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Abstract. Type-II multiferroics, in which the magnetic order breaks inversion

symmetry, are appealing for both fundamental and applied research due their intrinsic

coupling between magnetic and electrical orders. Using first-principles calculations we

study the ground state magnetic behaviour of Ba7Mn4O15 which has been classified

as a type-II multiferroic in recent experiments. Our constrained moment calculations

with the proposed experimental magnetic structure shows the spontaneous emergence

of a polar mode giving rise to an electrical polarisation comparable to other known

type-II multiferroics. When the constraints on the magnetic moments are removed, the

spins self-consistently relax into a canted antiferromagnetic ground state configuration

where two magnetic modes transforming as distinct irreducible representations coexist.

While the dominant magnetic mode matches well with the previous experimental

observations, the second mode is found to possess a different character resulting in

a non-polar ground state. Interestingly, the non-polar magnetic ground state exhibits

a significantly strong linear magnetoelectric coupling comparable to the well-known

multiferroic BiFeO3, suggesting strategies to design new linear magnetoelectrics.

1. Introduction

The magnetoelectric (ME) effect refers to the coupling between the electrical and

magnetic order parameters in a material allowing for an electrical control of magnetism

or magnetic control of electrical polarisation [1, 2]. It has gained significant interest

over the last couple decades due to various potential applications of ME materials in
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 2

spintronics, magnetic sensors and non-volatile memory devices [2, 3, 4, 5]. The mostly

studied linear ME effect can be observed in polar and non-polar magnetic materials

where the applied electric field induces weak ferromagnetic response via spin-orbit

coupling or exchange striction mechanisms [6, 7]. Magnetoelectric multiferroic materials

with multiple spontaneous ferroic orders in a single phase can exhibit general cross-

coupling between electrical and magnetic order parameters and are thus ideal candidates

to observe large ME effect [8, 9]. While type-I multiferroics, whereby the two ferroic

orders have different unrelated origins, might be expected to display a weaker ME effect,

type-II multiferroics are particularly interesting for their strong intrinsic ME coupling.

Recently, Ba7Mn4O15, a novel binary metal oxide, has been experimentally put forward

as a possible type-II multiferroic where ferroelectricity was proposed to arise due to a

distinct magnetic ordering of Mn4+ ions which breaks spatial inversion symmetry [10].

The Sr7Mn4O15 analogue, proposed by Kriegel et al. [11, 12], crystallises in a

monoclinic phase containing face-sharing Mn2O9 octahedral dimer motifs. In 2017,

Craddock et al. have assigned a canted antiferromagnetic ground state to Sr7Mn4O15

which is attributed to the presence of a weak ferromagnetic ordering component [13].

However, recent symmetry-adapted refinement against neutron powder diffraction

(NPD) data by Clarke et al. shows that the Mn ions inside the octahedral dimers

exhibit strong antiferromagnetic coupling with the spins aligned along the monoclinic

b-direction and there is no weak ferromagnetic component which can give rise to a

multiferroic ground state [10].

Magnetic structure refinements against NPD data for the isostructural Ba-variant,

on the other hand, reveal the presence of a novel multiferroic ground state where

the proposed noncentrosymmertic space groups are direct results of complex magnetic

ordering [10]. In contrast to Sr7Mn4O15, a binary combination of magnetic modes

exists in Ba7Mn4O15 which leads to canted antiferromagnetic spin structures at low

temperature [10]. While polar displacements could not confidentially be assigned in

earlier experiments, symmetry analyses of the magnetic structures that are consistent

with the NPD data suggest two equally probable polar ground states with type-II

multiferroic characters [10].

Here we perform density functional theory calculations to resolve the ground

state magnetic behaviour of Ba7Mn4O15. We first model the magnetic structure

suggested in previous experiments by constraining the magnitudes and directions of the

magnetic moments according to the experimental values [10]. Our constrained moment

calculations reveal the spontaneous emergence of a non-zero polar mode associated

with displacements of barium and oxygen atoms giving rise to a sizeable electric

polarisation comparable to other known type-II multiferroics. We next remove the

constraints on the magnetic moments and self-consistently relax the spins to obtain the

true magnetic ground state from first-principles. Self-consistent calculations including

spin-orbit coupling show that Ba7Mn4O15 possesses a canted antiferromagnetic ground

state where two magnetic modes transforming as distinct irreducible representations

coexist. The dominant magnetic mode with ∼ 81% contribution is found to be in
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 3

excellent agreement with the previous experimental observations. However, the second

contribution has a mode character different from the experimental findings leading

to a non-polar ground state. Effects of different on-site Hubbard parameter U and

Hund’s coupling term J have been investigated to confirm the stability of the ground

state magnetic configuration. Although our self-consistent calculations do not predict a

multiferroic ground state, magnetoelectric calculations show that Ba7Mn4O15 displays a

strong linear ME coupling. The largest component of the linear ME tensor is calculated

to be three times the value predicted for the classic magnetoelectric Cr2O3 [14] and

comparable to that of the well-known multiferroic BiFeO3 [15].

2. Computational Details

In order to study the ground state magnetic behaviour of Ba7Mn4O15, we employed

the plane wave augmented (PAW) method within the density functional theory (DFT)

framework as implemented in the Vienna Ab-initio Simulation Package (VASP) [16, 17],

version 5.4.4. The PBEsol general gradient approximation (GGA) [18] to the exchange

correlation functional was chosen for all the calculations to describe the equilibrium

properties of our bulk oxide system accurately. We used the PAW pseudopotentials

(PBE, version 5.4) [19] with the following valence configurations: 5s25p66s2 (Ba),

3p64s23d5 (Mn) and 2s22p4 (O). On-site correlation effects were considered within

the framework introduced by Dudarev et al. [20], where an effective on-site Hubbard

parameter U and Hund’s parameter J were applied on the 3d orbitals of Mn and varied

for a range of values to check the stability of the ground state magnetic configuration.

From convergence tests performed on a 52 atom unit cell, we found that a plane wave

energy cutoff of 600 eV and a 3× 2× 2 k-point mesh in the whole Brillouin zone (BZ)

were sufficient to resolve the total energies, forces and stresses within 1 meV/formula

unit, 1 meV/Å and 0.001 GPa, respectively. An energy convergence criterion was set at

10−9 eV for all the calculations and full relaxations were performed until the Hellmann-

Feynman forces on each atom were less than 0.1 meV/Å. Spin-orbit coupling (SOC)

effects were included self-consistently and a slightly denser k-mesh of 4 × 3 × 3 was

considered for non-collinear calculations with SOC. A penalty weight parameter λ was

set at 10 for constrained moment calculations. The tetrahedron method with Blöchl

corrections [21] was employed for the BZ integration. Γ-point force constant matrix,

Born effective charges and the dielectric tensor were evaluated using density functional

perturbation theory (DFPT) [22] and PHONOPY was used for post-processing [23]. We

employed the Berry phase method based on the modern theory of polarisation [24, 25]

to compute the spontaneous polarisation of the experimentally observed polar magnetic

structure by considering the non-polar aristotype structure as a reference.

We used the web-based ISOTROPY software suit which applies group-theoretical

methods in describing distortions and possible phase transitions in crystalline

materials [26]. Magnetic space groups were determined from the output of VASP

calculations using FINDSYM software [27, 28] by varying the tolerance for the magnetic
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 4

moments between 0.001 to 0.1. Mode analysis was done via ISODISTORT which was

also employed to visualise and explore the structural and magnetic distortions [29, 30].

VESTA was used to visualise the crystal structures and spin configurations [31].

The strength of the lattice-mediated linear ME coupling was computed by

displacing atoms away from their zero electric field equilibrium positions and calculating

net spin moments for each of the displaced structures. The electric field (E)-induced

polar displacements were determined within the formalism introduced by Íñiguez [14]:

diη =
∑

ξ,j C
−1
ηξ,ijZ

∗
ξ,jkE

k (in the atomic basis [32, 33]). Here, η, ξ denote the atomic

labels and i, j, k = x, y, z represent spatial coordinates. C−1
ηξ,ij are the matrix elements

of the inverse Γ-point force constant matrix and Z∗
ξ,jk are the components of the Born

effective charge (BEC) tensor of the ξ-th atom.

3. Crystal Structure and Symmetry Analysis

Phase transitions in crystalline solids, accompanied by structural distortions and/or

magnetic ordering, lead to lowering of the crystal symmetry from the high-symmetry

parent structure. The resulting low-symmetry daughter phases are generally related

to the aristotype phase by group-subgroup relationship. In Landau’s model of phase

transitions, such distortions are defined in terms of order parameters and can be

described by the irreducible representations (irreps) of the parent space group [34].

Figure 1: (a) Monoclinic crystal structure of Ba7Mn4O15 with atomic site labels. Ba, Mn

and O atoms are denoted by the green, purple and red spheres, respectively. As seen, Ba(3)

and O(6) atoms occupy high symmetry positions. (b) Face-sharing Mn2O9 octahedral dimers

in Ba7Mn4O15 containing Mn4+ ions.

Ba7Mn4O15 is isostructural to Sr7Mn4O15 and crystallises in the aristotype

monoclinic space group P21/c (number 14) at room temperature, retaining the same

symmetry down to very low temperature [10]. The unit cell contains two formula units

with 52 atoms (hence 8 Mn atoms per unit cell) and consists of face-sharing Mn2O9
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 5

octahedral dimers which form strings in the c-plane by sharing corners [10]. Fig. 1(a)

shows the unit cell which has a monoclinic unique axis b. The crystal structure is non-

polar, where only the Ba(3) and O(6) atoms occupy high symmetry positions, as shown

in Fig. 1(a). The face-sharing Mn2O9 dimers, depicted in Fig.1(b), are relatively rare

in comparison to common corner-sharing systems such as perovskites and can influence

the magnetic interactions between the Mn4+ ions.

Experimentally, no superstructural modes have been observed [10] and therefore,

considering the P21/c space group as the parent, we use ISODISTORT [29, 30] to list

the possible sets of magnetic irreps induced by Mn atoms. We find that in one unit

cell, we have four different Γ-point magnetic irreps transforming as single magnetic

propagation vectors at k = (0, 0, 0). Based on the fitting of the experimental neutron

diffraction data, Clarke et al. [10] have found that for all the magnetic configurations the

Mn2O9 dimers favour antiferromagnetically arranged Mn4+ ions which can be explained

by the strong antiferromagnetic direct exchange interaction between the half-filled t2g
orbitals of neighbouring Mn4+ ions. Since the individual irreps can have three Cartesian

components, the spins on the Mn atoms within each irrep are allowed to move in any

direction and a single mode can give rise to spin canting. The four individual magnetic

modes with fixed spin alignment directions are shown in Fig. 2.

In previous experiments it is found that none of the individual magnetic modes are

able to fit all the magnetic peaks observed in the NPD data and a binary combination

of magnetic modes is required to accurately describe the magnetic behaviour of

Ba7Mn4O15 [10]. As discussed in Ref. [10], we also list the sets of magnetic space

groups in Table 1 which result from the binary combinations of separate magnetic

modes. Experimentally, the best fit to the magnetic peaks comes from two different

Table 1: Magnetic space groups arising from binary combinations of magnetic modes. Order

parameter direction (OPD) of each irrep is given within the parenthesis.

Individual modes (OPD) mΓ+
1 (a) mΓ−

1 (a) mΓ+
2 (a) mΓ−

2 (a)

mΓ+
1 (a) P21/c P21 P 1̄ Pc

mΓ−
1 (a) P21 P21/c

′ Pc′ P 1̄′

mΓ+
2 (a) P 1̄ Pc′ P2′1/c

′ P2′1

mΓ−
2 (a) Pc P 1̄′ P2′1 P2′1/c

combinations: (i) mΓ−
2 along b with mΓ+

1 along c and (ii) mΓ−
1 along c with mΓ+

2 along

b, leading to polar space groups Pc and Pc′, respectively [10]. Both these combinations

are found to give similar quality of fit resulting in non-collinear spin arrangements [10].

It should be noted that although constraining the Mn moments along c has not made

any difference in the experimental fits, by symmetry, the spins are free to move within

the ac-plane [10].
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 6

Figure 2: Spin configurations associated with the four individual magnetic irreps present

in the P21/c unit cell of Ba7Mn4O15. The upper and lower panels show the spin structures

corresponding to each of the magnetic modes where spins are aligned along c and b-directions,

respectively. The configurations in the upper panel are degenerate within the ac-plane. Spin

magnetic moments on the Mn4+ ions are indicated by red arrows. The experimentally proposed

Pc space group results from the combination of irreps mΓ−
2 along b and mΓ+

1 along c. On the

other hand, combination of mΓ−
1 along c with mΓ+

2 along b leads to Pc′ space group which

has shown similar quality of fit to the NPD data in recent experiments [10]. There are two

crystallographically unique Mn sites within the P21/c unit cell and the magnetic moments

across these (within the dimers) have been constrained to be antiferromagnetic in accordance

with the previous experimental observations and probable strong direct exchange interactions.

4. Results and Discussion

4.1. Constrained moment calculations with experimental magnetic structure

Earlier experiments suggest two equally probable magnetic ground states in the Pc

and Pc′ space groups arising from the combinations mΓ−
2

⊕
mΓ+

1 and mΓ−
1

⊕
mΓ+

2 ,

respectively [10]. In order to model the experimental magnetic structure, we perform

constrained moment calculations by fixing the amplitudes of the two magnetic

modes mΓ−
2 and mΓ+

1 according to the experimental values only for the proposed

Pc configuration which has been put forward as the most likely space group [10].

Additionally, we keep the spin directions of the modes fixed i.e. we consider the mΓ−
2

mode along b while the mΓ+
1 mode is constrained to point along the c-direction [10].

The parity of both order parameters are odd with respect to time reversal but only

one is odd with respect to inversion symmetry, thus their joint action leads to a global

breaking of inversion symmetry. Furthermore, the resulting Pc space group has a polar
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 7

point group m which is also compatible with weak ferromagnetism. The non-collinear

arrangement of the spins on the four inequivalent Mn sites in the Pc structure is shown

in Fig. 3(a).

Figure 3: (a) Non-collinear spin configuration in the Pc space group (basis={(1, 0, 0),

(0, 1, 0), (0, 0, 1)}, origin shift=(0, 1
4 , 0) with respect to the P21/c parent) observed in

experiments [10]. Spin magnetic moments on the Mn4+ ions are indicated by red arrows. (b)

Polar displacements (blue arrows) of the O(6) atoms (atomic label with respect to the parent

structure) in the relaxed Pc structure obtained from constrained moment calculations.

We first fully relax the Pc structure with constrained moments by setting U =

2.5 eV and J = 0.5 eV on the Mn4+-d orbitals which lead to lattice parameters

and cell volume close to the experimental values. The lattice parameters and atomic

coordinates of the fully relaxed Pc structure (basis={(1, 0, 0), (0, 1, 0), (0, 0, 1)},
origin shift=(0, 1

4
, 0) with respect to the P21/c parent structure) are listed in Table S1

of the Supplementary Information (SI) [35]. Moreover, calculation of the total density

of states reveals that the resulting Pc structure is insulating and possesses a band gap

of ∼ 0.94 eV, as shown in Fig. S1 [35].

Interestingly, in the fully relaxed structure, we observe polar displacements of the

Ba(3) and O(6) atoms (see Fig. 3(b)) which are located at high symmetry positions in

the P21/c phase. These polar displacements have Γ−
2 character and are of the order

of thousandths of an angstrom which could not be detected in earlier experiments [10].

Since the polar mode is induced by magnetic ordering, Ba7Mn4O15 is classified as a type-

II multiferroic. We further calculate the ferroelectric polarisation of the DFT-relaxed Pc

phase using the Berry phase method based on the modern theory of polarisation which

shows that the Pc phase of Ba7Mn4O15 possesses a spontaneous polarisation of P =

(177.24, 0.00, 251.30) µC/m2. The polarisation components are sizeable and comparable

to known type-II multiferroics [36, 37]. Therefore, experimentally it should be possible to

measure the spontaneous polarisation and ferroelectric switching in Ba7Mn4O15 provided

the sample is insulating enough at low temperatures. INVARIANTS [38, 39] analysis

reveals that in the Pc space group the Γ−
2 polar mode couples to the magnetic modes
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 8

linearly giving rise to a trilinear coupling term of the form mΓ−
2

⊕
mΓ+

1

⊕
Γ−
2 in the

free energy expansion.

Although we find that constraining the magnetic moments according to the

experimental magnetic configuration in the Pc space group indeed leads to a multiferroic

phase in Ba7Mn4O15, from symmetry considerations, there is no reason for the magnetic

moments to be constrained along a fixed direction. Moreover, another phase in the

Pc′ space group arising from the combination of magnetic irreps mΓ−
1 along c and

mΓ+
2 along b has been found to show similar quality of fit to the NPD data in

previous experiments [10]. Therefore, in order to find the minimum energy magnetic

configuration from first-principles, we perform a series of DFT calculations starting from

several different non-collinear and collinear spin configurations as described in the next

subsection.

4.2. Magnetic ground state from self-consistent first-principles calculations

Considering the experimental low temperature (100 K) nuclear structure in the P21/c

space group [10], we perform full relaxation of the unit cell in the collinear mΓ+
1

configuration for a number of U and J parameters varied within reasonable range and

find that U = 2.5 eV and J = 0.5 eV lead to experimentally comparable cell parameters.

Relaxation with this collinear spin configuration retains the high-symmetry P21/c space

group of the unit cell. The fully relaxed cell parameters and atomic coordinates, listed

in Table S2 [35], match well with the values in the experimental P21/c structure [10] and

there is no deviation of the Ba(3) and O(6) atoms from their high symmetry positions.

With these values of U and J , we obtain magnetic moment magnitudes of ∼ 2.79 µB

and ∼ 2.77 µB of the Mn1 and Mn2 atoms, respectively, which are slightly larger than

the experimentally observed values of ∼ 2.3 − 2.4 µB [10]. The fully relaxed structure

in the mΓ+
1 configuration remains insulating with an energy band gap of ∼ 1.38 eV, as

shown in Fig. S2 [35].

4.2.1. Non-collinear magnetic calculations We next consider three different initial non-

collinear antiferromagnetic (AFM) spin configurations, where the magnetic moments are

fixed to lie within the bc-plane, as shown in Fig. 4. One of them being the experimentally

suggested Pc structure (AFM2) with only mΓ−
2 and mΓ+

1 modes, whereas in the other

two structures (AFM1 and AFM3), all the four magnetic modes mΓ−
2 , mΓ+

1 , mΓ−
1 and

mΓ+
2 with different amplitudes are included. In this case, instead of constraining the

moment amplitudes and directions, we let the spins relax self-consistently including

SOC. Within the dimers, antiparallel arrangement of spins are considered because

of the strong antiferromagnetic direct exchange coupling between neighbouring Mn4+

ions, as also observed in experiments [10]. In order to explore all possible magnetic

configurations with different amplitudes and OPDs of the four individual magnetic

modes, we further consider non-collinear spin structures where the initial spin moments

lie within the ab (AFM4−AFM6) and the ac-planes (AFM7−AFM9) separately. Fig. 4
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 9

Figure 4: Initial and final spin configurations in our non-collinear DFT calculations,

where initial spin moments, indicated by red arrows, lie within the bc- (upper panel), ab-

(middle panel) and ac-planes (lower panel). AFM2 (initial) corresponds to the experimentally

suggested Pc configuration. Final spin magnetic moments on the Mn4+ ions are indicated

by black arrows. As seen, in all cases, self-consistent relaxation of the spin densities leads to

(nearly) collinear final spin arrangements.

illustrates the nine different initial and final antiferromagnetic configurations. We relax

the spins self-consistently starting from each of the initial configurations and determine

the magnetic space groups of the resulting structures from the final magnetic moments

using FINDSYM [27, 28]. Canting angles of the spins within the individual Mn2O9

dimers are also calculated. Results of our self-consistent spin relaxation calculations for

these non-collinear spin structures are summarised in Table S3.

Since Clarke et al. have also suggested another possible magnetic structure in the

Pc′ space group arising from the combination of mΓ−
1 irrep along c and mΓ+

2 irrep
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 10

along b [10], we again consider three different initial non-collinear spin structures within

the bc-plane as before, however, with different relative spin orientations between the

dimers. One of the initial configurations is considered in the Pc′ space group (AFM11)

with mΓ−
1 and mΓ+

2 irreps, whereas, in the other two initial configurations (AFM10 and

AFM12) all the four individual magnetic irreps are included with different proportions

(see Fig. 5).

It is found that even if we start with a non-collinear spin structure, the spins

spontaneously relax into a (nearly) collinear configuration in each case, as shown in

Figs. 4 and 5, see Tables S3 and S4 [35] for details. Investigation into the directions of the

final magnetic moments of the Mn atoms reveal that in almost all cases, the Mn atoms

within the dimers are slightly canted. Among the 12 AFM configurations, the two lowest

energy final configurations (AFM2 and AFM5) correspond to spin arrangements where

magnetic moments have a large component along the b-axis and very small moments

along the other two directions. Both these configurations lead to a magnetic space group

P 1̄′, which is different from the experimentally proposed magnetic structures.

Figure 5: Initial and final non-collinear spin configurations in our DFT calculations where

the initial Mn spins, indicated by red arrows, are allowed to lie within the bc plane. Here, the

dimers initially have different relative spin orientations compared to those in Fig. 4. AFM11

(initial) corresponds to the experimentally proposed Pc′ configuration. Final spin magnetic

moments on the Mn4+ ions are indicated by black arrows. As in Fig. 4, all the non-collinear

calculations finally lead to (nearly) collinear spin configurations.

Since all the non-collinear calculations finally lead to (nearly) collinear spin

configurations, in the next step, we investigate a number of different initial collinear

configurations as outlined in the next subsection.

4.2.2. Collinear magnetic calculations The lowest energy configurations obtained from

the non-collinear calculations show that the magnetic moments tend to point towards the

b-direction, however, very small moments also arise in the other two directions leading

to canted Mn spins within the dimers. Therefore, in order to check the stability of the

spin canting, six initial collinear configurations are considered, as shown in Fig. 6. For
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 11

all the calculations, we include SOC effect and allow the spins to relax self-consistently

as before.

Figure 6: Initial collinear spin configurations with the Mn spins pointing along certain

crystallographic directions. Initial spin magnetic moments on the Mn4+ ions are indicated by

red arrows. AFM18 corresponds to a spin structure where the spins are aligned along a general

diagonal direction with a larger component along b. After self-consistent spin relaxation the

spin moments remain collinear with small finite spin canting angles (not shown), see SI [35]

for details.

Investigation into the total energies of the final spin-relaxed collinear structures

reveal that in the lowest energy configuration, the magnetic moments point along a

general diagonal direction with a large component along the b-direction. The final spin

moments, total energies and spin canting angles are given in Table S5 [35]. Interestingly,

we notice that even when we start with a configuration with spins directed solely along

a, b and c axes, spin moments spontaneously arise in the other two directions, indicating

that the spin cantings are real and appear in almost all cases. The ground state magnetic

structure is found to have P 1̄′ space group (basis = {(1, 0, 0), (0, 1, 0), (0, 0, 1)}, origin
shift = (0, 1

2
, 1

2
) with respect to the aristotype), in contrast to the experimentally

suggested Pc or Pc′ space group. In the final ground state, the Mn spins inside the

dimers are slightly canted with a canting angle of ∼ 0.10◦ (see SI for details [35]). Mode

analysis of the P 1̄′ magnetic structure performed with ISODISTORT [29, 30] shows the

presence of a binary combination of modes, where the dominant contribution (∼ 81%)

arises from the mΓ−
2 mode along b. The other mode with ∼ 19% contribution is found to

possess mΓ−
1 character along c and as a result, the final ground state remains non-polar.
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 12

4.2.3. Effects of U and J on the magnetic ground state In order to ascertain

the stability of the magnetic ground state obtained from our self-consistent DFT

calculations, we repeat calculations with three different sets of U and J values for some

of the final spin configurations which are very close in energy, including the one with

initial Pc configuration. We consider three extreme sets of U and J values: (i) U = 0.0

eV, J = 0.0 eV; (ii) U = 5.0 eV, J = 1.0 eV; (iii) U = 8.0 eV, J = 1.0 eV. Calculations

of the total density of states show that for all three sets of U and J values, the structure

remains insulating without a qualitative change in the overall density of states. The

details of the ground state spin configurations for different U and J values are listed

in Table S6 [35]. We find that in all three cases, the spins spontaneously relax into a

P 1̄′ magnetic space group as found from calculations with U = 2.5 eV and J = 0.5 eV.

However, the amplitudes of the magnetic modes and spin canting angles are larger for

higher U and J , as shown in Table 2. Thus, we find that the ground state magnetic

configuration in the P 1̄′ space group with a larger spin component along b is stable with

respect to the U and J parameters. The ground state spin structure from self-consistent

DFT calculations is shown in Fig. 7.

Figure 7: Ground state magnetic

structure in the P 1̄′ space group (basis

= {(1, 0, 0), (0, 1, 0), (0, 0, 1)}, origin

shift = (0, 1
2 , 1

2) with respect to the

P21/c parent structure) obtained from

self-consistent DFT calculations. Spin

magnetic moments on the Mn4+ ions are

indicated by red arrows.

U and J Mode Amplitude θ

(eV) (µB) (◦)

U = 0.0 mΓ−
1 = 0.002 0.08

J = 0.0 mΓ−
2 = 7.215

U = 2.5 mΓ−
1 = 1.757 0.10

J = 0.5 mΓ−
2 = 7.601

U = 5.0 mΓ−
1 = 1.883 0.14

J = 1.0 mΓ−
2 = 8.153

U = 8.0 mΓ−
1 = 2.101 0.13

J = 1.0 mΓ−
2 = 9.115

Table 2: Amplitudes of the magnetic

modes present in the P 1̄′ ground state

configuration obtained from self-consistent

DFT calculations. Mode amplitudes are

calculated with respect to the relaxed

P21/c parent structure for different U and

J . θ is the average canting angle of the Mn

moments within the dimers.

It is important to note that we have checked the P 1̄′ model obtained from self-

consistent DFT calculations against the original experimental NPD data in Ref. [10],

however, no satisfactory fit has been obtained. Therefore, the discrepancies between

the experimental and DFT-calculated magnetic ground states do not necessarily appear

due to the wrong assignment of the experimental magnetic structure. The most likely

origin of this discrepancy is the hidden chemical complexity in the experimental nuclear
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 13

structure arising from disorder or anion non-stoichiometry. Oxygen vacancy defects are

quite common in oxides and could play a significant role in determining the electronic

and magnetic properties of oxide systems [40, 41]. Sr7Mn4O15 and the related cation-

substituted phases have been shown to be susceptible to oxygen vacancies [42]. Presence

of oxygen vacancies can lead to a change in the oxidation state of the Mn4+ ions, thereby

affecting the magnetic exchange interactions between the Mn ions which can in turn lead

to a change in the second magnetic mode with smaller contribution. On the other hand,

although we have explored the effect of different sets of Hubbard U and exchange J

parameters on the magnetic ground state within the PBEsol+U framework, inclusion

of more accurate Hybrid functionals [43] or use of more sophisticated dynamical mean-

field theory (DMFT) methods [44] might come closer to resolving the true magnetic

ground state of Ba7Mn4O15. This is beyond the scope of the present work, but would

be encouraged for future study.

4.3. Linear magnetoelectric coupling in Ba7Mn4O15

The linear ME effect refers to the induction of (or change in) magnetisation Mj

(polarisation Pi) by an external electric field Ei (magnetic field Hj) according to the

linear relation: µ0Mj = αijEi (Pi = αijHj), where µ0 is the vacuum permeability and

i, j are spatial coordinates. The linear ME tensor α consists of different microscopic

contributions coming from the ionic, electronic and strain-mediated couplings to the

spin and orbital moments of electrons [45]. In our work, only the lattice-mediated spin

contribution to linear ME tensor was computed as it often plays the dominant role in

determining the magnitude of the total ME response [9, 14, 15].

Calculation of the Γ-point phonons in the mΓ+
1 magnetic configuration without

SOC shows the absence of any imaginary phonon frequencies. Moreover, it is found

that there are 41 Au (Γ−
1 ) phonon modes and 40 Bu (Γ−

2 ) phonon modes (per unit cell

excluding the acoustic modes) at the zone centre which are infrared (IR) active and can

couple to the external electric field:

ΓIR = 41Au + 40Bu. (1)

E-induced polar displacements are obtained from the Γ-point force constant matrix

and Born effective charges (BEC) calculated in the mΓ+
1 magnetic configuration.

Collinear spin ordering along c is considered in absence of SOC to lower the

computational cost. However, inclusion of SOC and use of other magnetic configurations

are found to yield almost identical values of the force constant matrix elements and BEC.

The dielectric permittivity tensor and BEC computed with the mΓ+
1 spin arrangements

are given in Tables S7 and S8 [35].

We calculate the strength of the linear ME coupling for the non-polar P 1̄′ ground

state including SOC for U = 2.5 eV and J = 0.5 eV. Due to the triclinic symmetry

of the ground state magnetic structure, all the nine non-vanishing components of the

linear ME tensor are independent. We, therefore, apply electric fields along the three
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First-principles investigation of the magnetoelectric properties of Ba7Mn4O15 14

Figure 8: Calculated net spin moment per unit cell as a function of external electric field

applied along the three Cartesian directions in the P 1̄′ ground state of Ba7Mn4O15. Lines

represent the linear fits to the data.

Cartesian directions and compute the net canted spin moments arising because of the

SOC effect. As shown in Fig. 8, the calculated net spin moments per unit cell exhibit

a linear trend with the applied electric fields demonstrating the linear ME behaviour

of Ba7Mn4O15. Note that in the P 1̄′ structure, application of an external electric field

induces a weak ferromagnetic component (along the b direction) associated with the

mΓ+
1 irrep which is present in the experimentally proposed Pc space group.

Table 3: Nine independent non-vanishing components of the linear ME tensor αij (i, j =

x, y, z) calculated for the non-polar P 1̄′ ground state of Ba7Mn4O15. Components of α and

their uncertainties from the linear fit are given in ps/m and Gaussian units (g.u.).

αij ps/m 10−4 g.u. αij ps/m 10−4 g.u.

αxx 0.047 ± 0.005 0.14 ± 0.02 αxy 0.006 ± 0.001 0.019 ± 0.002

αxz -0.070 ± 0.005 -0.21 ± 0.01 αyx -0.12 ± 0.03 -0.4 ± 0.1

αyy 0.24 ± 0.01 0.71 ± 0.04 αyz -1.30 ± 0.06 -3.9 ± 0.2

αzx -0.051 ± 0.001 -0.154 ± 0.004 αzy -0.015 ± 0.001 -0.044 ± 0.002

αzz 0.046 ± 0.005 0.14 ± 0.02

Using a linear fit to the individual responses and computing the gradient, we

calculate the linear ME tensor of Ba7Mn4O15 in the non-polar P 1̄′ magnetic ground

state. All the independent components of α are shown in Table 3. It is interesting

to note that the largest component of the linear ME tensor has a sizeable magnitude

(∼ 3.90 ×10−4 Gaussian units) which is three times the value predicted for the classic

magnetoelectric Cr2O3 (∼ 1.30 ×10−4 Gaussian units) [14] and comparable to that of

the well-known multiferroic BiFeO3 (∼ 5 ×10−4 Gaussian units) [15].

5. Summary and Conclusions

In summary, using first-principles DFT calculations we have studied the ground state

magnetic behaviour of Ba7Mn4O15 which has been classified as a type-II multiferroic

in earlier experiments. Our constrained moment calculations with the proposed
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experimental magnetic configuration in the Pc space group shows the spontaneous

emergence of a polar mode with significant ferroelectric polarisation comparable to other

known type-II multiferroics. Moreover, we are able to identity the character of the polar

displacements induced by the experimental magnetic ordering. However, self-consistent

relaxation of the spin densities without any external constraints leads to a non-polar

magnetic ground state in the P 1̄′ space group where two magnetic modes transforming

as distinct irreps coexist. The dominant magnetic mode mΓ−
2 along b is consistent with

one of two previously proposed magnetic models from experiments [10]. However, in

the P 1̄′ ground state, the second magnetic mode transforms as the mΓ−
1 irrep (along

c) which is different from the mΓ+
1 irrep (along c) found in previous experiments [10].

Since the combination mΓ−
2

⊕
mΓ−

1 does not break spatial inversion, our self-consistent

calculations show the absence of a type-II multiferroic ground state. The origin of

the disagreement between experiment and simulation is unclear at present but possibly

points to additional complexity in the nuclear structure such as anion vacancies and

disorder. Nonetheless, the P 1̄′ ground state is found to exhibit a strong linear ME

coupling comparable to the well-known multiferroic BiFeO3 [15], suggesting strategies

to design new linear magnetoelectrics.
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