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Highlights

e Single crystals of Mn>..Mg,BO4 (x=0.55, 0.63, and 0.67) solid solutions were obtained using
flux synthesis.

e A monoclinic P121/n1 symmetry similar to the end member Mn2BO4 is found for all
samples.

e Regular cation and charge distributions over two non-equivalent metal sites are observed.

¢ DC magnetization and heat capacity measurements reveal an AFM ordering at Tn= 16, 14
and 13 K for x=0.55, 0.63, and 0.67, respectively.

e The prerequisites for the occurrence of cation and magnetic orderings in heterometallic

warwickites are discussed.



Abstract: X-ray diffraction, heat capacity and magnetic measurements are performed on single
crystals of Mna..MgBOs4 (x = 0.55, 0.63 or 0.67) with the warwickite structure. The monoclinic
symmetry is found for all samples with the space group P121/nl. The M1 site is occupied by
trivalent Mn ions while the M2 site is occupied by a mixture of divalent Mg and Mn ions.
Regular cation and charge distributions are observed, which is unusual for heterometallic
warwickites. The local octahedral distortions of M10s show the monotonic dependence on the
Mg content and are in accordance with the Jahn-Teller distortion. All samples are found to
undergo long-range antiferromagnetic ordering with rather low transition temperatures of Ty =
16, 14 and 13 K for x=0.55, 0.63, and 0.67, respectively. The ordering of local octahedral
distortions, caused by the strong electron-phonon interaction of the trivalent Mn ions, is
proposed to stabilise the cationic ordering and, as a result, the long-range magnetic ordering in
the material.
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1. Introduction

Transition-metal oxyborates represent a common mineral class. These minerals are formed
at all stages of geological processes, which is the reason for the significant interest in these
systems from geophysical and geochemical points of view. For example, the isomorphic pair of
2Fe3*-(Mg?*+Ti*") forms a continuous row of solid solutions of rock-forming minerals:
Mg:FeBOs ludwigite — FesBOs vonsenite [1], Mgi.sTio.sBOs warwickite — MgFeBO4 yuanfuliite
[2]. Moreover, these materials are also of interest with regards to fundamental physics. The
strong relationship between the spin, orbital and lattice degrees of freedom allows for
observations of a variety of cooperative phenomena, including charge and orbital ordering,
cascades of magnetic phase transitions, structural transformations accompanied by conductivity
anomalies and charge density waves formation [3—-10]. A number of recent studies have
demonstrated the potential of borates as high capacity cathode materials for Li and Na batteries
[11-13].

Recently, a significant attention has been devoted to complex oxyborates that are
isostructural to ludwigite and warwickite minerals [14—16]. The general formula of these
compounds is M?**,M**0,BOs3, where n = 1 for the warwickites and n = 2 for the ludwigites.
Metallic ions occupy 2'n crystallographic non-equivalent positions and have octahedral oxygen
coordination (Fig. 1). A notable peculiarity of these materials is the tendency of the di- and
trivalent ions to form ordered planes parallel to the short crystallographic direction (a crystal
parameter of ¢ = ~3 A). The ratio of di- and trivalent ions per formula unit determines the ability

of the system to form the ordered planes. Therefore, in the ludwigites, where M27/(B**, M3") =



1:1, the divalent ions filling the 1, 2 and 3 metal sites build the planes spatially separated by the
planes of trivalent ions (boron and M3" ions at site 4). Warwickites, where this ratio is 1:2, are

prone to forming mixed cation planes.

Fig. 1. Crystal structures of M2BO4 (left, Pnam(No.62)) and M3BOs (right, Pbam(No.55)) with warwickite and
ludwigite structures, respectively. The edge-sharing octahedra occupied by M?" and M3" ions are highlighted by
pink and blue, respectively. The distinct crystallographic sites are numbered. The B3" ions are at the centre of the
trigonal BOs groups (yellow triangles). Dashed lines show the different types of cation planes: space-separated

planes of di- and trivalent ions in the ludwigite structure and valence-mixed planes in the warwickite structure.

The distribution of the di- and trivalent cations over distinct metal sites determines the
oxidation states at a particular site and, ultimately, the magnetic ground state. Thus, the
ludwigites tend to exhibit long-range order. For example, M?>",Fe**BOs (M?** = Fe or Co) shows
cascade magnetic transitions associated with the magnetic ordering of two spin ladders (3-1-3
and 4-2-4) at Neel temperatures 7n1 = 112 K (PM-AFM) and Tne = 74 K (AFM-Ferri),
respectively [4,5]. In Co3BOs, the Co** ions exclusively filling the M4 site are in the low-spin
state (%, S = 0) that makes this oxyborate a ferrimagnet with =42 K [5,6].

Unlike ludwigites, warwickites show a much stronger tendency for cationic disorder and
are classified at intrinsically disordered systems. The numerous heterometallic warwickites are
magnetically disordered systems. They undergo the transition to the spin-glass state with the
intermediate temperature phase — random exchange Heisenberg antiferromagnetic chains
[8,9,17,18] or demonstrate the properties of the random singlet phase [19]. The effects of the

magnetic frustrations arising from the cation disorder and the crystal structure peculiarities are

manifested in the extremely high parameter of magnetic frustration n = Ti > 10 [9,17]. In
k14

contrast, homometallic warwickites demonstrate a long-range order. So far, only three of six
hypothetically possible homometallic warwickites (M?" = M3 = Ti, V, Cr, Mn, Fe or Co) have
been synthesised, namely, MnoBOs [20, 21], Fe;BO4 [22] and V2BOs4 [23]. All of them

demonstrate cationic and charge orderings. The transition to the charge ordering phase is



accompanied by the orthorhombic — monoclinic symmetry lowering. This suggests that the
long-range magnetic order in the warwickites is determined by the cation order and as a
consequence by the charge state at the particular metal site. If so, then the following questions
arise: 1) is it possible to achieve long-range magnetic order in the heterometallic warwickites?; ii)
how can the cation order in these systems be reached?

As an initial focus, the Mn,BO4 homometallic system has been chosen. In this system, the
charge ordering is a consequence of the dz>-orbital order. Recent experiments using high-
temperature powder diffraction have shown that the local octahedral distortions around the Jahn-
Teller ions (M1 sites) are conserved up to 800 K, as well as the orderliness of the arrangement of
these octahedra. The elongated axial Mn1-O bond lengths are stacked in double chains, leading
to the ordering of strains and a periodicity of charge distribution. The Mn3" electron lattice is
expected to be strongly pinned on a crystal lattice. This leads to a gain in the electrostatic energy
in the case of the Mn*" ions located at “preferred” M1 sites. Therefore, Mn,BOs, allowing both
di- and trivalent substitution, is a good model system with which one can trace the long-range
order origination.

Recently, the heterometallic warwickite system Mn..Fe:BO4 (x = 0.3, 0.5 or 0.7) has been
comprehensively studied using X-ray diffraction, X-ray absorption (XANES/EXAFS),
Mossbauer spectroscopy, heat capacity and magnetic measurements [24,25]. The orthorhombic
structure (Pnam) is found for all samples. The substitution of Mn3" ions for Fe*" ions with close
ionic radii, 7(Mn*") = r(Fe*") = 0.645 A according to Shannon [26], induces the breakage of the
long-range magnetic order and the onset of the short-range order AF correlations, which are
enhanced with increasing Fe content. As a result, the spin-glass transition was observed below
Tsc= 11-17 K, depending on the Fe concentration. Mdssbauer spectroscopy measurements have
shown that the Fe3 ions in the high-spin state are distributed over two metal sites, thereby
causing cation disorder. Here, we focus on the Mn?*1..Mg?":Mn>**BOs (0.0 < x < 1.0) warwickites,
where the Jahn-Teller ions are preserved.

There are several known magnesium-based warwickites, including MgTiBO4 [19],
MgVBOs4 [9], MgCrBO4 [9] and MgFeBO4 [9,17,18], which show the transition to the spin-glass
state at low temperatures. As seen from Fig. 2, the critical temperature monotonically increases
with the spin value of the magnetic ion increasing. The Mgo76Mn1.24BO4 compound has already
been reported by Norrestam [27], but its physical properties were hitherto unknown. Our recent
work has revealed that the Mg-Mn warwickite system shows signs of the antiferromagnetic long
range order below 7n = 16 K [28]. The present study investigates the effect of the divalent
substitution Mn?*-Mg?* on the cation order, the charge states of the metal sites, the local

octahedral distortions and the magnetic properties of Mn2..Mg:BO4 (0.0 <x < 1.0) solid solutions.
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Fig. 2. Temperatures of magnetic transitions as a function of spin value in the magnesium warwickites MgMBO4 (M
= Ti**, V3, Cr**, Mn3* or Fe3*). The MgMnBO4 warwickite only undergoes the antiferromagnetic transition while

other materials show spin-glass transitions. The dashed line is a guide for the eye.

2. Experimental

Single crystals of Mn2..Mg.BO4 solid solutions were obtained using flux synthesis from the
system (100—n)%mass.(BizM03O12 + p'B203; + ¢°'NaxO) + n%mass.(x*-MgO + 0.5(2-x*) Mn203
+ 0.5'B203). The magnesium oxide content (x*), ¢ and p coefficients and concentration n are
shown in Table 1. The fluxes for each x* and the corresponding parameters of the flux system
were prepared in a platinum crucible (V = 100 cm?) at a temperature of 1100 °C by sequential
melting of powder mixtures: first, BioM03O12 and B,0O3, then Mn,O3 and MgO, and finally, the
powder of Na;COs added in portions. The high-temperature crystallising phase in a sufficiently
wide temperature range (no less than 40 °C) was the Mn,.«Mg+«BOs warwickite phase. The

saturation temperatures of fluxes depending on the concentration x* are presented in Table 1.

Table 1. Parameters of fluxes: magnesium concentration (x* is the target concentration), crystal-forming oxide
concentration (n), weight coefficients — concentration of the boron and sodium oxides (p and ¢, respectively) and

saturation temperatures (Zsa).

x* 067 0.80 001
n % 190 200 209
p 190 1.82 173
q 140 175  2.10
T, °C | 845 870 880




After the preparation process, the fluxes were homogenised at 1100 °C for 3 h. When the
homogenisation is completed, the platinum crystal holder (rod) was inserted to the flux. Then,
the temperature was first rapidly reduced to Tsa-10 °C and then slowly reduced at a rate of 4
°C/day. In five days, the growth was completed, the crystal holder with single crystals was
extracted from the flux. Grown single crystals, in a shape of black prisms in a length up to 5 mm
and the cross-section size up to 0.4x0.4 mm?, were separated from the crystal holder and flux
remainder by etching in a 20% solution of nitric acid. Single crystals of Mnz..xMg,+xBO4 with x*
=0.67, 0.80 and 0.91 were obtained.

An X-ray crystallographic study was carried out with a SMART APEX II single crystal
diffractometer (Bruker AXS, analytical equipment of Krasnoyarsk Centre of collective use of SB
RAS) equipped with a PHOTON 2 CCD detector, graphite monochromator and Mo Ka radiation
source. The structure was solved by direct methods [29] using the SHELXS program. The
structural refinement was carried out by least-square minimisation in the SHELXL program [30]
using anisotropic thermal parameters of all atoms. The main information regarding crystal data,
data collection and refinement is reported in Table Al.

The dc magnetisation measurements were performed on single crystals using a Quantum
Design PPMS in the temperature range of 2-300 K and an external magnetic field of 10 kOe.
The magnetic field was applied parallel and perpendicular to the needle axis, which coincides
with the ¢ axis of the crystal. For the Mn1.37Mgo.63BO4 composition, the magnetic measurements
were carried out at low temperatures and high magnetic fields (9 T).

The heat capacity as a function of temperature was measured on single crystals using the

Quantum Design PPMS. The crystals were glued to the sample holder with Apiezon grease.

3. Results

3.1. Crystal structure

The symmetry and space group were found to be monoclinic and P121/nl1 (No. 14),
respectively, for all samples. With the magnesium concentration increase, the solid solutions
were found to crystallise in the hulsite and orthopinakiolite structures. The atom coordinates,
thermal parameters and selected interionic distances are listed in Tables A2—A4, respectively.

It is noteworthy that the Mg-Mn system under investigation shows cation ordering, where
the Mg atoms have an evident tendency to occupy the M2 site. The magnesium atom distribution
is almost independent of the Mg concentration and can be determined as Mg(1):Mg(2) = 0.1:0.9
(Fig. 3). We conclude that the isovalent substitution Mn?>*—Mg?" does not induce remarkable

cationic disorder as established for other heterometallic warwickites.
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Fig. 3. Magnesium site occupation factor (SOF) as a function of Mg content in Mn2..MgBO4 solid solutions, where

the Mg content is extracted from XRD data. The data for x = 0.76 are taken from the original work [27].

Figure 4 shows the dependencies of the lattice parameters of the Mn2.MgBO4 solid
solutions versus the Mg concentration along with the data for Mn,BO4 [21] and Mnj.24Mgo.76BO4
[27]. One can see that the cell parameters b and ¢ decrease with increasing in Mg content, while
the a parameter and angle f demonstrate non-monotonous behaviour. Such non-monotonous
behaviour can be explained from the point of view of the change in the crystal structure
distortions. Two main sources could be highlighted: 1) the difference in the size of the lattice
sites, which is related with the difference in the ionic radii of the isomorphically substituting
metals; 2) the peculiarities of the electronic structure of the ions (Jahn-Teller effect). The
presented data show a steady decrease of the parameters, including volume, under the reduction
of the cation size (1 = 0.83 A for Mn?" and 0.72 A for Mg?") to x. = 0.76 [27]. Above this
concentration, the change of the monoclinic distortions occurs, which manifests itself in the

change of space group from P121/nl to P121/al.
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Fig. 4. Lattice parameters and volume of Mn2..Mg,BOs solid solutions with varying Mg content. The errors are
smaller than the symbol size. Hereinafter, we use the crystal data for x = 0.0 and 0.76 obtained from Refs. [21] and

[27], respectively.

To evaluate the oxidation states of Mn and Mg ions, a bond-valence-sum approach was
applied [31]. The results are shown in Fig. 5(a). It can be clearly seen that the MI site is
occupied by the manganese ions with the oxidation state 3+, while the M2 site is filled by the
mixture of Mg?" and Mn?" ions. When the concentration increases, the effective charge of Mn
ions at the M2 site shows an increment. It nevertheless has an exclusive size effect and is caused
by the reduction in the interionic distances <M2-O> due to the substitution of Mn?* ions by the

smaller Mg?* ions (Fig. 5(b)). The average valence state of metal ions at the M2 site, accounting



for the S.O.F., is found to be close to 2+. This result suggests that in the Mn>.xMgBO4 solid
solutions, the charge distribution over two non-equivalent metal sites has periodical character
when the M1 position is occupied by only the trivalent ions and the M2 position is occupied by
only the divalent ions. Such a situation does not occur in other heterometallic warwickites, which
demonstrate a rather small difference in the charges of two metal sites (see below). The presence
of charge ordering in Mn-Mg warwickites is probably caused by the strong electron-phonon

coupling arising due to the local M10¢ oxygen octahedral distortion.
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Fig. 5. a) Cation valence states at M1 and M2 sites as a function of the Mg content in Mn,..Mg:BOs. The dotted
lines mark di- and trivalent cation states. b) Concentration dependences of the mean octahedral bond-lengths <M-

O>. The straight lines represent guides for the eye.

As follows from crystal chemical principles, the transition metal ions prefer more distorted
sites due to the energy gain of crystal field stabilisation. In the case of Mn>" ions, the fivefold
degenerated d-level splits into a threefold degenerated t2.-level and a twofold degenerated eg-
level under the action of the crystalline field. This configuration of the degenerated orbitals is
unstable and strong electron-phonon coupling arises. The electron-phonon coupling reduces the
energy of the degenerated system by the lattice deformation and the lowering of its symmetry.
This is accompanied by the local stretching along one of the octahedral axes and the
simultaneous compression along the two others (Jahn-Teller theorem). In Mn,BOs4, the M10¢
octahedra have strong elongation along the O1-M1-O3 axes (axial bond), while the other four
bonds (equatorial) are short. The Mg?" substitution triggers the progressive compression of the
axial bond and the simultaneous stretching of the equatorial bonds of M1QO¢ octahedra (Fig. 6(a)).
One can suggest that the observed deformation of M10Os leads to the reduction of eg- and f2e-
levels splitting and, hence, to an increase in the stabilisation energy. In such a case, the energy

gain can be obtained by the increase in the local octahedral distortions, typical for Mn** ions.



This possibly occurred for the composition with x = 0.76 and manifested itself in the axial and
equatorial bond changes.

As for M20Os, for x = 0, this octahedron is compressed along the axial bond (02-M2-04)
and has significant stretching in the equatorial plane. With the magnesium concentration
increasing, the M20g¢ octahedron undergoes compression of all bond lengths (Fig. 6(b)). A rapid
shortening of the equatorial bond lengths results in a change of the direction of the main
octahedral axis. The direction of the main octahedral axis is changed, as shown in Figs. 6(c) and
(d) for x <0.67 and x > 0.76, respectively. The Mg substitution induces the changes in the local
octahedral distortions of both metal sites, but mainly the M2 site, leading to the changes of the

long-range monoclinic distortions reflecting in the P121/nl1 — P121/al transformation.
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10



3.2. Magnetisation

Field-cooled (FC) and zero-field-cooled (ZFC) dc magnetisation measurements were
performed on a single crystal with an applied field of 10 kOe at different directions of the
applied magnetic field relative crystallographic ¢ axis. Figure 7 shows the temperature
dependence of the magnetic susceptibility of three compounds Mn>..MgBO4 at the applied field
parallel to the ¢ axis based on the FC magnetisation data. A sharp cusp in the temperature
dependence of the magnetic susceptibility is shown. The critical temperatures are 7n= 16, 14 and
13 K for x = 0.55, 0.63 and 0.67, respectively. Down to the lowest temperatures, the FC and ZFC
curves do not diverge (inset of Fig. 7). It is noteworthy that the irreversibility of the FC/ZFC
magnetisation is characteristic behaviour in spin-glass systems and was observed in other

heterometallic warwickites, such as MgFeBO4, Mnz..Fe:BO4, Mgi«Co,BO4 [17, 24].

0 50 100 150 200 250 300 350
T (K)
Fig. 7. Temperature dependences of magnetic susceptibility of Mn2.Mg:BO4 measured under a magnetic field of

200 Oe applied parallel to the ¢ axis. The inset shows the ZFC (filled squares) and FC (empty squares) curves near
the Tx.

The magnetic anisotropy was found to be small for all three Mn-Mg warwickites, as can be
observed from Fig. 8, where the magnetic data for x = 0.67 are drawn as an example. The ¢ axis
seems to be a hard magnetisation direction that is similar to Mn2BO4 [21] and CoFeBO4 [17].
Below T, the FC magnetisation perpendicular to the ¢ axis increases. The linear behaviour
above 150 K indicates that the susceptibility obeys the Curie—Weiss law. In Table 2, the Weiss
temperature and an effective magnetic moment are listed for both orientations for all samples.
Assuming a high-spin state for all manganese ions, the magnetic moment per formula unit

can be calculated as follows:
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err =+ (1 —x) - g - Spppat - (Sppmat + 1) + g% - Sypmet - (Sppme+ + 1), Where Sy 2e =5/2, 5y e =
2, g = 2 for spin magnetism only (the last column in Table 2).
Several interesting conclusions can be drawn from these measurements:
(1) The effective magnetic moment decrease in the row of the samples x = 0.55, 0.63 and 0.67,
in agreement with the diamagnetic substitution Mn?" - Mg?*.

(2) The values of ;- and p,'E'. £F indicate the magnetic anisotropy in the paramagnetic regime.

[
|:"i#i-'ff}1+'i#l-_ff}1
N 3

(3) The average magnetic moment calculated as pgzr = gives effective spin

moments much lower than those expected for all samples.

(4) The Weiss temperature is estimated to be negative for all samples. Note that the diamagnetic
substitution induces the enhancement of the nearest-neighbour antiferromagnetic interaction
reflecting in the gradual increasing in Weiss temperature and points to a rather strong
magnetic interaction between Mn** ions.

(5) The substitution of the diamagnetic Mg?* instead of magnetic Mn?" led to a monotonic
decrease in the Neel temperature.

A tentative interpretation of the low effective magnetic moment for
Mn2..Mg.BO4 can be given as follows. Although the high-temperature interval of 150-300 K can
be used to fit a straight line with high accuracy (the linearity coefficient R = 0.999), it is possible
that the extension of the data to higher temperatures will yield an effective moment closer to the
spin-only value. That is a complete paramagnetic state has not yet been reached, probably a
somewhat degree of short-range order remains. Another possible explanation is there is a
contribution of excited states to the average moment of the magnetic ions due to the unusual site
symmetries in this structure.

The magnetisation curves below Tn exhibit straight lines characteristic of the AFM order.

In Fig. 9, the magnetisation curves for all samples are presented.

12



0,05 — 200
g 004 L 180
3
0,04 1\ § 003 - 160
x
- 140
— =)
= 1 0 10 20 30 40 50 L
g 0,03 1205
S I 2
% 100 o
< 0,02 1 - 80
= =
- 60
0,01 A - 40
H ” c - 20
0,00 ———— 0
0 50 100 150 200 250 300
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Mn1.33Mgo.67BO4. The inset shows the magnetic behaviour near the critical transition temperature.

Table 2. Magnetic parameters for Mn»..Mg,BO4 warwickite system.

Tv 8" w80 mapy My Hepy
K K (fu) K (wfu)  (us/fu)  (us/fu)
Mn,BOs[21] 26 -118 625 -134 695 6.72 7.68
Mni4sMgossBOs 16 =79 467  -146  6.05 5.63 6.30
MniMgossBOs 14 -109 479 202 6.19 5.76 6.08
Mn:MgosBOs 13 -114 433 213 5.79 5.35 5.96
2 ,0 T T T T T T T T
154 Hllc .
1,0 .
—~~ 0 ,5 n T
o
S
% 0,0 _ ’ _
< .0,5- i
= ] ]
-1,01 —Mn, 4sMg 55B0, -
1 5__ ——Mn, 3;Mg63BO, |
1 Mn, 53Mgg 67BOy |
-2,0 T T T T T T T T T T T T T T

-12 -9 -6 -3 0 3 6 9 12
H (kOe)

13



Fig. 9. Magnetisation curves of Mn>..Mg.BO4 warwickites measured at 7= 5 K. The applied magnetic field is parallel to

the ¢ axis.

3.3. Heat capacity
The evidence for antiferromagnetic transitions is obtained from the heat capacity
measurements (Fig. 10). The temperature dependence of the molar heat capacity for all samples

demonstrates well-resolved lambda points at 7n = 14, 13 and 12 K for x = 0.55, 0.63, and 0.67,

respectively.
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Fig. 10. Temperature dependences of the heat capacity measured at zero magnetic field for Mn2.MgBO4
warwickites. Top inset: specific heat plotted as C/T vs. T. The straight line shows the shift of 7x with Mg

concentration. Bottom inset: the lambda point anomalies observed at the critical temperatures 7.

3.4. High-field magnetisation of Mg-Mn heterometallic warwickites

To complement our studies on Mg-Mn warwickites, we have carried out isothermal
magnetisation experiments at low temperatures, in order to better elucidate their ground-state
properties. The measurements were performed for Mnj37Mgos3BO4. Magnetic characterisation
for one sample with a mass of 1.13 mg oriented perpendicular to H and three samples with a
mass of 2.41 mg oriented parallel to H were carried out.

Figures 11(a) and (b) show the field dependences of magnetisation at 4.2, 10, 12, 16 and 30

K for H|lc and HLc, respectively. All curves demonstrate a rapid linear rise. However, for Hjlc,
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this trend is followed by an abrupt increase of the magnetisation above Hci = 35 kOe (at 4.2 K).
Above Hcz = 64 kOe, the magnetisation again shows linear behaviour with a larger value of slope.
This can be more clearly seen from the dM/dH plot (inset to Fig. 11(a)). The appearance of the
peaks in dM/dH is an indication of a spin-flop transition. With increasing temperatures, this
feature is weakened and disappears at 16 K. The peak position of dM/dH decreases from Hsr =
61 kOe at 4.2 K to 33 kOe at 12 K. Field-sweep experiments at 4.2 K showed that the spin-flop
appears at slightly different magnetic fields when the magnetic field increases and decreases,

suggesting the existence of a small magnetic anisotropy. For H L c, the magnetisation shows
typical antiferromagnetic behaviour and M L increases linearly with H up to Hci, showing the

deviation from linearity above this field.
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Fig. 11. Magnetisation isotherms for Mni37Mgo.s3BO4 measured with magnetic fields applied parallel (a) and
perpendicular (b) to the ¢ axis. The inset to (a) is the derivatives dM/dH at various temperatures, revealing the
decreasing of the spin-flop field with temperature. The inset to (b) shows the changing of the magnetic anisotropy

from easy-plane to easy axis at Hco = 64 kOe.

The magnitudes of the initial susceptibilities (H < Hsr) are x, = 7.34:10° ps/f.u./Oe and y;

= 5.45'10° pp/f.u./Oe for the perpendicular and parallel directions of the external field,
respectively. The small anisotropy of the magnetic response suggests that the ordered magnetic
moments of Mn ions have both in-plane and out-of-plane components. The extrapolation to zero
field of the M) data in high fields has a negative intercept to the magnetisation axis, suggesting
the net moment is generated during the phase transition. The spin-flop transition can be further
analysed by subtracting the linear contribution (antiferromagnetic component) shown as a dashed
line in Fig. 12. Above Hci, the magnetic moment AM undergoes the reorientation process, to be
parallel to the applied field, which allows an additional contribution to the total magnetisation
along the ¢ axis. The magnitude of the increased magnetic moment AM = 0.017 pg/fu. at 4.2 K
and gradually decreases as the temperature increases (inset to Fig. 12). Note that the end member
Mn2BO4 shows the spin-flop transition at Hsrp = 24 kOe when the external field is applied
perpendicular to the ¢ axis. Different from MgMn, the extrapolation of magnetisation of MnMn
in the high fields goes straight across the origin, suggesting no net moment appears at the
transition. The fact that the magnetic susceptibility of the MgMn sample is very close to that
found for MnMn (x; (4.2 K) = 4.02:10° pp/f.u./Oe), reflecting that at low temperatures, the
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antiferromagnetic interactions prevail, leading to antiparallel alignment of the manganese

magnetic moment and hence, to antiferromagnetic ordering.
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Fig. 12. Magnetisation isotherm at 4.2 K for single crystal Mni 37Mgo.csBO4 measured with an applied magnetic field
along the ¢ axis. The top inset shows a magnetic moment AM obtained by subtracting linear dependence (dashed
line) from the raw data. The bottom inset is a temperature dependence of the antiferromagnetic susceptibility,

determined at the low-field range (H<Hc). The maximum of yarm(T) curve occurs near to 7n= 14 K.

The observed spin-flop transition in MgMn can be rationalised by adopting the concept of
several interpenetrating sublattices, usually employed to describe antiferromagnets where each
sublattice consists of the chains of magnetic ions. The diamagnetic substitution of Mn?" ions by
Mg?" ions leads to the weakening of the exchange interactions both Mn**-Mn?" and Mn**-Mn?",
A sufficient external field Hcz overwhelms the weak AF interactions and causes the reorientation
process of the weakly-coupled magnetic component. As a result, there occurs the change of the
magnetic anisotropy from easy-plane (ab plane) for H<Hc: to easy-axis (c axis) for H>Hca.

The obtained magnetic data of the Mni37Mgo.63BO4 sample can be summarised as follows.
The magnetic interaction between manganese ions is antiferromagnetic, resulting in the
antiparallel alignment. The AFM, SF and PM states were observed under certain conditions. The
phase transition from PM to the long-range AFM state with 7x = 14 K regardless of the external
magnetic field. At 7<7x, the low field and temperature stabilise the AFM phase, while the high
field and temperature causes the SF phase. The complete magnetic characterisation allows

building the magnetic phase diagram (Fig. 13).
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lines are a guide to the eye.

4. Discussion

In Mn2BOs4, the charge ordering of type Mn?*(2)-Mn3**(1) results from the preferential
occupation of the 3d,? orbitals on the Mn*" ion. The lowering of the symmetry from the
orthorhombic (Pnma) warwickite structure to the monoclinic (P121/n1) occurs through the
cooperative Jahn-Teller distortions to minimise the elastic energy. The same distortions, but
decreasing in strength, are present in the solid solutions of Mn>..Mg:BO4 showing a monoclinic
structure, isomorphous to the structure of Mn,BOj4. This behaviour reflects strong electro-phonon
coupling of Mn*" ions, which are prone to occupying the M1 site in the Mn2..Mg,BO4 system. In
Mn,..Fe,BO4 warwickites, the Fe** is not a J-T ion and prefers a fairly symmetric coordination
environment. This conformation disrupts the simultaneous formation of both long and short
bonds at a given site, thereby reducing the stabilisation of the local distortions. The octahedrally
symmetric Fe** and the J-T active Mn** ions are disordered over crystallographic sites, rather, it
is more likely that J-T distortions are present locally but the orientation of these distortions is
disordered. This leads to the inability to develop the long-range ordered pattern of occupied
orbitals. The disappearance of the orbital order causes the break of the charge ordering. The

random cation distribution is the reason for magnetic disorder [17,24]. From Fig. 14, it is clear
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that both substituted systems Mn,>..MgBO4 and Mn,..Fe.BO4 undergo magnetic transitions with

close values of the critical temperatures which are, however, quite different in nature.
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Fig. 14. Magnetic critical temperature as a function of the concentration for the warwickite systems Mn2..Mg,BOs

and Mny.,Fe,BO4.The dashed lines are guides for the eye.

Finally, we discuss the prerequisites for the occurrence of cation ordering in heterometallic
warwickites. In this sense, magnesium-based warwickites MgMBO4, where M is a trivalent
metal ion, are promising systems in which to search for cation order, since Mg>" allows us to
study the size and the octahedral distortion effects of the M ion when the latter is varied. The
known experimental studies give not numerous structural data on the MgMBO, warwickite,
where M = Ti*" [32], V3*[12], Fe*" [33], Sc** [27], Ga** [34], In®** [35], Ta>* [36] and Nb>* [36)].
In order to quantify the match of Mg?" and M3" ions to the cation order, we used two main
parameters: the charge difference between two metal sites M1 and M2 (ACD) and the octahedral
distortion parameter (A). The former depends on the cation distribution over non-equivalent sites
and directly reflects the cation order. There exist two end cases corresponding to a completely
random distribution (ACD equals zero) and completely ordered distribution (ACD equals unity).

A quantitative measure of the magnitude of the local distortion is given by the octahedral
distortion parameter A= ézi:i,é [d‘d;d]‘, where d; is an individual M-O bond-length and d is a

mean <M-0O>.
Several magnesium warwickites were collected from the literature. Only these compounds
were chosen for which crystal structure analyses were available. The data are shown in Figs. 15

and 16. Continuing from MgGaBO4 to MgInBOy, the difference in the ionic radii of metal ions
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actually increases (rca>t = 0.620, rv>" = 0.640, rs.>" = 0.745 and r,>" = 0.800 A), yet the character
of the cation distribution is preserved. In contrast, for the Fe3*, V3*, Ta>", Nb>* and Mn*" ions
with close ionic radii, the situation is varied from almost cation disordered ACD ~0.1 v.u. (for
MgFe) to a high degree of cation order ACD ~0.9 v.u. (for MgMn, MgTa and MgNb). All
considered warwickites exhibit the distortion of the M10s octahedron, a much larger distortion
than that M2Og (Fig. 16). Another interesting observation is that the local octahedral distortions
have two well-separated ranges. For octahedral site M1 (inner column of the ribbon), these are
AM1)<2.0:10° and A(M1)>4.5-103, while for the M2 site (outer column), these are
A(M2)<1.5-1073 and A(M2)>2.0-107. It is obvious the hetero-metallic warwickites MgMn, MgTa,
MgNb exhibiting the cation order show a highest distortion parameter A. While the cation-
disordered compounds tend to have a lower distortion parameter for both metal sites. Therefore,
there is interrelation between the cation order and local octahedral distortion. The latter can also
be enhanced by chemical pressure induced by oversized M*" ions, as demonstrated by the

behaviour of MgInBO4 (A(M2) = 3.0°103).
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Fig. 15. Charge difference between two metal sites (v.u.) in the magnesium-containing warwickites. The available

data for CoFeBOjs are presented also.

Unlike the Mg-Mn warwickite, the compounds MgsTaB3O12 and MgsNbB3O12 have a
strong driving force for the cation ordering as a result of the oxidation state difference of three
between the Mg?" and Ta>*/Nb*" ions. Additionally, these compounds exhibit a large octahedral
distortions of A(M1) = 4.71-107 and 6.23-10- for Ta and Nb, respectively. Following the above

assumption that the magnetic order is a consequence of the cation order and, hence a charge
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order, one can expect an existence of long-range order in the heterometallic warwickites
containing the pentavalent ions. We can therefore report that our preliminary results on the study
of a novel cation-ordered warwickite CosNbB3O12 have confirmed this assumption [37].

The fact that the octahedral site cation ordering is influenced by the ordering of the local
distortions is confirmed by the similar analysis performed for the homometallic compounds (they
are also shown in Figs. 16). For Vo.BOs, only the room-temperature crystal structure data are
available in the literature [23]. The high resolution synchrotron powder X-ray diffraction
experiment revealed the orthorhombic symmetry (Pnma, No.62). The sites V1 and V2 have
similar <M-O> bond lengths and close values of distortion parameters. Nevertheless, the authors
reported changes in the crystallographic symmetry upon cooling between 295 and 90 K, which is
interpreted as the occurrence of the charge ordering at low temperatures. Fe2BO4 exhibits a much
larger local distortions (AFel and AFe5) for the monoclinic phase (P1c1, No.7) (T=100 K < Tco)
than that for the orthorhombic one (Pmnb, No.62) (T=355 K>Tco) [38]. The transition to the
charge ordering state is accompanied by the doubling of the a-parameter. With the higher
symmetry, the even bond length distribution can be realised with tripling of the short
crystallographic axis, as found in MgsNbB3O12 and MgsTaB3012 [36] (Fig.17).

2,20 T 5 _coreso,
2,181 3 a) 4= MgFeBO,
2,16 1 1o MgNbBO,
4= 24/ 4
Fe?*(3); @ MgTaBO
2,144"° V% ]® MgTaBO,
—~ ' . O MgGaBO,
< 212 fe25 4 6) ] m MgTiBO,
Fe” " A4,
6 2,10- g{fl -A MgVBO4
— 2,08 ]a wmginBo,
= ] Ekg * A MgScBO,
Vv 2,06 - / N .y N
22 $ H m Mg Mn,,BO,
2,04 g
1 A Q ] 8 Mg, 76Mn, 5,BO,
2,02- WEe +(7) ‘_* Mn,BO,
2,00 +——— — | % Fe,BO,HT
0 1 2 3 4 5 6 7 8 9% FeBO,LT
A*107° * V,80,

21



< & Fe?°*(4,8)

%KFe>*(5)

2,000 Wz | Viizgiiziigigiz
05 10 15 20 25 30 35

A*107
Fig. 16. Mean M-O bond lengths as a function of the distortion for M10Os (a) and M20Os (b) octahedra. The error-

bars are taken from the original works.

From the above analysis, it is possible to draw the conclusion that the difference in the
ionic radii is an insufficient factor for stabilising the cation order in the warwickites, but this lead
to the idea that the local octahedral distortions is a key to the understanding of magnetic and

electronic phenomena in these materials.
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Fig. 17. The ordering of the local distortions in cation- and charge-ordered warwickites resulting in the doubling and
tripling of the short crystallographic axis, as found in Mn2BO4 (a), FeaBOs (b), and MgsNbB3O12 (c). The double
chains of metal ions separated by the (BO3) groups form the planes shown in Fig. 1. The main axes of the octahedra,

showing the largest distortion parameter are highlighted in bold.

4. Conclusion
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In summary, we have investigated the structural, magnetic and thermodynamic properties
of the heterometallic warwickites Mn>..MgBO4 with x = 0.55, 0.63 or 0.67. All samples were
found to crystallise in a monoclinic P121/n1 symmetry similar to the end member Mn2BOa.

The lattice parameters display a monotonic change with the magnesium concentration. The
local octahedral distortions associated with the Jahn-Teller effect of Mn** ions are persistent for
all solid solutions, albeit reduced compared with that of MnoBOs. A regular occupation of the
M2 site by the Mg?" ions was found in contrast with other heterometallic warwickites where
cation disorder has a large effect. As a result, the charge distribution over two metal sites has a
character of Mn**(1) and Mn?"(2)/Mg>"(2).

To the best of our knowledge, the Mn,..MgBOs system is the first example of a
heterometallic ~warwickite showing long-range order. Magnetic and thermodynamic
measurements show that all samples undergo a transition from paramagnetic to an
antiferromagnetic ordering state at the Neel temperatures 7n = 16, 14 and 12 K. The magnetic
anisotropy is small with the ¢ axis as an easy magnetisation direction at high fields. Careful
investigation in the ordered state allows for the building of a magnetic phase diagram.

The next important finding is that the long-range magnetic order in heterometallic
warwickites can appear as a consequence of the cation and charge order. The latter, in turn,
arises from the ordering of the J-T distortions. The ability of the system to develop the long-
range pattern of the octahedral distortions results in the appearance of the charge ordering. This
analysis is useful in understanding the basic electronic and magnetic properties of the

warwickites.
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Appendix

Table Al. Crystallographic data and main parameters of processing and refinement of Mn2..MgBOa.

Mni1.4sMgo.ssBOs  Mni37Mgo.esBOs  Mni33Mgo.67BOs

Crystal data
M: 154.06
Symmetry monoclinic
Space group P121/mn1
Z 2
T,K 296
a A 9.2920(3) 9.2939(4) 9.2887(13)
b A 9.3966(3) 9.3725(4) 9.3467(13)
c. A 3.2052(1) 3.1972(1) 3.1876(5)
p e 90.619(1) 90.539(1) 90.312(3)
v, A 279.84(2) 278.49(2) 276.74(7)
Dy, g/em™ 1.828 1.837 1.849
y, mm’! 2.374 2.385 2.401
Data collection

Wavelength MoKo, A= 0.71073A
F (000) 148
0 ° 3.08-37.99 3.08-36.97 3.09-36.98
H -15—>16 -15—>15 -15—>15
K -16 —» 16 -15 =15 -15 =15
L -5—5 -5—5 -5—5
Measured reflections 6139 5820 5455
Independent reflections 1516 1415 1397
Reflections with [>26(1) 1280 1298 1296
Extinction 0.031(2) 0.033(3) 0.074(14)
goodness-of-fit on F? 1.045 1.141 3.409
final R indices

RI 0.0280 0.0252 0.1011

wR2 0.0559 0.0575 0.2251
Table A2. Atomic coordinates and isotropic thermal parameters (A2).

S.O.F. X y z Usso
Mn1 45sMgo.5sBO4
Mnl 0.936 0.55926(3) 0.38244(3) 0.28265(8) 0.00620(8)
Mgl 0.064 0.55926(3) 0.38244(3) 0.28265(8) 0.00620(8)
Mn2 0.517 0.82501(4) 0.59943(4) 0.71756(11)  0.00843(11)
Mg2 0.483 0.82501(4) 0.59943(4) 0.71756(11)  0.00843(11)
03 0.38758(13) 0.48862(13)  0.2845(4) 0.0084(2)
04 0.99224(13) 0.25683(14)  0.3579(4) 0.0098(2)
05 0.86866(14) 0.47154(14)  0.2202(4) 0.0119(3)
06 0.73291(14) 0.26029(13)  0.3210(4) 0.0107(3)
B7 0.86431(19) 0.3312(2) 0.3002(6) 0.0081(3)
Mnj.37Mgo.63BO4

Mnl 0.940 0.55965(3) 0.38214(3) 0.28175(8) 0.00552(8)
Mgl 0.060 0.55965(3) 0.38214(3) 0.28175(8) 0.00552(8)
Mn2 0.433 0.82382(4) 0.59995(4) 0.71722(12)  0.00781(12)
Mg2 0.567 0.82382(4) 0.59995(4) 0.71722(12)  0.00781(12)
o1 0.38755(12) 0.48802(13)  0.2836(4) 0.0079(2)
02 0.73378(13) 0.25988(13)  0.3197(4) 0.0097(2)
03 0.99317(13) 0.25778(13)  0.3550(4) 0.0094(2)
04 0.86782(14) 0.47292(13)  0.2206(4) 0.0113(2)
B 0.86427(18) 0.33248(19)  0.2989(6) 0.0075(3)
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Mn.33Mgo.67BO4

Mnl 0960  0.56007(10)  0.38197(10) 0.2776(3)  0.0070(3)

Mgl 0.040  0.56007(10)  0.38197(10) 0.2776(3)  0.0070(3)

Mn2 0368  0.82275(18)  0.60045(16) 0.7213(5)  0.0095(5)

Mg2 0632  0.82275(18)  0.60045(16) 0.7213(5)  0.0095(5)

0l 0.3876(5) 0.4878(5)  0.2774(16)  0.0091(9)

02 0.7347(5) 02598(5)  0.3148(18)  0.0126(10)

03 0.9937(5) 02581(5)  0.3491(17)  0.0131(10)

04 0.8675(5) 0.4740(5)  0.2250(17)  0.0126(10)

B 0.8645(7) 03338(8)  0.296(2) 0.0088(11)

Table A3. Anisotropic displacement parameters (A?).

Atom Un Un Us3 U Uiz Ux
Mn.4sMgo.5sBO4

MniMgl  0.00509(12) 0.00635(12) 0.00715(12) 0.00077(8)  -0.00105(8) _ -0.00089(8)

Mn2Mg2  0.00916(18) 0.00760(17) 0.00854(17) -0.00165(11)  0.00031(11)  -0.00046(11)

0003 0.0074(5)  0.0090(5)  0.0089(5)  0.0004(4) -0.0004(4)  -0.0004(4)

0004 0.0071(5)  0.0101(5)  0.0123(5)  0.0019(4) -0.0010(4)  0.0011(4)

0005 0.0117(6)  0.0085(5)  0.0155(6)  -0.0003(4)  0.0005(5)  0.0012(4)

0006 0.0068(5)  0.0095(5)  0.0158(6)  0.0004(4) -0.0004(4)  0.0001(4)

B007 0.0064(7)  0.0107(8)  0.0072(7)  0.0005(5) -0.0005(5)  -0.0002(6)
Mn1.37Mgo.63BO4

MnlMgl 0.00369(11) 0.00537(11) 0.00748(11) 0.00089(7)  -0.00077(7)  -0.00080(7)

Mn2Mg2  0.00806(18) 0.00651(17) 0.00887(17) -0.00169(11)  0.00033(11)  -0.00027(11)

ol 0.0050(4)  0.0088(5)  0.0100(5)  0.0009(4) -0.0003(4)  -0.0001(4)

02 0.0048(4)  0.0087(5)  0.0155(5)  -0.0003(4)  0.0000(4)  0.0007(4)

03 0.0056(4)  0.0102(5)  0.0123(5)  0.0014(4) 0.00004)  0.0010(4)

04 0.0107(5)  0.0079(5)  0.0153(6)  -0.0001(4)  0.0002(4)  0.0015(4)

B 0.0045(6)  0.0084(7)  0.0095(7)  0.0005(5) -0.0001(5)  0.0005(5)
Mn1.33Mgo.67BO4

MniMgl 0.0050(4)  0.0052(4)  0.0108(5)  0.0008(3) 20.0010(3) _ -0.0008(3)

Mn2Mg2  0.0098(8)  0.0063(7)  0.0124(8)  -0.0019(4)  0.0000(5)  -0.0002(5)

0l 0.0053(17)  0.0079(18)  0.014(2) 0.0005(13)  0.0008(15)  0.0003(15)

02 0.0064(18)  0.010(2) 0.021(2) 0.0000(14)  -0.0012(17)  -0.0003(17)

03 0.0089(19)  0.012(2) 0.018(2) 0.0007(15)  0.0007(17)  0.0006(17)

04 0.013(2) 0.0068(18)  0.018(2) 20.0006(14)  0.0004(18)  0.0013(16)

B 0.005(2) 0.009(3) 0.012(3) 20.0002(19)  0.001(2) 0.002(2)

Table A4. Selected bond lengths (A) for Mn,.Mg,BO4.

Mn;BO4 Mn1 .45sMgo55BOs Mn; 37Mgo.63BOs Mni 33Mgo.67BO4
Mnl1—O03 1.8842(10) Mn1Mgl—O0003 1.8816(13) Mnl1Mgl—O1 1.8824(12) MnlMgl—O1 1.883(5)
Mnl—O03F  1.9043(10) MnlMgl—0003'  19032(12) MnlMgl—Oli  19078(12) MnlMgl—Ol'  1.930(5)
Mnl—O1 1.9745(10) Mn1Mgl—0004i 1.9839(13) Mn1Mgl—O3i 1.9868(12) Mnl1Mgl—O3i 1.988(5)
Mnl—04  1.978(1) Mn1Mgl—0006 1.9829(13)  MnlMgl—02 1.9857(12)  MnlMgl—02 1.987(5)
Mn1—O3f 2.2699(10) Mn1Mgl—0003i 2.2440(12) Mnl1Mgl—O1ii 2.2374(12) Mnl1Mgl—OT1i 2.204(5)
Mnl—Olii  2379(1) MnlMgl—0004"  23504(13)  MnlMgl—O3"  23413(13)  MnlMgl—O03*  2.329(5)
Mn2—02  2.0881(10) Mn2Mg2_0005 _ 2.0405(14) Mg2Mn2_04  2.0292(14) Mg2Mn2_04  2.0205)
Mn2—O02" 2.0939(10) Mn2|Mg2—0005" 2.0470(14) Mg2Mn2—04" 2.0402(13) Mg2Mn2—O04"¥ 2.035(5)
Mn2—03'  2.1858(10) Mn2Mg2—0003  2.1416(13) Mg2Mn2—Ol  2.1305(12) Mg2Mn2—Ol'  2.120(5)
Mn2—O04" 2.2222(10) Mn2|Mg2—0006i 2.1861(13) Mg2|Mn2—O2i 2.1773(13) Mg2Mn2—02"i 2.168(6)
Mn2—Ol1  22479(10) Mn2Mg2—0004%  2.1853(13) Mg2Mn2—03%  2.1752(13) MgMn2—O03"  2.171(5)
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Mn2—O04  24236(11)  Mn2Mg2—O0006>  2.3525(14)  Mg2Mn2—O02vi  23374(13)  Mg2Mn2—O2'i  2.327(6)
B—02" 1.3477(19)  B007—O0005 1.344(2) B—04 1.34002) B—04 1.33009)
B—04¥ 1.3882(18)  B007—O0006 1.393(2) B—02 1.393(2) B—02 1.392(8)
B—OIl 1.3924(17)  B007—O0004 1.390(2) B—03 1.398(2) B—03 1.403(8)
<B-O> 1.376 1.376 1377 1.375
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