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A B S T R A C T   

The energies of various magnetically ordered structures for ludwigite Ni2MnBO5 have been calculated in the 
framework of the first-principles approach using the Wien2K program package, with the parameters of exchange 
interactions being determined. Two subsystems can be distinguished in the magnetic system, which are asso-
ciated with the triads 4-2-4 and 3-1-3. The magnetic moments of the ions in both triads are antiferromagnetically 
oriented. The analysis of the exchange contribution to the energy shows that there occurs an increase of the 
magnetic cell relative to the crystallographic one due to antiferromagnetic ordering of the magnetic moments 
along the c axis in three-legged ladders formed by 4-2-4 triads. However, in three-legged ladders formed by 3-1-3 
triads, the magnetic moments of the ions are ordered along the c-axis ferromagnetically. The predicted type of 
magnetic ordering in Ni2MnBO5 is similar to magnetic ordering in Fe3BO5. Non-collinear ordering of the mag-
netic moments of the subsystems at different temperatures is also likely to be observed in Ni2MnBO5, as is the 
case in Fe3BO5. Superexchange (indirect) interactions (No-O-B-O-Ni) influence the orientation of the magnetic 
moments of two 3-1-3 (4-2-4) triads within the unit cell. It is these interactions that may be responsible for the 
formation of long-range magnetic order in Co3BO5 and ferrimagnetic-antiferromagnetic spin-reorientation 
transition in Fe3BO5.   

1. Introduction 

Oxyborates (Ni,Mn)3BO5 were first obtained in the 1990s [1,2]. The 
synthesis of the crystal structure of Ni5Mn(BO5)2 of the ludwigite type 
and its study were presented in Ref. [2]. Though, the physical properties 
of this compound have not been studied yet. According to the electrical 
neutrality condition, the valence state of manganese ions in Ni5Mn 
(BO5)2 is 4+. However, manganese ions in compounds with the ludwi-
gite structure can have other valence states, e.g. ludwigite Mn3BO5, in 
which manganese ions are in the di- and trivalent state [3]. Recently, a 
number of (Ni,Mn)3BO5 compounds with different content of nickel and 
manganese ions have been obtained at the Institute of Physics SB RAS, 
with their structural and magnetic properties being studied [4–6]. For 
example, a magnetization reversal effect is observed in the 
Ni1.2Mn1.8BO5 compound in low fields, which indicates the existence of 
at least two magnetic subsystems coupled to each other 

antiferomagnetically [5]. In ludwigite Ni2MnBO5, manganese ions are in 
the trivalent state, while in Ni2.14Mn0.86BO5 some of the manganese ions 
are in the tetravalent state. However, despite the fact that the chemical 
disorder in Ni2.14Mn0.86BO5 is higher than that in Ni2MnBO5, the tem-
perature of magnetic ordering is also higher [7,8]. 

It has been shown in various studies that in ludwigites there arise a 
lot of competing interactions due to geometric features of the crystal 
structure, which leads to the fact that the magnetic system is divided 
into two subsystems [9–13]. The studies of magnetic ordering by 
neutron diffraction show that in ludwigites Fe3BO5 and Cu2MnBO5 there 
are two magnetic subsystems, similar to three-legged ladders, whose 
magnetic moments are oriented non-collinearly [9,10,14,15]. In 
Fe3BO5, the magnetic subsystems are ordered at different temperatures 
while in Cu2MnBO5, a single magnetic phase transition is observed. In 
addition, a structural phase transition is observed in Fe3BO5, which is 
associated with one of the subsystems and leads to the cell doubling 
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along one of the axes [13,16,17]. In Cu2MnBO5, the magnetic cell co-
incides with the crystallographic one, and no structural phase transition 
is observed [14]. 

In our previous work the constants of exchange interactions were 
determined within the framework of a semi-empirical approach. It was 
shown that in ludwigite Ni2MnBO5 an increase in the magnetic cell was 
not beneficial [7]. In this study, we have determined the exchange 
interaction constants by calculating the energies of various magnetically 
ordered states using the Wien2k software package. We have specified 
the most favorable type of magnetic ordering in Ni2MnBO5 by esti-
mating the exchange contribution to the energy, and also showed that it 
is necessary to take superexchange (indirect) interactions into account. 

2. Theoretical calculations 

The crystal structure of ludwigite is shown in Fig. 1. Transition metal 
ions occupy 4 crystallographic positions: 2a (1 in Fig. 1), 2d (2 in Fig. 1), 
4g (3 in Fig. 1) and 4h (4 in Fig. 1). As a rule, position 4 is occupied by 
trivalent cations, while positions 1–3 – by bivalent ones. The X-ray 
diffraction method does not allow determining the distribution of nickel 

and manganese ions across the positions since these ions have a similar 
electron configuration. However, the ion distribution across the posi-
tions can be inferred from the local environment of the transition metal 
ions. Our experimental research of the local structure of Ni2MnBO5 by 
the XANES method in Refs. [7,8] shows the oxygen octahedron around 
the ions in position 4 to be highly distorted, i.e. it is elongated along one 
axis, which is typical for trivalent manganese ions. On the other hand, 
the oxygen octahedra in positions 2 and 3 are slightly squashed, which is 
typical for bivalent nickel ions in the octahedral environment. The ox-
ygen octahedron around the ion in position 1 is almost symmetrical; we 
assume positions 1–3 to be predominantly occupied by nickel ions and 
position 4 to be occupied by trivalent manganese ions. Thus, in theo-
retical calculations we will assume that positions 1–3 are occupied by 
nickel ions, and position 4 is occupied by manganese ions. 

As noted earlier, in ludwigites the magnetic system tends to be 
divided into two subsystems: the first one is formed by ions in positions 4 
and 2, and the second one by ions in positions 3 and 1. The ions in the 
subsystems form triads 4-2-4 and 3-1-3 (shown by red and green lines in 
Fig. 1), which are repeated along the c axis to form three-legged ladders. 
Subsystem 3-1-3 is formed by bivalent Ni ions while subsystem 4-2-4 is 
formed by trivalent Mn ions and bivalent Ni ions. The unit cell contains 
two triads of each type (Figs. 1 and 2), with these being designated (4-2- 
4)I, (4-2-4)II and (3-1-3)I, (3-1-3)II in Fig. 2. 

Within the framework of semi-empirical calculations, the ludwigite 
structure can be characterized by eleven exchange coupling parameters 
(Fig. 2, Table 1), three of them (1-1, 2-2, 3-3) characterize the exchange 
interaction of nickel ions in chains along the c axis, which are formed by 
ions in positions 1, 2 and 3. Since the distances between the nickel ions 
in all three chains are the same, we assume that these three parameters 
are also the same. Thus, within the framework of the first-principles 
approach, we determine nine parameters of the exchange coupling, 
with the information being given in Table 1. As can be seen from Figs. 1 
and 2, as well as from Table 1, the exchange bonds between the ions in 
positions 3 and 1 form an angle of about 120◦. In the 3-1-3 subsystem, 
the oxygen octahedra are connected by vertices along the 3-1-3 triad and 
edges along the c axis. In the 4-2-4 subsystem, the oxygen octahedra are 
connected by edges both along the 4-2-4 triad and along the c axis, 
forming 90◦ exchange bonds. In addition to 90◦ exchange coupling be-
tween the ions in positions 4 and 2 in one cell, 180◦ exchange coupling 
between the ions in positions 4 and 2 in adjacent cells is possible. 

To determine the exchange coupling parameters, we calculated the 
energy of various magnetically ordered structures using the Wien2k 
software package. In the Wien2K software package, use is made of the 
method of linearized augmented plane waves with local orbitals 
[18–20]. The exchange-correlation energy is calculated in the LSDA 
approximation [21] taking into account the density gradient [22], and 
Hubbard correlation coefficients. In our calculations, we used the po-
tentials U = 0.52 Ry and J = 0 Ry [23,24]. In estimating the total energy, 
a set of 400 k-points in the Brillouin zone was employed, and the value 
RmtKmax = 7.0. The energy calculation accuracy was 1 μRy. The 

Fig. 1. The ludwigite structure. The transition metal ions in position 2a (1), 2d 
(2), 4g (3) are denoted by green circles, and positions 4h (4) are shown by 
magenta circles. The subsystems forming triads 4-2-4 and 3-1-3 are shown by 
red and green lines. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 2. The crystal structure of ludwigite Ni2MnBO5. I1–I9 – exchange coupling 
parameters within the first coordination sphere. The triads of each type are 
indicated: (4-2-4)I, (4-2-4)II and (3-1-3)I, (3-1-3)II. 

Table 1 
The exchange coupling parameters within the first coordination sphere in the 
ludwigite structure.  

Exchange coupling 
parameters 

Position Mei- 
Mej 

Angles of indirect exchange 
interaction, Me–O–Me 

I1 4–4 Mn–Mn 90◦

I2 4–1 Mn–Ni 90◦

I3 4–2 Mn–Ni 180◦

I4 4–2 Mn–Ni 90◦

I5 3–4 Ni–Mn 90◦

I6 3–4 Ni–Mn 120◦

I7 3–2 Ni–Ni 90◦

I8 3–1 Ni–Ni 120◦

I9 3–3 Ni–Ni 90◦

2–2 Ni–Ni 90◦

1–1 Ni–Ni 90◦
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following radii of atomic spheres were used in the calculations: 2.02 at. 
units for nickel ions, 2.02 at. units for cobalt ions, and 1.30 at. units for 
boron and oxygen ions. The modified Blöchl tetrahedral method was 
applied to calculate the total density of the states [25]. 

The lattice parameters and atomic coordinates do not change in 
calculating the energies of various magnetically ordered structures, 
while the magnetic configuration changes. In this approach, the energy 
can be divided into the exchange contribution and a constant that in-
cludes all other interactions. 

Em = −
1
2
∑

ij
Jij〈si ⋅ sj〉 + e0,

Table 1 shows nine exchange coupling parameters to be calculated 

and the number of positions with coupling; we consider all other pa-
rameters of exchange coupling to be equal to zero. 

It should be noted that to calculate the exchange coupling parame-
ters I1 and I9 it is necessary to calculate the energies for magnetic cells 
doubled along the c axis (Fig. 3), since within the framework of a 
magnetic cell coinciding with a crystallographic one, their contribution 
cannot be distinguished. For ease of perception, we keep the numbering 
of the doubling positions: 2a (1 and 1′), 2d (2 and 2′), 4g (3 and 3′) and 4f 
(4 and 4’) in Fig. 3. 

Table 2 shows the magnetically ordered structures, direction of the 
magnetic moments on the atoms, expression of the exchange contribu-
tion to the energy through the exchange coupling parameters and 
calculated energy values. The calculated values of the exchange 

Fig. 3. The crystal cell doubled along the c axis.  

Table 2 
The calculated energy of different magnetically ordered structures, direction of the magnetic moments on the atoms, and expression of the exchange contribution to the 
energy.  

N◦ Direction of the magnetic moments on the atomsa Expression of the exchange contribution to the energy Calculated energy (Ry) 

1 2 3 4 

Magnetic cell coinciding with the crystallographic one 
1 d u u u u u d d d d u d 8I1–4I2–2I3–2I4–4I5+4I6–4I8+12I9 − 36810,048891 
2 u d u u u u d d u d u u 8I1+4I2+2I3+2I4–4I5+4I6+4I8+12I9 − 36810,054295 
3 d d d d d d d d d d u u 8I1+4I2+2I3+2I4+4I5+4I6+8I7+4I8+12I9 − 36810,052532 
4 u u u d u u u u u u u d 8I1+4I2+2I3+2I4+4I5+4I6+4I8+12I9 − 36810,052481 
5 u d u u d d u u u u u d 8I1–4I2+2I3+2I4–4I5+4I6–4I8+12I9 − 36810,007498 
6 u d u d u d d u d u u d 8I1–8I5+8I6+12I9 − 36810,050238 
7 u u u u u u u u u u u u 8I1+8I2+4I3+4I4+8I5+8I6+8I7+4I8+12I9 − 36810,054161 
Magnetic cell doubled along the c axis  

1/1′ 2/2′ 3/3′ 4/4′ Expression of the exchange contribution to the energy Calculated energy (Ry) 
8 u u/d d d u/d d u u u u/d d d d d d u u/d d d d 8I4+8I8–12I9 − 73619,974725 
9 u u/d d u d/d d u u u u/d d d d d d u u/d d d d 8I8–12I9 − 73619,960198 
10 u u/d d d d/d d u u u u/d d d d u u u u/u u u u 8I1–8I3–8I4+8I8–8I9 − 73619,957818 
11 u u/d d u u/d d d d d d/u u u u d d d d/u u u u -8I1+8I3–8I4–8I8–16I9 − 73619,996122 
12 u d/u d u u/u u d d u u/d d u u d d d d/d d d d 8I1–8I3–8I4–8I8+16I9 − 73619,962918 
13 u d/u d u d/u d d d u u/d d u u d d d d/u u u u -8I1–16I7–8I8+16I9 − 73619,995846 
14 u u/d d u d/d d d d u d/d d d d d u d u/d d d d 4I4+4I5+4I6+4I7+2I8 − 73619,980563 
15 u u/d d d d/d d d d d u/d u u d d d u d/d u u u 4I5–4I6+4I7–2I8–4I9 − 73619,977345 
16 d d/u d u u/u u d d u d/u d u u d u u d/u d d u -8I1+4I9 − 73619,975695 

(0 0 0) (½ ½ 0), 2: (0 ½ ½) (½ 0 ½), 3: (-x -y z) (x y z) (½-x ½+y -z) (x-½ ½-y -z), 
(-x -y z) (x-½ ½-y -z) (½-x ½+y -z) (x y z). 

a Coordinates of the ions in the magnetic cell coinciding with the crystallographic one. 
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coupling parameters are given in Table 3. Using the obtained exchange 
coupling parameters, we can calculate the exchange contribution to the 
energy of any magnetically ordered structure. We considered structures 
corresponding to eigenvectors for magnetic representations, according 

to the group-theoretic analysis [15]. The calculated exchange contri-
bution is given in Table 4. In contrast to our previous calculations within 
the framework of the semi-empirical approach [7], doubling of the 
magnetic cell is energetically more favorable. For structures 1–4 the 
magnetic cell coincides with the crystallographic one, for the other ones 
the magnetic cell is doubled along the c axis. As can be seen from 
Table 4, four magnetically ordered structures (N◦ 8–11) have the same 
contribution to the exchange energy, with this exchange contribution 
having the maximum value. 

Fig. 4 shows these four types of magnetic ordering (N◦ 8–11). We 
depicted the magnetic structure of the crystal in Fig. 4 in the form of 
triads; as is noted earlier, the unit cell contains two triads of each type 
(3-1-3 and 4-2-4). Since the magnetic cell is doubled along the c-axis, 
each triad forms a ladder along the c-axis. As can be seen from Fig. 4, in 
all the most favorable types of magnetic ordering in the 3-1-3 subsystem, 
the magnetic moments along the c axis are ordered ferromagnetically 
while in the triad they are ordered antiferromagnetically, but in the 4-2- 
4 subsystem the magnetic moments are ordered antiferromagnetically 
both in the triad and along the c axis. 

The exchange couplings between the subsystems are antiferromag-
netic and form triangular groups, which results in these couplings being 
strongly frustrated. According to group theoretical analysis, the mag-
netic moments of triads of the same type can be ordered in a parallel or 
antiparallel manner [15]. Since the exchange couplings between the 
triads are frustrated, the energy of the exchange contribution is the 
same, regardless of how the magnetic moments of triads of the same type 
are oriented, whether in a parallel or antiparallel manner. 

Our approach takes into account only the exchange coupling within 
the first coordination sphere, without considering, for example, such 
indirect exchange interactions as Ni–O–B–O–Ni, which can also 
contribute to the exchange energy. To verify whether other types of 

Table 3 
The calculated exchange coupling parameters (Ry).  

I1 I2 I3 I4 I5 I6 I7 I8 I9 

− 1,2*10− 4 − 8,5*10− 4 2,1*10− 3 1,8*10− 3 5,0*10− 4 − 5,1*10− 4 6,2*10− 6 − 2,1*10− 3 5,8*10− 5  

Table 4 
The exchange contribution to the energy of various magnetically ordered 
structures.  

N◦ Direction of the magnetic moments on the atoms Exchange contribution to 
the energy (Ry) 

1/1′ 2/2′ 3/3′ 4/4′  

1 u u/ u 
u 

u u/ u 
u 

u u u u/ u u 
u u 

u u u u/ u u 
u u 

− 0,000570 

2 u u/u 
u 

u u/ u 
u 

u u u u/ u u 
u u 

d d d d/ 
d d d d 

0,033789 

3 d d/ 
d d 

u u/ u 
u 

u u u u/ u u 
u u 

d d d d/ 
d d d d 

0,027839 

4 u d/ u 
d 

u d/ u 
d 

u d u d/ u 
d u d 

d u d u/ d u 
d u 

− 0,000180 

5 d d/ 
d d 

d u/ u 
d 

u u u u/ u u 
u u 

u u d d/ u u 
d d 

− 0,016074 

6 u u/ 
d d 

u d/ 
d u 

d d d d/ u u 
u u 

d d u u/u u 
d d 

− 0,018648 

7 u d/ u 
d 

u d/ u 
d 

d d u u/ 
d d u u 

d d d d/ u u 
u u 

− 0,018373 

8 u u/ u 
u 

u u/ 
d d 

d d d d/ 
d d d d 

d d d d/ u u 
u u 

− 0,020045 

9 u d/ u 
d 

u d/ 
d u 

d d u u/ 
d d u u 

d d u u/ u u 
d d 

− 0,020045 

10 u u/ u 
u 

u d/ 
d u 

d d d d/ 
d d d d 

d d u u/ u u 
d d 

− 0,020045 

11 u d/ u 
d 

u u/ 
d d 

d d u u/ 
d d u u 

d d d d/ u u 
u u 

− 0,020045  

Fig. 4. Magnetic ordering with the lowest exchange contribution to the energy.  
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exchange interactions have any contribution, we carried out accurate 
calculations of the energies of the four most favorable types of 
magnetically ordered structures. The calculation results are given in 
Table 5. As can be seen from the table, the exact calculation gives 
different energy values for all the four structures, but the change in the 
energy values is observed only in the third fraction digit. Thus, we can 
conclude that in ludwigites, the exchange interactions in the second 
coordination sphere also contribute to the energy, although by an order 
of magnitude lower than the contribution from the exchange in-
teractions in the first coordination sphere. In Ni2MnBO5, these weak 
exchange bonds yield the most favorable ferrimagnetic structure when 
in the crystal cell both 3-1-3 triads are oriented in the same way, and the 
4-2-4 triads are antiferromagnetic (see Fig. 5). 

It is interesting to note that in Co3BO5, the trivalent cobalt ions 
occupying position 4 are in the low-spin state and their magnetic 
moment is equal to zero [26]. Examining the structure of ludwigite, one 
can see that the ions in position 4 are located between the planes formed 
by the ions in positions 1, 2 and 3 (Fig. 6). In Co3BO5, the exchange 
interaction between the planes is possible through indirect super-
exchange interactions Co–O–B–O–Co, and two exchange paths are 
possible: Co3–O–B–O–Co1 and Co3–O–B–O–Co3 (Fig. 6). The magnetic 
transition to the ferrimagnetic state in Co3BO5 is observed at 42 K, which 
is much lower than in ludwigite Fe3BO5, where magnetic ordering oc-
curs in two stages: at 112 K and 74 K. In ludwigite Fe3BO5, the transition 
to the antiferromagnetic state occurs at 112 K and the subsystem is or-
dered as 4-2-4, while at 74 K one observes the transition into the 

ferrimagnetic state, and the 3-1-3 subsystem is ordered. According to the 
neutron diffraction data in Fe3BO5, both 3-1-3 triads in the unit cell are 
parallel oriented. However, in the field dependences of magnetization in 
the region of 40 K, hysteresis loops disappear and at low temperatures 
the behavior of magnetization becomes antiferromagnetic [27]. It is 
possible that in the region of 40 K there occurs a spin-reorientation 
transition and two 3-1-3 triads in the cell are antiparallel oriented. It 
is interesting to note that the spin reorientation transition and ordering 
in Co3BO5 occurs at similar temperatures, which may indicate that in 
this temperature range the Fe–O–B–O–Fe superexchange interactions 
are sufficient to affect the magnetic order in Fe3BO5. The superexchange 
interactions also couple subsystem 4 (Me4–O–B–O–Me4), affecting the 
orientation of the magnetic moments of the 4-2-4 triads. 

It is not possible to calculate the energy of a non-collinear magnetic 
structure using the Wien2k software package. However, the similarity 

Table 5 
The calculated energy values for the magnetic structures with the lowest ex-
change contribution to the energy.   

Orientation of the 
magnetic moments of (3-1- 
3)I and (3-1-3)II 

Orientation of the 
magnetic moments of (4-2- 
4)I and (4-2-4)II 

Calculated 
energy 

a FM FM − 73619,997519 
b AFM AFM − 73619,997848 
c AFM FM − 73619,995712 
d FM AFM − 73619,999523  

Fig. 5. The most favorable ferrimagnetic structure in Ni2MnBO5.  

Fig. 6. The ludwigite structure. The superexchange interactions 
Me–O–B–O–Me are shown by red line. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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between the magnetic structure obtained for Ni2MnBO5 and the mag-
netic structure of Fe3BO5 allows one to assume that in Ni2MnBO5 there 
are also two magnetic subsystems that are ordered non-collinearly at 
different temperatures. Two features are observed in the experimental 
dependences of the magnetization of Ni2MnBO5 [7]. In our latest 
studies, where we investigated the (Ni,Mn,Cu)3BO5 solid solutions with 
small copper content, features in the temperature dependences of the 
ac-susceptibility measured upon the magnetic field applied along and 
perpendicular to the c axis, are observed at different temperatures [28]. 
Apparently, the ludwigites are characterized by the presence of two 
magnetic subsystems, which are ordered non-collinearly due to the 
geometric features of the structure. 

3. Conclusion 

In this study we estimated the parameters of exchange coupling of 
the first coordination sphere by calculating the energies of various 
magnetically ordered structures of Ni2MnBO5. The calculation of the 
exchange contribution to the energy using the obtained exchange 
coupling parameters shows that the magnetic cell is doubled along the c 
axis due to antiferromagnetic ordering in the 4-2-4 subsystem. The 
magnetic moments in the 4-2-4 subsystem are oriented antiferromag-
netically both in the triad and along the c axis, while in the 3-1-3 sub-
system the magnetic moments in the triad are oriented both 
antiferromagnetically and ferromagnetically along the c axis. Due to the 
fact that the exchange interactions between the subsystems form trian-
gular groups, they are greatly frustrated. If, when calculating the ex-
change contribution, we take into account only the exchange 
interactions of the first coordination sphere, then due to the frustration 
of the exchange interactions between the subsystems, the exchange 
contribution to the energy will not depend on the mutual orientation of 
the magnetic moments of triads of the same type. However, the accurate 
calculation of the energy shows that the mutual orientation of the 
magnetic moments of triads of the same type affects the energy. The 
triads of the same type are coupled by superexchange interactions 
through oxygen and boron ions, and although the contribution to the 
energy from superexchange interactions is an order of magnitude lower, 
it can be significant at low temperatures. It is likely that superexchange 
interactions play a key role in the establishment of long-range magnetic 
order in Co3BO5 and in the occurrence of a spin-reorientation transition 
in Fe3BO5. 
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