated in Fig. 1(c), the polariza-
tion in the left and right domains in the initial multidomain
structure is along the +z and −z direction of the supercell, re-
spectively. These two supercells contain 12 × 1 × 2 unit cells
that possess 96 atoms and that are periodic along the x, y, and z
axes. Note that head-to-head and tail-to-tail domain structures
are, in the absence of free carriers to screen the polarization
bound charges, unstable in 1 × 1 AlN/ScN superlattices.

First-principles calculations are performed on the multido-
main and monodomain structures based on density functional
theory (DFT) with the generalized gradient approximation
of the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional form [39], using the Vienna ab initio simula-
tion package (VASP) [40,41]. The projector augmented-wave
(PAW) method [42] implemented in VASP is employed to

treat the interaction between core and valence electrons. A
�-centered 1 × 11 × 3 k-point mesh is used to sample the
Brillouin zone of the multidomain and monodomain and a
plane-wave cutoff of 500 eV is adopted for all calculations.
Different in-plane lattice constants a are chosen and then
kept fixed while the out-of-plane lattice vector is allowed to
relax in the simulations, and the atomic positions are fully
optimized until the ionic forces are less than 0.001 eV/Å. The
epitaxial strain is defined as ηin = (a − aeq)/aeq, where aeq

is the in-plane lattice constant corresponding to the equilib-
rium structure of the monodomain in AlN/ScN superlattices,
contrary to Ref. [24] that chose the hexagonal nonpolar struc-
ture as the reference for 0% strain. In the present study, the
considered resulting strains are ranging between −10% and
+10%. Note that an epitaxial compressive strain of about
−7% and a tensile strain exceeding +8% were experimentally
realized in BiFeO3 thin films [43,44] and La0.7Ca0.3MnO3

membranes [45]. Note also that our monodomain relaxed
structure is in good agreement with previous theoretical
results [23]. For completeness, we also considered rock-
salt and zincblende structures with chemical ordering along
the [111] cubic direction [see Fig. S1 of the Supplemental
Material (SM) [46]].
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FIG. 2. Structural properties of AlN/ScN superlattices as a function of strain, for strains ranging between −10% and +10%. (a) The total
energy of multidomain, monodomain, rocksalt, and zincblende structures in 1 × 1 AlN/ScN superlattices. (b) Axial ratio c/a of multidomain
and monodomain. (c) The average of magnitude of the polarization in multidomain and monodomain; (d) Internal parameters uScN (including
uScN1 and uScN2) and uAlN (including uAlN3 and uAlN4) of multidomain and monodomain in AlN/ScN superlattices, respectively. (e) Bond lengths
of Sc-N (including Sc-N1 and Sc-N2) and Al-N (including Al-N3 and Al-N4) in multidomain and monodomain. (f) Angle θ of multidomain.

III. RESULTS AND DISCUSSION

A. Structural properties in multidomain and monodomain

Figures 1(a)–1(e) show the relaxed crystal structures of the
multidomain for different strains. Moreover, Figs. 2(a)–2(e)
display different properties of both the multidomain and mon-
odomain as a function of strain, which are the total energy
(per unit cell) in our considered AlN/ScN superlattices; the
c/a axial ratio; the supercell averaged magnitude of the three
Cartesian components of the local polarization (|Px|, |Py|, and
|Pz|, where |Pα| = ∑

i |Pi,α|/N , where α = x, y, or z and where
i runs over all the N unit cell of the supercells); different
internal parameters uScN (respectively, uAlN) connecting the
relative position along the z axis of Sc (respectively, Al) and
some N atoms [see Fig. 1(e)]; and bond lengths between Sc
and different N atoms, as well as between Al and various
N atoms [see Fig. 1(a)]. Furthermore, Fig. 2(f) shows the θ

angle that is depicted in Fig. 1(e), and that is related to the
deviation of atomic lines from horizontality between the two
domains in the relaxed multidomain configuration. The strain-
induced behaviors of the properties for the multidomain case
displayed in Fig. 2 allow the determination of five different
strain regions, that we denote as Regions I to V, respectively.

Region I occurs for tensile strain larger than +7.5% and
corresponds to a layered nonpolar hexagonal-derived struc-
ture, as evinced by c/a being close to 1.2, |Px| = |Py| = |Pz|
being zero and the internal parameters being equal to 0.5, as
shown in Figs. 2(b)–2(d), respectively. Note that the phase
in Region I has the nonpolar P6̄m2 space group for both the
multidomain and monodomain that have similar structure [see
an example of this structure in Fig. 1(a)], which also explains
why the total energies and c/a axial ratio of the multidomain
and monodomain cases are basically identical there. The Sc-
N1 and Al-N3 bond lengths of Fig. 2(e) are equal to each other
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and very slightly increase with strain from 2.14 to 2.17 Å
for strains decreasing between +10% and +7.5%. Similarly,
the Sc-N2 and Al-N4 bond lengths, while also equal to each
other, decrease with strain (from 4.24 to 4.19 Å) in Region
I. Figure 2(f) indicates that the angle θ , which describes how
the two domains are bent, is null in the entire Region I, as
consistent with the nonpolar hexagonal-derived phase.

The next region, that is, Region II, pertains to strain ranging
between +7.5% and +5%. It has the polar Pmc21 space group
for the multidomain versus polar P3m1 for the monodomain.
It is characterized by the occurrence of a polarization aligned
parallel or antiparallel to the z axis in each domain in the
multidomain (while the polarization is only along +z in the
monodomain case), with |Pz| rapidly increasing from zero to
0.54 C/m2 when the strain decreases—as shown in Fig. 2(c).
The c/a axial ratio concomitantly increases from 1.21 to
1.33 in both the multidomain and monodomain. Meanwhile,
the internal parameters uAlN3 and uAlN4 of the multidomain
both decrease from 0.5 to 0.41 when reducing the strain
from +7.5% to +5% in Region II, and are now distinct
from uScN1 = uScN2 of the multidomain—with uScN1 = uScN2

decreasing from 0.5 to 0.47. Concurrently, the Al-N3 bond
length decreases from 2.17 to 1.92 Å while that of Sc-N1
remains constant and close to 2.17 Å. Moreover, the bond
lengths of Sc-N2 (from 4.19 to 4.11 Å) and Al-N4 (from
4.19 to 3.99 Å) begin to be distinct from each other and
both decrease with strain when the tensile strain reduces in
Region II. Interestingly, the angle θ starts to very slightly
deviates from zero and weakly increases from 0 to 0.5 degrees.
Note that the behaviors of the total energy, c/a, |Pz|, internal
parameters, and bond lengths of the monodomain are very
close to those of the multidomain in Region II [see Figs. 2(a)-
2(e)]. Structurally, Region II shows in Fig. 1(b), both for the
monodomain supercell and the domains of the multidomain,
a phase that is in-between the hexagonal-derived nonpolar
structure [see Fig. 1(a)] and the wurtzite-derived structure
[see Fig. 1(c)].

Region III possesses a strain ranging from +5% to −5.5%.
As in Region II, it holds a Pmc21 space group for the mul-
tidomain and P3m1 for the monodomain. It has very small
in-plane polarization components |Px| and |Py| (close to zero),
while |Pz| is still nonzero [see Fig. 2(c)] (as in the ideal
wurtzite structure) and increases when decreasing the strain.
The c/a axial ratio strengthens from 1.33 to 1.76 for the
multidomain (respectively, from 1.33 to 1.73 for the mon-
odomain) when the strain varies from +5% to −5.5%. The
internal parameters remain equal to each other in the mul-
tidomain and monodomain cases, with the exception of uScN2

and uAlN4 close to −5.5% strain (note that uScN2 = uScN1 and
uAlN4 = uAlN3 in the monodomain). All internal parameters
decrease when going toward more compressive strain within
Region III. The θ angle slightly increases from 0.5 to 2.7
degrees, making the two corresponding atomic lines bend
more and more from each other, when decreasing the strain
from +5% to −4%. It then rapidly increases from 2.7 to
6.8 degrees for strains varying between −4% and −5.5%.
The behavior of the internal parameters coupled with that of
the θ angle in Region III make the Sc-N1 and Al-N3 bond
lengths almost constant (around 2.17 and 1.89 Å for Sc-N1
and Al-N3, respectively) in the multidomain case. Note that

Regions II and III are distinct from each other due to the bond
length of Al-N3 significantly decreasing with strain in Region
II while being basically a constant in Region III. The Sc-N2
and Al-N4 bond lengths decrease significantly from 4.12 to
3.53 Å and from 3.99 to 3.59 Å, respectively, in Region III for
the multidomain case, because N2 and N4 atoms are moving
toward Sc and Al atoms, respectively, when the compressive
strain strengthens in magnitude. Structurally speaking, each
domain in the multidomain case (as well as the monodomain)
corresponds to a wurtzite-derived phase in Region III. Note
that, in Region III, the total energy of the multidomain remains
higher than that of the monodomain, as expected. As indicated
above, the c/a axial ratio, |Pz|, internal parameters, and bond
lengths of the monodomain are very close to the multidomain
case in Region III, with the exception of Sc-N2 and Al-N4
at the boundary of −5.5% (not shown here). Note also that
the system found a minimum in energy in Region III for both
the multidomain and monodomain for 0% of epitaxial strain,
while characteristics of the ideal wurtzite structure (namely,
c/a close to 1.633 and the internal parameter averaged be-
tween uScN1 and uAlN3 being around 0.375) occur for a strain
around −2.3% for both the multidomain and monodomain
supercells.

Moreover, Region IV extends from −5.5% to −8%. Strik-
ingly, the total energy of the multidomain in this region has
now a lower energy than the wurtzite-like monodomain, im-
plying that the multidomain adopts a configuration that is
more stable here. The c/a axial ratio is much larger than that
of the ideal wurtzite structure (which is 1.633) and varies
from 1.76 to 1.91 for strain ranging between −5.5% and −8%
in the multidomain (c/a increases from 1.73 to 1.82 for the
monodomain case). Remarkably, the electric dipoles are tilted
away from the [0001] direction (z axis) of the ideal wurtzite
structure in each domain of the multidomain case, while the
dipoles of the monodomain are still all along the z axis (as in
the wurtzite structure). Consequently, the multidomain now
possesses both finite |Px|, |Py|, in addition to significant |Pz|.
All these three components increase when strengthening the
magnitude of the compressive strain. In the multidomain,
the internal parameter uScN1 increases with the magnitude of
strain while uScN2, uAlN3, and uAlN4 decrease. These features
are due to the fact that the N1 atom is moving away from Sc
while the N2, N3, and N4 atoms are gradually approaching Sc
and Al atoms, respectively [see an example of this structure
in Fig. 1(d)]. Note that, in contrast, the internal parameters of
the monodomain all linearly decrease with strain for that range
[see Fig. 2(d)]. The internal parameters of the multidomain are
thus markedly different from those of the monodomain in Re-
gion IV. The aforementioned motions of the N2 and N4 atoms
results in the Sc-N2 bond length decreasing significantly from
3.53 to 2.45 Å while Al-N4 slightly increases from 3.59 to
3.83 Å in Region IV for the multidomain. Furthermore, for the
multidomain, the Sc-N1 bond length dramatically increases
from 2.18 to 3.12 Å when increasing the magnitude of the
compressive strain in Region IV [see Fig. 2(e)], which is due
to the combined behavior of c/a and the internal parameter
uScN1. The Sc-N2 bond length then becomes smaller than
that of Sc-N1 for some strains in Region IV. Furthermore,
the angle θ significantly increases from 6.8 to 33.5 degrees
when increasing the amount of compressive strain in Region
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IV, revealing that atomic lines between the two domains are
strongly bent with respect to each other [see Fig. 1(d)]. In
effect, one Sc atomic layer appears to slide to allow a recon-
figuration of the atomic bonding within the domain walls with
large compressive strain [compare Fig. 1(d) with Fig. 1(e)].
Region IV thus acts as a transition region through which
Sc atoms are breaking their bond with N1 to create a new
bond with N2. The stress-strain curve (see Fig. S2 of the
SM [46]) shows that the multidomain structure in-plane stress
exhibits a sharp fall, typical of mechanical failure calculated
for instance in nitride monolayers [47,48] and here occurring
at −5.5% critical strain. There is thus a strong possibility
that domain walls lower the ability of ferroelectric nitrides to
sustain large elastic deformations. It is interesting to realize
that the bending between two domains was also experimen-
tally and recently found in two-dimensional (2D) van der
Waals ferroelectrics such as the α-In2Se3 material [49], with
a bending angle θ above ≈33 degrees. Note that |Px| likely
naturally results from the geometrical bending occurring the
(x, z) plane. Mirror symmetry imposed by the Pmc21 space
group further imposes the appearance of |Py|, with the con-
straint that Py equals to Px/

√
3, as demonstrated in Fig. S3 of

the SM [46]. Moreover, the structure in each domain of the
multidomain corresponds to a distorted-pyramidal structure
because the Sc-N1 and Sc-N2 bond lengths are very different
from those in the case of the wurtzite configuration. Note
that the overall phase in Region IV retains the Pmc21 space
group for the multidomain while the monodomain also keeps
its P3m1 space group, as in Regions II and III.

Finally, Region V occurs for strains ranging between −8%
and −10%, with the multidomain and monodomain also pre-
serving their Pmc21 and P3m1 space group, respectively. The
multidomain has now a much lower energy than the mon-
odomain [see Fig. 2(a)]. The boundary between Regions IV
and V occurs at a strain of ≈ − 8%, where the axial ratio
c/a, the three components of the polarization, internal pa-
rameters, bond lengths, and angle θ of the multidomain all
experience a significant jump. These jumps, as well as the
retaining of the Pmc21 space group, characterize a strain-
induced first-order isostructural transition in the multidomain
supercell (see Refs. [50,51] and references therein). The re-
sulting structure in each domain is a pyramidal structure [see
Fig. 1(e)]. The overall structure in Region V [see Fig. 1(e)]
differs from Region IV [see Fig. 1(d)] because the c/a, inter-
nal parameters, bond lengths, and angle θ are very different
in these two regions in the more stable multidomain super-
cell. As a matter of fact, Fig. 2(b) shows that the c/a axial
ratio of the multidomain is extremely large, and larger than
that of the monodomain in Region V. It nearly linearly in-
creases from 1.91 to 1.98 when strengthening the magnitude
of the compressive strain. The angle θ concomitantly nonlin-
early increases with strain, adopting enormous values ranging
from 40.9 to 45.0 degrees. Consequently, |Px| (from 0.55 to
0.59 C/m2) and |Py| (from 0.31 to 0.34 C/m2) all in-
crease nearly linearly with strain for the multidomain. |Pz|
also increases from 1.57 to 1.67 C/m2 in the multido-
main (to be compared from 1.53 to 1.66 C/m2 for the
monodomain) as a response to in-plane compressive strain
becoming bigger in magnitude. Furthermore, the internal
parameter uScN1 of the multidomain increases with strain

as well (from 0.466 to 0.478) while uAlN3 concomitantly
slightly decreases (from 0.278 to 0.270) in Region V.
uScN2 and uAlN4 of the multidomain also slightly decrease
from 0.266 to 0.265 and from 0.066 to 0.061, respectively,
in Region V. Note that uAlN4 is really small, indicating
that the z component of the N4 atomic position is very
close to that of the Al atom in Region V. Figure 2(e) shows
that the bond length of Sc-N1 and Al-N3 slightly increases
(from 3.12 to 3.25 Å) and decreases (from 1.86 to 1.84 Å)
with strain, respectively, in Region V for the multidomain
(the bond length of Sc-N2 and Al-N4 linearly decreases from
2.45 to 2.39 and from 3.83 to 3.77 Å, respectively). Note that
the c/a, polarization, internal parameters, and bond lengths
behaviors of the monodomain are very different from those of
the multidomain case in Region V because the monodomain
is wurtzite-like while it is a pyramidal structure for each
domain of the multidomain. Note also that the total energy
of the multidomain has a slight minimum around −9%. The
multidomain therefore adopts a metastable state around −9%,
in addition to its wurtzite-like ground state for 0% strain. Such
features bear resemblance with BiFeO3 films, that possess
two polymorphs, usually denoted as the T and R phases, with
minima located at very different strains [52]. It is also worth
noting that the SM [46] indicates that the stress-strain curves
in Region V recover a linear dependency, indicative of an
elastic deformation regime.

B. Local polarizations in multidomain and monodomain

Let us now present the evolution of the polarization plane-
by-plane for Regions II, III, IV, and V in the multidomain
case, and also compare it with the monodomain case. The
local polarization in the unit cell i [as shown in Fig. 1(a)
by the solid box] is computed via pi = e

�

∑
j Z∗

j u j [53,54],
where e is the electron charge, � is the unit-cell volume, Z∗

j
is the Born effective charge tensor, and u j is the atomic dis-
placement from the ideal lattice site of ion j—with j running
over all atoms in the unit cell i. Note that Fig. 2(c) displays the
averaged magnitude of components of the local polarization,
|Px|, |Py|, |Pz|, while Fig. 3 characterizes components of the
plane-by-plane polarizations px, py, pz, that are along the x,
y, and z axes, respectively. In particular, only pz is finite in
the monodomain and it is homogeneous for all Regions II–V.
Figure 3 indicates that pz averaged over the entire supercell
is always zero in the multidomain for all regions because of
the opposite directions of the local out-of-plane polarization
in the two domains. Note also that we do not show the local
polarization distributions in Region I since the phase there
is nonpolar because of its hexagonal-derived structure [see
Fig. 1(a)].

As representative of Region II, we chose a strain of +7%.
Figure 3(a) shows that the polarization pz in the multidomain
behaves like a sine function along the x direction, changing
signs between the two domains and generating smooth waves
of polarization in Region II. This is characteristic of an Ising-
like feature [55] for the behavior of pz. In comparison, in the
monodomain, the local polarization pz is uniform along the
x direction and equal to 0.075 C/m2. This value is smaller
in magnitude than that of the pz of the multidomain for cell
numbers ranging from 2 to 5 and from 8 to 11, respectively.
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FIG. 3. The local x, y, z components of polarizations in each unit cell along the x-axis direction for different strains at (a) 7% (Region II),
(b) 0% (Region III), (c) −7% (Region IV), and (d) −9% (Region V) in the multidomain and monodomain cases of AlN/ScN superlattices,
respectively.

On the other hand, it is larger in magnitude than the pz of
the multidomain for cell numbers 1 and 7. Interestingly, the
magnitude of pz in the multidomain at cell numbers 6 and 12
(located in the vicinity of the domain wall) is very close to
that of the monodomain. These behaviors make the averaged
magnitude |Pz| of the multidomain and monodomain being
equal to each other, as shown in Fig. 2(c) for Region II. Note
that the local in-plane polarizations, px and py, are null at any
cell in the multidomain in Region II.

We now chose 0% of strain as a representative of Region
III. Figure 3(b) shows that pz in each domain of the multido-
main is almost constant in magnitude along the x direction
and equal to ≈1.1 C/m2. This pz thus appears to behave
like a square wave, because of its change of sign between
the two domains, and is equal in magnitude to the pz of the
monodomain case [see Fig. 3(b)]. It is striking to thus realize
that there is a sudden jump between the pz of the two different
domains, implying that the domain wall can be extremely
small in this system. This dramatically contrasts with the case
of 90◦ domain walls in ferroelectric perovskites and domain
walls in magnetic systems for which they can extend over
a length of typically 15 and 500 nm, respectively [56,57].
These characteristics also make the |Pz| of the multidomain
and monodomain essentially equal to each other in Region III
[see Fig. 2(c)]. Moreover and as shown in Fig. 3(b), px and
py continue to vanish in Region III for the multidomain and
monodomain.

In Region IV, for which we use a representative strain
of −7%, Fig. 3(c) displays a large value in magnitude for
pz (≈1.59 C/m2) in the entire multidomain. This pz also

behaves as a square wave, with a sudden jump between the
two domains and forms a sharp domain wall (note that the
bent domains experimentally found in α-In2Se3 material are
also sharp and can be extremely narrow, down to two atoms
or 4 Å wide at their narrowest point [49]). Furthermore, the
pz on the monodomain continues to be homogeneous and
is now equal to 1.47 C/m2, which is smaller in magnitude
than in the multidomain (≈1.59 C/m2). Consequently, the
|Pz| in the multidomain is larger than in the monodomain
in Region IV, as shown in Fig. 2(c). Interesting, Fig. 3(c)
reveals that the in-plane px and py are no longer null in Re-
gion IV. They are quasihomogeneous (px ≈ −0.43 C/m2 and
py ≈ −0.25 C/m2, respectively). The homogeneity of px,
including when going from one domain to another one, guar-
antees that the domains are uncharged.

Finally, we consider a large compressive strain of −9%
for Region V. Figure 3(c) shows that pz of the multidomain
is nearly constant in each domain and displays a large value
in magnitude around 1.61 C/m2 for cell numbers ranging
from 1 to 12, which is very close to that of the monodomain
(1.6 C/m2). Therefore, the |Pz| in the multidomain and mon-
odomain are nearly equal to each other, as displayed in Region
V of Fig. 2(c). Once again, the domain walls are sharp for
pz in the multidomain as they present a sudden jump from a
large positive value to its opposite when going from the left
domain to the right one. Moreover, px and py are nonzero and
quasihomogeneous as well in Region V, albeit with a larger in
magnitude than in Region IV (px is now around −0.6 C/m2

and py around −0.3 C/m2 at −9% strain, respectively) for
the multidomain. Note that the near continuity of px across
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FIG. 4. Domain-wall energy in 1 × 1 AlN/ScN superlattices.
The inset zooms in the data in Regions II and III.

the two domains implies that the domain walls in Region V
remain uncharged.

C. Domain-wall energy and stability of the multidomain state

The domain-wall (DW) energy EDW is computed by the
equation [22,53,58]: EDW = (Emulti − Emono)/2SDW, where
Emulti is the total energy of multidomain, Emono is the total
energy of monodomain, and SDW is the area of the domain
wall. Figure 4 shows the domain-wall energy as a function of
strain. For strains ranging between +7.5% and +10% (Region
I), the domain-wall energies are close to zero because both
the multidomain and monodomain have a layered nonpolar
hexagonal-derived structure there.

The monodomain polar state of 1 × 1 AlN/ScN superlat-
tices is the most stable state in Regions II and III according to
Fig. 2(a). In these regions, the domain-wall energy increases
from almost zero (at the compressive edge of Region III) to
143 mJ/m2 at zero strain (see the inset of Fig. 4). It then
decreases again when one approaches the boundary between
Regions II and I (nonpolar hexagonal phase). 180 degree
domain walls in our AlN/ScN have thus a comparable surface
energy compared with uniaxial ferroelectrics such as PbTiO3,
where energies of the order of 125 mJ/m2 were reported
[34,53]. Interestingly, both compressive and tensile strain tend
to decrease the domain-wall surface energy, likely because
phase transitions to centrosymmetric phases can be expected
on both the compressive [transition to the rocksalt phase, see
Fig. 2(a)] and tensile (transition to the nonpolar hexagonal
phase [24]) side.

Interestingly, in the strongly compressive strain regime
(Regions IV and V), the domain-wall energies become neg-
ative with values ranging from −107 to −4372 mJ/m2.
The negative domain-wall energies suggest that the bent
multidomain state is more energetically favorable than the
monodomain polar state, as consistent with Fig. 2(a). Inter-
estingly, in Regions IV, where the multidomain state becomes
energetically more favorable with respect to the monodomain
state, marks the onset of mechanical failure, as strain-stress
curves (see Fig. S2 of the SM [46]) show a strong drop in
the longitudinal stress facilitated by the strong bending of the
domains. Note, however, that elastic behavior is recovered in

Region V, indicating that such bent multidomain state may be
metastable at extremely large compressive strains.

One may wonder whether such bent multidomain state can
be accessed experimentally. Figure 2(a) indicates that this
peculiar state can in fact only be metastable in 1 × 1 AlN/ScN
superlattices. Indeed, in Regions IV and V, the nonpolar rock-
salt phase is numerically found to have lower energy by 300
to 600 meV/f.u. It is fairly evident that slowly applied strain,
such as epitaxial strain resulting from growth of a thin film on
a substrate, could not address this peculiar domain state. How-
ever, large, ultrafast strain pulses (such as the nondestructive
laser shock technique developed in Ref. [59]) may be able
to address such a metastable state by creating the necessary
amount of deformation to cause mechanical failure and sta-
bilize the bent domain state. Note also that over AlN/ScN
superlattices, such as 3 × 1, possess a small stability window
where the bent multidomain state is in fact found to be the
ground state (see Fig. S4 of the SM [46] between −6% and
−4% compressive strain). It is thus possible that altering the
composition of the superlattice may reveal such original bent
multidomain states.

IV. SUMMARY

In summary, based on ab initio density functional the-
ory calculations, we predict the existence of five different
strain regions, accompanied by striking structural features,
in (uncharged) multidomains of AlN/ScN superlattices. In
particular, for the largest studied tensile strains, Region I has
no local polarization, while a polarization along +z and −z
develops in each domain of such a multidomain, respectively,
in Region II—that exists for smaller tensile strains and that
possesses a sinusoidal behavior of its plane-by-plane polar-
ization. The polarization in each of these domains, as well
as the axial ratio, significantly grow when going from tensile
to compressive strain in Region III, with the plane-by-plane
polarization now exhibiting a square-like behavior.

Strikingly, these domains bend in Regions IV and V, with
this bending becoming stronger as the compressive strain is
enhanced in magnitude and with the transition from Regions
IV to V being isostructural and of first order. Such binding
results in the appearance of in-plane and homogeneous po-
larization. Remarkably, the 180◦ domain walls in Regions
II to V are very sharp. Although these bent domains do
not appear to be stable at thermodynamic equilibrium, it is
possible that strong out-of-equilibrium excitations, such as
large strain pulses, could access this peculiar state which has
lower energy than the monodomain state under large com-
pressive strain. Note that we also checked the properties of
multidomains made of the epitaxial 3 × 1 AlN/ScN superlat-
tices. They exhibit qualitatively similar results as the presently
studied 1 × 1 AlN/ScN superlattices, in general, and possess
bent domains too, in particular. Interestingly, these bent do-
mains occur under smaller compressive strain for the 3 × 1
AlN/ScN superlattices, namely, around −4% (see Fig. S4 of
the SM [46])—with these bent domains having even lower
energy than the rocksalt and zinc-blende structures, as well
as the wurtzite monodomain, for some strain range. In other
words, bent domains can be the ground state in some cases,
and the critical strain at which these intriguing bent domains
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appear in ferroelectric nitrides depend on parameters, such as
the overall composition or thickness layers—it is thus also
possible that other superlattice compositions may be able to
sustain such bent domains before the onset of the phase tran-
sition to the centrosymmetric rocksalt structure.
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