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New metastable phases in the Fe homometallic ludwigite compound are obtained and studied using an
evolutionary algorithm and Density Functional Theory. Our lowest energy monoclinic structure is iden-
tified as P2;/m with space group number of 11. This structure evolves towards the monoclinic structure
as the result of the spin orbit coupling and a particular zigzag magnetic structure. A zigzag distortion in a
class of three-leg ladders follows similar to the experimental one observed below the transition temper-
ature of T, = 283 K. In this distortion long and short bonds inside rungs alternating in a zigzag way along
the ladder legs. Furthermore, a new type of zigzag structural ordering is observed in other two low-
energy phases analyzed. In this case, the magnetic ordering behaves qualitatively similar to the experi-
mental structure at 82 K, with antiferromagnetically coupled ferromagnetic rungs. Our calculations show
that magnetic symmetry is not favorable for zigzag structural ordering. Finally, structural and magnetic

properties will be discussed in comparison with the experimentally known phases.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Exciting properties like structural, transport and magnetic ones
have been studied in a class of oxyborates known as warwickites
[1-3] and ludwigites [4-10]. Interesting physical behavior like
Wigner glass, the existence of a weak ferromagnetism or even
charge ordering has been observed in ludwigite materials as conse-
quence of strong correlations and low dimensional effects. War-
wickites are characterized by one-dimensional structures called
ribbons where the transition metals are randomly located [1,2].
Ludwigites in contrast, have a crystalline structure that consists
of an assembling of subunits in the form of zigzag walls, with four
nonequivalent octahedral sites occupied by divalent o trivalent
metallic ions [5]. Warwickites (q=1) and ludwigites (q=2) pre-
sent the following chemical formula M;O,M'BO3 where M(M’)
are divalent (trivalent) 3d transition-metal ions.

Among the ludwigites, the semiconductor homometallic (M =
M’ =Fe) Fe;0,BO0;5 is particularly interesting, not only because of
its intrinsic properties but also because of the underlying physics
of spin ladders. Its structure can be viewed as formed of two mag-
netic subsystems which can be considered as decoupled to a first
approximation [5]. Each consists of three-leg spin ladders subunits

* Corresponding author.
E-mail address: emapion2@gmail.com (E. Vallejo).

http://dx.doi.org/10.1016/j.jmmm.2017.03.061
0304-8853/© 2017 Elsevier B.V. All rights reserved.

of Fe?* and Fe®* cations. The first type consists of triads (Fe4-Fe2-
Fe4) of Fe** ions with one itinerant electron per rung, while the
second one is formed by triads (Fe3-Fel-Fe3) of Fe*" ions. These
three-leg ladders are present in our structures in Figs. 1 and 2
and clearly evidenced in Figs. 3 and 4 for the 1_O phase corre-
sponding to Fig. 2. A perspective in the a-b (x-y) plane of the
Fe4-Fe2-Fe4 triads can be observed in Fig. 3. In the same figure
three near diagonal Fe (blue) atoms form the triads. In Fig. 3 can
be observed that Fe4-Fe2-Fe4 triads share the same plane with

the group (BOs)~>. Fe3-Fe1-Fe3 triads are shown in Fig. 4 as three
near horizontal Fe atoms. Fe4-Fe2-Fe4 ladders exhibit charge
ordering and structural phase transition at T. =283 K observed
using specific-heat measurements [6] and X-ray diffraction [7].
This transition is accompanied by a change in the activation energy
of the electrical resistivity [7]. Below T, each triad presents a short
and long bond alternating along the ladder c-axis [7] giving a
zigzag structural arrangement similar to the one presented in
Fig. 5-a). The overall crystal structure is orthorhombic, space group
Pbnm. In the high temperature phase all bonds become equal in
the triads as can be observed in Fig. 5¢) and the symmetry is
orthorhombic, space group Pbam.

An antiferromagnetic transition at 112 K has been observed.
This transition basically involves Fe** and Fe’* within the
first magnetic system [11,12]. The complementary Fe-ions are
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Fig. 1. Perspective of the 3D (three dimensional) unit cell of the 1_M_NC and 2_M
structures. Blue, red and pink color corresponds to Fe, O and B atoms respectively.
Numbering was included to identify atoms. (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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Fig. 2. Perspective of the 3D unit cell of the 1_0O structure. Blue, red and pink color
corresponds to Fe, O and B atoms respectively. Numbering was included to identify
atoms. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

paramagnetic down to 74 K. Below 70 K all the sample becomes
magnetically ordered. Mostly Fe** ions order in a weak ferromag-
netism where canting of the magnetic hyperfine field for each Fe-ion
is related to this order [5,6,12]. A total antiferromagnetic state is
found below ~ 40K for this Fe-ludwigite. Below 40K, two-
dimensional antiferromagnetic magnons were proposed to explain
the low-temperature T? behavior and disorder (Fe** — Fe?*) was
proposed to explain the large linear term of the specific heat in
Fes0,BO; [6] above 112 K. Transport measurements in Fe-
Ludwigite show activated behavior with two characteristic ener-
gies above and below charge ordering at 220K [5]. Theoretical
investigation of spin exchange interactions and electronic struc-
ture were done using a spin dimer analysis [13] and the extended
Hiickel method [14] respectively. In contrast, an excitonic instabil-
ity using a tight-binding model was studied in a three-leg ladder
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Fig. 3. Perspective in the a-b (x-y) plane at z = c ~ 1.5 A of the Fe4-Fe2-Fe4 triads
(three near diagonal Fe (blue) atoms) of the 1_0O structure obtained from Fig. 2. Blue,
red and pink color corresponds to Fe, O and B atoms respectively. Rectangle is
a=9.608 A (red line) and b = 12.452 A (green line) unit cell in accord to Table 1, and
Fig. 2. Details in text. (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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Fig. 4. Perspective in the a-b (x-y) plane at z=c ~ 3.1 A of the Fe3-Fe1-Fe3 triads
(three near horizontal Fe (blue) atoms) of the 1_O structure obtained from Fig. 2.
Blue and red colors correspond to Fe and O atoms respectively. Rectangle is
a=9.608 A (red line) and b = 12.452 A (green line) unit cell in accord to Table 1, and
Fig. 2. Details in text. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

[15]. Nevertheless the important electronic, structural and mag-
netic correlation was taken into account by Vallejo and Avignon
[16]. Spin and charge ordering was obtained resulting from the
competition between double exchange and superexchange interac-
tions. These interactions were proposed as a possible principal
mechanism to study Ludwigites [16]. Double exchange interac-
tions favor a ferromagnetic strong and short distance background
of local spins. In contrast, superexchange interactions are responsi-
ble for antiferromagnetic ordering leading to interesting and unu-
sual magnetic states [16]. Some of these magnetic phases obtained
by Vallejo and Avignon are similar to these proposed to explain
neutron powder diffraction experiments [11]. In the same way,
similar magnetic behavior was found in a further theoretical work
using density functional theory [17].

Contrastingly, the crystalline structure, space group and lattice
parameters of the only other known homometallic oxyborate Co-
based ludwigite Co30,B0; are very similar to the previous Fe one
at room temperature. These similarities suggest similar behaviors,
nevertheless their physical properties are very distinct [18]. Struc-
tural distortion and two magnetic transitions (~112 K and ~70 K)
are not found for the Co ludwigite [18]. Only one antiferromagnetic
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Fig. 5. Picture of the structural and magnetic ordering of the three leg-ladders,
triads of Fe atoms of Figs. 3 and 4 along vertical c=z direction. Fe4-Fe2-Fe4 three
leg-ladders of the 1_M_NC structure in a), Fe4-Fe2-Fe4 three leg-ladders of the 1_O
and 2_M structures in b) and Fe3-Fe1-Fe3 three leg-ladders structure for 1_M_NC,
1.0 and 2_M in c). Vertical arrows represent magnetic moments in Bohr
magnetons. Horizontal lines with two arrows are distances in A in accord to Tables
2 and 3. See Figs. 3 and 4 for more reference. Numbering (1_M_NC in a) and 1_0
(2_M) in b) and c)) and asterisk (*: crystallographically equivalent atoms) was
included to identify atoms in accord to Table 2 and Figs. 1 and 2. Details in text. (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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transition at 42K is found for the former material [18]. In this point,
it is interesting to know the reason for the different physical
behavior of these ludwigites. Spin-orbit coupling was proposed
as a detriment to the Peierls transition, inhibiting the structural
transition for the Co-Ludwigite [18]. However, it was proposed that
orbital moments of Co ions are almost quenched [9]. For this rea-
son, using the extra electron for the Co a disorder-based mecha-
nism was discussed in reference [19].

In this paper we focus on structural and magnetic properties
of a particular oxyborate compound known as Ludwigite using
an evolutionary algorithm and Density Functional Theory.
An orthorhombic-monoclinic structural transition was observed
where spin-orbit coupling and a particular magnetic structure
were proposed as an explanation of this transition. The structural
and magnetic properties of this monoclinic phase follows a zigzag
distortion like the zigzag structural one observed in the Fe-
homometallic Ludwigite compound. These structural and magnetic
properties will be discussed in comparison with the experimen-
tally observed phases in the Fe-Ludwigite system.

The paper is organized as follows. In Section 2 a brief descrip-
tion of the computational methods is given. In Section 3, results
and a discussion are presented. Finally, our results are summarized
in Section 4.

2. Computational methods

In this work, an evolutionary algorithm as implemented in The
Universal Structure Predictor: Evolutionary Xtallography (USPEX)
code [20-22] and the Vienna Ab-initio Simulation Package (VASP)
[23,24] were used to obtain several Fe;0,BO; Ludwigite low-
energy metastable phases. Recently, the former evolutionary
algorithm has been used to study new reconstructions of the
(110) surface of Rutile TiO, [25] for the design of organic polymer
dielectrics [26] and to obtain new metastable phases in a tritita-
nium pentoxide compound [27]. Density Functional Theory
(DFT), the Projector Augmented Wave (PAW) method [28,29]
besides the GGA functionals were also utilized. Additionally the
exchange correlation form according to the Perdew-Burke-
Ernzerhof (PBE) [30] exchange correlation was considered as used
in ref. [17]. Collinear and non-collinear (including spin-orbit inter-
action) spin polarization calculations and the on-site Coulomb
interaction within the Dudarev’s Approach [31] were utilized to
take into account the highly correlated characteristics of
Fe3;0,BO3; Ludwigite. In this work it was chosen ] =0.5 eV with
U=5.5¢eV being U-] = 5.0 eV. On the other hand, Monkhorst-Pack
sampling and a value of 520eV for the energy cutoff were used.
In all our calculations the 3p3d4s, 2s2p and 2s2p configurations
were considered as valence electrons for Fe, B and O atoms respec-
tively. Finally, an exhausted analysis was carefully performed to
ensure convergence in k-points (3x3x6 and 4x4x8), electronic

charge density difference (less than 1 x 107*) and in the ionic force

convergence criterion (less than 1 x 1072 eV/A).

Inside the evolutionary algorithm, it is important to mention
that softmutate variation operators were mostly utilized each gen-
eration (> 50%) and are responsible for the most important phases
presented in this work. Softmutation creates new structures by
large displacements of the atoms along the eigenvectors of the soft
phonon modes [20-22]. In contrast, enthalpy was the property to
optimize.

3. Results and discussions

The main result of this work is presented in Table 1. Several
low-energy metastable phases were obtained from total free
energy calculations after variable (or static) cell and atomic posi-
tion optimization. M. Matos and co-workers [17] studied the mag-
netic behavior of this Fe-Ludwigite using static atomic positions
and lattice parameters calculations. In our work, instead of results
of M. Matos, We observe new phases having lower energy after full
dynamic variable optimization. For example, 4_O_NC (2_0O_NC)
phases were obtained using a DFT static (dynamic) ionic and cell
relaxation with Pbnm experimental structure as seed, as proposed
by M. Matos. It is clear (see Table 1) that there is a considerable
reduction of energy using a dynamic relaxation. Furthermore, most
of our phases presented in Table 1 were obtained using the evolu-
tionary algorithm for example the (5_T and 10_T) triclinic phases.

Lattice parameters and space groups together with volume and
a relative energy A(E) defined as E(phase)-E(1_M_NC phase) are
also shown in Table 1. In this way, collinear and non-collinear
(including spin-orbit interaction) spin polarization calculations
were performed, and several different magnetic configurations,
were proposed and tested as the ground state. The Pbam and Pbnm
(see Table 1) experimental phases were proposed as the initial
structural seed to start with the calculations. For Example
4_0O_NC (2_0O_NC) phases were obtained using a DFT static
(dynamic) ionic relaxation with Pbnm experimental structure as
seed. After relaxation we observed an increase of lattice parame-
ters and a significant reduction of total energy in the case of the
2_0_NC phase as indicated previously.
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Table 1

Collinear and non-collinear low-energy metastable phases. Lattice parameters (a, b and c in A) and angles (o, $ and 7 in (°)). Crystal volume (in A®) and a relative energy A(E) (in
eV) are also shown. Asterisk (*) indicates that is not a primitive cell. O, M, T and NC stands for orthorhombic, monoclinic, triclinic and non-collinear lattice systems respectively.

For details see text.

Crystal system Space group No. a b C Volume o i Y A(E)
Collinear phases
1.0 Pmn2, 31 9.608 12.452 6.206 742.489 90.000 90.000 90.000 0.016
2_M P2/m 10 9.605 12.455 6.208 742.736 90.000 90.000 89.999 0.018
3.0 P2,2,2 18 9.462 12.308 6.150 716.219 90.000 90.000 90.000 0.533
4.0 Pmn2;, 31 9.449 12.282 6.150 713.724 90.000 90.000 90.000 0.640
5T P1 1 9.636 12.491 6.206 746.980 89.912 90.008 90.006 1.204
6_0* Pbam 55 9.636 12.486 6.202 746.199 90.000 90.000 90.000 1.252
7_0 Pnma 62 9.635 12.488 6.202 746.156 90.000 90.000 90.000 1.258
8_0* Pbam 55 9.462 12.308 6.150 716.219 90.000 90.000 90.000 1.940
9.0 Pnma 62 9.449 12.282 6.150 713.724 90.000 90.000 90.000 2.078
10_T P1 1 9.605 12.461 6.185 740.240 89.744 89.729 90.022 2.271
Non-collinear phases
1_M_NC P2;/m 11 9.620 12.448 6.211 743.740 90.000 90.000 90.004 0.000
2_0_NC Pnma 62 9.609 12.456 6.202 742.280 90.000 90.000 90.000 0.026
3_0_NC Pmn2, 31 9.623 12.448 6.212 744.150 90.000 90.000 90.000 0.034
4_0_NC Pnma 62 9.449 12.282 6.150 713.720 90.000 90.000 90.000 24.692
Experimental phases
Exp [7] Pbam 55 9.462 12.308 3.075 358.112 90.000 90.000 90.000
Exp [7] Pbnm 62 9.449 12.282 6.150 713.763 90.000 90.000 90.000

Table 2

Selected Fe-Fe distances (in A) of the 1_0, 2_M and 1_M_NC Fe;0,B0; Ludwigite metastable phases and compared with the experimental (Exp) ones of the Fe4-Fe2-Fe4 ladders,
see Figs. 1 and 2 as references. Asterisk (*) implies crystallographically equivalent atoms in Figs. 1 and 2. Details in text.

1.0 2_M 1_M_NC Pbam Exp Pbnm Exp

Fe4-Fe2-Fe4 ladders 7]

Fe(20)-Fe(8) 2.846 Fe(23')-Fe(8) 2.836 2.885 2.786 [7] 2.942 [7]
Fe(8)-Fe(24") 2.846 Fe(8)-Fe(22) 2.836 2.796 2.786 [7] 2,616 [7]
Fe(23)-Fe(7) 2.839 Fe(24')-Fe(7) 2.849 2.796 2.786 [7] 2.616 [7]
Fe(7)-Fe(19") 2.839 Fe(7)-Fe(21) 2.849 2.885 2.786 [7] 2.942 [7]
Fe(20)-Fe(23) 3.103 Fe(23")-Fe(24") 3.104 3.106 3.075 [7] 3.075 [7]
Fe(8)-Fe(7) 3.103 Fe(8)-Fe(7) 3.104 3.107 3.075 [7] 3.075 [7]
Fe(24')-Fe(19") 3.103 Fe(22)-Fe(21) 3.104 3.106 3.075 [7] 3.075 [7]
Fe3-Fel-Fe3 ladders 7]

Fe(2)-Fe(15) 3.425 Fe(2)-Fe(16) 3.426 3.427

Fe(2)-Fe(16) 3.425 Fe(2)-Fe(14) 3.426 3.427

Fe(1')-Fe(13) 3.425 Fe(1")-Fe(13) 3.426 3.427

Fe(1')-Fe(14) 3.425 Fe(1')-Fe(15) 3.426 3.427

Fe(13)-Fe(16) 3.099 Fe(13)-Fe(14) 3.103 3.114

Fe(2)-Fe(1) 3.105 Fe(2)-Fe(1") 3.114 3.106

Fe(14)-Fe(15) 3.099 Fe(15)-Fe(16) 3.103 3.098

Our discussions in this paper will be focused on phases that pre-
sent A(E) <25meV (25meV corresponds to thermal energy at
20 °C). For Example 1_M_NC and 2_M phases were optimized using
different initial magnetic configurations and the initial orthorhom-
bic Pbam experimental crystal structure as seed. In contrast, 1_0
was optimized using the initial Pbnm crystal structure. Our lowest
energy monoclinic 1_M_NC lattice system is a new metastable
phase obtained in the Fe;0,BO3; Ludwigite. This novel result is
the important contribution of this work.

In a general way, for the 1_M_NC and 2_M structures (Fig. 1 and
1_0 structure (Fig. 2) we present selected Fe-Fe distances in
Table 2, as well as site-magnetization and total and partial charge
in Table 3.

3.1. The 1_0 and 2_M structures

A qualitative picture of the orthorhombic 1_O and monoclinic
2_M structures, can be observed in Figs. 2 and 1 respectively. The
1_0 and 2_M structures were identified as Pmn2; and P2/m with
space group numbers of (N° 31) and (N° 10) respectively. FINDSYM
program was used for identifying the space-group symmetry [32].
Furthermore it is important to mention that a tolerance of 1x10™

was used to identify space groups. We realise that the orthorhom-
bic experimental Pbam (N° 55) and Pbnm (N° 62) phases have
higher symmetry than the former phases presented. The former
comparison is important because 1_0 and 2_M structures were
optimized using the initial Pbnm and Pbam experimental (respec-
tively) crystal structures with high symmetry. The initial magnetic
structure consists of ferromagnetic rungs coupled antiferromag-
netically along c-axis for the Fe4-Fe2-Fe4 ladders and antiferro-
magnetic rungs coupled ferromagnetically along c-axis for the
Fe3-Fel-Fe3 ladders as can be oberved in Fig. 5.

In Fe4-Fe2-Fe4 ladders, a new zigzag structural ordering results
in both systems as presented in Fig. 5-b). Large and short rungs
intercalate in a zigzag way along c direction. The Fe4-Fe2 distance
for the short rung varies from 2.836 A (in the case of the 2_M struc-
ture) to 2.839 A (in the case of the 1_O structure), see Table 2. In
contrast, an increase (0.013 A) to 2.849 A (in the case of the 2_M
structure) and (0.007 A) 2.846 A (in the case of the 1_O structure)
was calculated for large rungs. Magnetic (Ferromagnetic) symme-
try within the rungs does not favor different bond lengths and is
the source of the low rise between long and short rungs distances.
In the case of 1_O structure, it is clear that the initial zigzag order-
ing of Pbnm structure is not kept.
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Selected site-magnetization (m
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) (left) (in Bohr magnetons) and total charge (q) (right) of the Fe;0,B0; Ludwigite metastable phases, see Figs. 1 and 2. d-orbitals partial charge
(qq) for 1_0 and 2_M phases was included as reference. Details in text.

Atoms 1.0 2_M 1_M_NC
m; q dd m; q dd My my m, q

Fe(1) -3.724 12.379 5.949 3.727 12.378 5.948 0.009 -0.015 —3.725 12.377
Fe(2) -3.724 12.379 5.949 3.727 12.378 5.948 —0.009 0.015 —3.725 12.377
Fe(3) -3.724 12.379 5.949 —3.727 12.378 5.948 0.014 0.013 3.726 12.377
Fe(4) -3.724 12.379 5.949 —3.727 12.378 5.948 —-0.014 —-0.012 3.726 12.377
Fe(5) 3.752 12.390 5.920 —3.745 12.391 5.922 —0.000 —0.000 3.757 12.386
Fe(6) —3.736 12.392 5.925 3.743 12.390 5.923 —0.000 —0.000 3.757 12.386
Fe(7) 3.752 12.390 5.920 —3.743 12.390 5.923 —0.000 —0.000 3.757 12.387
Fe(8) —3.736 12.392 5.925 3.745 12.391 5.922 —0.000 —0.000 3.757 12.387
Fe(9) 3.723 12.392 5.953 3.723 12.391 5.953 0.007 0.000 -3.719 12.392
Fe(10) 3.723 12.392 5.953 3.723 12.391 5.953 —-0.007 —0.000 -3.720 12.391
Fe(11) 3.723 12.392 5.953 3.723 12.391 5.953 0.007 0.000 -3.720 12.391
Fe(12) 3.723 12.392 5.953 3.723 12.391 5.953 —-0.007 —0.000 -3.719 12.392
Fe(13) 3.723 12.392 5.953 —3.723 12.391 5.953 0.016 0.011 3.721 12.393
Fe(14) 3.723 12.392 5.953 —3.723 12.391 5.953 -0.016 —0.011 3.721 12.393
Fe(15) 3.723 12.392 5.953 —3.723 12.391 5.953 0.016 0.011 3.721 12.393
Fe(16) 3.723 12.392 5.953 —3.723 12.391 5.953 —-0.016 —-0.011 3.721 12.393
Fe(17) 4.269 12.210 5.593 —4.262 12.213 5.596 0.000 —0.000 4.277 12.207
Fe(18) —4.252 12.220 5.603 4.258 12.216 5.599 —0.000 0.000 —4.269 12.209
Fe(19) 4.269 12.210 5.593 4.258 12.216 5.599 —0.000 0.000 4.277 12.207
Fe(20) —4.252 12.220 5.603 —4.262 12.213 5.596 0.000 —0.000 —4.269 12.209
Fe(21) 4.269 12.210 5.593 —4.258 12.217 5.599 0.000 —0.000 —4.273 12.208
Fe(22) —4.252 12.220 5.603 4.262 12.213 5.596 —0.000 —0.000 4.273 12.208
Fe(23) 4.269 12.210 5.593 4.262 12.213 5.596 —0.000 —0.000 —4.273 12.208
Fe(24) —4.252 12.221 5.603 —4.258 12.217 5.599 —0.000 0.000 4.273 12.208

The former structural ordering is very different from the one
observed in the Pbnm experimental structure where triads have
a slight zigzag appearance in the low temperature (<283 K) struc-
ture due to the small displacement of the central ions [7], to have
an idea of the former structure see Fig. 5-a). A possible explanation
of this particular zigzag behavior (because of rungs distance)
could be the well known structural instability in low dimensional
systems. Contrastingly, structural and magnetic symmetry is
observed in Fe3-Fel-Fe3 ladders where a distance Fe3-Fel of
3.425+0.001 A was calculated for both systems, see Table 2.

Magnetic ordering in Fe4-Fe2-Fe4 ladders behave similarly to
the Pbnm experimental structure at 82K, with ferromagnetic
ordering inside rungs together with rungs ordered antiferromag-
netically in c direction, see Fig. 5-b) [11]. This magnetic phase cor-
responds to the A; magnetic phase as proposed in ref [16]. Vallejo
and Avignon obtained this phase using the double and superex-
change mechanism in a tight-binding model. Furthermore it is
observed that charge distribution is mostly located in the center
of the triads (with about 6 electrons in d orbitals) in both struc-
tures, see q, in Table 3. The magnetic moment in the center corre-
sponds to ~3.7 Bohr magnetons () that is very near to 4 p; for
high spin Fe?* ions. In the extremes of the ladder (~5.6 electrons
in d orbitals, see q, in Table 3) a magnetic moment of 4.2 u, was
obtained. Experimentally it was proposed that the Fe4-Fe2-Fe4
ladders are constituted by three Fe** ions and one itinerant elec-
tron. In our structures we observed nevertheless that the ladders

could be formed of Fe** ions with two itinerant electrons. Con-
trastingly, the magnetic moments obtained by powder diffraction
study [11] are 3.9 p; (in the center) and 2.74 p; (in the extremes).
The former experimental results suggest that charge distribution is
mostly located in the extremes of the ladder.

The magnetic behavior of Fe3-Fel-Fe3 ladders was a little bit
different as observed in the former ladders. We think that the large
distance (~3.425 A see Table 2) between ions decrease direct
covering favoring antiferromagnetic behavior inside rungs. The
magnetic behavior is qualitatively similar to the Pbnm experimen-
tal phase at 10K, with ferromagnetic chains along c direction
coupled antiferromagnetically inside the rungs as presented in
Fig. 5-¢) [11].

There is a charge (~ 6 electrons in d orbitals, see q, in Table 3)
and magnetic moment (~3.7 u;) symmetry in all ions in these lad-

ders. In this case these ladders could be studied as high spin Fe**
ions as experimentally proposed. Collinear spin polarised calcula-
tions were performed for both systems. It means that the quantiza-
tion axis of spin for both Fe4-Fe2-Fe4 and Fe3-Fel-Fe3 ladders is
the same. The experimental (Pbnm structure) magnetic moments
of these ladders are located in a perpendicular direction as com-
pared with the direction of the Fe4-Fe2-Fe4 magnetic moments
[11]. The experimental magnetic moments are 3.2 u, (in the cen-
ter) and 4.0 u; (in the extremes).

It is found that magnetic symmetry like the one observed in our
1_0 and 2_M systems or even in the low temperature Pbnm exper-
imental structure does not favor a zigzag structural ordering.

3.2. The 1_M_NC structure

A picture of the 1_M_NC structure is presented in Fig. 1. The
1_M_NC monoclinic structure was identified as P2;/m with space
group number of (N° 11) very near to the space group of (N° 10)
of the 2_M structure. It is important to mention that 1_M_NC
structure was optimized using Pbam (N° 55) experimental
phase as the initial structure. The Pbam phase is the high
(>283 K) temperature phase without charge and structural distor-
tion observed in the Fe Ludwigite. Non collinear spin polarised cal-
culations together with spin-orbital coupling were used in our
simulations.

We consider an initial magnetic phase corresponding to a zig-
zag ordering with one ferromagnetic and one antiferromagnetic
bond within each rung for the Fe4-Fe2-Fe4 ladders similar to the
one represented in Fig. 5-a), and the same ordering as previously
for the Fe3-Fel-Fe3 ladders. We start from a magnetic moment
of 5 u,. This magnetic ordering is preserved during our simulation
and the structure of the Fe4-Fe2-Fe4 ladders evolves towards the
zigzag structural ordering similar to the Pbnm experimental phase
[7] as presented in Fig. 5-a). Our result shows that, similarly to the
double exchange or kinetic exchange mechanism, ferromagnetic
bonds are reenforced as compared to antiferromagnetic ones due
to an increasing internal hopping. As a consequence, ferromagnetic
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bonds become shorter hence favoring the structural zigzag
ordering.

In our phase triads have a slight zigzag due to the displacement
of the central ions. Two different distances were obtained, the
short distance is 2.796 A and the large one 2.885 A, see Table 2.
In the Pbnm experimental phase the corresponding distances are
(short) 2.616 Aand (large) 2.942 A[7]. This magnetic ordering
could be comparable to the I, phase of reference [16] where the
orientation of the magnetic moments along central leg is different
from m. Structural, electronic and magnetic correlation was
observed and a zigzag structural and magnetic phases were
obtained [16].

The magnetic behavior of the Fe4-Fe2-Fe4 is quite different
from what has been found experimentally at 82K [11] , see 5-a),
b). As observed before charge distribution is mostly located in
the center of the triads. The magnetic moment in the center corre-
sponds to ~3.757 Bohr magnetons (1i;) that is again very near to 4
U, for high spin Fe*" ions. In contrast, in the extremes of the ladder
a magnetic moment of 4.273 u; was obtained. The magnetic
moments obtained by powder diffraction study [11] are 3.9 u,
(in the center) and 2.74 4, (in the extremes).

The same structural and magnetic ordering (as obtained before
for 1.0 and 2_M phases) was observed in Fe3-Fel-Fe3 ladders
where a distance Fe3-Fel of 3.427 A was calculated, see Table 2.
It is important to note that distances previously observed were
3.425 A (1_0) and 3.426 A (2_M). The magnetic behavior of Fe3-
Fel-Fe3 ladders is similar as observed before for 1_0 and 2_M
phases. In this case noncollinear spin polarised calculations were
performed. We do not observe important magnetic moments con-
tribution in other directions as presented in Table 3. To compare
with results on this phase, it is important to mention again that
the experimental (Pbnm structure) magnetic moments of the
Pbnm structure of these ladders are located in a perpendicular
direction as compared with Fe4-Fe2-Fe4 magnetic moments direc-
tion [11]. The experimental magnetic moments are 3.2 u; (in the
center) and 4.0 y; (in the extremes) [11].

4. Conclusions

New metastable phases in an oxyborate compound were dis-
cussed using an evolutionary algorithm and Density Functional
Theory. Our lowest energy monoclinic structure was identified
as P2;/m with space group number of 11. An orthorhombic-
monoclinic structural transition was observed in this phase where
spin-orbit coupling and a particular zigzag magnetic structure
were proposed as an explanation of this transition. The structural
and magnetic distortion of this monoclinic phase follows a zigzag
ordering like the zigzag structural one observed in the low temper-
ature phase of the Fe-homometallic Ludwigite compound. Further-
more a new zigzag structural ordering in three-leg ladders was
observed in our new 1_0 and 2_M metastable low-energy crystal
systems. In the former ordering large and short rungs intercalate
in a zigzag way along c direction. Magnetic order in these ladders
behave qualitatively similar to the low temperature Pbnm experi-
mental structure where ferromagnetic ordering inside rungs and
rungs ordered antiferromagnetically in c direction was observed.
A possible explanation of this particular zigzag behavior (because
of rungs distance) could be the well known structural instability
in low dimensional systems. In this case the symmetry in the fer-
romagnetic magnetic ordering inside rungs prevents the slight zig-
zag appearance due to the small displacement of the central ions
(Fe2) as observed in the Pbnm experimental structure giving a nat-
ural zigzag distortion in rungs distance. It is found that magnetic
symmetry like the one observed in our 1_O and 2_M systems or
even in the low temperature Pbnm experimental structure is not

favorable for a zigzag structural ordering. This work could be a
motivation for more experimental and theoretical work of the
homometallic Fe-Ludwigite at low temperature.
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