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1. INTRODUCTION

Oxyborates with the ludwigite structure and the
general formula M2+M3+O2BO3 have a wide variety of
electronic and magnetic properties depending on the
composition. A number of interesting features can be
found in compounds with the ludwigite structure:
low-dimensional magnetic systems (triads and layers),
coexistence of several magnetic sublattices, coexis-
tence of paramagnetism and magnetic order, various
combinations of transition metals with mixed valence
in the chemical composition, and their nonrandom
distribution over different crystallographic sites. The
ludwigite structure can include various M2+ and M3+

elements, but only two homometallic ludwigites
Fe3BO5 and Со3BO5 with transition metal atoms are
experimentally known to date [1–5]. Despite similar
crystal structures, the two compounds have very dif-
ferent physical properties. In particular, Fe3BO5
undergoes a structural transition with the doubling of
the lattice parameter c at room temperature, and then
two magnetic transitions at TN1 = 112 K and TN2 =
70 K, corresponding to the independent ordering of
different magnetic sublattices [1, 2]. On the contrary,
Со3BO5 is structurally stable and undergoes a mag-
netic transition at a temperature of 42 K [3, 4]. It is
assumed in [2] that the structural transition in Fe3BO5
is due to the dimerization of iron cations in one of the
triads and the formation of charge density waves. The
situation differs in ludwigite Со3BO5: to avoid struc-
tural distortions, the Со3+ ion transfers to the low-spin
state. Thus, one of the main differences between lud-
wigites Fe3BO5 and Со3BO5 is the spin crossover in
Со3BO5 [3, 4]. Both compounds were studied in detail
experimentally and theoretically, in particular, in

ab initio calculations [5–8]. However, main attention
in calculations is paid to the magnetic structure of
these ludwigites, while the spin-crossover mechanism
in Со3BO5 remains unclear. The purpose of this work
is an ab initio study of exchange interactions and the
spin-crossover mechanism in Со3BO5. The spin cross-
over is usually described as the intersection of terms of
two localized spins, but here we show the crossover
mechanism in band terms.

2. CALCULATION DETAILS
The calculations were carried out in the Vienna Ab

initio Simulation Package (VASP) [9, 10] using PAW–
PBE pseudopotentials [11, 12]. The configuration of
valence electrons for Co, B, and O ions was taken as

, , and , respectively. The
exchange-correlation functional was taken into
account in the generalized gradient approximation
(GGA). The number of plane waves was limited by an
energy of 520 eV. A 4 × 2 × 11 Monkhorst–Pack grid
was used to optimize crystal structures [13]. The
parameters and coordinates of the atoms were opti-
mized until the residual force on each ion became less
than 1 meV/A. The group-theoretical analysis of mag-
netic structures was performed in the FullProf
(BASIREPS) package [14] for wave vectors

 and . The GGA + U calcu-
lations were performed in the Dudarev scheme [15].

3. MAGNETIC STRUCTURE
The ludwigite structure with the space group Pbam

(no. 55) is conventionally presented in the form of a
ladder structure. In the ludwigite structure, transition

∼
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Fig. 1. (Color online) Magnetic structure of ludwigite
Со3BO5. Only cobalt atoms are shown.

Table 1. Decomposition of the magnetic representation of
the space group Pbam in irreducible representations at

 and  the space group Pbnm at 
Pbam, 

, 
, 

Pbam, 

Pbnm 

= 0k = (0,0,0.5)k = 0k
= 0k

2a 2d τ + τ + τ + τ1 3 2 5 2 7
4g 4h τ + τ + τ + τ + τ + τ + τ + τ1 2 2 3 2 4 2 5 6 2 7 8

= (0,0,0.5)k
2a τ + τ + τ + τ1 3 2 5 2 7
2d τ + + τ + τ2 4 2 6 2 8tau
4g τ + τ + τ + τ + τ + τ + τ + τ1 2 2 3 2 4 2 5 6 2 7 8
4h τ + τ + τ + τ + τ + τ + τ + τ2 1 2 2 3 4 5 2 6 7 2 8

= 0k
4a τ + τ + τ + τ3 1 3 3 3 5 3 7
4c τ + τ + τ + τ + τ + τ + τ + τ1 2 2 2 3 4 5 2 6 2 7 8
8d τ + τ + τ + τ + τ + τ + + τ3 1 3 2 3 3 3 4 3 5 3 6 37 7 3 8tau
metal atoms occupy four nonequivalent , , ,
and  sites. Atoms at the  and  sites form a three-
step ladder or triad 3–1–3, and atoms at the  and 
sites form the second triad 4–2–4 (Fig. 1). In ludwig-
ite Со3BO5, the triad 3–1–3 is occupied by Со2+ ions,
and the triad 4–2–4 is occupied by Со2+ ions at the

sites, and Со3+ ions at the  sites. All cobalt atoms
are located in highly distorted oxygen octahedra.

As shown in [3, 4], Со3BO5 undergoes a magnetic
transition to a completely ordered state at TN = 42 K,
while trivalent cobalt ions at the  sites are in the (LS)
low-spin state. At high temperatures K, these
ions transfer to a high-spin (HS) state. The magnetic
structure (Fig. 1) of ludwigite Со3BO5 is determined
in [3, 4]. The experimental magnetic structure is col-
linear and, according to the group-theoretical analysis
carried out in [3, 5], is described by one irreducible
representation for all magnetic sublattices  with
the eigenvector

To determine the magnetic ground state in ludwig-
ite Co3BO5, we calculated the total energies of a num-
ber of collinear and noncollinear magnetic configura-
tions, which were constructed according to the irre-
ducible representation of the space group Pbam at

 and  the space group Pbnm at
 (see Table 1). In particular, the magnetic con-

figurations for compounds with the ludwigite struc-
ture were considered in [1, 3–7, 16]. The total energies
for all magnetic configurations were calculated in the
GGA + U approximation with  eV for the cobalt
atom. The magnetic configuration found in the exper-
iment [3, 4], but with the Со3+ ion at the  site in the
HS state (Fig. 1), was most energetically favorable at
this parameter U.

In both triads 3–1–3 and 4–2–4, the ordering of
atoms is antiferromagnetic, while the ordering of tri-
ads along the c axis is ferromagnetic. However, it is
impossible to unambiguously determine the energy
benefit of HS or LS configurations in the GGA + U
approximation, which largely depends on the para-
meter U.

To avoid such ambiguity in determining the ground
state, the total energy of a given magnetic configura-
tion with the Со3+ ion in the HS and LS states was cal-
culated in a more rigorous approximation with SCAN
potentials [17]. When calculating energies, complete
relaxation of the structure was carried out in terms of
lattice parameters and atomic coordinates. The calcu-
lation results together with experimental data are given
in Table 2. As seen, the SCAN calculation indicates
that the magnetic configuration with the Со3+ ion in

2a 2d 4g
4h 2a 4g

2d 4h

2d 4h

4h
> 500T

τ5( )y
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LS 0000 .
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a d g h

= 0k = (0,0,0.5)k
= 0k

= 4U

4g
the LS state is most energetically favorable at low tem-
peratures.

According to [4], the transition of Со3+ ions to the
HS state at a high temperature  K is accompa-
nied by an increase in the unit cell volume by 5%.
However, in our calculation, the unit cell volume after
the complete optimization of the structure with the
Со3+ ion in the HS state hardly changed because the
high-temperature phase is not an equilibrium struc-
ture at zero temperature. Therefore, to simulate the
thermal expansion of the lattice in the high-tempera-
ture phase, a unit cell obtained by applying a hydro-
static pressure of  GPa was used in the calcu-
lation of the total energies for the HS and LS states of
Со3+. In this case, the unit cell volume increases by
5.7% compared to the unit cell volume in the ground
LS state. As seen in Table 2 (the last two columns), the
transition of the Со3+ ion to the HS state becomes

> 500T

−= 10P
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Table 2. Experimental and calculated lattice parameters a, b, and c using SCAN potentials, unit cell volume V, and magnetic
moments of cobalt ions at the  (М1),  (М2),  (М3), and  (М4) sites in high- and low-spin configurations. The
last two lines give the energies of the low-spin state with respect to the high-spin state and the energy gap

SCAN

Experiment [3, 4] Low-temperature phase High-temperature phase

HS (700 K) LS (2 K) HS LS HS LS

a, Å 9.27 9.32 9.16 9.28 9.26
b, Å 12.25 11.95 12.14 11.88 12.26
c, Å 3.05 2.96 3.00 2.95 3.12

V, Å3 346.35 329.67 334.26 337.52 357.94

M1, μB 3.4 2.46 2.62 2.56 2.62
M2, μB −3.06 −2.68 −2.60 −2.68 −2.65
M3, μB −3.38 −2.85 −2.63 −2.9 −2.71
M4, μB 0.11 2.32 −0.07 2.38 0.15
E, eV 0.0 −2.1973 0.0 0.4421
Eg, eV 1.7 0.0 0.4 0.0 0.0

2a 2d 4g 4h
energetically favorable at such an increase in the vol-
ume, which is consistent with experiment [3, 4].

4. SPIN CROSSOVER

Figure 2 shows  electron densities of HS and LS
states at the  site in the Со3+ ion. It is well known
that the spin state of  transition metal ions in an
octahedral environment is determined by the compe-
tition between the intra-atomic exchange and the
crystal field energy. The exchange energy favors the
HS state with the configuration ( , while the crys-

tal field favors the LS state . However, the d elec-
tron density of states in the Со3+ ion has no pro-
nounced peaks, which could be interpreted as the
splitting of d levels in the octahedral crystal field
(Fig. 2), because the oxygen octahedra in the ludwig-
ite structure are distorted, and, as a result, the cobalt
atoms are in a crystal field of lower symmetry (tri-
clinic) and the mechanism for the transition from the
LS to HS state is more complicated. The d electrons in
the Со3+ ion form the energy bands ~4–6 eV wide, and
the density of states contains well-defined peaks near
the Fermi energy. During the transition from the LS to
HS state, the splitting between spin-up and spin-down
states of  and  electrons increases. In the HS state,
the peaks corresponding to spin-up electrons with spin
up are shifted below the Fermi energy, and these states
become occupied. At the same time, the peaks corre-
sponding to spin-down electrons are shifted to higher
energies and begin to be depleted.

In both HS and LS configurations, the  and 
states forming pronounced peaks in the density of

d
4h

6d

4 2
2 )g gt e

6 0
2( )g gt e

2gt ge

2gt ge
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states have the same energies. Nevertheless, different
d orbitals make different contributions to the magnetic
moment of the Со3+ ion in the HS state. The forma-
tion mechanism of the magnetic moment is the same
for all types of d orbitals and is associated with the
splitting between spin-up and spin-down electron
states (Table 3, the first two columns), but this split-
ting differs for d electrons of different symmetries. The
occupation numbers of energy bands for d electrons of
different symmetries are presented in the last column
of Table 3. The largest contribution to the magnetic
moment during the transition of the cobalt atom to the
HS state comes from the , , and  orbitals.

5. MONTE CARLO SIMULATION
OF THE MAGNETIC TRANSITION

The structural elements in the ludwigite structure
are usually distinguished in the form of three-step lad-
ders or triads 3–1–3 and 4–2–4. In particular, two
magnetic transitions associated with the successive
ordering of such triads are observed in ludwigite
Fe3BO5. Unlike Fe3BO5, the  site in cobalt ludwigite
is occupied by the Со3+ ion, which is in the low-spin
state below room temperature, and the triad 4–2–4 is
destroyed. Figure 3 shows the main exchange interac-
tions in ludwigite Со3BO5 with the Со3+ ion in the LS
state. Exchange interactions were calculated within
the Ising model according to the algorithm described
in [18]. In this case, the magnetic moment of divalent
cobalt ions at the , , and  sites was set equal to
a calculated value of , and the magnetic
moment of the trivalent cobalt ion was zero. The
determined exchange interactions are given in Table 4.

xyd xzd 2
zd

4h

2a 2d 4g
≈ μ2.65 B
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Fig. 2. (Color online) Density of states of  and  electrons in ludwigite Со3BO5 in the (light brown line) high- and (black line)
low-spin states.

2gt ge

Fig. 3. Exchange interactions in ludwigite Со3BO5 in the low-spin configuration. Only magnetic cobalt ions at the , , and
 sites are shown.

2a 2d
4g
Here, the strongest interactions are ferromagnetic
interactions between Со2+ ions at the   and 

 sites along the c axis, and antiferromagnetic
interactions between Со2+ ions at  and  sites 
in the triads 3–1–3 and at the  and   sites in

 planes. These interactions allow one to distinguish
two structural units in ludwigite Со3BO5: the triads 3–
1–3, containing ions at the  and  sites, and 
planes formed by ions at the  and  sites. Triads are
coupled by ferromagnetic interactions between ions at

 sites along the c axis  and along the a axis
, and weak antiferromagnetic interactions in the

 plane .

Using the found exchange constants, the Monte
Carlo method was used to calculate the magnetic tran-
sition temperature in Со3BO5 with the Co3+ ion in the
LS state. Figure 4 shows the temperature dependences

2a ( )aaJ 2d
( )ddJ

2a 4g ( )agJ
2a 2d ( )adJ

ac

2a 4g ac
2a 2d

4g ( )ggJ
( 1 )ggJ
bc ( )dgJ
of (a) the magnetization of individual magnetic sublat-
tices and total magnetization and (b) the magnetic sus-
ceptibility. All sublattices are ordered at the same tem-
perature Tc ≈ 118 K.

The magnetic transition temperature obtained by
the Monte Carlo method is approximately three times
higher than the experimental value Tc ≈ 42 K [3, 4];
this difference is typical of Monte Carlo calculations.
Nevertheless, Monte Carlo simulations allow the
analysis of the role of individual exchange interactions
in the ordering of the magnetic moments of cobalt
ions. The important role of the interaction of the triads
3–1–3 via the cobalt ion at the  site in the establish-
ment of the long-range magnetic order was noted in
[3]. In fact, the triads 3–1–3 are coupled by the strong
ferromagnetic interaction  and weak antiferromag-
netic interaction  via the ion at the  site. We

2d

adJ
dgJ 2d
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Table 3. (First column) Density of states of d electrons of different symmetries and (second column) the scheme of levels
for spin-up and spin-down electrons in the (light brown line) high- and (black line) low-spin states. The last column shows
the occupation numbers of the corresponding energy bands
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Table 4. Exchange interactions in ludwigite Со3BO5

59.9 K 55.1 K −38.6 K −19.6 K 8.5 K 8.2 K −3.2 K

ddJ aaJ agJ adJ ggJ 1ggJ dgJ
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Fig. 4. Temperature dependences of (а) the total magneti-
zation and magnetizations of individual magnetic sublat-
tices, (b) the magnetic susceptibility, and (c) the order
parameters  and  (see the main text) at |S| = 2.65μB.1P 2P
introduce two order parameters responsible for the
ordering of magnetic moments in the  plane:

and in the triads 3–1–3:

ac

− + −1 2 2 1
11 = ( ),
4 a d a dP S S S S

− − + − −1 3 4 2 1 2
12 = ( ).
6 a g g a g gP S S S S S S
Temperature dependences of the order parameters
 and  are shown in Fig. 4c. The disordering of tri-

ads starts at a temperature of ~50 K, but the long-
range order is preserved up to higher temperatures
because of the stronger in-plane interaction . Thus,
the magnetic transition temperature is determined by
interactions in the  plane.

CONCLUSIONS
To summarize, the magnetic structure of the lud-

wigite Со3BO5В has been determined within the den-
sity functional theory calculation using the SCAN
potential. It has been shown that the collinear antifer-
romagnetic structure with the Со3+ ion in the low-spin
state is energetically favorable at low temperatures.
The calculation of the electron structure of the Со3+

ion in low- and high-spin states has allowed us to pro-
pose a spin-crossover mechanism associated with the
splitting between spin-up and spin-down electron
states. The exchange interactions in Со3BO5 with the
Со3+ ion in the low-spin state have been estimated
within the Ising model. It has been shown that the
magnetic transition temperature is determined by the
magnetic interactions between ions located in the 
plane.
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