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Abstract

First-principles calculations are performed to investigate and analyze properties of (001)
thin films made of the most complex perovskite system, namely NaNbOs (NNO), and
subject to epitaxial strain. In particular, an energy-versus-misfit-strain phase diagram is
constructed and reveals the existence of three different ground states for different strain
regimes. For large compressive strain and up to moderate tensile strain, a monoclinic C'c
phase occurred, with its polarization and axis of antiphase tilting both rotating within
a (110) plane with the magnitude of the strain. For large tensile strain, a ferroelectric
orthorhombic state of Pmc2; symmetry emerges with a polarization lying along the [110]
in-plane direction altogether with an octahedral tilting adopting the a~a~c¢™ pattern and
an antiferroelectric vector associated with the reciprocal zone-border X-point. Finally, in-
between and for a narrow region of strain, a complex ground state is found. It has the
orthorhombic Pca2; symmetry, for which a complex tilting pattern coexists with a polar-
ization pointing along the [001] out-of-plane direction and antiferroelectric displacement
associated with the A k-point located half-way between the zone-center I and zone-border
X-point. Ferroelectric, antiferroelectric and antiferrodistortive properties are also reported

and discussed, as a function of misfit strain.



I. INTRODUCTION

Sodium niobate (NaNbOjz, NNO) has one of the most complex phase diagrams
among all studied crystals possessing a perovskite ABOj crystal structure (see, e.g.,
Refs [1-12] and references therein). For instance, Darlington and Megaw [5] suggested
the following sequence of seven phases in NNO: Above 913K, NNO is paraelectric
and cubic with the Pm3m space group, while under zero-field cooling, tetragonal
P4/mbm, four orthorhombic phases (Cmcem, Pmmm, Pmmn, and Pbem) and then
a rhombohedral state having a R3c symmetry progressively emerge at 913K, 848K,
793K, 753K, 633K and 173K, respectively. These phases are structurally different, as
evidenced by the fact that C'mem, Pmmm, Pmmn adopt oxygen octahedral tilting
patterns (also known as antiferrodistortive motions) while Pbem is an example of
antiferroelectric states (which are particularly promising for energy storage devices
[13]) and R3c is a phase possessing an electrical polarization (note that solid solu-
tions of NNO and KNbOj [14] are one of the best environmentally benign lead-free
piezoelectric and ferroelectric, which are widely in use in piezoelectric actuators and
capacitors in electronic circuits [15]). Other phases have been suggested in NNO,
such as orthorhombic polar Pme2; [7-9] or monoclinic Pm [10]. Similarly, recent
first-principles-based atomistic simulations [16] predicted that the most stable state
near room temperature is not really the antiferroelectric Pbcm state but rather an-
other orthorhombic state of Pca2; symmetry that distinguishes itself from Pbcm via
the additional occurrence of a small but finite spontaneous polarization along a (001)

crystallographic direction.

It is also well-known that strain-engineering, which consists of growing epitaxial
films on top of different substrates, can dramatically alter properties of perovskites.
This is, e.g., evidenced by the stabilization of a ferroelectric phase in the quantum

paraelectric SrTiO3 system when in thin-film form [17], or the occurrence of the po-
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lar Pmc2; phase at room temperature in NNO thin films [18]. Surprisingly, many
questions remain open regarding NNO films, partly due to the fact that only a few
substrates have been used so far to grow NNO thin films on top of them [9, 18, 19]
and that the pioneering first-principle study of Ref. [20] did not include oxygen oc-
tahedral tilting in their calculations - while such degrees of freedom are important
and relevant in NNO systems (see Ref. [16] and references therein). Consequently,
the following questions remain open: can epitaxial NNO thin films have different
ground states depending on the misfit strain they experience? Are these phases fer-
roelectric, antiferroelectric, or antiferrodistortive? Can the polar Pca2; and Pmc2,
be such ground states? What happens to the R3c bulk-ground-state phase under
strain? How do the ferroelectric, antiferroelectric or antiferrodistortive properties
evolve within a given phase as a function of strain? For instance, can one enhance
the polarization by strain-engineering within a polar phase? Can we also increase
the difference in energy between a ferroelectric and antiferroelectric states, which
will impact energy-storage properties? The aim of this manuscript is to provide an-
swers to all these questions by performing and analyzing first-principle calculations
on NNO epitaxial (001) thin films.

The paper is organized as follows. Section II provides information about the first-
principles methods used here, with further details given in Section V via an appendix.

Sections III reports and discuss results. Finally, Section IV concludes the study.

II. FIRST-PRINCIPLES METHOD

We conducted density functional theory (DFT) calculations on (001) NNO epitax-
ial film, using the Generalized Gradient Approximation (GGA), within the Perdew-

Burke-Ernzerhof functional for solids (PBEsol) [21] as implemented in the Vienna
Ab initio Simulation Package (VASP)[22]. The Projector Augmented Wave [23, 24]
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(PAW) approach is employed to treat the valence electrons, that account for seven
for Na (2p®3s'), thirteen for Nb (4s?4p4d*5s'), and six for O (2s?2p?). A plane-wave
basis with a kinetic energy cutoff of 550 eV is used. The NNO films are subject to

a misfit strain, Nuisae, ranging from ~ -4% to ~+4% and that is defined as:

a — Qo

x 100% (1)

TNmisfit =
ap

where a represents the in-plane lattice constant of the substrate and ag is the in-plane
lattice constant resulting from the energy minimization of the C'c phase. Practically,
ao is numerically found here to be 3.910 A, which corresponds to a reasonable over-
estimation of about 0.9% of the experimental lattice constant of 3.875 A for the R3c
phase of NNO bulk [25].

To model a perfect epitaxy on a cubic substrate, the strain tensor, in Voigt nota-

tion, has three elements that are frozen during each simulation. They are:

M = N2 = Mmisfit; 6 = 0 (2)

On the other hand, n3, n4, and 75 are allowed to relax, along with all internal atomic
coordinates, until the Hellmann-Feynman force on each atom is converged to be less
than 0.001eV/ Afor each considered misfit strain. Note that the Appendix provides
details about the specific procedure used during this convergency.

For each chosen value of the nu;s¢ epitaxial strain, we investigated three different
phases, that are derived from states that are known to have low-energy in bulks
(see Ref. [16] and references therein). The first phase has a monoclinic symmetry
space group C'c (No. 9) with a polarization having an in-plane component along
the [110] direction, but also an out-of-plane component, P,, along [001] direction.
This C'c phase can be thought as originating from the R3c rhombohedral (polar)
ground state of NNO bulk [25, 26] but subject to epitaxially-induced monoclinic
distortions. The second phase has the Pca2; orthorhombic space group (No. 29),
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with a polarization P, being fully along the out-of-plane [001] direction. This Pca2;
state is basically derived from another well-known phase of NNO bulk, namely the
antiferroelectric Pbem state [27], but adding there a polarization along [001] that, in
fact, lowers its energy — as recently predicted in Ref. [16]. Finally, the third phase is
also orthorhombic, but its space group is Pmc; (No. 26) and its polarization is fully
in-plane and along [110]. This polar Pmc2; state has been reported in the literature
of NNO epitaxial films under electric field [9, 18] and has also been proposed for a
candidate of the so-called @) phase of NNO bulks [19]. Note that we investigated
other phases, namely of Pna2;, Pnma, Pbcm, Pmmm, Imma, P222,, P42nmec,
Pmnn, Cmem and Pmn2; symmetries, but numerically found that they all have
higher energy than the three aforementioned states. Furthermore, the polarization,
P, for each of these structures was calculated using the Berry phase method [28, 29].
The detailed method to calculate the polarization for C'c, Pca2;, and Pmc2; phases

using the Berry phase method is provided in the Ref. [30].

III. RESULTS AND DISCUSSION

Figure 1 shows the energy of (001) NNO epitaxial films as a function of the misfit
strain for the three aforementioned structural phases, when choosing the zero of
energy as the lowest possible energy of the entire Figure 1. The ground-state for
the strain ranging from a compressive -4.34% strain to a tensile strain of +1.27% is
found to be the monoclinic C'c state. The orthorhombic Pca2; phase then becomes
the ground state within a narrow misfit strain region varying from +1.27% to +1.50%.
For higher misfit tensile strains and up to our largest investigated value of +4.34%,
the lowest energy phase is then Pmc2;. Note that the Pca2,, Pmc2, and Cc phases
all have similar energy for a tensile strain of +1.27% (see inset of Figure 1), implying

that these three phases may all stabilize for strains of this magnitude. Moreover,

5



because of the shapes of the energy-versus-strains curves displayed in Fig. 1, it
is also possible that, for strains ranging between +1.27% to +1.50%, NNO films
prefer to phase separate into C'c and Pmc2; rather than adopt a homogeneous Pca?2;
monodomain, as similar to the configurations made by alternating domains of the
so-called R and T phases in BiFeOj films grown on some substrates (see Refs. [31, 32]
and references therein).

Moreover and interestingly, our zero of energy is found to correspond to the Pmc2;
state for the tensile strain of 1.78%. With respect to this zero of energy, the lowest
energy of the C'c phase is equal to 0.7 meV /f.u and happens for the strain of 0%. In
other words, the lowest energy among all computed energies is for the Pmc2; phase,
which dramatically contrasts with the bulk case for which we numerically found that
it is the R3c state (from which C'c¢ is derived) that has the lowest internal energy
— as consistent with the known R3c experimental ground state of NNO bulks (see,
e.g., Ref. [25]). Such contrast originates from the misfit conditions freezing 7, 72
but also imposing 7 = 0. As a matter of fact, we numerically found that allowing
16 to be finite within C'c will make its energy lower than that of the Pmc2; state at
1.78% strain.

Let us now point out some specific substrates that may be useful to check our pre-
dictions. For instance, SrTiO3 (STO) single crystal is often employed as a substrate
for the growth of epitaxial perovskite films and has a lattice constant of 3.905A [33].
Taking into account our aforementioned 0.9% overestimation of the lattice parame-
ters, this will correspond in our calculations to a value of 3.940A and thus according
to Eq. (1) to a tensile misfit strain of +0.8% that the NNO films will experience.
Consequently, Figure 1 indicates that fully epitaxially growing NNO on STO should
result in a C'c ground state, but with the Pca2; and Pmc2; phases being rather close
in energy and thus perhaps accessible too (especially by, e.g., varying the temper-

ature). Moreover, DyScO3 substrate is known to adopt lattice parameters equal to
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5.442A and 5.719A along two different and perpendicular in-plane (110) directions.
Averaging these two values, dividing by square-root of two, rescaling the resulting
number by our aforementioned 0.9% overestimation and then inserting it into Eq. (1)
as our a lattice parameter implies that the growth of NNO films on (001) DyScOs3
corresponds to a tensile strain of 1.81%. The corresponding ground state should
therefore be of Pmc2; symmetry according to Fig. 1, which is precisely what Ref.
[12] observed. Note that we also considered a and b lattice parameters being dif-
ferent from each other (as consistent with a DyScOj substrate) and found that the
symmetry is then lowered to Pm (space group #6). Note also that the experimental
study of NaNbOj films grown on SrTiO3 and (Lag 18Sro.82)(Alg.s0Tag.41)O3 [34] show
that oxygen octahedra tilts are absent near the substrate. In our calculations the
effects of the interface between the substrate and films, such as the annihilation of
the oxygen octahedral tiltings near this interface, have not been taken into consid-
eration. By performing additional calculations in which we annihilate and freeze
the oxygen octahedral tiltings in the first (001) layer of 4-layer periodic structure,
we found the vanishing of some oxygen octahedral tiltings in the other three (001)
layers. This shows that, indeed, effects such as freezing of oxygen octahedral titlings
at the interface can influence properties inside the film.

Moreover and in order to further help experimentalists to check our prediction,
Table 1(A) reports the lattice constants and cell angles for the relaxed C'c phase at
0.24% strain, the Pca2;, state under a misfit strain of 1.45% and the Pmc2; phase
subject to an epitaxial strain of 1.78%, while Tables 1(B), 1(C), and 1(D) display the
corresponding atomic coordinates for these three phases at these selected strains.

Furthermore, Fig. 1 tells us that NNO films undergo the C'c—Pca2;—Pmc2,
phase transition sequence when epitaxial strain increases from -4.34% to +4.34%,
with the resulting two phase transitions being first-order in nature since the relevant

energy-versus-strain curves cross each other rather than evolve into one another. Let
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us now determine and discuss the evolution of physical properties within these three
different ground states, as a function of strain. For that, it is informative to define

some vectorial quantities, including:
. > (ik - R;)| (3)
Uk, = 77 Ui o €X Y
ko = 1 2 eGP

where k is a vector of the first cubic Brillouin zone and « denotes the x, y or z
Cartesian component, with the z-, y- and z-axes being along the [100], [010] and [001]
pseudo-cubic directions, respectively. The symbol |...| represents the magnitude in
the complex space. u; is the so-called local mode of the 5-atom cell 7, that is located at
a vector R; from a chosen origin. Such local mode is defined as u; o = > (7 (i, a)v],
where « is a Cartesian direction, 7 is the atom label, v is the corresponding atomic
displacement, and ( represent the eigenvectors of the force-constant matrix [35].
Note that the detailed method to calculate the eigenvalues and eigenvectors of the
force-constant matrix are explained in Ref. [35]. The eigenvectors for NaNbOj are

listed in Table II.

Technically, this local mode corresponds to collective displacements of Na, Nb
and oxygen ions associated with the lowest optical phonon branch of cubic phase,
and is centered on Na ions here. The summation is carried over all N 5-atom cells ¢
present in the supercell. Here the supercell refers to the representation of the Pca2,
and Pmc2; structures with respect to the cubic unit cell. Note that the zone-center
" point associated with u; in Eq. (3) is related to the electrical polarization, and we

thus choose to show the polarization rather than ux—q in this manuscript.

Moreover, one can also define a local pseudo-vector, wj, for which the direction
is the axis of rotation of the oxygen octahedron centered at the Nb-center ¢ and

for which the magnitude is the angle of such rotation [36]. One can then calculate
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another vectorial quantity, for which the Cartesian components are:
1 .
Wk = 7 ;wi,anp(zk ‘R,)| (4)

For our selected C'c, Pca2; and Pmc2;, phases, we will see that three specific k-points

are relevant to this tilting-related quantity, namely: R, 7" and M.

A. Cc phase in its equilibrium region

The C'c phase possesses two main order parameters. The first one is the electrical
polarization and the second one is the antiphase tilting of oxygen octahedra. Let us
denote the z-, y-, and 2- components of the polarization as P,, P,, and P, respec-

tively. Let us also compute, in Eq. (4), wr at the R-point of the cubic first Brillouin

zone located at 22 (
QAlat

octahedra. Its z-, y-, and 2- components are denoted as wg,, wg,y, and wg .. As

111
27272

), in order to characterize the antiphase tilting of oxygen
shown in Fig.(2a), the P, and P, components are identical and increase with strain.
Conversely, P, is concomitantly reduced within the same range of the strain, and dif-
fers from P,=PF,. In other words, the polarization in this C'c phase is always along a
[uuv] crystallographic direction but such direction changes with strain, rotating from
a nearly [001] direction at -4.43% strain towards [110] as the misfit strain increases.
During this rotation, the [111] direction is reached for a nearly vanishing strain, with
a resulting total polarization of 0.49 C/m?. This latter value is rather close to the
12K-measurement of 0.59 C/m? in the R3c phase of NNO bulk [25], as well as, to
the computational results of 0.50 and 0.58 C/m? reported in Refs. [37] and [38],
respectively, for NNO bulk too for the R3c state. One can also see from Fig. (2a)
that the magnitude of the polarization in the C'c phase, almost stays constant as a
function of strain, implying that the polarization is basically “simply” rotating and

not elongating/shrinking during the strain variation.
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Furthermore, the results about tilting of oxygen octahedra within the C'c symme-
try are displayed in Figure (2b). As consistent with the space group, wg, is equal
to wpry, but differs from wg .. In Glazer notation, this tilting can be represented
as a~a”c¢” [39]. As similar to the polarization’s in-plane components, wg, and wg,,
increase with the strain, while wg , decreases with npmise. The axis of the oxygen oc-
tahedral tilting is thus always along a [u/u/v'] direction for any strain ranging between
-4.43% and +1.27% (with u’ and v’ not necessarily being equal to the aforementioned
u and v characterizing the polarization’s direction for the same strain). This axis
of rotation evolves from being near [001] at the largest compressive strain to rotate
towards [110] when the strain increases. Such axis of rotation is precisely along the
[111] direction for zero misfit strain, with a resulting total angle of rotation being
0.23 radian (or, equivalently, 12.90°) at 0K, which is consistent with the experimental
value of 0.17 radian (10°) obtained for the R3c phase of NNO bulk at 123K in Ref.
[26] — especially since tilting angles are known to increase when cooling down the
system [40]. It is also interesting to realize that near a misfit strain of -3%, all the
Cartesian components of the polarization and of wr exhibit an inflection point. Such
features are signatures of the inherent coupling between electric dipoles and oxygen

octahedral tiltings occurring in many perovskites [41].

B. Pca2; phase in its equilibrium region

As aforementioned, the C'c¢ phase is destabilized at a tensile strain of ~1.27%
via a first-order phase transition to a Pca2; orthorhombic phase. This latter phase
remains stable on a rather small interval, namely up to a tensile strain of about
1.70%. As found by, e.g., conducting Fourier transforms of the patterns associated
with the local mode displacements and the oxygen octahedral tiltings [42], this Pca2;

phase is basically characterized by four order parameters: (1) the polarization, that

10



is lying along the [001] direction and that is thus fully characterized by P,; (2) the
displacements of the local mode associated with the A k-point located at Z(0,0, i)
in the cubic first Brillouin zone in Eq. (3). Such displacements characterize the
antiferroelectric (AFE) displacements, for which NaNbOj is famous for [4, 15, 25,
43, 44]. They are along the [110] directions, hence the notations ua , and ua , given
to the two finite Cartesian components of the order parameter quantifying them
(with ua z=ua, and thus ua .=0). The associated z- or y- components of the local
mode displacements have the “—++-" pattern in four subsequent (001) Na planes;
(3) the antiphase tilting of oxygen octahedra about the [110] axis and associated
with the R k-point in Eq. (4), for which we continue to use the wg, and wg,
notations (with wg,=wg,), but now have wg ,=0 unlike in the C'c phase; and (4) a
more complex tilting about the [001] axis, and that is associated with the T point
located at g(%, %, i) in the cubic first Brillouin zone. Hence, we determine wy, from
Eq. (4) to quantify this complex tilting, that corresponds to periodic series of ‘4-0-0’
when moving along the [001] direction. In other words, this Pca2; phase can be
thought as a specific nanoscale twin phase of Refs [45, 46] with a periodicity of 4
lattice constants along the z-axis ( lattice constants are in terms of the pseudo-cubic
cell), and adding there a polarization along this z-axis. Reference [46] also tells us
that ua ,, wre and wr, (as well as, ua,, wry and wr,) are coupled to each other

via a trilinear coupling energy. Note also that one can extend the Glazer notation to

complex,4 complex,4

coin the overall tilting pattern of this Pca2; phase as a”a™ ¢ , where ¢
represents the aforementioned 4-lattice-constant-periodic tilting pattern about the
z-axis. As briefly discussed in Ref [16], there is also an energetic coupling of the form
u, Uy w, w, (and, equivalently, w, u, w, w, and u, u, w, w,). It forces u, to have
a finite value at the I'-point, hence the polarization along the z-axis, because of the

existence of u, (and u,) at the A point, w, at the T-point and w, (and w,) at the

R-point. In agreement with this finding, Ref. [16] shows that the I' mode is unstable
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in Pbem phase of NNO bulk, but it is stable in Pca2; phase. This polarization is
thus of improper-type but due to a quadra-linear, rather than a trilinear, term.

Figure (2a) reveals that there is a~ 67% increase of the out-of-plane polarization,
i.e. P,, when the system undergoes the strained-induced phase transition from C'c to
Pca2;. On the other hand, the in-plane polarization is annihilated at this transition
and, as a result, the magnitude of the total polarization decreases from 0.49 C/m?
in the C'c phase to 0.30 C/m? in the Pca2; state. As shown in Fig. (3a), this latter
annihilation favors the emergence of in-plane antipolar displacements associated with
the A k-point, that then further increase when strengthening the tensile strain. In
contrast, the other quantities that are energetically coupled to ua , and ua ,, namely
the antiphase-tilting-related wg ,=wg , and the more complex tilting wr ., are nearly
constant in the Pca2; phase — as indicated by Fig. 2(b).

It is also interesting to realize that the energy difference between Pca2; and C'c
phase increases when strengthening the strain above 1.27%. Such increase in energy
difference implies that the energy-storage density can be altered by strain since,
e.g., the electric field at which the transition from Pca2; to C'c will happen should
increase with strain. Note also that the polarization of Pca2; was predicted in Ref
[16] to be rather small, namely about 0.02 C/m?, near room temperature — which is
much smaller than the polarization of 0.45 C/m? we find for bulk NaNbOj in its R3c
ground state. As such, the polarization of Pca2; should not have too much influence
on prospects for energy storage at room temperature, especially if the reached final

ferroelectric state is R3c (which is structurally very different from Pca2;).

C. Pmc2; phase in its equilibrium region

At the tensile strain of ~1.50%, the Pca2; state is then destabilized and a phase

transition to an orthorhombic Pmc2; phase happens. This latter phase is charac-
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terized by the following order parameters: (1) a polarization lying along the [110]
direction, and thus having only P,=P, finite components; (2) antipolar displacement
of the local mode along the [110] direction associated with the X-point of the first
Brillouin zone located at Z(0, 0, %) The periodic pattern of the x and y components
of these AFE displacements is of the type “4+—+-" when moving along [001]. Con-
sequently, these antipolar displacements are quantified by finite ux , and ux, being
equal to each other, while ux . vanishes, in Eq. (3); (3) antiphase tilting of oxygen
octahedra about the [110] axis and associated with the R point of the cubic first Bril-
louin zone, therefore resulting in non-vanishing wgr, = wg, while wg . is null; and

(4) in-phase oxygen octahedral tilting about the z-axis and that is indexed by the M
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k-point given by 7( 0), therefore leading to non-zero wyy . while wys, = wpry =0
in Eq. (4). The overall tilting pattern of this Pmc2; phase state is therefore a~a~c™
in Glazer notations [39], exactly as the most common phase found in perovskites,
i,e. Pnma. The “only” difference between Pmc2; and Pnma is that the former
possesses an in-plane polarization while the latter is paraelectric which include AFE.
Note also that uy ., wr, and wys. are coupled to each other by a trilinear energy
coupling, in the same manner than ux ,, wg, and wy, . are, as explained in Ref. [46].

The Pca2;-to-Pmc2; transition is thus accompanied by the formation of an in-
plane polarization while the out-of-plane polarization, P,, abruptly becomes zero,
as shown in Fig. 2a. This sudden change in polarization further emphasizes the
first-order character of this phase transition. Increasing the tensile strain for this
Pmc2, phase favors the strengthening of the in-plane polarization, i.e. P, and P,,
in detriment of the antipolar displacement at the X point. As a matter of fact, Fig.
3(b) shows that ux ,=ux, decreases from 0.023A to 0.007A when the tensile strain
increases from 1.50% to +4.43% within Pmc2;. In a study done by H. Shimizu et al.
[37], the P-E loops of the xCaZrO3-(1-x)NaNbO3z (CZNN) ceramics were measured

at high temperature of 120°C' and gave a value of about 0.40 C/m? for x=0 and
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zero electric field, which is remarkably close to our predicted value of 0.41 C/m?
in our Pmc2; phase at 1.80% tensile strain. Our prediction also agrees well with
the DFT value of 0.47 C/m? obtained with the generalized gradient approximation
for the P2yma phase (which is the Pmc2; phase in our calculations) of bulk NNO.
Note also that the calculated total polarization for the C'c phase is 0.49 C/m? for
a tensile strain of 0.8% and is thus slightly larger than that of 0.41 C/m? obtained
in the Pmc2; phase for a tensile strain of 1.8%. Regarding the tilting of oxygen
octahedra, Fig. 2(b) reveals that the anti-phase oxygen octahedral tilting (quanti-
fied by wr, = wr,) is basically independent on strain in this Pmc2; state, while
the in-phase tilting (characterized by wyy .) decreases with strain. Two effects can
be responsible for such decrease. First of all, polarization and tiltings have the ten-
dency to compete [36] and thus the strain-induced increase in polarization shown
in Fig. 2a wishes to suppress oxygen octahedral tiltings. Secondly, antiferroelectric
displacements associated with the X-point are trilinearly coupled with antiphase and
in-phase tiltings [46]. Consequently, the decrease with strain of ux ,=ux,, tends to
make oxygen octahedral tiltings smaller as well.

Note that all our results pertain to OK since we are conducting standard DF'T

calculations.

IV. CONCLUSION

In summary, first-principle calculations are conducted to predict the existence
of three different ground states in epitaxial (001) NNO films, depending on the
strain these films experience. These three states have monoclinic C'c, orthorhombic
Pca2, and orthorhombic Pmc2; symmetry, respectively, and each exhibit a different
direction for their electrical polarization, as well as, a different tilting pattern. The

last two states also possess different antiferroelectric displacements. These features,
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as well as the reported strain-induced control of ferroelectric, antiferrodistortive and
antiferroelectric properties within these three states, are promising to design NNO
films with desired characteristics, via strain-engineering.
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V. APPENDIX

Mathematically, the change in the cell shape is expressed as follows (This method
was described inside subroutine constr_cell_relax of VASP code, but has not been

officially documented yet):
new o old + ZRzk a%l? (5)

where a4 and a}'$” are the lattice vectors before and after each step of relaxation of

the cell respectively. ¢, j, and k are the Cartesian components of the lattice vector,
and R;j is the matrix allowing imposing additional constraints on the change of
the lattice parameters due to partial compensation of existing forces in the system.

Equation (5) can be written as follows:
D Rt = ol — ay (©

For perfect epitaxy in (001) planes, only the Rj;’s are finite which corresponds to a

cell relaxing in the [001] direction. Applying this condition to equation (6), we get

0 0 0 old ,old ,old old old old

ayy Qo A3z an —agy’ a2 —afy i3 — af;

old ,old old — old old old

old ,old ,old old old old

Rz R3p Rss Q3" Q93" Q33 a31; — Q31 a32 — CL32 a33 — Q33

One can see that, in this case, the lattice parameters do not change along the

lattice vectors corresponding to the first two strings of matrix “a”, but the lattice
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parameter does change along the third lattice vector. It is important to note that
for NaNbOjy thin film, the cell was allowed to relax along the [001] direction, while
the cell along the x- and y- directions was fixed by using the above mentioned self-
consistent method. The epitaxial constraint was imposed by selecting the in-plane
lattice constant of NaNbQOg3. The corresponding misfit strain was calculated by using
Equation (1). To study the effects of epitaxial strain, we varied the in-plane lattice

constant gradually from 0.9566a, to 1.0434 ay.
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TABLE I. (A): Crystal structure of the C'c phase at 0.24% strain, Pca2, state at
1.45% strain and Pmc2; phase at 1.78% strain

Lattice Constants | Cell angles
Phases

a b ¢ o B |

Ce [3.920(3.920| 3.897 [89.34(89.34(90

Pca2; [5.610(5.610({15.721] 90 | 90 |90

Pmc2; [5.628(5.628|7.753 | 90 | 90 (90

(B): Atomic Coordinates of C'c Phase at 0.24% strain

Label|Symbol | Multiplicity Wyckoff) Fractional Occupancy
label [Coordinates
X y z

Nal | Na 4 a 0.01555 ]0.25132|0.29827 1.0
Nbl [ Nb 4 a 0.25749 ]0.25070{0.02621 1.0

01 O 4 a 0.27645 ]0.46686|0.73567 1.0

02 @) 4 a 0.71328 [0.47034(0.73604 1.0

03 O 4 a -0.00277 {0.31316{0.73381 1.0
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(C): Atomic Coordinates of Pca2; Phase at 1.45% strain

Label [ Symbol | Multiplicity Wyckoff] Fractional Occupancy
label [Coordinates
b'e y z

Nal | Na 4 a 0.26415 [ 0.25717 | 0.00524 1.0
Na2 | Na 4 a 0.22016 | 0.25698 | 0.25443 1.0
Nbl | Nb 4 a 0.74020 | 0.24300 | 0.13063 1.0
Nb2 [ Nb 4 a 0.26290 | 0.75128 | 0.88029 1.0
01 O 4 a -0.03456 | 0.54048 | 0.13851 1.0
02 @) 4 a 0.03059 | 0.46143 | 0.85740 1.0
03 O 4 a 0.54517 [-0.04153| 0.10797 1.0
04 O 4 a 0.44866 | 0.04496 | 0.88772 1.0
05 @) 4 a 0.76999 | 0.18823 | 0.24894 1.0
06 O 4 a 0.74915 | 0.30923 [-0.00113 1.0
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(D): Atomic Coordinates of Pmc2; Phase at 1.78% strain
Label [ Symbol | Multiplicity Wyckoff] Fractional Occupancy
label [Coordinates
b'e y z
Nal | Na 2 a 0.00000 | 0.26065 | 0.25465 1.0
Na2 [ Na 2 b 0.50000 [0.25754 | 0.28324 1.0
Nbl | Nb 4 c 0.74962 | 0.75532 | 0.26674 1.0
01 ) 4 c 0.71866 |0.46202 | 0.02624 1.0
02 O 4 c 0.77997 |-0.03843(-0.04759 1.0
03 O 2 a 0.00000 | 0.69007 | 0.24259 1.0
04 ) 2 b 0.50000 | 0.81096 | 0.22204 1.0

TABLE II. Eigenvectors of the force-constant matrix for NNO. The first row is

associated with the soft mode.

Eigenvectors

Na | Nb O O O

0.494 [ 0.583 |-0.429]-0.429(-0.219

0.447(0.447 | 0.447 1 0.447 | 0.447

-0.745] 0.663 | 0.001 | 0.001 | 0.080

0.000 | 0.000 |-0.707| 0.707 | 0.000

-0.037]-0.146|-0.340(-0.340] 0.863
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Figure Captions:

Figure 1 (Color online). Total energy-versus-misfit strain curves for the three
presently considered phases of epitaxial (001) NaNbOj thin films. The zero of en-
ergy corresponds to the minimal energy, which is associated with the Pmc2; phase

at the epitaxial strain of +1.78%.

Figure 2 (Color online). Misfit strain dependence of (a) the polarization and
(b) quantities related to oxygen octahedral tilting (see text) for the three presently
considered phases of epitaxial (001) NaNbOj thin films.

Figure 3 (Color online). Misfit strain dependence of a quantity related to antipo-
lar displacements (see text) associated with (a) the A and (b) X points of the cubic
first Brillouin, for the three presently considered phases of epitaxial (001) NaNbOj3
thin films.
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