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Magnetic structure and spin correlations in magnetoelectric honeycomb Mn4Ta2O9
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We elucidate the magnetic interactions and the role of spin (electron) correlation in determining the ground
state of the honeycomb compound Mn4Ta2O9, by neutron powder diffraction, inelastic neutron scattering (INS),
specific-heat (CP ) measurements, and electronic-structure calculations. The antiferromagnetic long-range order
with moments along c occurs at 102 K with strong exchange striction and small anisotropy. It is described by
the three-dimensional Ising model. Diffuse magnetic scattering has been observed above TN , which is attributed
to the two-dimensional spin correlations within the Mn2+ honeycombs. This is confirmed by the calculated
exchange constants. INS experiments and spin-wave simulations together with CP measurements reveal two
gapped modes on the ab plane, originating from the rotation of the spins away from the easy axis c. The magnetic
anisotropy is mainly determined by an electron-correlation-assisted dipole-dipole interaction. This work provides
insight into the competing origins of the magnetic anisotropy, which leads to different magnetic ground states in
the family of honeycomb compounds.
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I. INTRODUCTION

In magnetoelectric materials, magnetic ordering and elec-
tric polarization (EP) coexist where both magnetism and EP
are of spin origin. In principle, the stronger the coupling
of these two, the larger the magnetoelectric (ME) effect is
expected. The magnetoelectric effect can be utilized in appli-
cations such as MRAMs, sensors, and capacitors. Although
technically relevant, the coupling mechanism between these
two orders is complicated [1–5]. Two classes of materials
fulfill this requirement: (i) type-II multiferroics such as or-
thorhombic RMnO3 (R = rare earth) and Ni3V2O8, where
spontaneous EP is induced by the magnetic ordering (internal
field) [6–9], and (ii) materials such as Cr2O3 and LiMPO4

(M = Co, Fe, Ni, Mn) which show no spontaneous EP in
the ground state (GS) but an induced EP by the application
of external magnetic field below the magnetic ordering tem-
perature [3,10,11]. The above described magnetoelectrics and
type-II multiferroics should be distinguished from the type-
I multiferroics, in which magnetism and EP have different
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independent origins [4]. The magnetic order parameter should
break both time-reversal and inversion symmetries [1].

In the present paper, we concentrate on the family of
the honeycomb M4A2O9 (M = Co, Fe, Mn and A = Nb,Ta)
compounds. Recently, extensive research has been devoted
towards these compounds due to the discovery of a magnetic-
field-induced EP below the magnetic ordering, the mutual
manipulation of the magnetic and electric order parame-
ters, as well as a large magnetoelectric coupling constant
in Co4Nb2O9 [12–15]. Compounds with M = Co, Fe, and
Mn crystallize in the trigonal space group P 3̄c1 (No. 165)
with two crystallographically distinct M sites: M1 (0.33,
0.66, z1) and M2 (0.33, 0.66, z2). In contrast, Ni4Nb2O9, the
only Ni counterpart, has two modifications, crystallizing in
Fd2d (No. 43) and Pbcn (No. 60), respectively [16]. The
crystal structure of these materials is built from alternating
layers of M1 and M2 honeycombs. The M1 and M2, which
are in the distorted octahedral oxygen cages, form edge-
shared coplanar and corner-shared buckled hexagons, respec-
tively, and face-shared octahedra connect these hexagons
along c.

This family of compounds was first synthesized and in-
vestigated by Bertaut et al. [17]. The magnetoelectricity
was initially confirmed by Fischer et al. measuring the
magnetoelectric susceptibility [18]. The long-range ordering
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temperature increases with the spin quantum number and
decreases with the ionic radii of A and reaches a maximum
value of 109 K for Mn4Nb2O9 [14,17]. Possible exchange
interactions in Co4Nb2O9, Co4Ta2O9, and Mn4Nb2O9 were
discussed by Bertaut et al. [17], Osmond et al. [19], and,
very recently, Solovyev et al. [20]. However, several issues
regarding the magnetic structure, anisotropy, and magnetic
interactions remained debated from the beginning, which are
essential for the description of their magnetoelectric prop-
erties. The magnetic structures were so far only determined
for M4Nb2O9 (M = Co and Mn). In particular, the magnetic
structure of Co4Nb2O9 is surrounded by controversy. Accord-
ing to Bertaut et al. [17], the spins order antiferromagnetically
along c with k = (0, 0, 0) for Co4Nb2O9. However, Khanh
et al. recently showed by single-crystal neutron diffraction on
Co4Nb2O9 that the spin is ordered in the ab plane and canted
towards c [15]. Very recently, Deng et al. [21] determined
the ordered spins to be predominantly in the ab plane. This
casts the question on the origin of the anisotropy, canting,
and Dzyaloshinskii-Moriya antisymmetric exchange in this
family of materials. For compounds with weak spin-orbit
coupling (SOC) as in this family of materials, long-range
magnetic dipole-dipole interaction may also play a key role
in determining the anisotropy by competing with SOC. Also,
regarding the symmetric exchange interaction, doubts remain
such as regarding the exchange constant J1 which couples M1
and M2. As these compounds contain partially filled narrow
d bands, the onsite electron-electron repulsion is significant.
However, concerning the influence of electron correlation
on the magnetic and multiferroic properties, apart from one
low-energy electron model investigation [20], no electronic
structure investigation was performed. Such studies would
certainly be helpful in understanding and optimizing the mul-
tiferroic properties.

In order to elucidate the above issues, we investigate
the magnetic structure and the role of spin correlations in
determining the magnetic interactions in Mn4Ta2O9. For
Mn4Ta2O9, neither the magnetic structure nor the exchange
interactions are known. This is a large S = 5/2 spin system
where the magnetic coupling effects are enhanced and mag-
netic frustration effects are limited. This is an ideal system to
study the exchange interactions and particularly the effects of
the weak long-range magnetic dipole-dipole interaction, due
to the very weak SOC expected from a very small orbital
polarization. The studies can be easily extended to other
members of the whole family of these materials and help to
distinguish between the different magnetic models proposed
for certain members of the system. Furthermore, Ising or
non-Ising critical behavior may also be a fingerprint of the
magnetic models, which can be distinguished by determining
the critical exponents. The related easy-plane or easy-axis
classification, which may be elucidated by investigating the
spin-wave excitations (gapped or ungapped mode), can further
refine the magnetic model. Here we present our system-
atic investigation of Mn4Ta2O9 by a combination of several
different techniques of neutron powder diffraction (NPD),
inelastic neutron scattering (INS), heat-capacity measure-
ments, electronic band structure calculations, and spin-wave
modeling.

II. EXPERIMENTAL AND CALCULATION DETAILS

Trigonal Mn4Ta2O9 was synthesized through solid-
state reaction. Chemically pure MnO (99.99%) and Ta2O5

(99.99%) were ground together in an agate mortar, pelletized,
and kept in a tube furnace in an inert atmosphere at 1200 °C
for a total of 60 h with several intermediate grindings to obtain
a highly homogeneous powder. No impurities were detected
in x-ray powder diffraction. However, negligible amounts of
Mn3O4 and Mn5O8 were found in neutron powder diffraction
experiments, which cannot be avoided through the solid-state
route [22].

Neutron powder diffraction [NPD, λ = 1.548(1)Å] exper-
iments on Mn4Ta2O9 were performed on the high-resolution
neutron diffractometer SPODI of FRM II Garching n. Mu-
nich, Germany [23] at selected temperatures from 4 to 300 K
to determine the magnetic structures below the magnetic-
ordering temperatures and short-range magnetic order. Addi-
tionally, laboratory x-ray powder diffraction (XRD) measure-
ments were carried out using Mo Kα1 radiation with NIST
640d Si (a = 5.43123 Å) as an internal standard on a custom-
built transmission setup [24]. Low-temperature powder XRD
was performed with a sample holder incorporated in a closed-
cycle helium cryostat between 25 and 295 K. Rietveld re-
finements [25] of structural and magnetic parameters were
performed, against the x-ray and neutron-diffraction data,
using the program FULLPROF [26].

Inelastic neutron-scattering experiments on Mn4Ta2O9

were performed with the cold neutron time-of-flight spec-
trometer PELICAN [27], at the OPAL reactor at Australian
Nuclear Science and Technology Organisation (ANSTO),
Australia. The incident neutron wavelength is 2.345 Å, cor-
responding to the second-order reflection from the monochro-
mator through adjusting the phase between two Fermi chop-
pers. The sample was loaded in an annular aluminum can.
Measurements were recorded at selected temperatures from
1.5 to 150 K. Data analysis was performed using the program
LAMP [28]. The spin-wave modes were calculated with the
software SPINW [29], utilizing classical Monte Carlo simula-
tion and linear spin-wave theory for solving the spin Hamilto-
nian. The exchange parameters for the spin Hamiltonian were
obtained from calculations based on density functional theory.

Heat-capacity measurements were performed on a Quan-
tum Design Physical Property Measurement System at se-
lected temperatures from 4 to 200 K.

First-principles density functional theory (DFT) spin-
polarized electronic-structure calculations were performed by
the full-potential linearized augmented plane-wave plus local
orbital method as implemented in the ELK code [30] and
in the WIEN2K code [31]. The value of RMTKmax, where
Kmax corresponds to the largest plane-wave vector and RMT

to the smallest atomic sphere radius, was set to 7. The mesh
of special k points is selected to be 3 × 3 × 3 for total-
energy calculations to determine the exchange constants Ji

and the magnetic anisotropy energy (MAE), which is propor-
tional to the single-ion anisotropy (SIA), in systems where
the easy axis is determined by spin-orbit coupling. For the
reproducibility of the MAE, an RMTKmax of 8 and a k mesh
of 4 × 4 × 3 were used. The number of independent atoms
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FIG. 1. Unit cell of Mn4Ta2O9 containing two formula units (left), relevant exchange paths denoted by exchange constants Ji (middle),
and the extended cell exhibiting the flat and buckled honeycomb layers (right). Relevant Mn-O bond lengths and Mn-O-Mn bond angles are
also indicated.

in the unit cell is 30 for all calculation. For the exchange-
correlation energy functional, the spin-polarized version of
the local density approximation (LSDA) was used [32]. For
the determination of MAE, PBE [Perdew-Burke-Ernzerhof
version of the generalized gradient approximation (GGA)]
and PBEsol (a revised version of PBE) were also used [33,34].
The SOC was included in a second variational step with
scalar relativistic orbitals from the first variational step as the
basis to set up the Hamiltonian for collinear calculations and
it was included in the first variational step for noncollinear
calculations. The convergence was assumed to be reached
when the difference in the total energies became less than
0.0000001 Ry for all calculations. For the optimization of
the structural parameters, additionally a convergence criterion
based on the forces <2 mRy/a.u. was imposed. The on-site
Coulomb repulsion U has been included for the d bands
together with exchange parameters J for Mn1 and Mn2 via the
fully localized limit (FLL) [35] and around-mean-field (AMF)
[36] methods. Again for the calculation of the MAE, several
other orbital-dependent potentials apart from LSDA+U, such
as orbital polarization [37], on-site exact exchange (α = 1)
and on-site PBE0 hybrid functional as correction, were ap-
plied within the atomic spheres for the d bands [38]. The
structural parameters were taken from NPD at 4 K for all
calculations (see Table I in the Supplemental Material [39]).
The magnetic dipole-dipole interaction energy tensor was
calculated for different directions of the magnetic moment of
each 8 Mn2+ ions within the unit cell to neighbors within 10 Å
distance, as described in Ref. [40].

III. RESULTS

A. Nuclear structure

The structural characterization of trigonal M4A2O9 was
treated by several authors [15,17,18]. Mn4Ta2O9 crystallizes
in the space group P 3̄c1 (No. 165) with two crystallographi-
cally distinct Mn sites, Mn1 and Mn2, with the oriented site
symmetry of 3, which is the same as other trigonal members.
For convenience, we describe Mn1 and Mn2 as octahedrally
coordinated by oxygen, although both Mn1 and Mn2 are at
the common vertex of two oxygen trigonal pyramids, which
are oriented along the c axis (trigonal antiprism). Therefore,
each octahedron contains two different Mn-O bond lengths,
(Mn-O)l and (Mn-O)s , respectively. The Mn1O6 corner-
shared octahedra form a coplanar honeycomb layer, whereas
the Mn2O6 octahedra form a buckled honeycomb layer, which
are connected along c by face-shared Mn1O6 and Mn2O6

octahedra. This creates different interlayer and intralayer ex-
change paths and their coupling strengths are influenced by
the orientation of MnO6 octahedra. In agreement with [17,19],
we identified four different superexchange paths (Mn-O-Mn,
J1-J4) and two different super-superexchange paths (Mn-O-
O-Mn, J5 and J6) (Fig. 1). The space surrounded by the MnO6

octahedra is occupied by Ta atoms. The unit cell contains two
formula units (f.u.) of Mn4Ta2O9. The important structural
parameters of Mn4Ta2O9 at 300 K are listed in Table I.

B. Magnetic structure

Figure 2 shows the temperature dependence of selected
Bragg reflections observed by neutron diffraction at low 2θ
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TABLE I. Structural parameters of Mn4Ta2O9 at 300 K, as determined by neutron powder diffraction. The neutron-diffraction patterns
were analyzed by Rietveld [25] refinements using FULLPROF [26]. The resulting R and RF values are 3.57 and 2.69. The letters “s” and “l”
denote the small and large Mn-O bond lengths within an octahedron.

Space group P -3c1
Lattice parameters

a (Å) c (Å) V (Å
3
)

5.32914 (4) 14.3401 (1) 362.691 (5)
Ion Wyckoff x y z Biso

Mn1 4d 0.3333 0.6666 0.0189 (1) 0.74 (4)
Mn2 4d 0.3333 0.6666 0.3040 (1) 0.90 (4)
Ta 4c 0.0000 0.0000 0.3566 (1) 0.62 (2)
O1 6f 0.2766 (2) 0.0000 0.2500 0.79 (2)
O2 12g 0.3347 (1) 0.3065 (2) 0.0860 (1) 0.91 (1)

Bond lengths (Å) Bond angles (°)

Mn1-O2 (l) 2.260 (6) Mn1-O2-Mn1 89.8 (2)
Mn1-O2 (s) 2.158 (4) Mn2-O1-Mn2 110.1 (1)
Mn2-O1 (s) 2.098 (3) Mn1-O2-Mn2 (l,l) 84.2 (2)
Mn2-O2 (l) 2.319 (6) Mn1-O2-Mn2 (s,l) 126.8 (1)

angles in the temperature range 4 to 300 K (left) and thermal
evolution of their integrated intensities (right). Below around
TN = 105 K, an increase of the 100 reflection can be seen.
Low-temperature x-ray diffraction in this temperature range
indicates neither a structural phase transition nor an increase
of the 100 reflection. Therefore, the increase in the 100 Bragg
reflection observed by neutron diffraction is attributed to
magnetic long-range ordering of Mn in Mn4Ta2O9.

Two characteristics of the Bragg reflections around the
ordering temperature should be mentioned. Diffuse tails on
both sides of the 100 reflection already appear around 160
K, which is attributed to lower-dimensional short-range mag-
netic ordering probably within the honeycombs (see Fig. 1
in the Supplemental Material [39]). However, for an unam-
biguous determination of the dimensionality, an analysis of
the shape of the diffusive peak is required [41]. Second, the

100 reflection itself broadens below TN , due to the different
correlation length of magnetic long-range ordering (see Fig. 1
in the Supplemental Material [39]). The magnetic structure
can be described by the propagation vector k = (0, 0, 0). The
magnetic unit cell is identical to the crystallographic unit cell.
This k vector is the prevalent one in this family of materials
and has been determined for several other members [15,17].
The direction of the magnetic moment, however, differs from
compound to compound and can be easy axis, easy plane,
or even more complicated [15,17]. The increase of the 100
reflection compared to 002 indicates that the moments orient
along c thus forming an easy-axis system [Fig. 2 (right)]
for Mn4Ta2O9. Furthermore, for the quantitative determina-
tion of the magnetic structure, we performed Rietveld [25]
refinement based on representational analysis [42,43]. The
lower angle regions of the observed and calculated diffraction

FIG. 2. Temperature dependence of the lower-angle Bragg reflection 100 in the temperature range 4 to 300 K (left) and the integrated
intensities of 100 and 002 (right) (neutron data).
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FIG. 3. (a),(b) Observed (blue open circles) and calculated (red solid lines) neutron powder diffraction patterns for Mn4Ta2O9 in the
2θ region where prominent Bragg reflections are present, which are purely a structural contribution in the paramagnetic phase at 300 K
and structural plus magnetic contribution at 4 K. Reflection markers correspond to the positions of Bragg reflections of structural, magnetic
(�2 = �P

4 ), and minor impurity contributions (Mn3O4 and Mn5O8). (c) Magnetic structure of Mn4Ta2O9 in the unit cell and (d) within the
Mn1 honeycomb. (e) Magnetic moment of Mn1, Mn2 and the average moment Mave. The baseline for the power-law fit was selected to be the
x (temperature) axis.

patterns, which contains the prominent Bragg reflections for
Mn4Ta2O9 at 300 and 4 K, are shown in Figs. 3(a) and 3(b)
(left).

For k = (0, 0, 0), all 12 symmetry elements of P 3̄c1
belong to the little group Gk , resulting in four real one-
dimensional and two complex two-dimensional irreducible
representations. For the trial of the possible magnetic struc-
tures, we transformed the two complex two-dimensional ir-
reducible representations to real physically irreducible rep-
resentations via a unitary transformation. Details related to
the analysis of the magnetic modes are summarized in the
Form. C1, Tables II and III in the Supplemental Material
[39]. The magnetic ordering of the Mn moments below
TN is successfully described by the basis vectors of the
one-dimensional irreducible representation �2 (�P

4 ) for the 4d

site for both Mn1 and Mn2. As qualitatively described above,
the Mn moments are ordered along c. The neighboring Mn
moments are ordered antiferromagnetically within the respec-
tive honeycombs, while between the honeycombs the adjacent
Mn moments are ordered ferromagnetically [Figs. 3(c) and
3(d)]. It should also be noted from the magnetic modes in
Table III in the Supplemental Material [39] that the canted
magnetic structure as described by Khanh et al. for Co4Nb2O9

is not realized using the basis functions of single irreducible
representations, as for the first four irreducible representations
the moments are along c and for the two two-dimensional
ones the moments are confined to the ab plane. However,
considering exchange multiplets and combining the one-
dimensional and two-dimensional irreducible representations,
such an ordering is realizable (�P

4 + �P
6 ) [44]. The refined

magnetic moments of Mn2+ for Mn1 and Mn2 are 4.7(1) μB

and 4.8(1) μB, respectively, and they are close to the high-spin
S = 5/2 state for Mn2+. A power-law fit of the temperature

dependence of the average Mn moment Mnave was performed
and the TN and the critical exponent β were determined to be
106.4(9) K and 0.34(3) K, respectively. However, the critical
behavior of the magnetic system cannot be unambiguously
determined from β alone as the obtained value is close to
three-dimensional Ising, XY, and Heisenberg models [45].
Therefore, the further critical exponent α from heat-capacity
measurements has to be explored to distinguish between the
models. This will be described in the heat-capacity section.

C. Exchange striction

The temperature dependences of the lattice parameters and
volume of the unit cell of Mn4Ta2O9 are shown in Fig. 4. The
temperature dependency of the structural parameters contains
information on the coupling of the spin to lattice through
magnetostriction [Figs. 4(a)–4(c)]. In the paramagnetic phase,
the lattice parameters a and c follow the usual thermal expan-
sion characteristics and decrease with decreasing temperature.
The data above 160 K was fitted with the Debye-Grüneisen
and Einstein thermal-expansion models [46–48] for a, and
c and the volume of the unit cell are extrapolated to the
magnetically ordered region. Deviation from the usual thermal
expansion due to the phonon contribution sets in around 130 K
for a and the volume, and around TN for c. This demonstrates
that the magnetic short-range ordering above TN is limited
to the ab plane, within the honeycombs. Whereas a and the
volume undergo a rapid decrease, c increases relative to the
models. These deviations can be explained by the magnetic
structure of Mn4Ta2O9 in Fig. 3. The rapid reduction of a

is due to the symmetric exchange striction caused by the
antiferromagnetic coupling within the ab plane, within the
honeycomb layers [see Fig. 2 in the Supplemental Material
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FIG. 4. (a)–(c) Temperature dependence of the lattice parameters a and c and the volume of the unit cell of Mn4Ta2O9. The fits of
the experimental data to the Debye-Grüneisen and Einstein models in the paramagnetic phase are shown by red and violet dashed lines,
respectively. The black dashed lines in the AFM phase are the deviation of the parameters recalculated from the exchange-striction coefficients
and the square of the magnetic moment. (d) Magnetic moment dependence of the spontaneous magnetostriction of various structural parameters
and their linear fits (dashed lines).

[39] for Mn2-O1 (s)]. The expansion of c is the result of
the symmetric exchange striction caused by the ferromag-
netic coupling particularly along the Mn1-O2-Mn2 (l,l) bond
(see Fig. 2 in the Supplemental Material [39]) in the c

direction. As the magnetic reflections coincide with the nu-
clear reflections in the NPD pattern, we verified the anomalies
in the lattice parameters due to magnetostriction by per-
forming low-temperature laboratory x-ray powder diffraction
(XRD) measurements and the results are shown in Fig. 3
in the Supplemental Material [39]. The linear relationship
between the spontaneous magnetostriction, calculated from
the experimental data with the Debye-Grüneisen model as
in Ref. [46], and the square of the average Mn mag-
netic moments within the symmetric exchange, in Fig. 4(d),
certify that the magnetostriction can be identified as exchange
striction in this compound. Furthermore, the small difference
between the volume magnetostriction and the sum of 2a + c

magnetostrictions indicates the presence of a small anisotropy,
which will be addressed in the following sections. Again
the magnetostriction for a has a significant nonzero value
for m(Mn)2 = 0, indicating that the magnetic short-range
ordering above TN lies within the ab plane. The black dashed

curves in Figs. 4(a)–4(c) were recalculated from the symmet-
ric exchange model (square of the average magnetic moments)
with the magnetostriction coefficients.

D. Electronic structure

Electronic-structure calculations have been carried out
based on DFT. We start with the density of states (DOS),
which gives information on the orbital occupations and
positions, followed by calculation of magnetic interactions,
determining the relative orientation of the moments. The
origin of different directions of the magnetic moment has
also been explored. Special emphasis is given to the role of
electron correlation in this system.

The total density of states (total DOS) and the partial DOS
of the Mn d bands calculated with LSDA and LSDA + U +
(J ) methods are shown in Fig. 5, respectively. The partial
DOS of the 3d orbitals of Mn are obtained by projecting
the DOS on the d states with the basis of real orbitals. The
coordinate system for the projection is selected to be along the
diagonals of the Mn1 and Mn2 octahedra and approximated to
be orthogonal. The partial DOS exhibits a large bonding anti-
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FIG. 5. Total and d-band partial density of states (DOS) of Mn4Ta2O9 for the LSDA (left) and LSDA+U(FLL)+J (right). We summarize
the (dz2 , dx2−y2 ) and (dxy , dxz, dyz) bands as eg and t2g manifolds, respectively.

bonding splitting (bonding d manifold below −3 eV, which is
not shown) and especially the (localized) antibonding bands
are further split into the eg (dz2 , dx2−y2 ) and t2g (dxy, dxz, dyz)
manifolds in the crystal field. Splitting within the eg and t2g

manifolds due to the lower symmetry than cubic are, however,
negligible. This is in good agreement with the schematic
crystal-field splitting shown in Ref. [20] for Co4Ta2O9 by
a model calculation. A strong Hund’s coupling results in a
high-spin state for Mn2+ and the spin polarization between
the majority and minority bands results in a band gap of 1.55
eV for the LSDA case. From the partial DOS, the approximate
widths of the d bands could be determined, which are impor-
tant to predict the role of on-site electron-electron interaction
in highly correlated systems. They are 0.25 and 0.22 eV for
eg and t2g , respectively, for Mn1, while for Mn2 they are
0.16 and 0.22 eV, respectively. The striking difference is the
additional localization of the eg manifold for Mn2 due to the
buckled nature of the Mn2 honeycomb and the reduced nature
of the charge transfer. This also has a consequence for the
relative energies of the d bands and resulted in a difference in
the energy of the d bands between Mn1 and Mn2 due to the
different Coulomb repulsions even within the LSDA, which
is also seen in Ref. [20] for Co4Ta2O9. Both the eg and t2g

manifolds of Mn1 and Mn2 have contributions to the partial
DOS at each other’s energy range, reflecting the exchange
between Mn1 and Mn2. The above obtained bandwidths for
eg and t2g manifolds are smaller compared to the typical
values for the on-site (screened) electron-electron Coulomb
repulsion of the order of a few eV [49]. Therefore we added
an orbital-dependent correction to the on-site Coulomb repul-
sion with the LSDA + U + (J ) method. For the LSDA+U
approach, we only consider the fully localized limit (FLL)
flavor for the present discussion, as the magnetic penalty term
[50] reduced the magnetic moment of Mn2+ to a smaller value
for the around-mean-field (AMF) flavor. The typical values
for U (3.81 eV = 0.28 Ry) and J (0.75 eV = 0.055 Ry) were
taken from [49]. Adding the LSDA+U correction increases,
as expected, the band gap to 2.65 eV (for U = 3.81 eV and
J = 0.75 eV) and emphasizes the role of electron correlation
in this class of materials (the DOS for LSDA + U = 6.12 eV
(0.45 Ry) is shown in Fig. 4 in the Supplemental Material
[39]). The inclusion of U shifts the occupied spin-up d

bands (both eg and t2g) by −(U − J )/2 and the unoccupied
spin-down d bands by +(U − J )/2, as evident from Fig.
5. Here, J accounts for the already considered repulsion
between the parallel spins due to the Pauli principle (exchange
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FIG. 6. Spin-density isosurfaces at 0.25 and −0.25 μB/Å
3

of the
eg and t2g manifolds of Mn1 and Mn2, calculated for the LSDA
and LSDA+U cases for the AFM structure obtained from NPD. The
positive and negative spin densities are characterized by blue and
green colors, respectively.

hole). Therefore, this compound can be classified as a Mott
insulator.

The spin densities are shown in Fig. 6. The different signs
of the spin density are illustrated by different colors (blue
and green). The eg and t2g manifolds are clearly visible in
Fig. 6 demonstrating the localized character of the bands.
For the LSDA+U case, additionally a spin polarization of
the oxygen is also visible. The calculated spin and orbital
moments are shown in Table II. It is evident that the Mn on
each site tend to be in a high-spin S = 5/2 state with more

localization achieved after adding corrections to the electron
correlation through LSDA+U. However, the spin moments
on each site are less than the expected value of 5 μB/Mn2+
in the high-spin state even after the addition of U. This is
assumed to be mainly due to the hybridization with O as seen
from the contribution of the d bands to the bonding part of
the partial DOS. They are in good agreement with the NPD
results of 4.7 μB/Mn2+, even for the LSDA+U case. A slight
discrepancy exists between the collinear calculations and non-
collinear calculations, where the spin moments are allowed to
rotate freely (although the Mn moments remained rigidly co-
aligned), due to the missing contributions to the noncollinear
system such as Dzyloshinski-Moriya or anisotropic exchange
(pseudodipolar). The orbital moments were calculated with
SOC included. The obtained values for the orbital moments
are very small, emphasizing the weak effect of SOC in this
system (the inclusion of SOC neither changes the band gap
nor induces a relativistic splitting of the bands and the only
effect is a slight change in the spectral weight of the DOS
due to the coupling between majority and minority spins; see
Fig. 4 in the Supplemental Material [39]). In addition, the sign
of the weak orbital moment changes depending on whether
the spins are collinear or noncollinear. Towards the end of
this section, we will investigate the role of this “weak” SOC
in determining the direction of the magnetic moment and the
influence of electron correlation on the SOC.

The total energies for different spin configurations for
LSDA and LSDA+U are shown in Table III. It is evident
that the experimentally obtained magnetic structure (AFM,
GS) belongs to the most stable structure with the least energy
(other configurations are shown in Fig. 5 in the Supple-
mental Material [39]). However, we cannot distinguish be-
tween �P

4 ,�P
6 , and the exchange multiplet �P

4 + �P
6 (without

canting). Therefore, it can be said that within the isotropic
Heisenberg model, both LSDA and LSDA+U predict the
experimentally obtained magnetic structure. We added SOC
in different directions, which couples the spin space with the
crystal lattice and determines the SIA and the associated MAE
in single-ion-determined anisotropy systems. We will come to
those results towards the end of this section.

The effect of the electron correlation is also reflected
in the calculated exchange parameters, which are shown in
Table IV. These are calculated by two different methods,
the configuration method (CM) and the two-spin method
(TSM) [51,52], which are explained in Form. C2–C4 in

TABLE II. Calculated spin (ms) and orbital (mL) moments for LSDA with different corrections.

LSDA LSDA+U(FLL) LSDA+SOC(c) LSDA+SOC(a) LSDA+SOC(c)+U LSDA+SOC(a)+U

Noncollinear
Mn1 mS 4.37 4.55 4.37 4.37 4.55 4.55
(μB) mL 0.0008 0.0013 0.0002 0.0007
Mn2 mS 4.34 4.53 4.33 4.33 4.53 4.53
(μB) mL 0.0005 0.0020 0.00004 0.0010

Collinear
Mn1 mS 4.23 4.40 4.40
(μB) mL –0.00118 –0.00236
Mn2 mS 4.20 4.38 4.38
(μB) mL –0.00167 –0.00269
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TABLE III. Total-energy differences �E given relative to the experimentally observed k = (0, 0, 0) antiferromagnetic structure, denoted
as AFM, GS, in meV/unit cell, for ferromagnetic (FM) and for five other different antiferromagnetic (AFM) configurations with k = (0, 0, 0).
One unit cell contains two formula units (f.u.) of Mn4Ta2O9. The J value was selected to be J = 0.75 eV.

�E (meV/unit cell) AFM,GS FM AFM2 AFM3 AFM4 AFM5 AFM6

LSDA 0 +996.5 +549.8 +188.0 +493.5 +359.9 +372.5
LSDA + U (FLL) = 3.81 eV + J 0 +428.2 +223.7 +69.0 +229.9 +157.0 +169.8

the Supplemental Material [39]. It is evident from Table IV
that the strongest exchange interactions lie within the hon-
eycombs reflected by the larger values of J2 and J3. The
interhoneycomb exchange parameters J1 and J4, which con-
nect the different honeycombs, represent the next strongest
interactions. J5 and J6, which are of the type M-O-O-M,
are much weaker than M-O-M (J1–J4) exchange. Note that
the calculated J1 is antiferromagnetic, whereas the magnetic
moments are ferromagnetically ordered along the exchange
path of J1. This may be due to the polarization of the O 2p

states not being considered [53]. The stronger J2 and J3 within
the honeycombs explain the magnetic diffuse features above
the long-range ordering temperature. Adding a U parameter
almost halves the values of the exchange parameters obtained
for LSDA but retains the ratio between them. With increasing
U, the splitting between the occupied and unoccupied bands
become larger due to the increased on-site electron-electron
interaction and therefore reducing the exchange constants.
The ordering temperature (∼561 K) obtained by a “molecu-
lar” mean-field approximation (MFT) is clearly much higher
than the experimental one for the LSDA case, whereas the
ones obtained for the LSDA+U case significantly reduce the
TN due to the shifting of the occupied band downwards and
the unoccupied bands upwards. The TN values are still higher
than the experimental value of 102 K even for the LSDA+U
case. This is primarily due to the fact that the MFT does not
include fluctuations and therefore overestimates the ordering
temperature [54,55]. As discussed above in another context,
not considering polarization of the O 2p states may also have
overstrengthened the antiferromagnetic exchange. Lastly,
although LSDA+U increased the band gap and reduced the
exchange constants, electron correlation is treated in the
static limit which lacks dynamic screening through fluctu-
ation. Comparing with other members such as Co4Nb2O9,
apart from J1 the relative strength of the exchange pa-
rameters is in good agreement [20]. The large discrepancy
between the J1 values come from the fact that Co2+ has
only one t2g exchange orbital compared to three in the case
of Mn2+.

In the final part of this section, we elucidate the origin of
the interactions which determine the direction of the magnetic
moment. For this purpose, first we investigate the effects of
SOC, which couples the spin space to the lattice and enables
a direction for the magnetic moment in SIA systems. From
Table II, it is evident, due to the small magnitude of the orbital
moment, that SOC is a weak effect in this system. It also
allows us to compare the experimentally determined magnetic
structure �P

4 with the direction of the quantization axis with
the least energy in calculations, as apart from �P

4 , �P
6 and

�P
4 + �P

6 also have the same structure within the isotropic
Heisenberg model. Another interesting question is about any
influence on SOC from the on-site electron-electron repulsion.
The results are shown in Fig. 7.

For the LSDA case, rotating the SOC direction from [001]
towards [100] and [110] (characterized by θ ), the energy
difference �E has the same trend. In both cases, [100] and
[110] have the least energy. The energy difference �E due to
the rotation of the SOC within the ab plane is negligible and
therefore magnetic moments rotated anywhere onto the ab

plane have the least energy. This is in contrast to the direction
of the magnetic moment determined by NPD (�2 = �P

4 ) to
be along c. The MAE for LSDA is quite high and is around
0.8 meV/f.u. As this is a highly correlated electron system as
discussed above, we switched on the on-site electron-electron
Coulomb repulsion U within the FFL flavor. For the U and J
values, initially 3.81 and 0.75 eV were applied, which were
taken as above from [49]. For these values, the MAE was re-
duced to almost half of its value for LSDA. Further increase of
U resulted in further reduction in MAE and reached a value of
around 0.2 meV/f.u. for U = 10 eV (not shown), which is the
high limit for realistic calculations. Although U was unable
to force [001] towards the least-energy direction, it strongly
reduced the barrier between [100] and [001] towards a dis-
favoring of the moments along [100]. Therefore, the strong
influence of the electron correlation on the SOC is evident for
Mn4Ta2O9, which is known for other systems [56]. Replacing
LSDA with different forms of GGA such as PBE and PBEsol
did not improve this energy difference, as with the other

TABLE IV. Exchange constants Ji in meV and the magnetic ordering temperature TN calculated utilizing the molecular field theory (MFT).
The configuration method and the two-spin method are denoted by CM and TSM, respectively.

Exchange constants (meV) J1 J2 J3 J4 J5 J6 TN (K) MFT

LSDA (TSM) 2.309 3.702 4.839 2.014 0.106 561.00
(CM) 3.131 3.713 4.811 2.303 0.155 0.019 561.84
LSDA + U (FLL) = 3.81 meV + J (TSM) 0.945 1.833 2.120 0.794 0.054 249.90
(CM) 1.316 1.804 2.078 0.891 0.045 −0.023 244.22
LSDA + U (FLL) = 5.44 meV(TSM) 0.667 1.371 1.588 0.530 0.123 183.35
LSDA + U (FLL) = 6.12 meV(TSM) 0.608 1.239 1.556 0.459 0.115 169.63
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FIG. 7. (a) Energy difference for LSDA+SOC+U, for SOC rotated towards different directions and for different U. In this case, �E =
E(001)-E(100) is the MAE. (b) Relative dipole-dipole interaction energy �ERDD for the rotation of the moments within the ac plane. With
increasing U, [001] becomes energetically favorable (�ERDD + �E) over [100].

orbital-dependent potentials apart from LSDA+U(FLL), such
as orbital polarization (Hund’s second rule correction), on-
site exact exchange (α = 0.25), and on-site hybrid functional
(α = 0.25), as correction for the deficiencies of LSDA. Ap-
plication of these “other” orbital-dependent potentials and
the AMF flavor of LSDA+U even significantly increased the
�E between [100] and [001], thus favoring [100]. We inves-
tigated further the dependency of the MAE on the volume
modification. The MAE decreases with increasing volume;
however, even in the upper limit of a realistic U (10 eV),
SOC along [100] is slightly energetically more favorable than
[001] (see Fig. 6 in the Supplemental Material [39]). It should
also be noted that although the calculated magnetic moment
of Mn is close to the experimental value, it is still smaller
than 4.7 μB/Mn refined from NPD even at the FLL. This
reduction is also known from other oxides containing Mn2+,
appearing at first sight to be due to hybridization effects [57].
In this context, it should also be noted that the correlation
and screening as in the LSDA+U were considered in the
static limit. Therefore, dynamical correlation and screening
effects, which are considered in methods such as dynamical
mean-field theory or its combination with GW [58–60], might
be required to further influence the barrier, favoring [001].
But for the moment we assume that SOC is solely unable to
reproduce the experimental direction of the moment.

In several compounds, where the magnetism originates
from 3d orbitals and with a weak SOC, long-range magnetic
dipole-dipole interaction can either compete with the SOC or
work together with the SOC in determining the direction of
the magnetic moments [61–63] (see Form. C5 in the Supple-
mental Material [39]). For a large-spin system as S = 5/2,
a significant contribution from the magnetic dipole-dipole
interaction can be expected. We calculated this contribution
for the spins of the eight Mn2+ ions in the unit cell with its
neighbor Mn2+ spins within the radius of 10 Å. After deter-
mining the dipole-dipole interaction tensor, we calculated the
eigenenergies by varying the direction of the moments within
the ac plane as for SOC. The results are shown in Fig. 7(b)
and the energies are plotted relative to the value along [001]
(�ERDD). In contrast to the SOC associated total-energy dif-
ferences �E [Fig. 7(a)], the dipole-dipole interaction gives the

most favorable moment direction along [001]. In this case, the
dipole-dipole interaction competes with SOC in determining
the moment direction. However, when comparing with the
LSDA+SOC �E, the dipole-dipole interaction contribution
�ERDD is unable to compensate the energy difference and
thus [100] remains the favorable direction (Fig. 7). When
switching on the on-site electron-electron repulsion U, the
MAE is reduced within LSDA+SOC+U and �ERDD + �E

becomes comparable for both [100] and [001] with U =
3.81 eV. For further increase of U (5.44 eV), [001] becomes
more favorable over [100]. Therefore, the long-range dipole-
dipole interaction together with a strong electron correlation is
the driving force in determining the direction of the magnetic
moment and the magnetic anisotropy in Mn4Ta2O9.

E. Heat capacity

The temperature dependence of the heat-capacity data and
the magnetic contribution to the heat capacity divided by T
are shown in Fig. 8. The magnetic contribution was extracted
by subtracting the phonon contribution to the specific heat.
For this purpose, the Debye model for acoustic phonons,
which was approximated by Simpson’s rule (see Form. C6
in the Supplemental Material [39]), was fitted to the high-
temperature data and extrapolated to the lower-temperature
range. The Debye temperature �D, which separates the col-
lective motion of ions from the individual motions, was deter-
mined from the fitting to be around 452 K, which is typical for
a compound with lighter atoms such as O and strong interionic
bonding.

A λ-shaped peak is seen around the magnetic ordering
temperature TN ∼ 100 K [inset Fig. 8(a)], indicating that this
transition is of second order. TN was accurately determined by
fitting the formula for the critical exponent α (power law) for
second-order phase transitions to the data. The determined TN

and the critical exponent α are 102.1(1) K and +0.17(1) K,
respectively. α is closest to a three-dimensional Ising model
in the critical region and therefore uniaxial, which forbids
canting and is in agreement with our magnetic model. It
is also evident, from Fig. 8, that the magnetic contribution
extends beyond TN up to around 150 K. This is attributed
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FIG. 8. (a) Temperature dependence of the heat capacity (CP ) with the inset showing the magnetic contribution with a power-law fit
(dashed curve within the inset) to determine the critical exponent α. The dashed curve is the phonon contribution approximated by the Debye
model. (b) Magnetic contribution of the heat capacity divided by T, CP,Mag/T together with the MFT approximation and with the inset showing
the magnetic entropy SMag.

to the short-range magnetic ordering which exists within
the individual honeycombs above TN . Caution should be
taken in interpreting this as in similar Mn2+ systems, such
as BiMn2PO6, because a phonon softening occurs a long
way above TN and a subtraction of the phonon contribution
modeled by a simple Debye model did not consider such
effects and overestimated the magnetic contribution [64]. This
problem was overcome by measuring a nonmagnetic material
with similar structure and ions, such as BiZn2PO6, for phonon
subtraction. In our case, Zn4Ta2O9 is such a candidate. The
magnetic entropy SM = ∫

CP ,Mag/T dT, which is the con-
tribution from the changes in the magnetic state, is shown
in the inset of Fig. 8(b). The magnetic long-range ordering
transition is clearly visible in SMag. With SMn = JMn = 5/2
being the total magnetic moment of Mn2+, a total magnetic
entropy of 59.59 J/mol K can be expected theoretically for a
f.u. with 4 Mn2+ ions. The experimental SMag reaches a value
of 55.8 J/mol K at TN and saturates at around 145 K with a
value of 60.8 J/mol K. This is in very good agreement with
the theoretical value. This indicates, on the one hand, that our
Debye model for the phonon contribution worked very well
due to a nonsignificant softening of �D and, on the other hand,
that the contribution to the SMag above TN comes from the
melting of the short-range order within the honeycombs.

Now let us concentrate on the hump around 40 K. This is
expected to be due to the splitting of the degenerate Zeeman
levels in the molecular field of other Mn2+ moments and the
temperature-dependent population of the next higher Zeeman
level. In order to test this, we calculated the magnetic contri-
bution CP,Mag using the molecular field theory (MFT) for a
S = 5/2 system. Indeed, we were able to reproduce the hump
around 40 K. We adjusted the theoretical TN to be around
100 K. This effect is more pronounced for larger S [65]. The
MFT solution for SMag saturates at TN as fluctuations are not
included and the short-range magnetic entropy is compensated
by a higher value of CP below TN . Apart from that, MFT
also does not include spin waves, leading to discrepancies
at very low temperatures. We fitted the CMag at the lower

temperature range below 30 K with the formula (8) given
in Ref. [66] to predict/extract the value of a possible spin
gap (due to the easy-axis system) in the magnetic excitation
spectrum. The determined gap is around 3.7(6) meV and we
will compare this value with the inelastic neutron data and
spin-wave simulation.

F. Inelastic neutron scattering

Inelastic neutron-scattering experiments were performed in
order to investigate the spin dynamics in this system and to
verify further our magnetic model which was constructed in
the previous sections. An INS intensity spectrum collected
at T = 1.5 K is shown in Fig. 9(a). Compared to the spec-
trum obtained at 150 K [Fig. 10(a)], spin waves propagating
from magnetic Bragg peaks, especially from 001, are clearly
visible at 1.5 K. A spin gap cannot be recognizable from the
spectrum due to the weak intensity, and the propagation of
acoustic phonons at lower-energy transfers is probably from
spin lattice coupling. These spin waves reach up to a maxi-
mum energy transfer of around 10 meV. Another spin-wave
spectrum starts to appear above 13 meV, which is around the
maximum energy transfer reachable in the current experiment.
This appears to be a gapped mode. Additionally, a weak
feature can also be observed around the energy transfer of
6 meV. The energy-transfer dependence of the q summed
intensity [Fig. 10(a)] gives an overview of the temperature
dependence of the spin-wave modes. Three spin-wave modes
are clearly visible with energy around 6, 10, and 13 meV (to
highlight the existence of a spin-wave mode around 13 meV,
a comparison of the q summed intensity at 1.5 K and with
150 K is shown in Fig. 7 in the Supplemental Material [39]).
Up to around 4 meV, there is hardly any intensity contribution
below 10 K, indicating an energy gap as predicted before from
heat-capacity data. With increasing temperature, the intensity
of the spin-wave modes become smaller and the peaks become
broader, before they vanish above 100 K in the background
of the phonon modes. The powder-averaged spectrum limits
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FIG. 9. (a) TOF inelastic neutron-scattering intensity spectrum, in dependence of energy transfer (�E) and momentum transfer (q), in
arbitrary units measured at T = 1.5 K. (b) Powder-averaged simulated intensity spectrum calculated by SPINW, in arbitrary units from the
exchange parameters Ji obtained for the LSDA + U = 6.12 eV (0.45 Ry) case and from an easy-axis anisotropy Dzz = 0.01 meV. The broken
lines in (b) denote the experimentally available �E-q space for our experiment setting.

further interpretation of our data. Therefore, we turned to
simulations based on linear spin-wave theory and the classical
Monte Carlo method as in SPINW.

The simulated spin-wave spectra along different directions
are shown in Fig. 11(a). The exchange parameters for the
spin Hamiltonian were taken from DFT calculations from
previous sections. As the definition of SIA is a matter of
controversy in our system, due to the anisotropy mainly
determined by electron-correlation-assisted magnetic dipole-
dipole interaction instead of SOC, we started our simulation
nevertheless with a very small value of Dzz = 0.01 meV as an
easy-axis anisotropy and the J values from the LSDA + U =
6.12 eV (0.45 Ry) case. There are altogether eight spin-wave
modes with each twice degenerate, corresponding to the 8 Mn
ions in the unit cell. From the four nondegenerate modes,
only two contribute to the intensity corresponding to S⊥
(q,ω). The spin-wave modes are characterized by blue colored
curves and the intensities are scaled by a color map. Most
of the intensities are concentrated around the maxima of the

modes (or local minima), in very good agreement with the
experimental spectrum, corresponding to the features around
6, 10, and above 13 meV. The maxima of the higher-lying
spin-wave mode are around 14 meV and mostly missed in
our experimental spectrum, but its beginning can be clearly
seen. We also created a powder-averaged simulated spectrum,
which is seen in Fig. 9(b). All three spin-wave features are
in very good agreement with the experimental spectrum. The
most important feature of the simulated spin-wave modes is
the appearance of a spin gap of around 1 meV even for a
perturbation through a very small anisotropy of 0.01 meV.
This is consistent at all propagations. Therefore, both intensity
modes are gapped modes in this system. It is interesting to
see from which component of the spin-wave excitation the
intensities originate. This is shown in Fig. 11(b) and the
intensities of both modes are exclusively from the spin-wave
components in the ab plane (0.5Sxx + 0.5Syy). The spin gap
originates from the rotation of the spins from the easy axis c to
the ab plane, neglecting any “optical” magnons along c. This

FIG. 10. (a) Energy-transfer dependence of the q summed intensity at various temperatures. (b) Comparison of the calculated magnon
density of states (DOS) with the experimental q summed intensity at T = 1.5 K for various U and easy-axis anisotropy parameter Dzz.
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FIG. 11. (a) Simulated spin-wave spectra [S⊥(q, ω)] along dif-
ferent directions and (b) out of easy-axis component (0.5Sxx +
0.5Syy) of the simulated spin waves. Both of them are calculated from
the exchange parameters Ji obtained for the LSDA + U = 6.12 eV
(0.45 Ry) case. The dark blue curves on the top image correspond
to the possible spin-wave modes in this system. The instrument
resolution was selected to be 0.3 meV.

is in contrast to the similar compound Co4Nb2O9, where the
spins are aligned on the ab easy plane, and which has a gapless
“Goldstone mode” for the excitations within the ab plane and
a gapped mode out of the ab plane [21]. The pure gapped
modes in Mn4Ta2O9 further strengthen our statement that it
behaves as a 3d Ising system and the role of the magnetic
anisotropy enables multiple types of magnetic structures in
this family of materials. This system is therefore comparable
to the easy-axis system MnF2, which also contains Mn2+ and
the magnetic excitations are gapped [67]. We also calculated
the magnon DOS which facilitates a direct comparison with
the q summed intensity [Fig. 10(b)]. A good agreement of the
calculated magnon DOS with experiment is achieved for the
LSDA + U = 6.12 eV (0.45 Ry) case. As discussed above, a
reduction of U results in a reduction of the band gap and an
increase of the exchange, which will drive the spin modes to
higher energies. Also, increasing the anisotropy from Dzz =
0.01 to 0.1 meV increases the spin gap to around 4 meV
(see Fig. 8 in the Supplemental Material [39]), close to the

value obtained from the heat-capacity measurements, but at
the same time this will drive the modes to higher energies.

IV. SUMMARY

In summary, we investigated the role of spin interactions
and spin (electron) correlation in determining the magnetic
and possibly the multiferroic properties in Mn4Ta2O9. For
Mn4Ta2O9, magnetic long-range order sets in at TN ∼ 102 K
with strong exchange striction and small magnetic anisotropy.
No structural phase transitions due to exchange striction were
detected below TN . The magnetic structure is described by
a k = (0, 0, 0) magnetic cell, consisting of ferromagnetic
Mn2+ chains along c that are coupled antiferromagnetically
with its neighbors through coplanar and a distorted honey-
comb sublattice of Mn1 and Mn2, respectively. The magnetic
moments of two crystallographically distinct Mn2+ ions are
in the high-spin state with almost full spin moments for a
S = 5/2 system. Critical exponents α = +0.17 and β = 0.34
reveal the critical behavior of this magnetic system to be
described by the three-dimensional Ising model, and thus
explaining the easy-axis orientation of the moments obtained
from NPD. Two gapped modes on the ab plane, originating
from the tilting of the spins from the easy axis c were
observed from INS experiments and confirmed by spin-wave
simulations. The strongest exchange interactions Ji are within
the Mn2+ honeycombs, which explains why the diffuse mag-
netic scattering is observed above TN and associated with
the two-dimensional spin correlations. The experimentally
found high-spin state of Mn2+ is theoretically reproduced
and the orbital occupation reveals the presence of only a
very small orbital polarization and therefore a very weak
SOC. The magnetic anisotropy and, consequently, the ground
state of Mn4Ta2O9 are determined by an electron-correlation-
assisted magnetic dipole-dipole interaction. These results will
facilitate the development of general magnetic model(s) with
competing anisotropies influenced by the electron correlation,
to provide a comprehensive understanding of the M4A2O9

(M = Co, Fe, Mn, etc.) material family with different ground
states.
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