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Stability of the collinear up-up-down-down magnetic ordering in Ca;CoMnOQOy
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Ca3;Co,_,Mn,Og is a quasi-one-dimensional Ising chain magnet with a unique collinear up-up-down-down
(114 }) magnetic ordering, that gives rise to ferroelectricity below the Néel temperature of 13 K. This unique
long-range magnetic ordering, however, was argued to get stabilized only with Co excess (i.e., x < 1.0) nonstoi-
chiometric Ca;CoMnOg, and not so for the chemically stoichiometric compound x = 1.0. Combining several
experiments along with first-principles density-functional-based calculations, we elucidate that this unique
T} | magnetic ordering can be stabilized even in the stoichiometric Ca;CoMnOg (i.e., x = 1.0) compound,
albeit through the presence of optimum cationic positional disorder, where some Mn and Co ions occupy the
trigonal-prismatic (Co sites for the ordered case) and octahedral (Mn-sites for the ordered one) sites respectively
through relative tuning of the various magnetic exchange interactions. Specifically, the relative energy stability
of the 11| magnetic order in Ca;CoMnOg exhibits a nonmonotonic dependency on the extent of cationic
disorder with a maximum of around 16% disorder. Thus our study helps to elucidate the mechanism that
leads to stabilization of this unique functional 11| magnetic ordering in this promising class of multiferroic

compounds.

DOI: 10.1103/j9r9-9h3q

I. INTRODUCTION

Type-II multiferroic materials, where ferroelectricity is in-
duced due to magnetic ordering, have been one of the major
focus of attention in recent years owing to its strong mag-
netoelectric effect [1-3]. Depending on the subtle balance
among various magnetic interactions, multiferroic systems
can host noncollinear as well as collinear magnetic phases
[4]. In most cases, the breaking of local inversion symmetry
necessary for long-range ferroelectricity, arises from non-
collinear magnetic ordering, mediated by strong spin-orbit
coupling or inverse Dzyaloshinski-Moriya (DM) interactions
[5-7]. In contrast, the collinear magnetism driven ferroelec-
tricity is very rare and has been found to emerge below the
magnetic ordering temperature (~13K) in an Ising chain
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magnet CazCo,_,Mn,Og. Ferroelectricity arises due to the
exchange striction effect from the collinear up-up-down-down
(114 {) magnetic ordering (where arrow directions indicate
the relative spin orientations of the adjacent transition metal
cations) [8-10]. The crystal structure of Ca3Co,_,Mn,Og
(0 < x < 1.00) stabilizes in the R-3c (trigonal-family) space
group at room temperature as shown in Fig. 1(a). Ca3CoMnQOg
(i.e., x = 1.00) consists of alternating face-shared Co**Og
trigonal prisms and Mn**Og octahedra along the crystallo-
graphic c axis [11]. Notably, the collinear 11| | magnetic or-
dering was found to be stable in Ca3Co,_,Mn,Og¢ for 0.75 <
x < 1.0 (and not for x = 1.00) [12], i.e., in compounds with
excess Co ions (i.e., x < 1.0). x = 1.05, i.e., excess Mn ions
also partially disturb this long-range ordering. From the crys-
tal field level schemes and corresponding electronic configu-
rations for Mn** Qg octahedra and Co** Oy trigonal prisms as
shown in Fig. 1(c), we note that the nearest neighbor exchange
Jco—Mn 18 antiferromagnetic (AFM) for ordered structure, and
next nearest J.,_o, or Jy, . 1S also AFM. Thus, strong
magnetic frustration due to these competing nearest and
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FIG. 1. Schematic illustrations of (a) unit-cell crystal structure
of CazCoMnQg. (b) Up-up-down-down (11 {) collinear AFM or-
dering of Mn and Co spins in Ca;CoMnOg. (c) Crystal field level
schemes and possible electronic configurations for Mn** Qg octa-
hedra and Co?" Qg trigonal prisms. (d) Schematic illustration of
the competing | 1J and 11| orderings responsible for inhomo-
geneous short-range ordering in the case of cation ordered structure,
and the stabilized long-range 11 | ordering in case of the disor-
dered structure, respectively. Here, the nearest neighbor exchange
Joo—mn is (AFM), while the next nearest J(,_, and Jy;, _, are also
(AFM).

next-nearest intra (or other competing inter chains) interac-
tions, exists in x &~ 1.00 and causes destabilization of the
exotic 11| | long-range magnetic ordering [12]. In contrast,
the Co-rich (x = 0.95) composition helps in reduction of mag-
netic frustration, which recovers the collinear 11, | magnetic
ordering in Ca3;Co,_,Mn,Og compounds [12]. On the other
hand, theoretical understandings based on DFT calculations
in regards to the relative magnetic ordering stability lack
unanimity, as depending on the choice of the exchange cor-
relation functional, either up-down-up-down (1]4]) [9] or
up-up-down-down (11 |, only for very small U values) [13]
orderings were found to be stable even for the stoichiometric
x = 1.00 compound. Experimental efforts toward probing the
role of positional disorder on the 11 ] | magnetic order stabil-
ity for the stoichiometric x = 1.00 compound are, however,
lacking. Thus further experimental and theoretical investi-
gations towards developing a better understanding of the
collinear 11| magnetic ordering stability in Ca;CoMnQOg
compound are necessary.

With this goal, we have investigated various x & 1.00 (i.e.,
stoichiometric CazCoMnQg) compounds with different de-
grees of cationic (i.e., Co or Mn ions) positional disorder. We

TABLE I. Sample nomenclature and synthesis details. All sam-
ples were cooled from the annealing temperature of 1473 K to
introduce different levels of cationic disorder.

Sample Synthesis Co-Mn
codes conditions disorder (%)
Sy very slowly cooled at a rate of 10+1

2 K/hour
S, slowly cooled at a rate of 15+£2

6 K/hour
S3 cooled at a rate of 120 K/hour 20+ 3
Sy quenched into liquid-N; 25+£5

find that the 1] 1] magnetic ordering is competing with the
M} J magnetic order for an ideal CazCoMnOg, i.e., without
any positional disorder between Co and Mn ions which can
give rise to inhomogeneous short-range magnetic ordering,
as illustrated in Fig. 1(d). Notably, on the introduction of
positional disorder in stoichiometric Caz;CoMnQOg¢ (~10%),
some Co ions occupy the octahedral sites while some Mn
ions occupy the trigonal prismatic sites. This helps to induce
nearest neighbor Jy—mn Or Joo—co interactions and leads to
stabilization of 11 | long-range magnetic ordering as shown
in Fig. 1(b). Interestingly, the relative stability of 11| | mag-
netic ordering for the partial disorder CazCoMnOQOg over that
of the ordered one increases with the increase in positional
disorder. However, the stability of 11| against the 11|
exhibits a nonmonotonic response, with a maximum around
16% cationic disorder. Thus the 11| magnetic ordering
seems realizable even in stoichiometric Ca;CoMnQg with the
introduction of some cationic positional disorder. Importantly,
the presence of very high (> 16%) cationic disorder, however,
leads to further destabilization of the 11| | magnetic long-
range order.

II. METHODOLOGY
A. Experimental

Well ground stoichiometric mixture of high purity CaCOs3,
Co0, and MnQO,, was first pelletized and annealed at 1223 K
for 30 hours. Then, the annealed pellet was again ground
properly and divided in four different parts. Every part was
subsequently subjected to similar heat-treatment at 1473 K for
24 hour [14], followed by different cooling procedures (i.e.,
different rates of cooling) to introduce varied levels of cationic
disorders in polycrystalline Caz;CoMnQOg. The sample nomen-
clature details are included in Table I. Chemical stoichiometry
was investigated through energy dispersive x-ray (EDX) anal-
yses. Powder x-ray diffraction (XRD) measurements using
Cu-K,, and Raman spectroscopic measurements using 514 nm
line of Ar" laser as an excitation source were carried out
at room-temperature. Magnetic measurements were carried
out in a SQUID MPMS magnetometer. Temperature depen-
dent neutron powder diffraction was recorded on the PD2
(L ~ 1.2443 A) at Dhruva reactor, Bhabha Atomic Research
Centre, Mumbai. The patterns were analysed for crystal and
magnetic structure using Fullprof. Spectroscopic XANES (x-
ray absorption near edge structure) and EXAFS (extended
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x-ray absorption fine structure) data at the Mn and Co K edges
were collected at P-64 beamline of Deutsches Elektronen-
Synchrotron source, DESY, Hamburg, Germany [15]. XAFS
data were measured using Si (111) monochromator with an
energy resolution of AE/E ~ 107, The as-obtained data are
processed and analyzed using Athena module. The extended
x-ray absorption fine structure (EXAFS) signals were simu-
lated using the Artemis software package. For EXAFS and
XANES data analyses, backgrounds of the collected raw data
were first subtracted and then normalized using the ATHENA
software [16]. Incorporating basic crystallographic informa-
tion, the EXAFS spectra were fitted with a specific model
in the ARTEMIS software [16], in which theoretically calcu-
lated spectrum were matched with the experimental spectrum
[16-18]. During fitting, k and R ranges were fixed to 3 < k
<13A"and 1 < R <3.1 A, respectively for Mn K edge,
whereas those for Co K-edge were 3 < k < 12 A~'and 1 <
R < 3.5 A, respectively.

B. First-principles calculations

Electronic structure calculations were carried out within a
projected augmented wave implementation of density func-
tional theory in the Vienna ab initio simulation package
(VASP) code [19-22]. The generalized gradient approxima-
tion (GGA) [23] to the exchange-correlation function was
used. Electron-electron interaction effects were applied to
the d-orbitals at both the Mn and Co sites, with a value of
U=3 eV for Mn and U=6 eV for Co as in Ref. [9] within
the GGA 4 U implementation by Dudarev [24]. We have
considered experimental structural information of the rhom-
bohedral lattice (R-3c) with hexagonal setting [14]. For the
convenience of calculation, we extracted the trigonal primitive
cell, which consists of only one Co-Mn chain. For the ordered
structure, we have taken a cutoff energy of 600 eV for the
plane wave expansion and Monkhorst Pack k-point grid of
6 x 6 x 6 for integration over the Brillouin zone [25]. Super-
cellsinvolving I x 1 x 2,1 x 1 x3,1 x1x5and2 x2 x 2
unit cells were used in which the Co and Mn atomic positions
were interchanged corresponding to various percentages of
disorder. In each case, the atomic positions were optimised for
both 1} 1 and 11| magnetic configurations with the same
values of U. To determine the exchange pathways, we applied
maximally localized Wannier functions using the Wannier90-
VASP [26,27] interface to map our ab initio band structure
onto a tight-binding model. We obtained a good tight-binding
fit, which enables us to use the complete Hamiltonian and
extract both the on-site energies and the hopping interaction
strengths. We have then determined the energy gain from each
hopping pathway. This involves calculating the band energy,
which is nothing but the sum of the occupied eigenvalues
within the tight-binding model, with and without the Hamil-
tonian matrix elements for that hopping pathway.

III. RESULTS AND DISCUSSIONS

A. EXAFS study for the determination of cationic disorder

All the synthesized samples are single phase and found to
be crystallized in the R-3c space group, in agreement with
earlier reports. Importantly the Co to Mn ratio is similar
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FIG. 2. Rietveld refinements of room-temperature x-ray diffrac-
tion spectra for the (a) low-disorder S, (with x2 = 1.34 and
Rp =3.59) and (b) high-disorder S, (with x> =1.42 and Rp =
3.32) Ca3;CoMnOg compounds.

and close to unity in all the samples, as investigated using
energy dispersive x-ray (EDX) analyses, shown in Fig. S1
of Ref. [28]. Systematic cooling at varied rates, after high-
temperature annealing process, leads to different levels of
cationic positional disorder [29] in the various Ca3CoMnQOg
(i.e., x &~ 1.00) compounds as listed in Table I, which are
elucidated using a direct microscopic probe, EXAFS. EXAFS
experiments were carried out [30,31] on all the samples at
room temperature and at various lower temperatures for two
of the extreme compounds from Table I, which exhibit the
largest difference in magnetic properties (later to be discussed
in the following section), namely S, (low-disorder) and Sy
(high-disorder). In this regard, it is also important to note that
the presence of high-disorder due to quenching into liquid N;
(at 77 K) directly from 1473 K does not lead to any signif-
icant structural changes in the S4 compound as compared to
low-disordered (S,) sample as evident from room-temperature
XRD refinements and Raman spectroscopic measurements,
as shown here in Fig. 2 and Fig. S2 of Ref. [28],
respectively. Figures 3(a) and 3(b) display the Fourier trans-
formed EXAFS data of the k*-weighted spectra (shown in
Fig. S4 of Ref. [28]) with the structural-model fittings for
Mn and Co K edges of both S, (low-disorder) and S, (high-
disorder) compounds. A good level of fitting of the EXAFS
data for all the measured temperatures is achieved for which
the corresponding R factors are ~0.01 and ~0.006 for Mn
and Co K edges, respectively. The Mn (Co) coordination,
i.e., number of nearest neighbors, for the absorbing Mn (Co)
atom is zero in a perfectly ordered Ca;CoMnOg compound,
as Mn and Co ions alternate along the ¢ axis. Presence of
cationic positional disorder to some extent could be detected
in both the S, and S4 compounds from EXAFS analyses. The
percentage of cationic disorder extracted from analyses of
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FIG. 3. Fourier transformed spectra of the corresponding k>-
weighted EXAFS data (open circles) along with corresponding
fitting (solid lines) for (a) the Mn K edge and (b) the Co K edge
respectively at 300 K of the S, (low-disorder) and S, (high-disorder)
compounds. (c) Rietveld refinement of neutron diffraction spectra
at 5 K for the S, compound. (d) Close-up view of the (101) mag-
netic peak shows the broadening in case of the high-disorder (S4)
compound, indicating weaker (or short-range) magnetic ordering as
compared to that of the sharper peak in case of the low-disorder (S,)
one indicating robust long-range ordering.

both Mn and Co K-edge EXAFS, is higher in the quenched S4
compound (~25%) than the slowly-cooled S, (~15%) one, as
evident from Table II of Ref. [28]. Mn and Co K-edge XANES
spectra [32-36], for all these compounds were also analyzed
as shown in Fig. S3 of Ref. [28], where no significant changes
in the electronic structure are observed due to cation positional
disorder.

B. Neutron diffraction study

Next, to investigate any effect of cationic positional disor-
der on the 11 | AFM ordering stability of the stoichiometric
x = 1.00 compound, we employ temperature dependent neu-
tron diffraction measurements focusing on the same two
compounds; S, (low-disorder) and S, (high-disorder), as
shown in Fig. S9 of Ref. [28]. We note that there is no
structural phase transition down to 1.7 K [37]. Importantly,

TABLE II. Spin exchange interaction parameters obtained from
GGA+-U calculations, where a negative sign indicates antiferromag-
ntic exchange interaction.

Magnetic Jeo-Mn T Mn-Mn ¥ coco
configuration (meV) (meV) (meV)
(AN -5 -1 -1

the magnetic (101) reflection (a signature peak for the
unique ™| AFM ordering [11,12]) becomes prominent
below ~10 K (i.e., at ~7.5K) as shown in Fig. S9 of [28].
The Rietveld refinement of the neutron diffraction data has
been carried out considering the 11 | [ferromagnetic (FM)
nearest neighbor and antiferromagnetic (AFM) next nearest
neighbor interactions] Ising chain model between Mn and Co
atoms [11], as shown in Fig. 3(c) for the low disorder S,
compound. Average Mn and Co moments come out to be
1.2+0.1 yz and 1.0 £ 0.1 py for the low disorder S, com-
pound (note Table III of Ref. [28]). The obtained cationic
disorder from the Rietveld refinement analyses of the neutron
diffraction data at 5 K for the S, and S4 samples comes out
to be ~6% higher in S4 compound than the S, compound,
which is in qualitative consistency with the cationic disorder
estimated from corresponding EXAFS data analyses. Impor-
tantly, the (101) magnetic peak is more intense and sharper in
case of the low-disorder S, compound as compared to a broad-
ened peak of high-disorder S4, which even becomes clearer
from a direct comparison at 5 K, shown in Fig. 3(d). Thus,
these observations clearly elucidate that the 11 | magnetic
ordering is better stabilized (i.e., higher degree of magnetic
correlation) in the low-disorder (~15%) S, compound as
compared to the high-disorder (~25%) S4 which shows sig-
nature of short-range ordering [12]. Although the result of S,
compound is consistent with previous observation of x = 0.95
in Ca3Co,_,Mn,Og [12], the result of weaker long-range or-
dering even for a higher disordered S4 compound is surprising,
as larger cationic disorder is expected to better stabilize the
long-range ordering.

C. Magnetic properties

To further investigate the nature of the dependency of the
stabilization of the 11| AFM ordering on cationic posi-
tional disorder, we employ temperature and field dependent
dc magnetic measurements. From the variation of magnetiza-
tion (M) with temperature (7), as shown in Fig. 4(a) and its
inset, we note two important features. First, there is a broad
transition at ~13 K (for S,) in an M-T plot, whereas a second
transition is also observed at low temperature of ~7.5K [as
detected by the peak position in dM/dT plot of Fig. 4(b)]. In
this regard, it is important to note that the global long-range
AFM ordering indicated by the appearance of (101) magnetic
reflection in neutron diffraction measurements also sets in at
around 7.5 K (indicating long-range ordering) in Ca;CoMnOQOg
compound, whereas the high-temperature ~13 K broad mag-
netic transition is most likely the onset of AFM correlations
along the quasi-1D Ising chain. Similar observations were also
seen in case of a closely related MnTiO3 where the broad
anomaly at ~100 K in magnetization data indicated the onset
of quassi-2D AFM correlations in the a-b plane of MnTiO3
and the low-temperature peak in dM/dT versus T plot at ~64 K
corresponds to the long-range antiferromagnetic ordering in
MnTiO;3 [38-40]. Interestingly, judging from the sharpness
of the AFM transition at T3, in Fig. 4(b), it becomes evi-
dent that the global long-range AFM order’s stability is more
in the low-disorder S, compound than the high-disorder Sy
one, which is similar to the observation made from neutron
diffraction.
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FIG. 4. (a) Temperature (7) dependent magnetization (M) plot (M vs. T) of the low-disorder S, and high-disorder S, compounds.
(b) Corresponding derivative plots. (c) Variation of the “sharpness” of magnetic transition, i.e., the maximum change in dM/dT at the 3D
long-range 11| AFM ordering temperature, divided by the full width at half maximum (FWHM) of the peak for differently disordered
compounds. (d) Isothermal magnetization (M) vs applied magnetic field (H) plot at 5 K for the low-disorder S, and high-disorder S,
compounds. (e) Corresponding derivative plots for S, and S, compounds. (f) Variation of the “sharpness” of spin-flop transition, i.e., maximum
change in dM /dH plot at the critical magnetic field for metamagnetic phase transition, divided by the FWHM of the peak, with increasing
disorder for different compounds. (g) 1/x vs T plot for the low-disorder S, compound shows linear behavior down to the magnetic transition.
While its inset shows the corresponding Curie-Weiss fitting. (h) The deviation from linearity at temperatures much higher than the 7y indicating
the presence of short-range magnetic ordering in the high-disorder S, compound. (i) Variation of the frustration index, as calculated considering
the formula f = |6cw |/ Ty from Curie-Weiss fitting as shown in the inset.

Subsequently from the field dependent magnetization
(M-H) measurements in Fig. 4(d), we note that the low-
disorder S, compound exhibits an almost linear M-H curve
at low fields, which however, deviates beyond a critical field
and undergoes a metamagnetic like (or spin-flop) transition
[41,42]. The spin-flop transition becomes apparent from the
appearance of a peak in the derivative of M-H plots, as shown
in Fig. 4(e) [43]. It is also important to note that the presence
of hysteric M-H loops at high-field beyond the metamagnetic
transition indicates its first-order character [41,44]. The sharp-
ness of metamagnetic transition (which is also an effective
indicator of the AFM order stability at low field) is more in
the low-disorder S, compound than the high-disorder S4 one
similar to the observation made in the temperature dependent
magnetization data. This result can be understood from the
presence of significant short-range magnetic ordering which

seems primarily responsible for the broadening of the high-
temperature magnetic transition (or otherwise weakening of
the long-range ordering) as already seen in the case of the
high-disorder S4 compound in Fig. 4(b). This becomes evident
from the deviation of the inverse magnetic susceptibility from
a linear monotonic functional dependency contribution at a
temperature much higher than the magnetic phase transition
in the high-disorder S4 compound, which, although, is absent
in the case of the low-disorder S, compound, as shown in
Figs. 4(g) and 4(h), respectively.

Now, to understand this unique observation of decreased
stability of the 11| long-range ordering with increas-
ing disorder, we have considered two more compounds S;
(with disorder of ~10%, lower than that of the S,) and S3
(with disorder of ~20%, higher than that of the S,, but less
than S4) as listed in Table 1. Here the strength of disorder
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is S4 > S3 > S, > S;. From the temperature and field de-
pendent magnetization data shown in Fig. S10 of Ref. [28],
we note nonmonotonic response of paramagnetic to AFM
phase transition as well as spin-flop transition. To quantify
this, we consider the “sharpness” parameter defined by the
magnitude of the peak in the derivative of magnetization with
temperature or field, divided by the full width at half maxi-
mum (note Sec. IX of Ref. [28]). Detailed calculation of the
sharpness of the magnetic phase transition and the spin-flop
transition are described in Figs. S11 and S12 of Ref. [28].
From Figs. 4(c) and 4(f), we note that the “sharpness” of both
the paramagnetic to AFM and spin-flop transitions exhibits
a nonmonotonic dependence with disorder, i.e., initially it
increases for small disorder up to S, and then again decreases
with further increase in cationic disorder, which is intriguing
and has not been seen before in this class of Ising-chain
magnet.

To understand this observation, we consider magnetic frus-
tration toward the AFM ordering stability. To do so, we did
Curie-Weiss fitting of 1/x versus T data as shown in the
inset to Fig. 4(g). It is interesting to note that the magnetic
frustration index (f = |6 cw|/Tw) (as described in Ref. [45]),
exhibits a similar trend and varies nonmonotonically with the
extent of cationic positional disorder as shown in Fig. 4(i).
The value of f becomes maximum for the high-disorder S4
compound with the poorest AFM ordering stability. Thus, it
becomes evident that due to the presence of cationic disorder
it is the magnetic frustration which primarily controls the
1) AFM ordering stability [12,46] in such partially disor-
dered Ca3;CoMnQOg compounds. In this regard, the effective
magnetic moment values, estimated from Curie-Weiss fit-
ting of the high-temperature paramagnetic susceptibility data,
as shown in the inset to Fig. 4(f), are 6.46 &£ 0.05 ug/f.u.
for the quenched high-disorder S; compound and 6.24 +
0.02 ug/ f.u. for the low-disorder S, compound. These results
are consistent with the expected spin only magnetic moment
for “Mn**(3/2-Octahedra)-Co** (3 /2-Prismatic)-Mn** (3 /2-
Octahedra)-Co®*(3/2-Prismatic)” which is 6 ug/f.u. (here,
the number under bracket represents the spin-only moment
under the corresponding crystal environment).

D. DFT calculations and understanding of the stability of 11|
AFM ordering

Subsequently, we attempted to understand the source
of stabilization for the up-up-down-down (11 J) magnetic
ground state in the presence of disorder through GGA + U
calculation implemented in VASP. First, we have consid-
ered four possible collinear magnetic orders; 11, ™4,
M4, and 111 in the Co-Mn-Co-Mn chains for the ordered
structure. Atomic positions were optimized within our
GGA + U calculation [9] and the total energy of each con-
figuration revealed that 1] 1] and 11| are the only closest
competing ground states, where the former has just 5 meV/f.u.
lower energy than the latter (for further details, look at
Sec. XIII of Ref. [28]). GGA + U results were mapped onto
a Heisenberg model to extract different exchange interaction
parameters. The optimized ground state structure was used
to calculate the total energy for each of the other magnetic
configurations (further details provided in Secs. XIV and XV

of Ref. [28]). For the various spin configurations, the total
energy (per f.u.) can be expressed as

Epypy = Eo+ 2Jcomn — ynvtn = JCo-cos
Eptyy = Eo + Nnomn + oo
Epyy = Eo + Nnomn — JCo-cor
Etrtt = Eo = 2Jcovn = Jytnvn — JCo-cor

Here values of magnetic moments are absorbed in the
exchange interaction parameters. J is the spin-exchange pa-
rameter and E; is the spin independent constant of total
energy. From these equations, we obtained the exchange
parameters listed in Table II. Interestingly, all these Js are
anti-ferromagnetic and Jcomn plays the dominant role in mak-
ing the 11| configuration compete with the 11| one.
For the 11| | configuration there is no contribution from
Co-Mn exchange interactions. Thus, due to such a strong
competition between 11| and 11|, the long-range order
is disturbed and significant short-range order is evolved in per-
fectly ordered Caz;CoMnOg. Alternately, exchange striction in
the 11| configuration can lead to a nonvanishing contribu-
tion to the energy from nearest neighbor Mn-Co interactions,
though this is very small. Short-range incommensurate mag-
netic order has been reported for stoichiometric Ca3CoMnOQOg
[12]. Our Monte-Carlo calculations also suggest presence of
multiple degenerate magnetic states for the cation-ordered
Ca3;CoMnQOg (methodology and results included in Sec. XVI
of Ref. [28]).

As the GGA +U method in DFT calculations often cor-
rectly reproduces the relative energies between magnetic
states and electronic structures, we have introduced antisite
disorder in Caz;CoMnOg considering different supercells and
interchanging the positions of Co and Mn atoms depending
on the percentages of disorder as shown by a representa-
tive example in Figs. 5(a) and 5(b). Since 11 J and 1] 1|
magnetic orderings are the two closely competing states
in the ordered system, the relative energy differences be-
tween P | and 11| serve as the basis for examining
the stability of the 11| configuration in case of disorder
in the system. We have performed ab initio calculations for
6.25%, 10%, 16.67%, and 25% disorder imposing 11 | and
M4 1] magnetic configurations. The energy differences be-
tween these structures, as plotted in Fig. 5(c) (also tabulated
in Sec. XV of Ref. [28]), strongly indicate the nonmono-
tonic dependence of the 11 ] magnetic ordering stability
with cationic disorder. Thus obtained theoretical results are in
broad consistence with the experimental results. For the ideal
cation-ordered Caz;CoMnOg, theoretically, the 1|1 config-
uration is strongly competing with the 11| configuration.
However, with progressive incorporation of cation positional
disorder for our calculations, the relative stability of the 11 |
configuration continues to increase and becomes the ground
state magnetic configuration for ~16% cation disorder, as
seen in Fig. 5(c). With further increase in cationic disorder be-
yond ~16%, the competition between these two energetically
close magnetic configurations seems to be the primary source
of significant short-range ordering observed for our higher
disordered compound (S4). Whereas Co*"-O and Mn**-O
bond lengths are similar to the ordered results, some Mn3*-0
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FIG. 5. Co-Mn chains for the optimized structure with 16.67%
disorder for (a) | 1J1 magnetic ordering and (b) | 11| magnetic
ordering. (c) Variation of E;4,-E; 4+, with cationic positional disor-
der highlighting the stability of 11| | ordering.

bonds are found to be distorted and larger (2.33 to 2.4 10%) as
shown in Figs. 5(a) and 5(b), which reduces hopping via the
pathway Co-O-Mn. However, in some regions, Co and Mn
atoms as nearest neighbors can lead to an effective gain for
the 11 | configuration.

We know from an analysis of the hopping pathways that the
exchange mechanism happens through the oxygen. So, for the
disordered system, some Mn-O bonds are distorted and higher
than other average Mn-O bonds so the effective gain from
hopping in this path is reduced, as shown in Fig. 5 (similar
observation was also seen from the deduction of respective
bond distances via structural refinements of EXAFS data as
shown in Fig. S8 of Ref. [28]). So qualitatively we can say
that nearest neighbor exchange interactions in both 11| | and
M1 configurations are reduced in the disordered region.
Interestingly, there is no nearest neighbor exchange term
(Jco-mn) 1n the spin exchange expressions for 11 | ordered
system. However, for the disordered system in some regions,

Co-Co and Co-Mn ( Mn-Mn and Co-Mn) are nearest neigh-
bors. So, there is a contribution from the nearest neighbor
exchange. Therefore, with disorder 11| | can gain stability
and become the ground state. In a nutshell, the main route to-
ward 11| | long-range ordering is to reduce the contribution
from the nearest neighbor exchange interaction.

IV. SUMMARY

In summary, by combining various experimental results
along with first-principles DFT-based calculations, we eluci-
date that the unique 11| collinear magnetic ordering that
gives rise to ferroelectricity, can be engineered in stoichiomet-
ric Ca;CoMnOQyg through the presence of an optimal amount of
cationic positional disorder. The increased stabilization of the
1} J magnetic ordering over the competing 4] 1| ordering
becomes feasible through the introduction of nearest neighbor
Co-Co and Mn-Mn exchange interactions in the positional
disordered compound, which is qualitatively similar with pre-
vious observations. However, the presence of a relatively large
cationic disorder introduces significant magnetic frustration
and destabilizes the 11 | magnetic ordering in Ca3CoMnOg.
Thus our study broadens the scope of the investigation by
capturing the nonmonotonic dependence of 1] | magnetic
ordering on extent of cationic disorder (also illustrated in
Fig. S13 of Ref. [28]), which we believe is a key insight in this
interesting class of materials associated with magnetoelectric-
multiferroic properties.
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