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Density functional theory and group theoretical methods are used to explore the origin for
ferroelectricity in cation ordered LaSrMnOy4 with the Ruddlesden-Popper structure. The equilibrium
phase exhibits the polar, Pca2; space group, where small polar displacements of d* Mn®* coexist
with antiferrodistortive octahedral rotations and Jahn-Teller distortions. We find that the octahedral
rotations and Jahn-Teller distortion stabilize the polar structure and induce polar displacements
through high-order anharmonic interactions among the three modes, making LaSrMnQOy4 a hybrid-
improper ferroelectric material. The rotations result from the ionic size mismatch between the A
cations and Mn whereas the Jahn-Teller distortions are energetically favored owing to the coupling
between the local ey orbital polarization of the two nearest neighboring Mn cations in the two
dimensional MnOg sheets. Our results indicate that anharmonic interactions among multiple centric
modes can be activated by cation ordering to induce polar displacements in layered oxides, making
it a reliable approach for realizing acentric responses in artificially constructed materials.

PACS numbers: 31.15.A-, 61.50.Ah, 77.80.B-, 61.50.-f

I. INTRODUCTION

Multiferroic materials with coexisting magnetic order
and ferroelectric polarization have attracted intense re-
search attention, because they provide a platform for mul-
tifunctional devices if magnetic spins can be controlled by
applied voltages through magnetoelectric interactions.!?
The challenging aspect of discovering materials with these
properties is due to the two apparently contrasting mi-
croscopic origins for the ferroic order parameters, i.e.,
magnetism and ferroelectricity often appear to be mutu-
ally exclusive in a single phase materials.?* The former
usually necessitates covalent bond formation between oxy-
gen and a transition metal with empty d states, which
precludes moment formation from unpaired electron spins
in the d manifold.”

When an electric polarization P is the result of a more
complex, often termed ‘improper’, mechanism than a
proper polar instability, magnetic order and spontaneous
electric polarizations can coexist as the chemical restric-
tions on the cations undergoing the polar displacements
are removed. Proposed improper mechanisms based on
electronic degrees of freedom include magnetic cycloidal
order,® charge ordering,” and spin-Peierls distortions.®
More recently several (hybrid) improper ferroelectric
mechanisms have been proposed that rely on lattice an-
harmonicities between two or more displacive modes (Q)
of the crystal,” '? Useful anharmonicities in the free en-
ergy potential are of the form AP"Q™, AP"Q7Q5, ...,
where n,m, ¢ is an integer less than or equal to 3 that
depends on the symmetry of the crystal, and A is the cou-
pling coefficient. The combination of multiple, nominally
centric, @ lattice distortions may then couple together

to remove inversion symmetry and produce an electric
polarization, > '® owing to the presence of specific cation
orderings.!® Since the polarization arises from intrinsic
instabilities of the lattice, magnetism and ferroelectricity
can coexist by selecting magnetic cations that when in
a suitable crystalline structure exhibit similar phonon
dispersions (@-modes) and hence will also support an
electric polarization.' ™

Octahedral rotation modes in perovskite-structured ox-
ides are key candidate lattice modes to couple together
because they influence the magnetic properties of many
materials.?’ > They also couple to first-order Jahn-Teller
(FOJT) lattice distortions,** ** but normally the combina-
tion of a tilt mode and FOJT mode, which is driven by an
electronic degeneracy, will always maintain inversion un-
less additional symmetry reductions are achieved.?® This
concept was recently explored in metal-organic framework
structures exhibiting the perovskite topology with FOJT-
active transition metal ions,?”?® and a symmetry-allowed
trilinear energy term coupling a Jahn-Teller lattice distor-
tion (Q1) with a molecular rotation ((Q)2) emerged. This
anharmonic interaction induces both an electric polariza-
tion and a reasonable magnetoelectric response, owing to
antiferromangetic ordering that is sensitive the antifer-
rodistortive Jahn-Teller pattern. Intriguingly, the number
of inorganic oxides which exhibit ferroelectricity induced
by this anharmonic interaction are scarce,’®?” but it re-
mains unclear whether that fact stems from limitations
on the available coupling terms and coefficients, or rather
that ‘missing yet stable compounds’ with such coupling
have not been synthesized.?"

In this work we design A-cation ordered LaSrMnO,
with the layered n = 1 Ruddlesden-Popper (RP) structure



FIG. 1.

(a) LaSrMnOy structure with random occupancy of La and Sr on the A site. (b) Layered cation ordered LaSrMnO4

structure with subsequent monoxide LaO and SrO planes alternating along the ¢ axis. (c) Schematic of the collinear A-type
antiferromagnetic structure. (d) Polar (Q.—) and (e) rotation (Qar, ) distortions present in the ground phase; (black) arrows
5

indicate the relative atomic directions displacements. In all panels, gray and red spheres correspond to the equatorial and apical

oxygen atoms coordinating Mn, respectively.

and show that ferroelectricity emerges as a consequence
of anharmonic coupling between a first-order Jahn-Teller
distortion and octahedral rotations. Although such RP
manganates have been explored before in bulk as solid-
solutions, we show that ordering of La and Sr in a layered
fashion is a prerequisite to activate the anharmonic cou-
pling that stabilizes the polar Pca2; phase. We show that
the hybrid-improper ferroelectricity arises from the cou-
pling of the distinct e, orbital polarizations of two nearest
neighbor Mn sites in combination with MnOg octahedral
rotations. Finally we explore competing magnetic ground
states compatible with the polar structure.

II. MODEL & COMPUTATIONAL METHODS

Solid solution LaSrMnO, (LSMO) is found to be a
Mott-Hubbard insulator,®"3? crystallizing in the cen-
trosymmetric I4/mmm space group with antiferromag-
netic ordering®® depicted in Fig. 1a. It has recently been
grown in the RP structure as a thin film with random occu-
pancy of La and St on the A site.** Layer-by-layer growth
of LSMO, however, also makes it possible to achieve de-
sired A-cation ordered arrangements,*>3% i.e., periodic
LaO and SrO monoxide planes along the crystallographic
direction with disconnected MnOg octahedra (Fig. 1b).

Recent representation theory analyses®” have shown
that the AO monoxide layer sequence can impose key
symmetry reductions, which in the presence of octahedral
distortions — tilt modes and Jahn-Teller bond distortions
— produce crystal structures without inversion symmetry
provided that the cations are selected such that they
promote the targeted displacive modes. Here we con-
sider the monoxide layer sequence - - - —[SrO|MnO3|LaO]-
[LaO|MnO4|SrO]— - -, which has been referred to as an
n = 2 superlattice®® (Fig. 1b). [The square brackets in-
dicate the perovskite blocks, which are interleaved to
form the n = 1 RP phase by translating each layer by
(1/2,1/2,0)]. Here, the Mn3* cation with a 3d*: t3 el

29-9g
electronic configuration is always found between chemi-

cally inequivalent AO layers.

The n = 2 cation layering sequence maintains inversion
symmetry in the absence of any other structural distor-
tions, space group P4/nmm; therefore, we choose it as
the ideal paraelectric reference phase. We also consider
a periodic v/2 x /2 x 1 (28-atom) supercell within our
density functional theory (DFT) simulations as it explic-
itly contains four Mn atoms, which allows us to explore
multiple antiferromagnetic (AFM) spin, FOJT distortion
patterns, and other cell-doubling lattice distortions.

Our DFT calculations use the projector-augmented
wave (PAW) formalism®” as implemented in the Vienna
Ab initio Simulation Package (VASP),"" with a minimum
plane-wave cutoff of 600 eV, and performed with the local-
density approximation (LDA) functional plus Hubbard U
method*! (LDA+U). We chose the rotationally invariant
version introduced by Liechtenstein et al.*? with U =
5.0 eV and J = 1.0 €V. The Brillouin zone is sampled with
a minimum of a 7x 7 x5 k-point mesh and integrations are
performed with Gaussian smearing (20 meV width). Full
structural (atomic and lattice) relaxations are initiated
from the ideal reference phase and the Hellmann-Feynman
forces minimized to a 0.5 meV A~! tolerance. Unless
otherwise notes, we consider a collinear A-type AFM
order (Fig. 1c), which we found to be the lowest energy
spin configuration of those surveyed.

III. RESULTS AND DISCUSSION
A. Ground State Structure

We begin by searching for the equilibrium ground state
structure by computing the dynamical force constant
matrix of the paraelectric phase (P4/nmm) and using
(combinations) of unstable and soft eigendisplacements
to generate probable low-symmetry phases. Following
variable cell and atomic position relaxations, we find
that the lowest energy structure of those surveyed to
be polar and insulating with an electronic bandgap of



~(.95eV. To investigate the lattice () modes involved
in the symmetry reduction to the polar Pca2; phase,
we perform a group-theoretical analysis*® of the calcu-
lated orthorhombic ground state by decomposing it into
irreducible representations (irreps) of the tetragonal para-
electric phase aided by the ISODISTORT software.** The
significant modes that appear in the ground state (with
mode amplitude specified in parentheses) are: QFT’ de-

scribing Mn-O bond elongations along the c-axis (0.13 A),
Q 1, out-of-phase octahedral rotations (0.30 A), and Qay,
cooperative Jahn-Teller distortions (0.15 A). We describe
them in more detail below. A smaller contribution is
found for the Q- polar mode (0.02 A, Fig. 1d), which
contributes to the total electric polarization. Note that
our group-theoretical analysis shows that the polar phase
can be achieved by coupling two of any of the three —
polar displacement (Qp-), octahedral rotations (Qar,)
and Jahn-Teller mode (C} M, ) — distortions.

The structural mode QFT preserves the symmetry of
the paraelectric phase. It consists of La, Sr, and apical
oxygen atom displacements along the c-axis. Owing to
the double AO layers that separate the MnOs planes,
the apical oxygen atoms are free to displace along the
c-axis. Here we find that this mode displaces two adja-
cent AO layers along the c-axis and in opposite directions,
which results in an elongation of the octahedra and Mn—
O bonds along the c-axis. The distortion mode Qar,
(Fig. le) reduces the P4/nmm structure to the centric
Pbem symmetry. It produces out-of-phase rotations of
two subsequent octahedra about an axis joining two near-
est neighboring Mn atoms lying in the ab-plane. Finally,
the Jahn-Teller distortion @ py,, which is also referred to
as the Q2 mode in the manganate literature,*® induces
an asymmetric stretching of the Mn—O equatorial bonds.

B. Anharmonic Lattice Interactions

We next explore in detail the energetic contribution
of the @ modes to stabilizing the polar structure. First,
our phonon band structure calculations for the paraelec-
tric phase reveal that only the octahedral rotation mode,
@, , is dynamically unstable with a mode frequency

of 15iecm™"'. Qu, and Q- modes are found to have

real mode frequencies, 1381 and 139 cm™~!, respectively.
As noted earlier, the octahedral rotations alone cannot
produce the Pca2; structure, which indicates some an-
harmonic interaction between the rotations and another
mode is necessary to capture the symmetry reduction.

1. Independent Distortions

To evaluate the energetic contribution of each mode to
the stability of the polar structure, we plot the change in
total energy as a function of mode amplitude frozen into
the paraelectric reference phase in Fig. 2. Consistent with
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FIG. 2. Relative energy of LSMO for increasing amplitude

of the (a) polar (Q.-), (b) rotation (Qar,) and (c) Jahn-
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Teller (Qar,) distortions. Independent of other modes, only

the antiferrodistortive (b) and (c) modes are energetically

favorable.

our phonon calculations, the polar Q- mode is stable,

while the octahedral rotation (as, mode is weakly unsta-
ble and leads to a modest energy gain of approximately
20meV per cell at its optimal amplitude. On the other
hand, the dynamically stable Jahn-Teller distortion de-
scribed by Qar, does lower the energy of the system: We
observe a large energy stabilization at finite amplitude of
the Jahn-Teller distortion, which corresponds to Mn—O
equatorial bonds of approximately 1.88 and 2.04 A within
each MnOg octahedron. The two-dimensional @Qas, mode
displaces such oxygen sites, generating a “two-in—two-out”
cooperative pattern of the Mn—O equatorial bonds while
it leaves unaltered the position of the apical oxygen atoms
(Fig. 3a).

In the case of the Jahn-Teller distortion, the energy
does not exhibit quadratic behavior with respect to the
Q s, distortion amplitude (Fig. 2¢). For small amplitude,
the energy evolution is linear. Such terms, however, are
not permitted’® in the Landau free energy for P4/nmm
LaSrMnOy, expanded in (s, as the order parameter:

F(Qur,) = aQiy, + BQhr, +1Qm, +0Q%,. (1)

The energetic dependence of the displacive Qps, mode
appears to make it a poor order parameter in LaSrMnQy,
provided that the system should be well-described within
Landau theory, i.e., v =6 = 0.

An alternative order-parameter which captures the
physics of the FOJT may remedy this apparent incon-
sistency. Owing to the importance of the Jahn-Teller
mode in preferentially stabilizing various radial symmetry
d-orbitals, we calculate the electronic orbital polarization
P of the Mn e, orbitals as a function of the @57, mode
amplitude (Fig. 3b).*” We first note that the @z, mode
enforces that there is only one Mn crystallographic site
in the structure upon distortion (Wyckoff position 4c);
in addition, when Qas, = 0 all Mn sites are structurally
equivalent. Indeed, we find at Qur, = 0, the orbital
polarization for all Mn atoms is identical (~ —3.8%). In-
terestingly, when we compute P for each of the four Mn
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FIG. 3. (a) Schematic illustration of the Jahn-Teller distortion

(Qn1,), which alters only the equatorial oxygen atoms in the ab
plane. The model also mediates the interaction between two
nearest-neighbor Mn sites. (b) Orbital polarization of Mn(1)
(P1) and Mn(2) (P2) polarization sites against Jahn-Teller
distortion mode amplitude. In the presence of @, distortion,
the Mn crystallographic site is equivalent but the Mn e,
polarization is site-dependent. Both P; and P2 polarizations
are equivalent at zero distortion amplitude (gray open circle),
when the structure has the P4/nmm symmetry. At high
distortion values, Mn(1)-Mn(2) coupling is removed.

atoms at values of Qp, # 0, we find two distinct Mn
cations within the same MnQOs plane can be differentiated
according to their respective P; and P, orbital polariza-
tions (Fig. 3b). We refer to the Mn cations with distinct
orbital polarizations as Mn(1) and Mn(2) (see Fig. 1b).
The Mn-site orbital polarizations show a peculiar trend
with respect to the QQps, amplitude. P; decreases linearly
with increasing amplitude of the Jahn-Teller distortion,
whereas P2 has a parabolic behavior for Qur, < 0.4 A,
becoming asymptotically linear at higher distortion am-
plitudes. Note that in the ground state Qpr, = 0.15 A,
which is well below this transition point. To understand
this behavior, it is important to recall that within each
two-dimensional MnOs layer, two nearest-neighbor Mn
sites are connected through one of the equatorial oxygen
atoms. This ligand behaves as a “bridging atom” for
which electronic charge can flow. At high @, mode-
distortion amplitudes, the Mn—O bonds are stretched in
such a way that the 2p orbitals of each bridging oxygen
atom effectively only hybridized with one of the two near-
est neighbor Mn atoms. As a consequence, Ps has a linear
trend when such configuration is realized, suggesting that
the parabolic behavior at low Jps, amplitudes results

energy (eV/cell)

FIG. 4. Group-subgroup relations with calculated energy
stabilities for ordered LaSrMnO4 fully relaxed within the
specified symmetry. The structural transition P4/nmm —
Pca2; can be realized by coupling at least two of the QF;’
Qur, , and Qg distortions. Shaded (pink) boxes with rounded
corners indicate polar symmetries.

from a charge transfer between sites owing to a Mn(1)—
Mn(2) interaction occurring through the bridging oxygen
atoms, i.e., Py decreases as P, increases. We note that if
the @z, distortion is reversed, then the role of the Mn(1)
and Mn(2) cation sites as we have identified them would
also switch owing to a Jahn-Teller pseudo-rotation symme-
try operation as already observed in certain metalorganic
multiferroic materials.*®

According to the symmetry of the system, the Landau
potential should contain only even powers of the order
parameters (e.g., QI‘;’ Q. and Qg ); however, we find
that within this parameter space the free energy would
require odd powers of Qar,. We reconcile this issue by
involving the coupling of the local Mn orbital polarizations.
The free energy F in Equation 1 can be rewritten in
terms of the P; and Ps local orbital polarizations, taking
into account the coupling P; - P2 between the two Mn
polarization sites; this term is symmetry allowed and it
replaces the forbidden linear and cubic Qyy, terms.*”

2. Coupled Distortions

Since octahedral rotations and Jahn-Teller distortion
are both found to be energetically favored, we calculate
the change in energy for LaSrMnQO, in the presence of
both distortions at different amplitudes. The fourth order
Landau energy expansion fits the energy trend, confirming
that the Q s, , and @z, coupling is favored and both kinds
of distortion cooperate to lower the system energy (not
shown).

We also tested the energetic stability of different cou-
pled lattices modes, allowing for full ionic relaxation
within the symmetry generated by the coupled modes
(Fig.4). Among the structures with Pca2; symmetry, as
anticipated, the one with lowest energy is realized only
when all the three Qrgv Qnr, and @y, distortions are
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FIG. 5. Stable magnetic configurations calculated for the
Pca2; ground phase. Each arrow is centered on a Mn site:
the color represents the direction of the magnetic component
corresponding to the crystallographic axis shown in the upper
left. (a)-(c): ferromagnetic orderings. (d): antiferromagnetic
ordering LA,. (e)-(k): antiferromagnetic ordering with weak
ferromagnetic component M;; arrows terminated with a dia-
mond correspond to the weak ferromagnetic component while

solid shaded arrows in (i)-(k) correspond to the main magnetic
component lying in the (ab), (bc) and (ac) plane, respectively.
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present. Since the I'; mode alone is stable, its pres-
ence in the polar phase may be explained by consid-
ering higher order anharmonic interactions of the kind
le"sf Q?Ml %\/[4 in the energy expansion, corresponding to
the (QFE ,Qnr, Q. ) coupling allowed by symmetry. The
ferroelectric distortion thus appears in the ground phase
owing to the presence and coupling between octahedral
rotations and Jahn-Teller distortions; these two centric
modes are therefore responsible for lifting inversion sym-
metry.

C. Ferroic Properties

The calculated macroscopic electric polarization P for
LaSrMnQy is 1.25 uCcm~2 and oriented along the a axis.
As noted earlier, the polar ground state can be realized
without condensation of the QFE mode. The anharmonic

interaction between the octahedral rotations and the Jahn-
Teller mode sufficiently reduce the symmetry to allow for
an electric polarization to arise. Using the equilibrium
geometries for the octahedral rotation and Jahn-Teller
modes but without including the QF; displacements, we

compute an electric polarization of 0.70 uCcm™2. In

the other case, if only the polar Q.- displacements are

present, we obtain a 0.55 uC cm~2 polarization. We thus
conclude that the cation ordered LaSrMnQy is a hybrid-
improper ferroelectric.

The symmetries of the LaSrMnQy structure allow trilin-
ear terms of the type M, P; LAy, representing the coupling

TABLE I. Calculated components of the total magnetization
M (up per cell) and permitted (forbidden) directions of the
weak-ferromagnetic M; and anti-ferromagnetic LA, compo-
nents specified by a x () symbol for the 11 magnetic spin
configurations (Conf.). Note that one cell contains four Mn
cations.

Conf.* ™M, M, M. M, M, M. LA, LA, LA,

a 15.5 0.0 0.0

b 0.0 15.5 0.0

c 0.0 0.0 15.5

d 0.0 0.0 0.0 X

e 0.0 3.8 0.0 X X
f 3.8 0.0 0.0 X X

g 0.0 3.8 0.0 X X

h 3.8 0.0 0.0 X X

i 0.0 0.0 3.7 X X X

j 3.7 0.0 0.0 X X X
k 0.0 3.7 0.0 X X X

@ Graphical spin structure representations are given in Fig. 5.

between the weak FM component M, the polarization P,
and AFM ordering LA along the crystallographic a, b and
c directions, respectively. We explored the interactions
between these spin and electric degrees of freedom by
relaxing different starting non-collinear spin orientations
keeping fixed the previously optimized Pca2; geometry
(Fig.5). All explored magnetic configurations (Table T)
are found to be stable with small energy differences irre-
spective of the particular configuration considered (~50
peV), with the collinear AFM A-type configuration being
most stable (Fig. 1c and Fig. 5d).

To obtain more detailed information on the effect of the
spin arrangement on the electronic structure, the Mn-O
bond covalency has been analyzed with the definition pre-
viously applied for the prototypical CaFeOs perovskite.”’
Consistent with total energy differences among the consid-
ered magnetic configurations, the electronic distribution
along the Mn—O bond is weakly affected by the particular
magnetic arrangement. The bond covalency is mainly
determined by the Mn—-O interatomic distances, revealing
that the electronic configuration of the relaxed Pca2;
phase is stable against changes to the static spin-density
distribution.

Owing to the small energy differences among the var-
ious spin configurations, we are unable to conclusively
establish the nature of the magnetic structure of the polar
phase. This behavior is likely a consequence of the layered
structure, with weak interlayer MnOs interactions. The
small energy separation among the different magnetic con-
figurations are compatible with both a paramagnetic and
a spin density wave description of the magnetic ground
state. Further investigations on LaSrMnO, should aim to
uncover its magnetoelectric properties, examining which
centric mode is responsible for switching the polarization
and weak-ferromagnetic order via the allowed M;P; LA,
invariants.



IV. CONCLUSIONS

In summary, we have shown that the LaSrMnOy
Ruddlesden-Popper phase with cation ordering undergoes
a ferroelectric transition P4/nmm — Pca2; owing to the
cooperative effect of octahedral rotations and Jahn-Teller
distortion modes. The Jahn-Teller distortions stabilize the
system through changes to the e, orbital polarizations of
two nearest neighbor Mn sites. The octahedral rotations
are dynamically unstable in the paraelectric phase and
together with the Jahn-Teller distortion stabilize the polar
phase, making LaSrMnQO, a hybrid-improper ferroelectric
with a 1.25 4C cm ™2 electric polarization. Analysis of the
different magnetic configurations explored in this work
shows that our computational description of the Pca2;
polar phase is compatible with either a paramagnetic or
SDW structure. Owing to the non-collinear spin struc-
ture and weak-ferromagnetism, magnetoelectric coupling
is permitted in cation ordered LaSrMnQOy4. Further compu-
tational studies are required to clarify the strength of the
magnetoelectric response. We hope this work motivates

the experimental synthesis of cation ordered Ruddelsden-
Popper structures.
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