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A B S T R A C T

X-ray diffraction, heat capacity and magnetic measurements are performed on single crystals of Mn2-xMgxBO4

(x = 0.5, 0.6 and 0.7) with the warwickite structure. The monoclinic symmetry is found for all samples with the
space group P21/n. 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 hetero-
metallic warwickites. The local octahedral distortions of M1O6 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 TN = 16, 14 and 13 K for x = 0.5, 0.6,
and 0.7, respectively. The ordering of local octahedral distortions, caused by the strong electron-phonon in-
teraction of the trivalent Mn ions, is proposed to stabilise the cationic ordering and, as a result, the long-range
magnetic ordering in the material.

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+-(Mg2+ + Ti4+) forms a continuous row of solid solutions of
rock-forming minerals: Mg2FeBO5 ludwigite – Fe3BO5 vonsenite [1],
Mg1.5Ti0.5BO4 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
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 oxy-
borates that are isostructural to ludwigite and warwickite minerals

[14–16]. The general formula of these compounds is M2+
nM3+OnBO3,

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 para-
meter of c = ~3 Å). 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 M2+/(B3+, M3+) = 1:1, the diva-
lent 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.

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, M2+

2 Fe3+BO5 (M2+ = 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 TN1 = 112 K
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(PM-AFM) and TN2 = 74 K (AFM-Ferri), respectively [4,5]. In Co3BO5,
the Co3+ ions exclusively filling the M4 site are in the low-spin state
(d6, S = 0) that makes this oxyborate a ferrimagnet with TN = 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 anti-
ferromagnetic 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

=η θ
TSG

> 10 [9,17]. In contrast, homometallic warwickites demon-
strate a long-range order. So far, only three of six hypothetically pos-
sible homometallic warwickites (M2+ = M3+ = Ti, V, Cr, Mn, Fe or
Co) have been synthesised, namely, Mn2BO4 [20,21], Fe2BO4 [22] and
V2BO4 [23]. All of them demonstrate cationic and charge orderings.
The transition to the charge ordering phase is accompanied by the or-
thorhombic → 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: i) 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 Mn2BO4 homometallic system has been
chosen. In this system, the charge ordering is a consequence of the dz2-
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 or-
dering 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 Mn3+

ions located at “preferred” M1 sites. Therefore, Mn2BO4, 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 Mn2-xFexBO4

(x = 0.3, 0.5 and 0.7) has been comprehensively studied using X-ray
diffraction, X-ray absorption (XANES/EXAFS), Mössbauer spectroscopy,
heat capacity and magnetic measurements [24,25]. The orthorhombic
structure (Pnam) is found for all samples. The substitution of Mn3+ ions
for Fe3+ ions with close ionic radii, ri(Mn3+) = ri(Fe3+) = 0.645 Å
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 TSG = 11–17 K, depending on the
Fe concentration. Mössbauer 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
Mn2+1- xMg2+xMn3+BO4 (0.0 < x < 1.0) warwickites, where the
Jahn-Teller ions are preserved.

There are several known magnesium-based warwickites, including
MgTiBO4 [19], MgVBO4 [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
Mg0.76Mn1.24BO4 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 TN = 16 K [28]. The present
study investigates the effect of the divalent substitution Mn2+-Mg2+ on
the cation order, the charge states of the metal sites, the local octahe-
dral distortions and the magnetic properties of Mn2-xMgxBO4

(0.0 < x < 1.0) solid solutions.

2. Experimental methods

Single crystals of Mn2-xMgxBO4 solid solutions were obtained using
flux synthesis from the system − n(100 )

+ +

+ + − +

mass Bi Mo O pB O qNa O

n mass xMgO x Mn O B O

% ( )

% ( 0.5(2 ) 0.5 )
2 3 12 2 3 2

2 3 2 3

. The magnesium

oxide content (x), q 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 cm3) at a
temperature of 1100 °C by sequential melting of powder mixtures: first,
Bi2Mo3O12 and B2O3, then Mn2O3 and MgO, and finally, the powder of
Na2CO3 added in portions. The high-temperature crystallising phase in

Fig. 1. Crystal structures of M2BO4 (left, Pnam
(No.62)) and M3BO5 (right, Pbam(No.55)) with
warwickite and ludwigite structures, respec-
tively. The edge-sharing octahedra occupied by
M2+ 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 BO3 groups (yellow trian-
gles). Dashed lines show the different types of
cation planes: space-separated planes of di- and
trivalent ions in the ludwigite structure and va-
lence-mixed planes in the warwickite structure.
(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. Temperatures of magnetic transitions as a function of spin value in the
magnesium warwickites MgMBO4 (M = Ti3+, V3+, Cr3+, Mn3+ or Fe3+). The
MgMnBO4 warwickite only undergoes the antiferromagnetic transition while
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a sufficiently wide temperature range (no less than 40 °C) was the
Mn2-xMgxBO4 warwickite phase. The saturation temperatures of fluxes
depending on the concentration x are presented in Table 1.

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 Tsat-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 0.4 × 0.4 mm2, were separated from the crystal holder and
flux remainder by etching in a 20% solution of nitric acid. Single
crystals of Mn2-xMgxBO4 with x = 0.5, 0.6 and 0.7 were obtained.

An X-ray crystallographic study was carried out with a SMART
APEX II single crystal diffractometer (Bruker AXS) equipped with a
PHOTON 2 CCD detector, graphite monochromator and Mo Kα radia-
tion source. The X-ray diffraction experiments were performed in
Krasnoyarsk Regional Center of Research Equipment of Federal
Research Center «Krasnoyarsk Science Center SB RAS». 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 SM1 [31].

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 co-
incides with the c axis of the crystal. For the Mn1.4Mg0.6BO4 composi-
tion, the magnetic measurements were carried out at low temperatures
and high magnetic fields (± 90 kOe) in Krasnoyarsk Regional Center of
Research Equipment of Federal Research Center «Krasnoyarsk Science
Center SB RAS».

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
P21/n (No. 14), respectively, for all samples. With the MgO con-
centration increase, the solid solutions were found to crystallise in the
hulsite (P2/m (No.10)) [32] and orthopinakiolite (Pbam (No.55)) [33]
structures with general formula Mn3-xMgxBO5. The atom coordinates,
thermal parameters and selected interionic distances are listed in Tables
SM2–SM4 [31], respectively.

It is noteworthy that the Mg-Mn system under investigation shows
cation ordering, where the Mg atoms have an evident tendency to oc-
cupy the M2 site. The magnesium atom distribution is almost in-
dependent 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
Mn2+ → Mg2+ does not induce remarkable cationic disorder as es-
tablished for other heterometallic warwickites.

Fig. 4 shows the dependencies of the lattice parameters of the
Mn2-xMgxBO4 solid solutions versus the Mg concentration along with
the data for Mn2BO4 [21] and Mn1.24Mg0.76BO4 [27]. One can see that

Table 1
Parameters of fluxes: magnesium concentration (x), crystal-forming oxide
concentration (n), weight coefficients – concentration of the boron and sodium
oxides (p and q, respectively) and saturation temperatures (Tsat).

x 0.5 0.6 0.7
n, % 19.0 20.0 20.9
p 1.90 1.82 1.73
q 1.40 1.75 2.10
Tsat, °C 845 870 880
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Fig. 3. Magnesium site occupation factor (S.O.F.) as a function of Mg content in
Mn2-xMgxBO4 solid solutions, where the Mg content is extracted from XRD data.
The data for x = 0.76 are taken from the original work [27].
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respectively.
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the cell parameters b and c decrease with increasing in Mg content,
while the a parameter and angle β demonstrate non-monotonous be-
haviour. 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 re-
duction of the cation size (ri = 0.83 Å for Mn2+ and 0.72 Å for Mg2+)
to xc = 0.7. Above this concentration, the change of the monoclinic
distortions occurs, which manifests itself in the change of space group
from P21/n to P21/a.

To evaluate the oxidation states of Mn and Mg ions, a bond-valence-
sum approach was applied [34]. The results are shown in Fig. 5(a). It
can be clearly seen that the M1 site is occupied by the manganese ions
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with the oxidation state 3+, while the M2 site is filled by the mixture of
Mg2+ and Mn2+ 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 Mn2+ ions by the
smaller Mg2+ 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 Mn2-xMgxBO4 solid solutions, the charge
distribution over two non-equivalent metal sites has periodical char-
acter 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
M1O6 oxygen octahedral distortion.

As follows from crystal chemical principles, the transition metal ions
prefer more distorted sites due to the energy gain of crystal field sta-
bilisation. In the case of Mn3+ ions, the fivefold degenerated d-level
splits into a threefold degenerated t2g-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 cou-
pling 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 Mn2BO4, the M1O6 octahedra have strong
elongation along the O1-M1-O3 axes (axial bond), while the other four
bonds (equatorial) are short. The Mg2+ substitution triggers the pro-
gressive compression of the axial bond and the simultaneous stretching
of the equatorial bonds of M1O6 octahedra (Fig. 6(a)). One can suggest
that the observed deformation of M1O6 leads to the reduction of eg- and
t2g-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 Mn3+ ions. This possibly oc-
curred for the composition with x = 0.76 and manifested itself in the
axial and equatorial bond changes.

As for M2O6, for x = 0, this octahedron is compressed along the
axial bond (O2-M2-O4) and has significant stretching in the equatorial
plane. With the magnesium concentration increasing, the M2O6 octa-
hedron 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 octa-
hedral axis is changed, as shown in Fig. 6(c) and (d) for x ≤ 0.7 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 re-
flecting in the P21/n → P21/a transformation.

3.2. Magnetisation

Field-cooled (FC) and zero-field-cooled (ZFC) dc magnetisation
measurements were performed on a single crystal with an applied fields
of 200 Oe and 10 kOe at different directions of the applied magnetic
field relative crystallographic c axis. Fig. 7 shows the temperature de-
pendence of the magnetic susceptibility of three compounds
Mn2-xMgxBO4 at the applied field parallel to the c axis based on the FC
magnetisation data. A sharp cusp in the temperature dependence of the
magnetic susceptibility is shown. The critical temperatures are
TN = 16, 14 and 13 K for x = 0.5, 0.6 and 0.7, 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 magne-
tisation is characteristic behaviour in spin-glass systems and was ob-
served in other heterometallic warwickites, such as MgFeBO4,
Mn2-xFexBO4, Mg1-xCoxFeBO4 [17,24].

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 = 0.7 are drawn as an example. The c axis seems to be a hard
magnetisation direction that is similar to Mn2BO4 [21] and CoFeBO4

[17]. Below TN, the FC magnetisation perpendicular to the c axis in-
creases. The linear behaviour above 150 K indicates that the suscept-
ibility obeys the Curie–Weiss law. A characteristic temperature at
which the deviations appear is about one order of magnitude the TN and
close to that found in the spin-glass Mn2-xFexBO4 [24] indicating the
short-range spin correlations of the similar strength and sign in both
Mn-Mg and Mn-Fe system. 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:

= − ∙ ∙ ∙ + + ∙ ∙ ++ + + +μ x g S S g S S(1 ) ( 1) ( 1)eff Mn Mn Mn Mn
2 22 2 3 3 ,

where +SMn2 = 5/2, +SMn3 = 2, g = 2 for spin magnetism only (the last
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Fig. 7. Temperature dependences of magnetic susceptibility of Mn2-xMgxBO4

measured under a magnetic field of 200 Oe applied parallel to the c axis. The
inset shows the ZFC (empty squares) and FC (solid lines) curves near the TN.

Fig. 8. FC magnetisations measured with an external magnetic field parallel
and perpendicular to the c axis for Mn1.3Mg0.7BO4. The inset shows the mag-
netic behaviour near the critical transition temperature.

Table 2
Magnetic parameters for Mn2-xMgxBO4 warwickite system.

TN (K) θ‖ (K) μeff
‖

(μB/
f.u.)

⊥θ (K) ⊥μeff

(μB/
f.u.)

μeff
av

(μB/
f.u.)

μeff

(μB/
f.u.)

Mn2BO4 [21] 26 −118 6.25 −134 6.95 6.72 7.68
Mn1.5Mg0.5BO4 16 −79 4.67 −146 6.05 5.63 6.30
Mn1.4Mg0.6BO4 14 −109 4.79 −202 6.19 5.76 6.08
Mn1.3Mg0.7BO4 13 −114 4.33 −213 5.79 5.35 5.96
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column in Table 2).
Several interesting conclusions can be drawn from these measure-

ments:

(1) The effective magnetic moment decrease in the row of the samples
x = 0.5, 0.6 and 0.7, in agreement with the diamagnetic substitu-
tion Mn2+–Mg2+.

(2) The values of ⊥μeff and μeff
‖ indicate the magnetic anisotropy in the

paramagnetic regime.

(3) The average magnetic moment calculated as =
∙ +⊥

μeff
av μ μ2 ( ) ( )

3
eff eff

2 ‖ 2

gives effective spin moments much lower than those expected for
all samples.

(4) The Weiss temperature is estimated to be negative for all samples.
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 Mn3+ ions.

(5) The substitution of the diamagnetic Mg2+ instead of magnetic
Mn2+ led to a monotonic decrease in the Neel temperature.

A tentative interpretation of the low effective magnetic moment for
Mn2-xMgxBO4 can be given as follows. Although the high-tempera-

ture 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 con-
tribution 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 char-
acteristic of the AFM order. In Fig. 9, the magnetisation curves for all
samples are presented.

3.3. Heat capacity

The heat capacity measured at H = 0 shows a quite pronounced
anomalies nearTN

C T( ) = 14.2, 13.8, and 12.1 K for x = 0.5, 0.6, and 0.7,
respectively (Fig. 10a). Note that TN

C T( ) is slightly smaller
thanTN

χ T( ) = 16, 14, and 13 and well coincides with the temperature for
which dχ/dT becomes maxima (Fig. 10b). Hence, the observed λ-type
anomalies can be attributed to a magnetic phase transitions.

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 Mn1.4Mg0.6BO4. 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.

Fig. 11(a) and (b) show the field dependences of magnetisation at
4.2, 10, 12, 16 and 30 K for H||c and H⊥c, respectively. All curves
demonstrate a rapid linear rise. However, for H||c, this trend is fol-
lowed by an abrupt increase of the magnetisation above HC1 = 35 kOe
(at 4.2 K). Above HC2 = 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 HSF = 61 kOe at 4.2 K to 33 kOe at
12 K. Field-sweep experiments at 4.2 K showed that the spin-flop ap-
pears at slightly different magnetic fields when the magnetic field in-
creases and decreases, suggesting the existence of a small magnetic
anisotropy. For H⊥c, the magnetisation shows typical

Fig. 9. Magnetisation curves of Mn2-xMgxBO4 warwickites measured at
T = 5 K. The applied magnetic field is parallel to the c axis.
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Fig. 10. a) Temperature dependences of the heat capacity measured at zero
magnetic field for Mn2-xMgxBO4 warwickites. Top inset: specific heat plotted as
C/T vs. T. The straight line shows the shift of TN with Mg concentration. Bottom
inset: the lambda point anomalies observed at the critical temperatures TN. b)
The top panel presents temperature dependences of the χ(T) and first derivative
dχ/dT. The bottom panel shows the heat capacity as a function of the tem-
perature. The green vertical line indicates the coincidence of the critical tem-
peratures obtained from the measurements of magnetic and thermodynamic
properties. (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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antiferromagnetic behaviour and M⊥ increases linearly with H up to
HC1, showing the deviation from linearity above this field.

The magnitudes of the initial susceptibilities (H < HSF) are

⊥χ = 7.34·10−6 μB/f.u./Oe and χ∥ = 5.45·10−6 μB/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 HC1, the magnetic moment ΔM undergoes the reorientation
process, to be parallel to the applied field, which allows an additional
contribution to the total magnetisation along the c axis. The magnitude
of the increased magnetic moment ΔM = 0.017 μB/f.u. 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
HSF = 24 kOe when the external field is applied perpendicular to the c
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 suscept-
ibility of the MgMn sample is very close to that found for MnMn ( ⊥χ
(4.2 K) = 4.02·10−6 μB/f.u./Oe), reflecting that at low temperatures,

the antiferromagnetic interactions prevail, leading to antiparallel
alignment of the manganese magnetic moment and hence, to anti-
ferromagnetic ordering.

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 Mn2+

ions by Mg2+ ions leads to the weakening of the exchange interactions
both Mn2+-Mn2+ and Mn3+-Mn2+. A sufficient external field HC2

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 < HC2 to easy-axis (c axis) for H > HC2.

The obtained magnetic data of the Mn1.4Mg0.6BO4 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 TN = 14 K
regardless of the external magnetic field. At T < TN, the low field and
temperature stabilise the AFM phase, while the high field and tem-
perature causes the SF phase. The complete magnetic characterisation
allows building the magnetic phase diagram (Fig. 13).

4. Discussion

It is interesting to compare two substituted systems Mn2-xMgxBO4

and Mn2-xFexBO4, which undergo magnetic transitions with close va-
lues of the critical temperatures, but, however, quite different in nature
(Fig. 14). In Mn2BO4 the lowering of the symmetry from the orthor-
hombic (Pnma) warwickite structure to the monoclinic (P21/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 Mn2-xMgxBO4 showing a monoclinic structure,
isomorphous to the structure of Mn2BO4. This behaviour reflects strong
electro-phonon coupling of Mn3+ ions, which are prone to occupying
the M1 site in the Mn2-xMgxBO4 system. In Mn2-xFexBO4 warwickites,
the Fe3+ 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 stabi-
lisation of the local distortions. The octahedrally symmetric Fe3+ and
the J-T active Mn3+ ions are disordered over crystallographic sites,
rather, it is more likely that J-T distortions are present locally but the

Fig. 11. Magnetisation isotherms for Mn1.4Mg0.6BO4 measured with magnetic
fields applied parallel (a) and perpendicular (b) to the c 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 HC2 = 64 kOe.

Fig. 12. Magnetisation isotherm at 4.2 K for single crystal Mn1.4Mg0.6BO4

measured with an applied magnetic field along the c axis. The top inset shows a
magnetic moment ΔM obtained by subtracting linear dependence (dashed line)
from the raw data. The bottom inset is a temperature dependence of the anti-
ferromagnetic susceptibility, determined at the low-field range (H < Hc). The
maximum of χAFM(T) curve occurs near to TN = 14 K.
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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 or-
dering. The random cation distribution is the reason for magnetic dis-
order in Mn2-xFexBO4 [17,24].

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 Mg2+ 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 MgMBO4 warwickite, where M = Ti3+ [35], V3+

[12], Fe3+ [36], Sc3+ [27], Ga3+ [37], In3+ [38], Ta5+ [39] and Nb5+

[39]. Only these compounds were chosen for which crystal structure
analyses were available. In order to quantify the match of Mg2+ and
M3+ ions to the cation order, we used two main parameters: the charge
difference between two metal sites M1 and M2 (ΔCD) and the octahe-
dral distortion parameter (Δ). The former depends on the cation dis-
tribution over non-equivalent sites and directly reflects the cation
order. There exist two end cases corresponding to a completely random
distribution (ΔCD equals zero) and completely ordered distribution

(ΔCD equals unity). A quantitative measure of the magnitude of the
local distortion is given by the octahedral distortion parameter

= ∑ ⎡⎣ ⎤⎦=
−Δ i

d d
d

1
6 1,6

2i , where di is an individual M−O bond-length and d
is a mean<M−O> .

The data are shown in Figs. 15 and 16. Continuing from MgGaBO4

to MgInBO4, the difference in the ionic radii of metal ions actually in-
creases (rGa3+ = 0.620, rV3+ = 0.640, rSc3+ = 0.745 and
rIn3+ = 0.800 Å), yet the character of the cation distribution is pre-
served. In contrast, for the Fe3+, V3+, Ta5+, Nb5+ and Mn3+ ions with
close ionic radii, the situation is varied from almost cation disordered
ΔCD ~ 0.1 v.u. (for MgFe) to a high degree of cation order ΔCD ~ 0.9
v.u. (for MgMn, MgTa and MgNb). All considered warwickites exhibit
the distortion of the M1O6 octahedron, a much larger distortion than
that M2O6. It is obvious the hetero-metallic warwickites MgMn, MgTa,
MgNb exhibiting the cation order show a highest distortion parameter
Δ. While the cation-disordered compounds tend to have a lower
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distortion parameter for both metal sites. Therefore, there is interrela-
tion between the cation order and local octahedral distortion. The latter
can also be enhanced by chemical pressure induced by oversized M3+

ions, as demonstrated by the behaviour of MgInBO4

(Δ(M2) = 3.0·10−3).
Unlike the Mg-Mn warwickite, the compounds Mg5TaB3O12 and

Mg5NbB3O12 have a strong driving force for the cation ordering as a
result of the oxidation state difference of three between the Mg2+ and
Ta5+/Nb5+ ions. Additionally, these compounds exhibit a large octa-
hedral distortions of Δ(M1) = 4.71·10−3 and 6.23·10−3 for Ta and Nb,
respectively. Following the above assumption that the magnetic order is

a consequence of the cation order and, hence a charge order, one can
expect an existence of long-range order in the heterometallic war-
wickites containing the pentavalent ions. We can therefore report that
our preliminary results on the study of a novel cation-ordered war-
wickite Co5NbB3O12 have confirmed this assumption [40].

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
Fig. 16). For V2BO4, 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

Fig. 17. The ordering of the local octahedral distortions in cation- and charge-ordered warwickites resulting in the doubling and tripling of the short crystallographic
axis, as found in Mn2BO4 (a), Fe2BO4 (b), and Mg5NbB3O12 (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.
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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. Fe2BO4 exhibits a much larger
local distortions (ΔFe1 and ΔFe5) for the monoclinic phase (P1c1, No.7)
(T = 100 K < TCO) than that for the orthorhombic one (Pmnb, No.62)
(T = 355 K > TCO) [41]. The transition to the charge ordering state is
accompanied by the doubling of the short crystallographic parameter.
With the higher symmetry, the even bond length distribution can be
realised with tripling of the short axis, as found in Mg5NbB3O12 and
Mg5TaB3O12 [39] (Fig. 17).

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.

5. Conclusion

In summary, we have investigated the structural, magnetic and
thermodynamic properties of the heterometallic warwickites
Mn2-xMgxBO4 with x = 0.5, 0.6 and 0.7. All samples were found to
crystallise in a monoclinic P21/n symmetry similar to the end member
Mn2BO4.

The lattice parameters display a monotonic change with the mag-
nesium concentration. The local octahedral distortions associated with
the Jahn-Teller effect of Mn3+ ions are persistent for all solid solutions,
albeit reduced compared with that of Mn2BO4. A regular occupation of
the M2 site by the Mg2+ ions was found in contrast with other het-
erometallic warwickites where cation disorder has a large effect. As a
result, the charge distribution over two metal sites has a character of
Mn3+(1) and Mn2+(2)/Mg2+(2).

To the best of our knowledge, the Mn2-xMgxBO4 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 or-
dering state at the Neel temperatures TN = 16, 14 and 13 K. The
magnetic anisotropy is small with the c axis as a hard magnetisation
direction at low 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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