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Competing polar and antipolar phases in n = 2 Ruddlesden-Popper
niobates and tantalates from first principles
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The Li-based layered perovskites Li,AB,O; (A = Ca, Sr; B = Nb, Ta) host competing ferroelectric and
antiferroelectric states which arise from coupled octahedral rotation distortions and (anti)polar instabilities. We
combine density functional theory (DFT) calculations with group theoretic analysis to unravel the mechanism
that controls the relative energies of these competing states. We identify transition paths between the competing
polar and antipolar states with very low-energy barriers (<3 meV/f.u.), and show that stacking domain walls
can facilitate an antipolar-polar transition. We furthermore show that epitaxial strain tunes the relative energy
between the polar and antipolar phases. We compare the Li,AB,0O; materials to other families of layered

perovskite oxide (anti)ferroelectrics.
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I. INTRODUCTION

Ferroelectrics and antiferroelectrics are both classes of ma-
terials that are of great fundamental and applied interest due to
their structural phase transitions, complex domain structures,
and applications in low-power electronics and energy stor-
age devices [1-3]. Ferroelectrics have polar crystal structures
with a polarization that can be reversed in direction by an
applied electric field, whereas antiferroelectrics have a non-
polar ground state and a low-energy polar phase which can
be reached via an electric-field-driven first-order phase tran-
sition. Both ferroelectricity and antiferroelectricity have been
intensively investigated in the context of ABO3 perovskites,
with prototypical examples being ferroelectric BaTiO3; and
antiferroelectric PbZrOj3. Ferroelectricity in oxide perovskites
typically arises from the second-order Jahn-Teller effect or
from lone pair-active cations [4,5], whereas antiferroelectric-
ity generally arises from a complex competition of structural
phases. [6,7].

In the past decade, significant interest has developed in
ferroelectricity in layered perovskites, which are materials
where perovskite slabs interleave with other structural units.
The discovery of hybrid improper ferroelectricity in n = 2
Ruddlesden-Popper (RP) oxides (chemical formula A3B,07),
whereby polarization is induced via a trilinear coupling to
octahedral rotation distortions [8,9], has led to the discovery
of several room-temperature ferroelectrics [10-14]. In addi-
tion, further studies have revealed that these materials exhibit
very flat energy landscapes with multiple competing structural
phases that are close in energy [15-17]. This facilitates low
ferroelectric switching barriers and other properties such as
complex domain structures [18] and nanoscale polar/nonpolar
phase coexistence [19]. Interestingly, competing low-energy
nonpolar phases also exhibit trilinear couplings between
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octahedral rotations and antipolar distortions, which has mo-
tivated proposals that antiferroelectricity could arise via a
mechanism analogous to hybrid improper ferroelectricity in
n=2RPs[11].

A closely related family of layered perovskites are the
Li,AB,O7 (A = Ca, Sr; B = Nb, Ta) materials [20]. The
crystal structure of Li;AB, 07 consists of slabs containing two
ABOj; perovskite layers alternating with Li,O layers (instead
of AO rocksalt layers as in the A3B,07 RPs). These Li-based
RPs have been been studied for their possible applications
in Li-ion conduction [21] and CO, capture [22]. In the past
few years, the Li;AB,O; materials have emerged as a family
of (anti)ferroelectric materials. Experiments have revealed a
rich structural phase diagram, with different studies report-
ing several competing polar and nonpolar phases as well
as both ferroelectricity and antiferroelectricity [23-29]. In
addition, density functional theory (DFT) calculations have
reported that these competing polar and nonpolar phases are
extremely close in energy (<1 meV/fu. for Li;SrNb,O7)
[23]. This indicates a much flatter energy landscape than
the A3B,07; RPs, where the energy difference between the
polar ground state and lowest-energy nonpolar phase is typi-
cally >10 meV /f.u. [14,17]. However, open questions remain
about the mechanism that controls the relative energies of
the competing polar/nonpolar phases of Li;AB,0O7, as well
as the transition pathway between these phases which is crit-
ical for (anti)ferroelectricity. In this paper, we combine DFT
calculations with group theoretic analysis to take steps toward
addressing these questions.

Figure 1(a) shows the crystal structure of the Li,AB,O5
materials in the high-symmetry I4/mmm reference phase.
The adjacent perovskite slabs are offset from each other by
a distance of (agp/2)[110], and the Li cations are situated
directly above/below the perovskite equatorial oxygen atoms.
The crystal structures of the various competing phases in
Li,AB,0 are distorted by sets of atomic displacements that
lower the symmetry from /4/mmm. At room temperature,
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FIG. 1. Crystal structure of Li,AB,O; (A = Ca, Sr; B = Nb, Ta): (a) High-symmetry /4/mmm reference structure, (b) polar A2,am
structure, and (c) antipolar Prnam structure. The upper and lower perovskite slabs are colored light and dark gray, respectively. The A2;am
(Pnam) structure can be decomposed with respect to /4/mmm into three structural distortions [(b) and (c)]: an out-of-phase octahedral rotation
that transforms like X; (highlighted in blue boxes), an in-phase octahedral rotation that transforms like X, (orange boxes), and a polar
(antipolar) distortion that transforms like I'; (M;). The X;  octahedral rotation is identical in the two structures [lies along the (a, 0) order
parameter direction], whereas the X' octahedral rotation is along the (a, 0) direction in A2;am and along the (0, @) direction in Pnam. As a
result, the sense of the X, octahedral rotation in A2;am and Pnam is the same in perovskite slab 2 (dark gray) and the opposite in slab 1
(light gray). For clarity, the X; and X," distortions in (b) and (c) are viewed along the [001] axis, and the Li and Ca/Sr atoms are suppressed.
Distortion amplitudes in this figure are artificially increased for better visualization, and the atomic displacements are highlighted with arrows.

Uppuluri et. al. [23] reported that Li,StNb,O5 crystallizes in
the orthorhombic polar A2 am space group and then transi-
tions to a nonpolar orthorhombic Pnam structure at 200 K.
The A2 am structure can be decomposed into three structural
distortions with different symmetries [Fig. 1(b)]: an out-of-
phase (a~a~c® in Glazer notation) octahedral rotation that
transforms like the irreducible representation (irrep) X, , an
in-phase (a’a’c*) octahedral rotation that transforms like X",
and a polar distortion that transforms like I'y. The Pnam
structure, shown in Fig. 1(c), is closely related to A2;am and
can be decomposed into the same X; and X, octahedral
rotations (although the sense of the X2+ rotation in adjacent
perovskite slabs is reversed), together with an antipolar distor-
tion that transforms like M3 . We note that the A3B,07 hybrid
improper ferroelectrics crystallize in the same A2;am struc-
ture, with the Pnam structure (which is higher in energy in
these materials) playing an important role in the ferroelectric
switching process [17].

In contrast, several other works have reported that, at room
temperature, Li, StNb,O7 crystallizes in the nonpolar Amam
phase (X;  octahedral rotation only), and then at 217 K, it
transitions to a polar P2, an phase [24,27,28]. The polar P2 an
phase is a subgroup of Pnam: in addition to the three distor-
tions shown in Fig. 1(c), there is a polar distortion along the
[001] direction which transforms like I';". However, DFT cal-
culations have shown that Li,StNb,O5 in the Pnam structure
is dynamically stable and have not identified an instability to
the P2 an phase [24,27].

Chemical substitution on the A or B site (Sr — Ca or
Nb — Ta) tunes the structural phase transitions. Substitution
of Ta for Nb suppresses the A2;am, Pnam, and Pna2, phases,
so that Li,SrTa, 07 remains in the Amam phase down to low
temperature [29,30]. The suppression of ferroelectricity by
Ta substitution is well documented in Nb-based perovskite
ferroelectrics such as KNbO3 [31,32]. Substitution of Ca for
Sr reduces the perovskite tolerance factor and hence enhances
the octahedral rotation amplitudes. Experiments have reported
that Li;CaTa, 07 has Pna2; symmetry at room temperature
and then transitions to Pnam at 490 K and subsequently to
Amam at 930 K [25,26,33]. DFT calculations on Li,CaTa, 07
found that the Pna2, structure is ~0.1 meV/f.u. lower than
Pnam [33]. Li,Ca;Nb,O7 has not been reported experimen-
tally to our knowledge, which has been attributed to large
octahedral rotations destabilizing the structure [20].

Arising from this plethora of reported Li,AB,O; struc-
tural phases, several mechanisms for anti(ferroelectricity) in
these materials have been proposed. The presence of a tri-
linear coupling between octahedral rotations and (anti)polar
distortions in the A2,am and Pnam phases has led to pro-
posals for hybrid improper (anti)ferroelectricity, whereas the
lone pair-active Nb>* cation can give rise to proper ferro-
electricity (particularly with regard to the Pnam — Pna2,
transition). Previous work has argued that both proper and
hybrid-improper ferroelectric mechanisms are active at the
same time in the Li,AB,O; materials, with the relative im-
portance of each mechanism being tunable by substituting
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TABLE 1. Decomposition of the DFT-relaxed and experimental Prnam and A2,am phases of Li, StNb,O; with respect to the high-symmetry
14 /mmm reference structure. Distortion amplitudes are expressed in A for a 48-atom cell. The experimental structures are obtained from Ref.
[23]. 02}, and O2, refer to O2 displacements parallel and perpendicular to the B-O2 bond, respectively, and O2, are displacements along

[001].
Mode amplitude (A)
Pnam A2,am
X, X5 M3 'y Xy ry

Atoms DFT Expt. DFT Expt. DFT Expt. DFT Expt. DFT Expt. DFT Expt.
Li —0.01 0.41 0.60 0.62 0.07 —-0.35 0.07 —0.06 0.60 0.50 0.04 0.35
Sr - - —0.06 —-0.02 0.19 —0.13 - - —0.06 —0.05 —0.13 —0.01
Nb - - —0.06 —0.01 -0.27 —0.05 - - —0.06 —0.02 -0.17 —-0.22
01 - - 0.52 0.48 0.03 —0.24 - - 0.52 0.42 0.09 0.04
02 0.01 0.01 - - 0.05 —0.21 —0.01 0.09 - - 0.03 —-0.07
02, —0.20 —0.11 - - —-0.02 0.17 —0.18 —0.08 - - 0.05 —0.03
02, - - 0.78 0.69 - - - - 0.78 0.74 - -
03 - - —0.51 —0.55 —0.01 0.14 - - —0.51 —-0.47 0.08 —-0.04
Total 0.20 0.43 1.23 1.18 0.35 0.54 0.19 0.14 1.23 1.09 0.26 0.42

Ca — Sr and Nb — Ta [25,27]. Interestingly, a combined
proper/hybrid improper ferroelectric mechanism was also re-
cently reported in a layered Dion-Jacobson perovskite [34].

The plan for the rest of this paper is as follows. After
summarizing our methods in Sec. II, we analyze the reported
low-energy polar and nonpolar structures in Sec. III. We un-
derstand how structural instabilities and couplings between
structural order parameters control the relative energetics of
these phases using bulk calculations on a family of metastable
phases in Sec. IV and energy surface calculations in Sec. V.
In Sec. VI, we explore energy barriers between the polar and
nonpolar phases and discuss their relation to stacking domain
walls. In Sec. VII, we investigate the effect of epitaxial strain.
Finally, in Sec. VIII, we conclude.

II. METHODS

We perform DFT calculations using VASP [35,36] with
the PBEsol functional [37,38]. The projector-augmented-
wave pseudopotentials used for the calculation are Li_sv
(1s%2s1), Ca_sv (3s23p%4s?), Sr_sv (4s*4p°5s%), Nb_sv
(45%4p°55%4d3), Ta (6s°5d%), and O (25?2p*). We use a
48-atom computational unit cell with a 6 x 6 x 2 Monkhorst-

Pack k-point mesh and a plane-wave cutoff of 600 eV. We
employ a force convergence tolerance of 2.0 meV/A for
structural relaxations. To calculate transition paths between
the competing phases, we use the nudged elastic band (NEB)
method [39] to relax the intermediate structures. The ionic
positions, lattice parameters, and volume of the intermedi-
ate structures are allowed to relax in the NEB calculations
with an increased force convergence tolerance of 10 meV/A.
The ISODISTORT, ISOTROPY, ISOVIZ, ISOCIF, and FINDSYM tools
from the ISOTROPY software suite [40] are used for group
theoretic analysis, and VESTA [41] is used for crystal structure
visualization.

III. LOW-ENERGY POLAR AND ANTIPOLAR
STRUCTURES

We start our investigation by using DFT to perform struc-
tural relaxations of the Li,AB,07 (A = Ca, Sr; B = Nb, Ta)
materials with symmetry constrained to space groups Pnam
and A2;am. In agreement with previous DFT calculations
[23,27,33], we find that Pnam is slightly lower in energy than
A21am. We decompose these structures with respect to the
high-symmetry reference structure /4/mmm to obtain struc-

TABLE II. Total energy of Li,AB,0O; (A = Sr, Ca; B = Nb, Ta) in various structural phases calculated from DFT structural relaxations.
Energies are reported in meV /f.u. with respect to the energy of /4/mmm. Order parameter directions that establish each space group are given.

Energy (meV/f.u.)

Space group Irrep Li;StNb, O, Li,SrTa, 0, Li,CaNb,0O, Li,CaTa, 0,
F2mm I'S(a, a) —-1.73 0.00 —4491 —6.55
Amam M; (0, a) —2.45 —0.03 —47.57 —6.85
Acam X, (a; 0) —0.03 —0.03 —136.19 —79.21
Amam X; (a; 0) —53.93 —40.95 —321.61 —301.42
P4, /mnm X5 (a; a) —41.55 —33.14 —275.61 —261.80
A21am X;M(a; 0) B X; (a; 0) P T'5(a, @) —57.25 —40.88 —422.39 —367.09
Pnam X;5(0; a) B X; (a; 0) P M5 (0, a) —57.90 —40.93 —427.42 —373.11
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FIG. 2. Li,SrNb,0O; energy surfaces: Energy as a function of distortion amplitude for (a) the X; and X, octahedral rotations, and (b) and
(c) the polar Iy and (b) and (d) antipolar M distortions. The solid markers indicate energy surfaces where a single distortion is frozen into
14/mmm, which are used to extract the «; and §; coefficients in Table III. The open markers indicate energy surfaces used to extract the
biquadratic §; coefficients, where a fixed amplitude of one distortion (given in the legend in A for a 48-atom cell) is frozen in, and then a
second distortion is frozen in with increasing amplitude. The trilinear coupling coefficients y; are extracted by fitting the linear region of the
pink and turquoise curves in (c) and (d). For comparison, the curves from (b) are reproduced in (c) and (d). The pink dashed line in (d) shows

the energy minimum from (c).

tural distortion amplitudes. The decomposition of both the
DFT-relaxed and experimentally reported [23] structures for
Li;StNb,O5 are presented in Table I (decompositions for the
other three compounds are given in Appendix A). The X;
octahedral rotation is the largest amplitude distortion in both
the DFT and experimental structures. The majority of the X3
amplitude comes from oxygen displacements, although there
is a significant Li displacement as well. The X, octahedral
rotation amplitude is much smaller. Finally, the polar (I's)
and antipolar (M) distortions arise from displacement of
the Sr and Nb cations against the oxygen sublattice. These
cation displacements are in the same direction in adjacent
perovskite slabs in the I'; polar distortion (yielding a net
polarization), whereas they are in opposite directions in the
My antipolar distortion [see Figs. 1(b) and 1(c)]. The MJ
amplitude in Pnam is larger than the I';” amplitude in A2,am
(0.35 vs 0.26 A for the DFT structures). Interestingly, the
My and I'J distortions contain fairly large Li displacements
in the experimental structure which are not present in the
DFT-relaxed structures. This difference could arise from fac-
tors such as temperature-dependent changes in displacement
amplitudes or differences between the experimental and DFT
lattice parameters.

Finally, we explore the polar Pna2; structure which has
been reported in several experiments [24-28,33]. This struc-
ture is derived from Pnam by adding in a polar distortion
along the ¢ axis (which transforms like the I'; irrep of
14/mmm). We freeze a I'; distortion into the Pnam structure
to establish Pna2; symmetry and then relax this structure
with DFT to assess whether it is lower energy than Pnam.

We find that Pna2; is 0.1 meV/f.u. lower in energy than
Pnam for Li,CaNb,O5. In contrast, we find that Pna2; relaxes
back to the Pnam structure for Li,SrNb,O7, Li,CaTa,07,
and Li,SrTa;O5. As a result, we do not consider the Pna2,
structure further in this paper.

IV. METASTABLE STRUCTURAL PHASES

To get further insight into the competing Pnam and A2;am
phases, we next use DFT to perform structural relaxations of
our LiAB,07 materials in various metastable phases. This
allows us to probe the (in)stability of different structural dis-
tortions and assess how they combine together to create the
low-energy phases.

To set the stage, we briefly review the key features of
the symmetry framework needed for enumerating and an-
alyzing these distorted structural phases. The distortions
introduced above that transform like the X;~, X;", s, and
My irreps are each described by a two-dimensional order
parameter. These order parameters have three distinct di-
rections: (a;0), (a;a), and (a;b), where a and b are real
numbers. Each of these directions defines a different sub-
group of /4/mmm. For example, the (a;0) direction of X;
establishes Amam, whereas the (a;a) and (a;b) directions
establish P4,/mnm and Pnnm, respectively. To establish
the symmetry of the Pnam and A2;am structures, two out
of the three structural order parameters must be speci-
fied; then the other is allowed by symmetry. For example,
the A2;am symmetry is established by imposing the (a;0)
direction of both the X;” and X;r distortions, whereas the
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TABLE III. Landau coefficients obtained by fitting the energy surfaces for Li, StTNb,O7 in Fig. 2 to the Landau expansions given in Egs. (1)

and (2).
Subindices
Coefficients (units) 1 2 3 4 5 6
o (meV/A%f.u.) —72.65 74.08 —38.22 —47.69 - -
B (meV/A*f .u.) 29.02 25.56 317.20 817.00 - -
y (meV /A u.) —108.43 —134.69 - - - -
8 (meV/A* .u.) 33.56 18.28 —41.46 33.56 30.23 —68.60

Pnam symmetry is established by imposing the (a;0) direc-
tion of X; and the (0; a) direction of X,". Specifying these two
distortions is sufficient to establish the A2;am (Pnam) space
group; the ' (M) distortion is then allowed by symmetry.

We perform DFT structural relaxations of Li;AB,O7 (A =
Sr, Ca; B = Nb, Ta) with symmetry constrained to space
groups that are established by the X;, X,, I's, and Mg
irreps. We consider space groups established by one of these
irreps individually as well as those established by pairs
of irreps. The total energies from these calculations are
shown in Table II (lattice parameters and distortion ampli-
tudes are given in Appendix A). For Li,StNb,O;, Pnam is
slightly lower energy (<1 meV/f.u.) than A2,am, in agree-
ment with Ref. [23]. The Amam structure (X5 octahedral
rotations only) is the next lowest in energy. Li,CaNb,O;
and Li;CaTa,O; present the same energy ordering of these
phases, although the overall energy scale is larger because
the smaller size of the Ca ion causes larger distortion am-
plitudes. Finally, for Li,SrTa,O7, we find that the Prnam and
A21am structures relax to the Amam phase, which agrees
with the experimental observations of Amam down to low
temperature.

Next, we focus on the structural phases established by
the X , I's, and Mg distortions individually. As shown in
Table II these phases have symmetries Acam, F2mm, and
Amam, respectively. We emphasize that the Amam phase es-
tablished by My is distinct from the Amam established by X;~,
and from here on, we refer to it as Amam(My) for clarity.

Although these phases are quite high in energy compared with
the ground state, they provide insight into the (in)stability of
14 /mmm with respect to the X;r ,I's,and M distortions. This
information is in turn useful for understanding how these dis-
tortions contribute to the low-energy phases. For Li;StNb,O7,
we find that the I'y and My distortions lower the energy
slightly, with Amam(M;) being slightly lower energy than
F2mm (2.5 vs 1.7 meV/f.u. below 14/mmm, respectively).
In contrast, the Acam structure relaxes to I4/mmm, which
shows that the X," distortion is not itself an instability of
I4/mmm (and hence, it must be induced via coupling to
other unstable distortions in the Pnam and A2{am structures).
As expected, none of these distortions are energy lowering
in Li,SrTa, 07 since this compound is stable in the Amam
structure.

The Acam, F2mm, and Amam(M3) structures are all lower
energy than /4/mmm for Li;CaNb,0O; and Li,CaTa,0;. Of
the three structural phases, Acam is the lowest in energy.
This contrasts with Li,SrNb,O7, where the X2+ distortion
is stable, and can be understood by noting that replace-
ment of Sr with Ca reduces the tolerance factor and hence
enhances instabilities to octahedral rotations. For both com-
pounds, Amam(My ) and F2mm are quite close in energy, with
Amam(M3’) being slightly lower in energy. These phases are
~45 meV /f.u. below /4 /mmm in Li,CaNb, O, whereas they
are only ~7 meV /f.u. below /4/mmm in Li;CaTa;O;. This
difference can be understood based on the stronger lone-pair
instability of Nb>* compared with Ta>*

~ A2;am P2:am Pnam A2;am P2:nm Pbnm
= L 1
,,,<' 15' (C)
% 2 (a)
10+
S
~ 1_
>
o
g 0 01
w
1.251 (b) (d) <X+ (a;0)
< —a A A 101 > X (0; a)
g1.20__ 1 A X5 (a;0)
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g— 0.2 ’ * I
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FIG. 3. Energy trajectory for Li,StNb,O; between polar A2,am and (a) antipolar Pnam and (c) antipolar Pbnm (orthorhombic twin of
Pnam) obtained from nudged elastic band calculations. The intermediate structures have symmetry P2,am in path (a) and P2,nm in path (c).
(b) and (d) show the evolution of the X , X5, s, and My structural distortion amplitudes.
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V. LANDAU EXPANSION AND ENERGY SURFACES

The total energies of the metastable phases discussed in the
previous section inform us about the instability of /4/mmm to
the various distortions; however, they do not tell us about how
coupling between these distortions establishes the low-energy
Pnam and A2 am phases. To understand these couplings, it is
useful to perform Landau expansions about /4/mmm in terms
of the structural distortion amplitudes Q that contribute to the
Pnam and A2;am structures. These expansions, for the Pnam
and A2;am structures, respectively, go as

EPnam(X;a X2+’ M;) = E(X;) + E(Xer) + E(M;)
+ Elri,Prmm + Ec,Pnam (1)
and
Epan(X5 . X, T5) = EX;) + E(X,) + E(Ty)
+ Elri,AZIam + Ec,AZIam~ (2)

Here the single-distortion terms are
E(X7) =10y + B0y, -
EX)) = 00y + 205,
E(M;) = e30;, + B0y
E(TS) = asQb- + a0y

There are trilinear coupling terms between the X; and X,
octahedral rotations and the Mg (I'y) distortions:

Etri,Pnam =Y QX; Qx;QM;a 3)

Etri,A21am = VZQX; QXZ+ QF; ’ (4)

and finally, there are biquadratic coupling terms between each
pair of structural distortion order parameters:

Ec.puan = 8105 Qxs + 505 03 + 83050y
Ecaviam = 8403 Q%+ + 0505 OF - + 8603, OF..

We obtain the coefficients of these Landau expansions for
Li,StNb,O; by fitting the DFT-computed energy surfaces
shown in Fig. 2 and report the results in Table III (energy sur-
faces and Landau coefficients for Li,CaNb,O5, Li,CaTa, 07,
and Li,SrTa, 05 are given in Appendix B).

Figures 2(a) and 2(b) show energy surfaces for Li, StNb, O
obtained by freezing in each of the X, X;, I, and My dis-
tortions into the /4 /mmm structure individually. As expected,
based on the total energy calculations presented in Sec. 1V,
the X;7, Iy, and M. distortions yield double-well energy sur-
faces, whereas the X," energy surface is parabolic, indicating
that this distortion is energetically stable. The minimum of the
My energy surface is slightly lower than the minimum of the
' surface, again consistent with the bulk energy calculation
result that Amam(My) is slightly lower energy than F2mm.
Fitting these energy surfaces yields the «; and B; coefficients
given in Table III. The energy surface in Fig. 2(a) with open
symbols is obtained by freezing in a fixed amplitude of the X3
distortion (1.23 A, as indicated in the figure) and then freezing
in the X;r distortion on top of that. Fitting this curve yields the

> Pnam

>A2,am

>Pnam

FIG. 4. Schematic of a stacking domain wall (dashed line) in
Li,StNb,O; that can form between antipolar Pnam domains with
opposite M5 order parameter directions. The local crystal structure at
the stacking domain wall is polar A2;am. The black arrows indicate
the cation displacement direction in each perovskite slab.

biquadratic coupling coefficient §; between the X; and X,
distortions.

Figures 2(c) and 2(d) explore the couplings between the
I’ (M;) distortions and the octahedral rotations. Fitting the
curves with open symbols in Figs. 2(c) and 2(d) gives the
biquadratic coupling coefficients. We find an unusual negative
biquadratic coupling between the X," rotation and the M, and
' distortions (83 and J6 in Table III). To obtain the trilinear
coupling coefficients in Egs. (3) and (4), we impose fixed am-
plitudes of both the X;™ and X2+ distortions and subsequently
freeze in increasing amplitudes of the M (I'y) distortions.
Both y; and y, are large and negative, indicating the impor-
tance of the trilinear term in lowering the total energy of the
Pnam and A2;am structures. These trilinear coupling terms
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FIG. 5. Impact of epitaxial strain on (a)-(d) Li,StNb,O; and (e)—(h) Li,SrTa,O;. (a) Total energy, (b) energy difference between Pnam
and A2,am, (c) A2;am distortion amplitudes, and (d) Pnam distortion amplitudes for Li, StNb,O; as a function of strain. (e) Total energy, (f)
energy difference between Amam and A2;am (blue) and Amam and Pnam (orange), (g) A2,am distortion amplitudes, and (h) Pnam distortion
amplitudes for Li,SrTa, 07 as a function of strain. The distortion amplitudes are reported for a 48-atom computational cell.

are responsible for inducing the X; distortion in Li;STINb,O7,
which on its own is energetically stable [Fig. 2(a)]. The tri-
linear coupling does not induce M; ('), which can be seen
by noting that the distortion amplitude at which the energy
reaches its minimum does not increase when the trilinear cou-
pling is included [compare black and pink (red and turquoise)
curves in Figs. 2(c) and 2(d), respectively]. Thus, we find
that the slightly lower energy of Pnam compared with A2;am
in Li;SrNb,O7 can be traced back to the fact that the M
distortion is slightly more energy lowering than the I'y" distor-
tion [Fig. 2(b)]. We note that this contrasts with the A3B,07
hybrid improper ferroelectrics, where unstable X; and X,
distortions induce the polar distortion (which generally is
stable on its own) [8]. Instead, Li, StNb,O7 is more similar to
the Aurivillius-phase ferroelectrics SrBi,(Nb,Ta),09, where
ahard X;" distortion induced by a trilinear coupling stabilizes
the polar ground-state phase [42,43].

Finally, we compare Li;SrNb,O; with Li,CaNb,O; and
Li,CaTa,O; (see Appendix B for full details and energy sur-
face plots). In both Li,CaNb,0O; and Li,CaTa,07, freezing
in the X;*, X;7, MS, and T’y distortions yields double-well
energy surfaces. The X;r energy surfaces have a lower mini-
mum energy than the M and I'5 surfaces due to the smaller

tolerance factor in these materials. Thus, the role of the tri-
linear coupling terms in Egs. (3) and (4) are different in
Li,SrNb,O7 and the Ca-based materials: In Li; SrNb,O5, the
trilinear coupling induces the stable X, distortion, whereas in
the Ca-based materials, the trilinear coupling induces a larger
value of the M and I'5” distortions than would be present just
from their instabilities alone.

VI. ENERGY BARRIERS BETWEEN POLAR
AND ANTIPOLAR PHASES

Having understood the origin of the small energy differ-
ence between the Pnam and A2,am phases in the previous
sections, we next investigate the energy barrier between
these two phases in Li,SrNb,O; using NEB calculations.
Figure 3(a) shows the energy trajectory between Pnam and
A21am, from which we identify a very low energy barrier
between these phases of 2.30 meV/f.u.. The intermediate
structures along the trajectory have symmetry P2,am. Fig-
ure 3(b) shows the evolution of the distortion amplitudes along
this trajectory. Transitioning from A2;am to Pnam involves
reversing the sense of the X," octahedral rotation in every
other perovskite slab, which in order parameter language
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FIG. 6. Impact of epitaxial strain on (a)-(d) Li,CaNb,0O5 and (e)—(h) Li,CaTa,07: (a) Total energy, (b) energy difference between Pnam
and A2 am, (c) A2yam distortion amplitudes, and (d) Prnam distortion amplitudes for Li,CaNb,O; as a function of strain. (e) Total energy,
(f) energy difference between Pnam and A2 am, (g) A2,am distortion amplitudes, and (h) Pnam distortion amplitudes for Li,CaTa,0; as a
function of strain. The distortion amplitudes are reported for a 48-atom computational cell.

corresponds to changing the X" direction from (a; 0) to
(0; @), as shown by the cyan and lavender symbols in
Fig. 3(b). At the same time, the M3 and I'5 distortions turn
on and off, respectively [red and black symbols in Fig. 3(b)],
whereas the X5~ distortion is unchanged (blue symbols).

A second possible transition path is to keep the X," order
parameter fixed at (a; 0) and instead change the X;  order
parameter direction from (a; 0) to (0; a). This corresponds to
rotating the axis of the X;~ octahedral rotations by 90° and
establishes an orthorhombic twin of the antipolar structure
with symmetry Pbnm (distinguished from Prnam by a different
space group setting). The energy trajectory between A2 am
and Pbnm is shown in Fig. 3(c) and gives a higher energy
barrier of 15.11 meV/f.u. because it involves changing the
larger amplitude X;  octahedral rotation. The intermediate
structures along the trajectory have P2;nm symmetry, and
the X5~ amplitude along the (a; 0) direction turns off (blue
markers), as the amplitude along the (0; a) direction increases
(brown markers) along the transition path [Fig. 3(d)]. The X2+
amplitude changes very little, whereas the M (I';’) amplitude
increases (decreases).

These results suggest that the very low-energy P2 am-
barrier path shown in Figs. 3(a) and 3(b) facilitates

antiferroelectric behavior in Li>» StTNb,O7. To understand how
this antipolar-polar transition could proceed from a crystal
structure perspective, we note that symmetry analysis dic-
tates that the Pnam structure has eight structural domains
(divided between two orthorhombic twins) [17]. In a bulk
multidomain sample with Pnam symmetry, we expect that do-
mains with opposite antipolar M; order parameter direction
[(0, a) vs (0, —a)] can stack along [001], with the inter-
face between them forming a stacking domain wall. Figure 4
shows a schematic of such a domain wall. Locally, at the
interface between these antipolar domains, the structure has
A2;am symmetry. Motion of the stacking domain walls along
the [001] axis can facilitate a transition an antipolar-polar
transition from the Pnam to the A2;am phase. Analogous
stacking domain walls have been identified in the polar phase
of the A3B,07 hybrid improper ferroelectrics, and their mo-
tion facilitates the ferroelectric switching process in these
materials [13,17].

VII. EPITAXIAL STRAIN

Finally, we explore the effect of epitaxial strain on the
energetics of the low-energy phases of Li,AB>,O7;. We model
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TABLE IV. Lattice parameters of DFT-relaxed and experimental structures (in A) for Li»AB,O; (A = Ca, Sr; B = Nb, Ta).

LierNb207 LizSI'TﬁzO7 LizcaNb207 LiZCaTa207
Space group Lattice parameter DFT Expt. DFT Expt. DFT Expt. DFT Expt.
14/mmm a 3.947 - 3.949 3.944 [21] 3.919 - 3.925 -
b 3.947 - 3.949 3.944 3919 - 3.925 -
c 17.959 - 18.100 18.176 17.992 - 18.118 -
F2mm a 5.589 - 5.586 - 5.593 - 5.566 -
b 5.588 - 5.585 - 5.559 - 5.549 -
c 17.923 - 18.100 - 17.847 - 18.098 -
Amam (M5) a 5.591 - 5.585 - 5.595 - 5.567 -
b 5.589 - 5.585 - 5.561 - 5.549 -
c 17.914 - 18.101 - 17.830 - 18.099 -
Acam a 5.581 - 5.586 - 5.437 - 5.551 -
b 5.581 - 5.585 - 5.436 - 5.551 -
c 17.963 - 18.100 - 18.448 - 18.118 -
Amam (X;) a 5.583 5.59(7) [28] 5.587 5.582 [30] 5.521 - 5.530 5.558 [26]
b 5.568 5.57(7) 5.575 5.581 5.504 - 5.510 5.551
c 17.939 17.95(20) 18.044 18.184 17.966 - 18.041 18.504
P4, /mnm a 5.577 - 5.581 - 5.518 - 5.526 -
b 5.577 - 5.581 - 5.518 - 5.526 -
c 17.967 - 18.074 - 18.009 - 18.093 -
A2,am a 5.589 5.599 [23] 5.587 - 5.536 - 5.515 -
b 5.578 5.592 5.575 - 5.447 - 5.443 -
c 17.914 18.010 18.039 - 17.985 - 18.140 -
Pnam a 5.590 5.594 [23] 5.586 - 5.533 - 5.514 5.533 [26]
b 5.579 5.589 5.574 - 5.442 - 5.439 5.505
c 17.909 17.933 18.045 - 17.994 - 18.146 18.352

TABLE V. Distortion amplitudes obtained by decomposing the DFT-relaxed structural phases given in Table II with respect to the high-
symmetry reference I4/mmm. The distortion amplitudes are reported in units of A for a 48-atom cell.

Distortion amplitude A)

LizSI'Nb207 LizSI'TﬁzO7 leC&szO7 Li2C3T3207

Spacegroup I's M; X+ Xy ;s My Xt Xy s My XS Xy I My XS Xy

F2mm 0.22 - - — 0.00 - — — 0.69 - - - 0.44 - - -
Amam (M) - 031 - - - 001 - - - 079 - - - 047 - -
Acam - - 001 - - ~ 001 - - - 166 - - - 12 -
Amam (X3) — - - 1.23 — - — 1.17 - — — 1.94 — — — 1.94
P4y /mnm - - - 104 - - S 1)) - 166 - - — 166
A2,am 026 - 019 123 000 - 000 117 073 - 119 18 060 - 118 182
Pnam — 035 020 1.23 — 0.01 0.01 1.18 - 080 122 1.86 — 0.63 1.21 1.84
(a)
50 60
3 25 3
g S 40
() ()
£ 0 £
> >20+
g—25' A X5 (3;0) S
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FIG. 7. Li,SrTa,O; energy surfaces: Energy as a function of distortion amplitude for (a) the X; (a; 0) and X, (a; 0) octahedral rotations,
and (b) the polar I'y (a, a) and antipolar M; (0, a) distortions.
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FIG. 8. Li,CaNb,O; energy surfaces: Energy as a function of distortion amplitude for (a) the X; (a; 0) and X; (a; 0) octahedral rotations,
and (b) and (c) the polar I'; (a, a) and (b) and (d) antipolar My (0, a) distortions. The pink (turquoise) curves in (c) and (d) are computed by
imposing a fixed amplitude of the X;” and X, distortions, and then computing the energy as a function of polar (antipolar) distortion amplitude.

For comparison, the curves from (b) are reproduced in (c) and (d).

strain by performing strained-bulk calculations: We impose
a square biaxial constraint in the ab plane and allow the
c-lattice constant and all internal atomic positions to relax.
Energy and distortion amplitudes as a function of strain are
shown in Fig. 5 for Li,Sr(Nb/Ta),0; and in Fig. 6 for
LiZCa(Nb/Ta)207.

Focusing first on Li;StNb,O7, Fig. 5(a) shows that Pnam
and A2;am remain very close in energy over the whole strain
range that we examine (+2% strain). Figure 5(b) shows the
energy difference AE = Ex3,4m — Epnam between the A2 am
and Pnam phases. This energy difference is positive at all
strain values, indicating that Pnam remains the lowest-energy
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FIG. 9. Li,CaTa, 07 energy surfaces: Energy as a function of distortion amplitude for (a) the X; (a; 0) and X, (a; 0) octahedral rotations,
and (b) and (c) the polar I'; (a, a) and (b) and (d) antipolar M; (0, a) distortions. The pink (turquoise) curves in (c) and (d) are computed by
imposing a fixed amplitude of the X; and X,' distortions, and then computing the energy as a function of polar (antipolar) distortion amplitude.

For comparison, the curves from (b) are reproduced in (c) and (d).
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TABLE VI. Coefficients obtained by fitting the energy surfaces
of Li,SrTa,07 in Fig. 7 to the Landau expansions given in Egs. (1)
and (2).

Subindices
Coefficients (units) 1 2 3 4
o (meV/A%f .u.) —60.96 140.73 166.53 404.83
B (meV/A“f.u.) 27.40 15.49 56.74 34.11

phase. The minimum energy difference AE = 0.31 meV /f.u.
occurs at ~0.9% compressive strain. Figures 5(c) and 5(d)
show the strain evolution of the A2,am and Pnam distortion
amplitudes, respectively. For both structures, the X;~ octahe-
dral rotation amplitude decreases very slightly, going from
compressive to tensile strain. The X, octahedral rotation also
does not change much, except for compressive strains >~1%
when it starts to increase significantly. This accommodates the
shrinking lattice parameters in the ab plane by increasing the
Nb-O-Nb bond angles. At the same (1% compressive) strain,
the 'S and MJ amplitudes reach their minimum value. Both
these distortion amplitudes grow significantly with increas-
ing tensile strain. The My amplitude increases more, which
explains why AE in Fig. 5(b) becomes larger under tensile
strain.

Figures 5(e) and 5(h) show the energetics and distortion
amplitudes for Li;SrTa,O7; as a function of strain. Since
Amam is the bulk ground state of Li,SrTa, 07, Fig. 5(f) shows
the energy differences between this phase and A2;am (blue)
or Pnam (orange). As expected, for small strains, AE = 0,
indicating that A2,am and Pnam relax to Amam. However, for
compressive strains >~1%, AE becomes positive, indicating
that these phases are lower in energy than Amam (with Pnam
being the lowest-energy phase). This transition to Pnam also
is evident from the distortion amplitudes in Figs. 5(g) and
5(h): The X', Mg, and 'y distortions become nonzero, with
the X, amplitude increasing the most for compressive strains
>1%. The X;~ amplitude decreases very slightly, going from
compressive to tensile strain.

The strain evolution of the the Ca-based materials is
different from their Sr-based counterparts, although the be-
haviors of Li,CaNb,O; [Figs. 6(a)-6(d)] and Li,CaTa,05

(a)

[Figs. 6(e)-6(h)] are qualitatively similar to each other. For
Li,CaNb,O7 [Figs. 6(a)-6(d)], Pnam remains the lowest en-
ergy under compressive and moderate tensile strains, but then
~1.5% tensile strain, the A2;am structure becomes the lowest
energy. Li,CaTa,;O; shows a similar trend [Figs. 6(e)-6(h)]:
The energy difference between Pnam and A2;am gets smaller,
but there is no crossover to A2;am within the strain values
of our calculations. Examining the distortion amplitudes, for
both materials, the X;~ amplitude increases very slightly with
strain, whereas the X2+ amplitude decreases. In Li,CaNb,O7,
the I'; and M5 amplitudes increase with strain, whereas in
Li,CaTa, 07, they decrease slightly.

VIII. DISCUSSION

In this paper, we present a systematic analysis of the
competing low-energy structural phases of Li,AB,O; (A
= Sr, Ca; B = Nb, Ta). DFT calculations show that the
antipolar Pnam structure is slightly lower in energy than
the polar A2jam structure in Li,SrNb,O7, Li,CaNb,0O7,
and LiCaTa;O;. We identify a subtle difference between
the mechanism for stabilizing these competing phases in
Li»StNbyO7 and Li;Ca(Nb,Ta);05. In Li;StNb,O7, the X,
and M (I'y) distortions are unstable, and a trilinear coupling
induces the stable X;r distortion. The slightly lower energy of
Pnam can be traced back to the M3 antipolar distortion being
slightly more energy lowering than the polar I'; distortion.
In contrast, all the distortions are unstable in the Ca-based
materials, with the X" distortion being significantly more
unstable than M3 (I'y). For these materials, the trilinear cou-
pling induces a part of the M (I'y’) amplitude. Due to these
differences, (anti)ferroelectricity in Li,SrNb,O; arises from
a proper mechanism, whereas in Li;Ca(Nb,Ta),07, it arises
from a combination of proper and hybrid improper mecha-
nisms. Although in this paper we do not explicitly consider
the Pna2; phase which has been reported in several experi-
ments [24-28,33], we believe that our results are applicable
for understanding Pna2; as well because it is derived from a
very small distortion to the Pnam structure.

It is instructive to compare the Li; AB,O; materials with
other layered perovskite (anti)ferroelectrics with symmetry-
allowed trilinear coupling. The coupled distortions in these
Li-based materials have the same symmetries (and hence

(b)

4 L)
’5 5 ‘||‘|| LioCaTa,04
‘;—' i ~e—M; (Pnam)
g 0+ ‘\“\‘ -&-Mg (Amam)
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FIG. 10. Energy as a function of I'J (a, a) and M; (0, a) distortion amplitudes for (a) Li,CaNb,O; and (b) Li;CaTa;O;. The energy
surfaces shown with the solid markers and lines are obtained using atomic displacements from the DFT-relaxed Pnam (red) and A2;am (black)
structures, whereas those shown with the open markers and dashed lines are obtained using atomic displacements from the DFT-relaxed Amam

(red) and F2mm (black) structures.
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TABLE VII. Coefficients obtained by fitting the energy surfaces of Li,CaNb,0O; in Fig. 8 to the Landau expansions given in Egs. (1) and (2).

Subindices
Coefficients (units) 1 2 3 4 5 6
o (meV /A% u.) —167.84 —96.80 —136.65 —189.46 - -
B (meV/A*f.u.) 29.22 36.08 181.70 289.03 - -
y (meV/A3f.u.) —194.40 —198.25 - - - -
8 (meV /A% .u.) 47.52 41.62 42.48 47.52 50.32 41.94

are described by the same irreps X;, X; , I's, and My) as
the distortions in the A3B,0O7 hybrid improper ferroelectrics
[8] as well as the n = 2 Aurivillius ferroelectrics such as
SrBi;(Nb,Ta), 09 [42], although the atomic displacement pat-
terns are somewhat different. Although the antipolar Pnam
phase is slightly lower in energy than polar A2;am in the Li-
based materials, A2;am is the ground state of both the A3B,07
and Aurivillius ferroelectrics, with Pnam being higher in
energy, ~10 meV/f.u. in the A3B,O; materials [17] and
~40 meV/fu. in Aurivillius SrBi;(Nb,Ta),09 [44]. Com-
pared with these other families of layered perovskites, the
LiAB,0; materials have exceptionally flat energy surfaces
which may enhance polar/antipolar phase competition in these
materials.

We also find a very low energy barrier between the Pnam
and A2;am phases (2.30 meV/f.u. for Li;StNb,O7), which
can facilitate an antipolar-polar transition and antiferroelec-
tricity. Based on this low energy and the compatibility of
the domains of the Pnam and A2iam structures, we expect
the presence of stacking domain walls in bulk Pnam-phase
samples, where domains with antipolar distortions in oppo-
site directions are stacked along [001]. The local structure
at the stacking domain wall has A2,am symmetry, and we
propose that the motion of these walls will facilitate an
antipolar-polar transition. We suggest atomic-scale imag-
ing to explore these stacking domain walls in Li,StNb,O;
and other Li-based materials. Stacking domain walls play
an important role in the ferroelectric switching process in
hybrid improper ferroelectrics such as Cas;Ti,O7 [17] and
SI'3SI1207 [13,14]

Finally, we show that epitaxial strain tunes the relative
energy of the Pnam and A2,am phases. Whereas Li, StNb, O
and Li;CaTa;O; remain in a Pnam ground state for all
strains we consider, we find that A2;am becomes the ground
state of Li,CaNb,O; beyond ~1.5% tensile strain. Thus,
strain appears to be a promising knob to tune the competing
Pnam and A2,am phases. Taken together, our results provide

understanding of the competing antipolar and polar phases in
the Li,AB,O7 materials and suggest mechanisms for tuning
between these phases. We hope that this motivates future
exploration of these complex materials for deployment as
lead-free antiferroelectrics.

The data that support the findings of this paper are provided
in a Dryad repository [45].
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APPENDIX A: STRUCTURAL PROPERTIES

This Appendix provides additional information on the
structural phases of the Li;AB,O; materials analyzed in Secs.
III-IV of the main text. Table IV reports the lattice parameters
of all structural phases given in Table II. When available, the
experimental lattice parameters are reported for comparison.
Table V reports the structural distortion amplitudes.

APPENDIX B: ENERGY SURFACES

Energy surfaces computed for Li,SrTa;O7, Li,CaNb,O7,
and Li,CaTa,0O; are given in Figs. 7-9. Landau coefficients

TABLE VIII. Coefficients obtained by fitting the energy surfaces of Li,CaTa,O; in Fig. 9 to the Landau expansions given in Egs. (1) and (2).

Sub-indices

Coefficients (units) 1 2 3 4 5 6
o (meV/A%f .u.) —162.47 —104.46 —10.92 —39.46 - -
B (meV/A*f .u.) 28.84 39.55 187.66 213.78 - -
y (meV/A3f.u.) —277.85 —204.66 - - - -
8 (meV/A% .u.) 49.83 53.94 66.74 49.83 55.39 64.79
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TABLE IX. Comparison of atomic displacements contributing to the M and 'y distortions in Li,CaNb,O; and Li,CaTa,0; obtained by
different methods. For the My distortion, the displacements listed in the Pnam column are obtained from decomposition of the DFT-relaxed
Pnam structure, whereas those in the Amam column are obtained from decomposition of the DFT-relaxed Amam(My ) structure. For the I'y
distortion, the displacements listed in the A2;am column are obtained from decomposition of the DFT-relaxed A2;am structure, whereas those
in the F2mm column are obtained from decomposition of the DFT-relaxed F 2mm structure. All displacements are given in A for a 48-atom

cell.
LizCﬂNb207 Li2C3T3.207
Mg Iy My ry

Atom Pnam Amam A2iam F2mm Pnam Amam A2iam F2mm
Li 0.10 0.09 0.03 0.08 0.03 0.03 0.01 0.04
Ca 0.64 0.64 —0.54 —0.53 0.52 0.42 —0.48 —0.38
Nb/Ta —0.39 —0.43 —0.26 —0.27 —0.13 —0.16 —0.09 —0.09
o1 0.23 0.14 0.33 0.25 0.24 0.12 0.28 0.16
02 0.06 0.10 0.08 0.06 0.00 0.04 0.05 0.03
02, 0.10 0.05 0.22 0.20 0.17 0.05 0.21 0.12
03 —0.11 —0.01 0.08 0.13 —0.12 —0.01 —0.03 0.05
Total 0.80 0.79 0.73 0.69 0.63 0.47 0.60 0.44

obtained by fitting these energy surfaces to Eqgs. (1) and (2)
are given in Tables VI-VIIIL.

A subtlety that arises in the computation of these energy
surfaces is the decision about which atomic displacement
patterns to use when constructing a distortion to freeze in. For
example, structural relaxation of the Pnam structure yields a
particular set of atomic displacements that transform like M.,
whereas structural relaxation of Amam(My) yields a slightly
different set of displacements. A similar issue arises when
considering the displacements that transform like 'S when
they are derived from the the A2;am- vs the F2mm-relaxed
structures. These differences are very slight for Li;StNb,O7;
however, they are more significant for the Ca-based materials.
Table IX compares these two sets of atomic displacements for
Li,CaNb,0O7 and Li,CaTa,O;. Inspection of Table IX reveals
small differences in relative displacement contributions: For
example, for Li;CaTa,07, the relative size of the Ca com-
pared with the Ol displacement is 0.42/0.12 = 3.5 with the
Amam(My )-derived displacements, whereas it is 0.52/0.24
= 2.2 with the Pnam-derived displacements. Although these
differences are subtle, energy surfaces computed with these
different sets of displacement patterns reveal some differ-

ences, as shown in Fig. 10. When using the Pnam- and
A2jam-derived displacements, the I'S" energy surface has a
slightly lower minimum energy than the M. energy surface
(solid lines). However, using the Amam(M; )- and F2mm-
derived displacements shows the opposite (dotted lines): The
My energy surface has a lower energy minimum than the
"5 surface. These choices affect the values of the Landau
coefficients obtained from fitting, which is illustrated in Ta-
ble X. Although we notice some differences in the coefficient
values (particularly for the o coefficients for LiCa,;Ta,07),
we note that the energy scale of the resulting I'; and My
energy surfaces (10-30 meV/f.u.) is an order of magnitude
lower than the energy scale of the trilinear coupling terms (200
meV /f.u. or more). Thus, the choice we make for the o3 4 and
Bs.4 coefficients does not affect the overall scenario.

We note that, for consistency, all energy surface plots in
this paper (except for the surfaces shown with dashed lines in
Fig. 10) employ distortions constructed from atomic displace-
ments obtained from decomposing the DFT-relaxed Pnam and
A21am structures. All Landau coefficients are obtained by
fitting energy surfaces using the Pnam- and A2;am-derived
atomic displacements for all distortions.

TABLE X. Coefficients obtained by fitting the energy surfaces of Li;CaNb,O; and Li,CaTa,0O; in Fig. 10 utilizing the distortion amplitude

contribution from A2;am and Fmm?2; and Pnam and Amam.

Subindices
3 4
Materials Coefficients (units) Pnam Amam A2am Fmm?2
Li,CaNb,0, o (meV/Azf.u.) —136.65 —148.88 —189.46 —18.22
B (meV/A*f.u.) 181.70 158.70 289.03 251.02
Li,CaTa, O, o (meV/A%f.u.) —10.92 —58.10 —39.46 —64.42
B (meV/A“f.u.) 187.66 162.96 213.78 212.45
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