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Introduction

Symmetry-informed desigh of magnetoelectric
coupling in the manganite perovskite
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Magnetoelectric multiferroics hold great promise for the development of new sustainable memory
devices. However, practical applications of many existing multiferroic materials are infeasible due to the
weak nature of the coupling between the magnetic and electrical orderings, meaning new magneto-
electric multiferroics featuring intrinsic coupling between their component orderings are sought instead.
Here, we apply a symmetry-informed design approach to identify and realize the new manganite
perovskite CeBaMn,Og in which magnetoelectric coupling can be achieved via an intermediary non-
polar structural distortion. Through first-principles calculations, we demonstrate that our chosen
prototype system contains the required ingredients to achieve the desired magnetoelectric coupling.
Using high-pressure/high-temperature synthesis conditions, we have been able to synthesize the
CeBaMn,0Og perovskite system for the first time. Our subsequent neutron and electron diffraction
measurements reveal that the desired symmetry-breaking ingredients exist in this system on a
nanoscopic length scale, enabling magnetoelectric nanoregions to emerge within the material. Through
this work, we showcase the potential of the new CeBaMn,Og perovskite material as a promising system
in which to realize strong magnetoelectric coupling, highlighting the potential of our symmetry-
informed design approach in the pursuit of new magnetoelectric multiferroics for next-generation
memory devices.

promise in this regard owing to their fast access speeds and
high storage densities, but their destructive read operations

The development of energy-efficient memory devices is of
crucial technological importance if the world is to achieve its
sustainability goals. Ferroelectric memories (FeRAMs) offer
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limit the read/write endurance of the storage media. Ferro-
magnetic memories (MRAMS) offer non-destructive reading via
the application of magnetoresistive currents, but they are
limited by the large energy demands associated with write
operations. Multiferroic memories, with ordered electric and
magnetic dipoles, combine the advantages of both approaches
by allowing data to be written electrically but read magnetically,
thus offering dramatically improved device endurance and energy
efficiency compared to existing data storage technologies.

Despite their transformative potential in device applications,
multiferroic materials with commercially applicable transition
temperatures remain rare. For the intensively studied field of
perovskite multiferroics, this is largely due to the incompatibility
of producing a ferroelectric distortion on a magnetic cation® as the
presence of empty metal d orbitals is required to stabilize the
ferroelectric distortion via hybridization with the O 2p electrons.”
One way to circumvent this is to introduce alternative sources of
ferroelectricity such as stereochemically active lone pairs into the

This journal is © The Royal Society of Chemistry 2024
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material, allowing the polar and magnetic instabilities to be
separated onto different cations (as seen in the high-T¢ per-
ovskites BiFeO; and BiMnO,;**). However, this particular
approach is inherently limited by the separate mechanisms
producing ferroelectricity and magnetism, rendering device
applications impractical due to the resultingly weak coupling
between these effects.” If practical device applications based on
multiferroic materials are to be realized, alternative approaches
to multiferroism must be developed in which the coupling
between the magnetic and electrical orderings is intrinsic by
design.

A promising alternative route to magnetoelectric coupling is
to exploit a combination of non-polar structural distortions and
antiferromagnetic (AFM) orderings which, when combined,
induce a polar distortion and weak ferromagnetism due to
additional symmetry-breaking associated with their joint
action.”” Provided a material could be designed which com-
bines these ingredients, and that some coupling between the
primary magnetic and the non-polar order parameters exists,
the required electric control of magnetization could be achieved.
Such magnetoelectric coupling has already been predicted to
occur, for example, in Ruddlesden-Popper perovskite-like
materials.® More recently, this idea was extended to perovskite
materials after enumerating the possible ways in which struc-
tural and magnetic symmetry-breakings can couple in the high-
symmetry Pm3m aristotype structure.” These couplings can be
used to determine the terms in a Landau-like energy expansion
about the high-symmetry structure’® up to arbitrarily high
orders. Further details of our proposed scheme are given in
the ESI, as well as ref. 9, but we provide a brief summary here
for context. Of particular importance to our scheme are terms
in which the polarization (P) and magnetization (M) - trans-
forming with respect to the Pm3m aristotype structure as the I';
and mI, irreducible representations (irreps), respectively -
appear coupled linearly to other order parameters at the third
order, as such terms can always adopt a sign so as to lower the
free energy of the system. Provided the proposed combination
of irreps which represent these order parameters (£) preserves
crystal momentum, parity with respect to inversion symmetry,
and time-reversal symmetry, this yields invariant terms in the
Landau-like expansion of the form:

PCiS, 1)
LUISTSS (2)

When present, a reversal of polarization in the invariant
term (1) with an electric field must necessarily reverse either &;
or &,. If a material can be engineered in which it is energetically
favorable to switch &; over &, in invariant (1) and M over &; in
invariant (2), then a 180 degree reversal of magnetization with
electric field - the exact mechanism desired for multiferroic
memories — can be achieved. We illustrate a plausible scheme
for this approach in Fig. 1.

In what follows, we explicitly demonstrate how our symmetry-
informed magnetoelectric coupling scheme can be used to predict
new multiferroic perovskites featuring intrinsic mechanisms of
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Layered A-site order Antipolar A-site displacements

A-type AFM

Fig. 1 An example scheme for inducing magnetoelectric coupling in the
ABXz perovskite structure derived from the group-theoretical analysis in
ref. 9. P and M denote irreps which describe ferroelectric polarization and
weak ferromagnetism (WFM), respectively. These form two interdependent
trilinear coupling terms defined as Q(X*) P Q(X7) and Q(X7) M Q(mX")
where the magnitude of a mode transforming as an X-point irrep, Q(X),
represents the actions of the £ order parameters in (1) and (2). Examples of
symmetry-breaking distortions which transform as these X-point irreps are
also provided for reference. The X-point irreps have been labelled assum-
ing the A site lies at the unit cell origin. Purple, magenta, and blue spheres
represent the A(l), A(2), and X atoms, respectively, while cyan poly-
hedra represent the BXg octahedra; purple arrows denote displacement
directions of the A cations, while black arrows denote spin moments on
the B sites.

magnetoelectric coupling. We identify the new perovskite system
CeBaMn,O, as a promising prototype for our coupling scheme
and confirm through first-principles simulations that the required
symmetry-breaking ingredients represent the ground state of this
system. We then present our experimental efforts to synthesize
and characterize CeBaMn,Og for the first time with the aid of
high-pressure synthesis conditions, exploiting a combination of
electron and neutron diffraction as well as magnetometry mea-
surements to identify key signatures of the desired coupling
scheme across a nanoscopic length scale. Our study showcases
a promising new perovskite system in which to realize useful
magnetoelectric coupling, as well as highlighting new opportu-
nities to achieve magnetoelectric multiferroism within the per-
ovskite structure type through the use of our innovative symmetry-
adapted approach.

Materials and methods
Density functional theory calculations

To gain an understanding of structural, electronic and mag-
netic properties of CeBaMn,0Os, we performed density func-
tional theory (DFT) calculations as implemented in Vienna ab
initio simulation package (VASP) Version 6.2.1."""* Electronic
structure calculations were performed using projected augmen-
ted wave (PAW) pseudopotentials in which the following elec-
trons are treated as valence: Ce - 5s°5p°4f'5d'6s®, Ba -
55°5p°6s%, Mn - 3p°®3d°4s, O - 2s*2p”. All other electrons are
frozen to the atomic cores. The generalized gradient approxi-
mation (GGA) to the exchange-correlation functional is
employed using the Perdew-Burke-Enzerhof parameterization
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc02743d

Open Access Article. Published on 29 August 2024. Downloaded on 5/6/2026 1:56:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

for solids (PBESol)"* with the additional Hubbard and Hund
corrections of Liechtenstein et al to better deal with the
strongly correlated d and f electrons.'® Previous computational
studies'®'” have found that U = 5 eV and Ji = 1.5 eV are
appropriate for Mn®* ions in LaMnOj; and these are consequently
the values we employ. We also utilize a high value of U=10 eV and
Ju =0 eV on the strongly localized Ce f-states (see ESI, T for how the
variations in U and J affect magnetic ordering). Energies and
Hellman-Feynman forces were converged to less than 0.1 meV
and 0.5 meV A™" respectively, requiring a 1000 eV plane wave
cutoff and a 4 x 4 x 3 Monkhorst-Pack k-point mesh.

Structural relaxations were performed using the conjugate
gradient algorithm and continued until the largest force on any
ion in the system was less than 1 mev A™".

Non-collinear magnetic calculations with spin-orbit coupling®®*®
were utilized at two points. To calculate magnetocrystalline
anisotropy energies, we performed non-self-consistent non-
collinear magnetization calculations in which the self-consistent
charge density from the collinear calculation was fixed and the
energy calculated as the easy axis was varied. Fully self-consistent
non-collinear calculations were also performed which required
the increasing of the plane wave cut-off and Monkhorst-Pack grid
to 1200 eV and 7 x 7 x 5 respectively to ensure convergence.

All symmetry analysis was conducted using the ISOTROPY
Software Suite.>>*' For the sake of brevity, we refer here to the
order parameters and the associated order parameter direc-
tions (OPDs) simply by their irrep labels. Further details of the
specific OPDs required to generate the magnetoelectric ground
state consistent with our symmetry-adapted approach are pro-
vided in Note 1 (ESIY).

Synthesis

Polycrystalline samples with nominal composition CeBaMn,O¢
were prepared by solid-state reaction under high-pressure and
high-temperature conditions. First, a BaMnO; precursor was
prepared at ambient pressure by mixing stoichiometric quan-
tities of BaCO; (Alfa Aesar, 99.95%) and MnO, (Alfa Aesar,
99.997%) and heating to 1050 °C for 24 h. The single-phase
BaMnO; precursor was then mixed with stoichiometric
amounts of CeO, (Alfa Aesar, 99.99%) and MnO (Alfa Aesar,
99.99%) before being sealed in a platinum capsule. The cap-
sule, boron nitride insulating layer and graphite heater were
assembled in a pyrophyllite cube and placed in a DIA-type cubic
anvil high-pressure apparatus. The samples were treated at
6 GPa and 1250 °C for 30 min before being rapidly quenched
to room temperature and gradually released to ambient pres-
sure. Each synthesis produced ~0.1 g sample. Laboratory X-ray
powder diffraction patterns confirmed typical samples con-
tained only minor impurity phases (witherite: ~2%, cerianite:
~0.5%, Ba;Mn;0;o: ~0.5%), demonstrating the nominal com-
position of our samples to be accurate.

Structural characterization

Synchrotron X-ray diffraction (XRD) data were collected on the
I11 beamline at diamond light source, UK using a 15 keV
energy beam and a position-sensitive MYTHEN detector.
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Refinement of a Si standard gave the precise X-ray wavelength
as 0.82396(1) A. A polycrystalline sample of CeBaMn,Og was
packed into a 0.1 mm capillary for the synchrotron measure-
ments to minimize absorption effects. Neutron powder diffrac-
tion (NPD) data were collected on a combined 1 g sample at
WISH, ISIS, UK (RB2010395-1).>>*® Scans were recorded on
cooling in the temperature range 1.5-300 K. Data were collected
for 3 h at 1.5 K, 60 K, and 300 K, while for all other tempera-
tures data were collected for 1 h. Rietveld refinements were
performed with Topas using the jEdit interface.>* Full crystal-
lographic data obtained from the refinements are included in
the ESL.¥

Transmission electron microscopy (TEM) experiments were
performed by mixing CeBaMn,0¢ powder with fine (<10 um)
aluminum powder in a 1:10 ratio before being pressed using
cold rollers to form a sheet ~100 um in thickness. This sheet
was mechanically thinned to ~20 pm and mounted on a
copper support ring using epoxy resin before ion milling to
electron transparency using Ar' ions at 6 keV. The specimen
was finished using an ion beam energy of 100 eV to reduce
surface damage to provide sufficiently thin edges for TEM.
Samples were examined using a JEOL 2100 LaBs microscope
operating at 200 kv.

Magnetic and physical characterization

DC magnetic susceptibility measurements were performed
using a Quantum Design magnetic properties measurement
system (MPMS). Zero-field-cooled (ZFC) and field-cooled (FC)
magnetic susceptibility data were collected between 4 K and
300 K using a 500 Oe field. Magnetic hysteresis loops were
recorded between 5 and 150 K in the range —5 to 5 T. DC
resistivity data were collected on a polycrystalline bar of
CeBaMn,0¢ in the range 4-300 K with a Quantum Design
physical property measurement system (PPMS) using a stan-
dard four-probe method. Our magnetic and physical property
measurements evidence that the nominal oxidation states of Ce
and Mn in our samples are +4 and +3, respectively, which is
consistent with the oxidation states predicted by our DFT
calculations. Further details of this analysis are provided in
the ESIt (Note 2).

Results
Symmetry analysis and DFT calculations

In A-site layered perovskites, a trilinear coupling similar to (1) is
known to induce ferroelectricity (Fig. 2a) via the hybrid impro-
per ferroelectricity mechanism where the polarization is
coupled to the A-site cation layering® (transforming as an Xj
irrep) and an antipolar motion of the cations (transforming as
an X; irrep). This establishes the polarisation coupling but,
to conserve time-reversal symmetry and crystal momentum,
restricts &; in eqn (2) to be a distortion representing an A-type
magnetic structure (transforming as an mX; irrep). One
such perovskite material with this spin ordering is LaMnOj3,°
which we describe here using the Pnma setting. The magnetic

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The desired crystallochemical features required to achieve a
magnetoelectric ground state in an A-site layered perovskite such as
CeBaMn,0¢. The combination of layered A-site order (X{), antipolar
A-site displacements (Xs), and A-type AFM order (mXs) feature in the
two trilinear coupling terms (a) and (b), yielding a ferroelectric polarization
(I';) and a ferromagnetic component (mI'}), respectively. Both (a) and (b)
trilinear coupling terms are mutually coupled via the action of the X5 term,
which itself emerges through a separate trilinear coupling term with the M
3 and Rs octahedral tilt modes as detailed in ref. 28. The trilinear terms (a)
and (b) ultimately conspire to yield the desired magnetoelectric switching,
taking the form of the term (c). Full details of the desired order parameter
directions for these coupling terms can be found in the ESI.{ Representa-
tive axes labels are shown with respect to the Pnma structure, upon which
we base our subsequent discussion.

moments in the ac plane align ferromagnetically and interac-
tions between planes are AFM. This magnetic structure also
allows for a weak ferromagnetic canting®” (Fig. 2b) so that upon
a reversal of the ¢&; (X5) ordering in eqn (2), it is much more
likely for the wFM produced magnetization M to reverse than
the dominant A-type AFM order (Fig. 2c). In reality, any reversal
of the X5 mode would most likely occur through a concomitant
switching of the Pnma-type octahedral tilt configuration
(described as transforming as the M; and Rj irreps) as there
exists a separate trilinear coupling term of the form Mj R5 X5 .>®
Thus, any magnetoelectric switching in this material would
most likely involve the octahedral tilting configuration so as to
effectively control the intermediary antipolar A cation displace-
ments and enable the desired electric-field control over M.
Evidently, both the polarization and its coupling to the
reversal of magnetization can be achieved by inducing an A-
site cation layering to LaMnO; without changing the magnetic
structure. As the magnetic structure is determined via the
superexchange paths,”*™' which are themselves dependent
on the degree of octahedral tilting and the C-type orbital order
present in this perovskite, it is assumed that ordering the A

This journal is © The Royal Society of Chemistry 2024
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sites with cations that do not change the valence state or
drastically alter the tolerance factor will leave the magnetic
structure unaffected. For this reason, we choose an isoelectro-
nic substitution of La layers with alternating layers of Ce*"/Ba**
as the average ionic radii of these two cations is similar to La**
((ra) (XI) = 1.375 A vs. rpe- (XI) = 1.36 A). Although not
changing the tolerance factor, we anticipate that the largely
differing charges and radii of Ce*" (r = 1.14 A) and Ba®>' (r =
1.61 A) should favor the formation of a cation ordered phase,
with A-site layering being the most commonly observed order-
ing configuration for double perovskites.*®

In LaMnOj;, the combined effect of the Jahn-Teller active
Mn*" and low Goldschmidt tolerance factor result in a coop-
erative Jahn-Teller distortion (accompanied by a C-type orbital
ordering of the |x*) and |2°)e, orbitals) and an a b'a~ octahe-
dral tilt pattern. The Jahn-Teller distortion acts as the gapping
mechanism and the overlapping e, orbitals supply the A-type
AFM via the Goodenough-Kanamori-Anderson rules. Given the
similar average ionic radii of Ce*"/Ba®" to La®", we expect the
same conclusions to hold for the layered CeBaMn,Oj structure.

To test these ideas, we performed a full structural relaxation
for each of the four magnetically ordered structures available in
the CeBaMn,0, Pnma crystal structure (A-type AFM, C-type
AFM, G-type AFM and FM). This revealed that A-type AFM is
lowest in energy with FM ordering 13.02 meV per f.u. higher
while G-type and C-type AFM are 44.3 meV per fu. and
54.5 meV per f.u. higher than the ground state AFM, respec-
tively. It should be noted that varying the Hubbard-U parame-
terization results in a transition to a ferromagnetic ground state
(Fig. S3, ESIY). The A-type AFM required for our proposed
coupling scheme is stable within the range 3 eV < U < 6 eV -
a result consistent with analogous studies on LaMnOj;. Altering
the Hubbard-U on the Ce** ion does not change the magnetic
structure away from A-type AFM. Furthermore, we calculated the
magnetic moment on each Mn ion to be 3.707ug - this value
suggests the Ce*" oxidation state rather than Ce®". This oxidation
state is further supported by the calculated electronic band
structure (Fig. S3, ESIt) displaying empty Ce f bands and also
by electronic structure calculations on a ferromagnetic structure
in which the total magnetization is 4y per f.u. suggesting a Mn**
state (and consequently a Ce** state). Subsequent DC resistivity
measurements on the synthesized samples substantiated these
oxidation state assignments (Note 2, ESIT).

With A-type AFM identified as the ground state, we calcu-
lated the electronic band gap (Fig. S3, ESIt) of this system to be
0.98 eV — lower than the 1.7 eV measured in LaMnO,.**> One
should keep in mind the difficulty in calculating accurate band
gaps within DFT*® and the strong dependence of bandgap on
the choice of Hubbard-U correction. Table S1 (ESIt) contains a
detailed comparison of how the simulated structures of
LaMnO; and CeBaMn,Og differ. We note that the calculated
amplitude of the R tilt mode is slightly smaller in CeBaMn,0O
compared to LaMnOs3, which may also contribute to the lower
band gap we obtain for this system.

These two conditions - A-type AFM and the occurrence of a
bandgap - are all that are strictly necessary for determining the
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feasibility of our coupling scheme in CeBaMn,0s assuming
A-site cation layering and a Pnma tilt scheme. The appearance
of a polar distortion and weak ferromagnetism determined by
antisymmetric exchange interactions are guaranteed by the
crystal symmetry. Using the Berry phase formulation of the
modern theory of polarization,®® we calculate an electric polar-
ization of 9.90 uC cm™? parallel to the crystallographic a
lattice vector which is similar to the magnitude of polarization
calculated for other improper-ferroelectric multiferroics such
as YMnO; (P = 6.5 pC cm™?).>® This polarization direction is
predicted due to the antipolar displacements of the A cations
along the a axis, which are uncompensated due to the cation
layering hence they enable polarization to emerge along the
same axis.

LaMnO; is reported as having a weakly ferromagnetic com-
ponent to its spin structure as is allowed by symmetry. When
we included the effects of relativistic spin-orbit coupling in our
DFT simulation, we were able to calculate the magnetocrystal-
line anisotropy energies and determine the easy axis with
associated spin canting directions for CeBaMn,0s. We deter-
mined (Table S2, ESIt) that the energetically favorable easy axis
was the [100] direction in the orthorhombic cell, a result that is
also found in LaMnO;.>” This easy axis allows a spin canting
which produces a ferromagnetic component of 0.029uy per Mn
along the long b axis.

Finally, we note that the reversal of X5~ requires either the
reversal of the in-phase tilts (M3) or the antiphase tilts (R;5) -
see the top panel of Fig. 2. Whichever of these intermediate
modes are reversed, the subsequent electric-field reversal of the
wFM is required by symmetry (Fig. 2b). Taken together, these
factors demonstrate that CeBaMn,O, contains all the necessary
ingredients and coupling to make it a promising magneto-
electric multiferroic. Equipped with this theoretical insight,
we attempted to synthesize CeBaMn,Og as a prototype for our
magnetoelectric coupling scheme.

Synthesis and crystal structure

Previous attempts to synthesize CeBaMn,0O, at ambient pres-
sure were reportedly unsuccessful as no perovskite-type com-
pound could be stabilized.>® We found that our own samples
prepared at ambient pressure typically contained large
amounts of CeO, impurity (>10 wt%) so that the desired
composition could not be prepared this way. High-pressure
synthesis methods have been shown to promote cation order-
ing in perovskite materials,®”° so we pursued this strategy to
prepare phase-pure samples of CeBaMn,O,. Synchrotron XRD
data collected at room temperature revealed our samples
synthesized at 6 GPa could be indexed to a perovskite-type
phase. Only minor impurity phases such as CeO, (~ 0.4 wt%)
could be observed in our best samples, showing the desired
composition can be suitably prepared in this manner. Surpris-
ingly, our Rietveld fits against synchrotron XRD data (Fig. 3a)
find that the data are modelled well by cubic Pm3m symmetry
at room temperature, and we detected no additional Bragg
reflections or peak splitting to suggest any lowering of sym-
metry from the aristotype structure. This was corroborated by
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Fig. 3 Rietveld fits using a Pm3m structural model against (a) synchrotron
XRD data collected on the 111 beamline at Diamond Light Source, UK
(1 =0.82396 A), and (b) NPD data collected on the backscattering bank at
WISH at 300 K. The fit against the data collected on the backscattering
bank is depicted in (b), though data from all banks were used to refine
the structural model. Green, blue, and red tick marks correspond to
Bragg reflections for CeBaMn,Og, BasCeMnzO1, (~3 wt%), and CeO,
(~0.4 wt%), respectively; note that different impurities are observed in
the WISH experiment due to the use of a combined ~1 g sample. The inset
in (b) depicts the refined Pm3m structural model for CeBaMn,Og at 1.5 K,
highlighting the large anisotropic displacement parameters for the oxygen
sites at this temperature (drawn at 95% probability).

performing Rietveld fits to NPD data measured in the range
1.5-300 K (Fig. 3b), which confirmed that the average crystal
structure is well described by Pm3m symmetry across this
temperature range. Any attempts to fit lower-symmetry models
accounting for long-range cation ordering or octahedral tilting
did not improve the quality of the Rietveld fits. Full crystal-
lographic details obtained from the Rietveld refinements can
be found in the ESI{ (Tables S3-S5).

Other LnBaMn, O (Ln = lanthanide) perovskite systems are
highly sensitive to the presence of cation disorder on the A site,
wherein the heterogeneous distribution of Ln*" and Ba®*
cations suppresses long-range octahedral tilting and favors
disordered or glassy electronic ground states.’*”**> Extreme
cation disorder would make any superstructure reflections far
too broad or diffuse to observe by XRD/NPD, explaining why the
Pm3m aristotype model most appropriately describes the aver-
age symmetry of CeBaMn,0s. However, the diffraction peaks in
the synchrotron XRD/NPD patterns remain sharp, suggest-
ing there is no phase separation of Ce- or Ba-rich domains.

This journal is © The Royal Society of Chemistry 2024
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Based on our Rietveld fits against high-resolution synchrotron
XRD data, we estimate our samples exhibit very little micro-
strain (e, = 0.015%). This implies that any deviation from the
macroscopic average cubic lattice parameter in our samples
must be exceptionally small, effectively discounting the exis-
tence of any severe chemical inhomogeneity. Taken together,
the observation of a macroscopic cubic lattice and very low
microstrain imply spatial homogeneity of Ce/Ba, but any peri-
odic A-site ordering must be shorter than the length scales over
which strains relax in typical perovskites oxides (e.g. over ~50
unit cells, ~20 nm). We have arrived at this upper estimate for
the length scale over which macrostrain will not relax in our
system by considering the observed rates of relaxation of
epitaxial strain in LaAlO3/SrTiO; interfaces,” which finds that
for less than 50 unit cells (~20 nm) the LaAlO; relaxes less than
the microstrain value of 0.015% in CeBaMn,Og. Our relaxed
DFT model for A-site ordered CeBaMn,O, has macrostrain
values of ~6%, whereas the epitaxial strain between LaAlOj/
SrTiO; is only 2.7% in ref. 43, so we view this 20 nm distance as
the absolute maximum length scale over which any cation
ordering can occur given that average cubic symmetry is still
observed in our X-ray diffraction experiments.

Our refinements against NPD data showed that the displa-
cement parameters for the oxygen sites are highly anisotropic
(Uy = 0.018(1) A% Uy, = Usz = 0.078(1) A?) even at 1.5 K,
reflecting significant static disorder of the oxygen positions.
The large Us; corresponds to a root-mean-square (rms) displa-
cement of 0.28 A, which is about half the difference between the
Ba®* and Ce"" radii, implying that the oxygen atoms on average
sit halfway between the optimum positions for Ba and Ce but
are locally relaxed. The oblate shape of the displacement
ellipsoids at 1.5 K (drawn in Fig. 3b at 95% probability) suggests
the MnOg octahedra are statically tilted, albeit only across short
length scales that are inaccessible to our synchrotron XRD and
NPD experiments.

To investigate the possibility of short-range octahedral tilt-
ing in CeBaMn,0g, we collected selected-area electron diffrac-
tion (SAED) patterns on several crystallites (Fig. 4). Electron
diffraction is advantageous over X-ray or neutron diffraction in
this respect as diffraction data can be collected across much
smaller regions, effectively enabling the structural details of
individual domains to be probed. Combined with the stronger
scattering interactions of electrons, SAED should be signifi-
cantly more sensitive to any octahedral tilting distortions with
short coherence lengths. Fig. 4 shows that various sets of weak
superstructure reflections can be distinguished across several
zone axes, each imaged from different crystallites: the reflec-
tions in Fig. 4a and c can be indexed with the propagation
vector k = (1/2, 0, 1/2), consistent with reflections at the M
point, while the reflections in Fig. 4b can be indexed with the
propagation vector k = (0, 1/2, 0), consistent with reflections at
the X point. The combined set of superstructure reflections
reveals the adoption of a v2a, x 2a, x v/2a, (where a, is the
primitive cubic lattice parameter) superstructure of the parent
Pm3m cell on a nanoscopic length scale. These superstructure
reflections map exactly onto those observed for Pnma (Pbnm in
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Fig. 4 SAED patterns of CeBaMn,Og indexed with zone axes (a) [010], (b)
[101], and (c) [111]. Superstructure reflections (circled) can be indexed with
propagation vectors of k = (1/2, 0, 1/2) in both (a) and (c), and k = (0, 1/2, 0)
in (b). The (111) zone-axis diffraction pattern in (d) is provided as an
example of a crystallite featuring streaks of diffuse scattering along the
(101) directions, rather than discrete superstructure reflections.

non-standing setting) perovskites such as CaTiO;,** demon-
strating that CeBaMn,O, adopts the same a b'a” (a~a ¢') tilt
pattern. The M-point superstructure reflections in Fig. 4c hence
correspond to in-phase octahedral rotations about the b axis,
which, in the language of our group-theoretical approach,
transform with respect to the Pm3m aristotype (with A site at
the origin) as the Mj irrep. The X-point superstructure reflec-
tions can be attributed to so-called concert reflections**®
which arise in perovskites featuring both in-phase and anti-
phase octahedral tilting simultaneously.** Physically, these
reflections correspond to antipolar motions of the A cations
which transform with respect to the Pm3m aristotype as the X5
irrep. In Pnma-type perovskites, antipolar motions of the A
cations are guaranteed to occur by symmetry due to a trilinear
coupling term of the form Mj R; X5, so our observation of the
M; and X; modes allows us to infer the presence of the
antiphase octahedral tilt mode R5 as well. Although we have
only been able to sample diffraction patterns from three
possible zone axes to make this assignment, we note these
three alone are sufficient to distinguish a b'a~ from all other
possible mixed-tilt systems (Table S6, ESIt), granting a high
degree of confidence in the assignment of the a b'a” tilt
scheme in CeBaMn,0s. We note that layered cation ordering
should also transform as an X-point irrep, so we cannot
interrogate the cation arrangement directly from our SAED
patterns. Indeed, the SAED reflection conditions predicted for
a cation-disordered Pnma perovskite are identical to that
expected for a Pnma-type perovskite featuring cation layering
along the long b axis,***” so we primarily use our current SAED
data to evidence the Pnma-type octahedral tilt configuration.
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While most of the crystallites we selected exhibited discrete
superstructure reflections, we noted that some exhibit streaks
of diffuse scattering instead (Fig. 4d). Such diffuse scattering
suggests that the coherence length of the a b'a” tilting is
limited within these regions. To probe the coherence length
of the tilting within our sample, we performed dark field
imaging based on the (0, 1, 0) superstructure reflection
(Fig. 5). This revealed a highly mottled contrast across a
~200 nm length scale (Fig. 5b), reflecting an intricate mixture
of tilted and untilted nanoscale domains. A line analysis of the
image contrast (Fig. 5¢) showed that the domains are typically
5-10 nm in size, with an average size of 7 £ 2 nm. This
corresponds to approximately 20 unit cells with respect to the
primitive cubic lattice parameter (~3.9 A), which is well below
the length scale typically required to resolve Bragg reflections in
X-ray or neutron diffraction. This estimate also agrees well with
the maximum coherence length of cation ordering we derived
based on the extent of microstrain in our samples.

Our electron diffraction and microscopy experiments indi-
cate that the Pnma tilt scheme - hence the antipolar displace-
ment of the A cations - is obtained in CeBaMn,Og, but that the
coherence length of these distortions appears to be limited by
the presence of cation disorder between the Ce and Ba atoms.
With this knowledge, we re-examined the possibility of any
short-range Pnma-like reflections in our XRD/NPD patterns.
We generated a v/2a, x 2a, x v/2a, Pnma superstructure of
the parent Pm3m cell using ISODISTORT*' and performed a
symmetry-mode refinement of this model against our 1.5 K
NPD data collected on the backscattering bank at WISH.

10 20 30 40 50 60
Distance (nm)

Fig. 5 (a) TEM image of the CeBaMn,Og crystallite used to perform dark-
field imaging. The white box indicates the region over which the dark-field
image was collected. (b) Dark-field image using the (O, % 0) superstructure
reflections observed by SAED, with white and black corresponding to
regions where the reflection is observed and absent, respectively. The
region circled in red corresponds to the area chosen to analyze the
domain sizes. (c) Line profile of the domain sizes based on the red line
shown in (b).
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We applied an hki-dependent Lorentzian convolution to the
Pnma-type reflections to account for possible size-dependent
(Scherrer) superstructure peak broadening due to short-range
M; and Rj tilt modes with a full-width half-maximum (FWHM)
that varies as:

FWHM = 0.1DIFCd?/S (3)

where DIFC, d, and S correspond to the diffractometer con-
stant, d-spacing, and the domain size, respectively. Fig. S4
(ESIt) shows that this Pnma-like model accounts for regions
of diffuse scattering observed in the diffraction patterns. The
refined model is shown in Fig. S5 (ESIt), and selected para-
meters obtained from the refinements are provided in Table S8
(ESIt). We found no notable temperature dependence for any of
these parameters, indicating that the short-range order is
largely static rather than dynamic in origin. R,,, decreases from
6.35% (Pm3m, refined parameters = 16) to 5.24% (constrained
Pnma, refined parameters = 18), reflecting a clear improvement
in the quality of fit with this approach. The amplitudes of the
M, and R; tilt modes refine to be 0.36(2) A and 0.58(1) A,
respectively. These are smaller than predicted by our relaxed
DFT structure (Table S2, ESIt) due to strong correlations with
the background terms in our refinements as well as the
disordered nature of the tilting. The equivalent isotropic dis-
placement parameters on the oxygen sites decrease signifi-
cantly with the use of the Pnma-type model (Uis(Pnma) =
0.006(1) A vs. U,o(Pm3m) = 0.029(1) A%), demonstrating how
the a b'a tilt pattern successfully describes the static posi-
tional disorder associated with the oxygen site in the Pm3m
model. Including the size of the Pnma-like domains as a
fitting parameter yields an average domain size of 4.3(3) nm.
We note that this parameter will also be strongly correlated
to the background terms, preventing an accurate estimate
of the average domain size. Nevertheless, this estimate agrees
well with the domain size obtained from our dark-field image
analysis.

Magnetic characterization

Our NPD data revealed that no magnetic Bragg reflections
emerge upon cooling to 1.5 K, showing there is no long-range
magnetic order of the Mn moments. As previously stated,
cation disorder is known to suppress long-range magnetic
order in favor of glassy spin textures.**° This is most likely
why no long-range magnetic order is observed in CeBaMn,O.
Nevertheless, close inspection of the NPD data reveals the
emergence of a broad diffuse scattering contribution at high
d-spacing (~8 A) upon cooling (Fig. 6a), which is consistent with
the presence of some short-range magnetic order. By modelling
the diffuse scattering peak with a simple pseudo-Voigt function,
we determined that the diffuse scattering component emerges
below 100 K and becomes more intense upon further cooling
(Fig. 6b). Based on the data collected at 1.5 K, where the diffuse
scattering contribution is most prominent, we extract a
more precise peak position of d = 7.9(1) A. This is within 1o
of double the refined cubic lattice parameter at this tempera-
ture (@ = 3.90966(7) A), demonstrating that the short-range
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Fig. 6 (a) The emergence of diffuse magnetic scattering in CeBaMn,Og,

as observed in NPD data collected on WISH on the 58° bank. The
diffraction patterns at 1.5 K and 300 K have been offset from one another
for visual clarity. (b) Temperature-dependent integrated intensities of the
diffuse scattering peak centered at d ~ 8.0 A, as determined by fits to a
pseudo-Voigt function. (c) Rietveld fit against the magnetic diffuse scat-
tering region using the magnetic mXs mode. The background line (green)
has been depicted to highlight the additional scattering contribution from
the mXs mode. (d) Isothermal magnetization (M) vs. applied field (H) loops
of CeBaMn,0Og measured at 5 K (purple squares), 20 K (blue circles), 40 K
(cyan crosses), and 60 K (green triangles). The inset highlights the hyster-
esis observed below 40 K.

magnetic ordering arrangement responsible for the diffuse
scattering can be related to the Pm3m aristotype using the
propagation vector k = (1/2, 0, 0). Our DFT calculations predict
that the magnetic ground state should be A-type AFM, consis-
tent with the experimentally observed k vector. In this struc-
ture, the Mn** moments are aligned antiferromagnetically
along the Pnma b axis and ferromagnetically within the ac
plane (as shown in Fig. 2). This magnetic structure transforms
with respect to the Pm3m aristotype as the mXj irrep, in which
the moments must lie in the plane perpendicular to b if
magnetic Bragg intensity is to be observed for the (010)pmq
reflection. Fig. 6¢c shows that the inclusion of an mX; mode in
the Rietveld fit (corresponding to magnetic space group Pn'm’a,
no. 62.446), combined with a similar size-broadening term
used to model the octahedral tilt modes, successfully captures
the diffuse scattering contribution. From the initial Rietveld fit,
we extract a magnetic moment of u(x) = 0.65(7)ug per Mn; this
value is likely underestimated compared to the true magnitude
of the Mn moment due to the strong correlation with the
background terms, as previously noted for the magnitude of
the octahedral tilt modes. Upon performing a background
subtraction between the low- and high-temperature datasets,
the ordered moment was subsequently refined to be 2.8 £
1.3up, which is within 1 of the expected moment for Mn**
(S = 2). The metrically cubic lattice parameters prevent us from
assigning the specific orientation of the Mn** moments within
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the ac plane based on the present Rietveld analysis, so here we
choose to orient the moments along a in accordance with
the magnetic easy axis identified from our DFT calculations
(Table S2, ESIt). From our Rietveld fit, we extract a magnetic
domain size of 5.8(4) nm. This agrees well with the value
estimated by our dark-field image analysis as well as that
obtained from fitting our short-range Pnma-type model to our
diffraction data, showing the structural and magnetic domains
are similar in size as would be expected if their orderings were
intrinsically linked. Simulated diffraction patterns confirm that
the only alternative X-point magnetic ordering configuration
(transforming as an mX; irrep) should not produce any mag-
netic scattering at this d-spacing (Fig. S6, ESIt). This irrep
corresponds to an A-type AFM order with the Mn®* moments
oriented along b, so we can exclude the possibility of this
magnetic structure in CeBaMn,0Os. We also exclude the possi-
bility of alternative AFM orderings, such as C-type or G-type
AFM, as these magnetic structures are described by different
propagation vectors that do not transform as an X-point irrep.’
Accordingly, we uniquely identify the mX; mode as responsible
for the diffuse scattering feature we observe in our diffraction
experiments, in accordance with the magnetic structure pre-
dicted by our DFT calculations.

ZFC and FC DC magnetic susceptibility measurements
(Fig. S7, ESIT) reveal CeBaMn,O, is paramagnetic at room
temperature. Fitting a Curie-Weiss expression above 150 K
yields a Curie constant of C = 5.96(1) emu K ' mol'. This
corresponds to an effective moment of 4.89ug, which is in
excellent agreement with the spin-only value expected for
Mn*" (~4.90uz). Upon cooling, the ZFC and FC traces diverge
below ~38 K, but the lack of any long-range magnetic reflec-
tions in the NPD patterns confirms this is not due to a long-
range ordering of the Mn moments. Our synchrotron XRD
experiments found no evidence of trace magnetic impurities
such as Mn;0, which might otherwise explain this feature.
Similar behavior has been observed in other cation-disordered
LnBaMn,Og (Ln = Y, Dy-Sm) materials,"">! where divergences
between ZFC and FC traces arise due to the freezing of short-
range AFM spins with a wFM component, so we attribute this as
the origin of the ZFC-FC divergence in CeBaMn,Os. Isothermal
magnetization measurements (Fig. 6d) show a clear ferromag-
netic hysteresis develops below the spin freezing transition.
Weak ferromagnetic spin canting is predicted by our design
scheme due the coexistence of atomic displacements trans-
forming as X5 and magnetic ordering transforming as mXj,
giving the desired trilinear term with mI"; which describes the
character of the wFM representation in Pm3m perovskites.

Discussion

Our experimental insight demonstrates that the individual
ingredients required for magnetoelectric coupling are present
in CeBaMn,0g, and these appear to coexist spatially within the
same regions of the sample. However, the coherence length of
the antipolar cation displacements and A-type AFM ordering is
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very short, most likely a consequence of the limited extent
of cation ordering within our samples. Such cation disorder
also disrupts symmetry-breaking in several other LnBaMn,O4
systems. For example, in NdBaMn,Og the cation-ordered mate-
rial adopts the a bh'a” tilt system below 340 K> whereas the
disordered counterpart exhibits average Pm3m symmetry at
these temperatures.*® Previous electron diffraction studies on
SmBaMn,0Os also found that cation disorder across the A site
imposes a random potential effect, inhibiting the coherence
length of charge and orbital orders on the Mn**/Mn*" sites such
that average Pm3m symmetry is observed.>’ However, in these
examples, the disordered materials show no signs of any
appreciable superstructure across either global or local length
scales, suggesting the cation distributions in these cases were
too randomized for any signatures of symmetry-breaking to
emerge. Our observation of discrete superstructure reflections
as well as diffuse scattering by SAED and NPD strongly suggests
the cation distribution in our samples is not completely rando-
mized such that the spatial correlations governing octahedral
tilting and A-type AFM are mediated by some form of short-
range chemical order. Such behavior is well established in
other partially disordered perovskites, particularly lead-based
relaxor ferroelectrics wherein the emergence of both long-range
polarization and the relaxor-type behavior depend upon the
short-range nature of chemical ordering across the B site.”>>*
The appearance of short-range cation displacements and A-type
AFM in CeBaMn,Oq therefore implies there is also some degree
of cation ordering present, at least across the nanoscopic
length scale. To achieve bulk magnetoelectric coupling, it is
important to consider why the cation ordering in this system is
only short-range and how this may be controlled.

We returned to our DFT calculations and performed full
geometry relaxations on a selection of alternative cation
orderings. These are enumerated, along with their energies,
in Table S8 (ESIt). Each structure is strained significantly from
the aristotypical cubic structure (where a, ~ 3.9 A), so the lack
of any discernable peak splitting in our diffraction patterns
shows that none of these alternative cation configurations nor
any of their associated symmetry-breakings achieve any long-
range coherence in our samples. Interestingly, we find that the
assumed Ce/Ba layering perpendicular to the [010] direction
(space group: Pmc2,) is not the ground state cation configu-
ration from the perspective of DFT: instead, alternative X-point
layerings along either [100] or [001] are the most energetically
favorable configurations. Layering along the [001] direction
results in a polar space group (Pm), while layering along [100]
produces a non-polar space group (P2,/m). The Pm structure
contains the same collection of modes necessary for the switch-
ing scheme as for the Pmc2, structure illustrated in Fig. 2, so
this is likely another prospective candidate phase for magneto-
electric switching within this system. Both [001] and [100]
layering directions have energies within k7 of the sample
synthesis temperature (~0.1 eV per f.u.), so we anticipate small
regions of the sample will nucleate with different configura-
tions of cation ordering. Furthermore, although A-site ordering
with layering perpendicular to [010] has higher ground state

15066 | J. Mater. Chem. C, 2024, 12, 15058-15069

View Article Online

Paper

energy, it being the highest-symmetry phase means that at
elevated temperatures it may become entropically favorable,
hence all three layering configurations may become feasible
under the synthesis conditions we have employed. Neverthe-
less, the competition from alternative cation ordering arrange-
ments appears to be sufficient to disrupt any long-range cation
ordering throughout the bulk of the material.

Further efforts to achieve magnetoelectric coupling in
CeBaMn,0O¢ should focus on improving the coherence length
of cation ordering beyond nanoscale domains. It is highly likely
our use of high-pressure synthesis conditions has been crucial
in promoting any partial cation ordering: LnBaMn,0O¢ (Ln =Y,
lanthanide) materials synthesized at ambient pressure typi-
cally require a preliminary reduction step to achieve cation
ordering,”>*! so the use of even higher synthesis pressures may
assist in increasing the size of the symmetry-lowered domains.
Cation layering has also been proposed to be favored by large
cation size variance in hydrothermally synthesized Lag sTby 5
CrO; (¢® = 0.004 A%). Here, hydrothermal methods avoid the
high temperatures typically required for solid-state reactions
and thus prevent reorganization of the A cations into a dis-
ordered array.”” Based on the nominal Ce*" valence, we expect
CeBaMn, 0, to have a much larger size variance of o> = 0.051 A?
(this value is calculated based on the 9 co-ordinate ionic radii;
we have taken a linear interpolation of the 8 and 10 co-ordinate
radii of Ce** to calculate rcear (IX)). To the best of our knowl-
edge, CeBaMn,0; has the largest reported size variance of any
A-site substituted perovskite, so hydrothermal synthesis may be
a promising alternative synthesis route to achieve long-range
cation ordering in this system and to experimentally verify the
ground state cation ordering configuration. Finally, we antici-
pate that epitaxial growth techniques will be key to ensure
control over the directionality of the cation ordering within this
system, thus ensuring the cation configuration is compatible
with the magnetoelectric coupling scheme we have outlined in
this work and potentially enabling magnetoelectric coupling to
be realized beyond the nanoscale achieved in our high-
pressure-synthesized samples.

Summary

Our symmetry-informed approach has identified the new man-
ganite perovskite CeBaMn,O, as a promising system in which
to achieve magnetoelectric multiferroism. High-pressure synth-
esis methods have been crucial to stabilize highly pure samples
of this new perovskite composition for the first time, and our
diffraction and physical property characterization measure-
ments have revealed clear signatures of the critical symmetry-
lowering ingredients required for multiferroicity within spa-
tially coherent regions of the sample. Our findings are consis-
tent with the theoretical predictions of our DFT calculations,
highlighting the value of our symmetry-adapted approach in
designing new magnetoelectric perovskites. Our DFT calcula-
tions have rationalized the limited coherence length of the
multiferroic domains in our synthesized samples as being due
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to the competing cation ordering configurations which appear
to nucleate due to having ground state energies within k7 of the
synthesis temperature. Controlling the directionality of the
cation layering in this system will be key to enhance the size
of these symmetry-lowered domains so that magnetoelectric
coupling can be achieved across the bulk of the material for
device applications. While we have explicitly applied our design
scheme with respect to various X-point orderings within the
perovskite structure type, we note the wealth of additional
lattice, spin, charge, and orbital orderings possible in perovs-
kite materials (which can arise at different k points) offers
many further opportunities to realize additional magnetoelec-
tric couplings beyond what we have outlined in this work.
Finally, further exploration of the compositional space offered
by perovskite materials, guided by our symmetry-informed
design scheme, should allow for numerous new magnetoelec-
tric candidates to be identified beyond the CeBaMn,O¢ system
we have studied in this work, paving new directions in the
search for room-temperature magnetoelectric multiferroics.
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