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A B S T R A C T

The valence states and local structure around Mn atoms in mixed-valence Mn2BO4 have been studied by tem-
perature dependent X-ray powder diffraction (XRPD), X-ray photoelectron (XPS) and Mn K-edge X-ray ab-
sorption (XAFS) spectroscopies measurements. X-ray absorption near-edge structure (XANES) and XPS have been
used to measure the average oxidation state of Mn in bulk and near-surface of the material. The edge position,
peak shapes and pre-edge features of Mn K-edge XANES spectra have been discussed. The pronounced tem-
perature dependence of the Debye-Waller (DW) factor corresponding to the MneO coordination shell has been
found from the extended x-ray absorption fine structure (EXAFS) analysis and has been associated with varia-
tions in the local distortions in MnO6 octahedra and emergence of short-range magnetic correlations at low
temperatures. The XRPD measurements have been carried out at 298, 523 and 773 K. The monoclinic symmetry
(P21/n) was found to persist up to highest temperature measured. The BVS calculations have revealed large
valence difference between two manganese sites that strongly supports the presence of charge ordering up to
high temperatures.

1. Introduction

It is known that the charge ordering (CO) phenomenon plays an
important role in magnetic and transport properties of 3d-oxides
leading to the colossal magnetoresistance in manganites [1] and the
Verwey transition in magnetite [2]. Warwickites with general formula
M2+M3+BO4 are rare materials where one element can adopt different
oxidation states and therefore the conditions for order-disorder CO
transition exist. Moreover, the warwickites are of interest due to the
quasi low-dimensionality, quantum entanglement, structural and elec-
tronic transitions [3–7]. The basic crystal structure is usually described
by orthorhombic (Pnma). A unit cell contains 4 formula units and two
crystallographically non-equivalent metal sites that are labeled as 1 and
2 (Fig. 1). The metal ions are surrounded by oxygen octahedra. The
octahedra are linked by edge sharing so as four octahedra form flat
ribbons extending along the c-axis. A heterometallic warwickites (M2+

≠ M3+=Mg, Mn, Co, Ni, Cr, Ti, V, Fe, Sc, etc.) are naturally dis-
ordered systems showing a spin-glass behavior [8–15]. The spin-glass
transition TSG occurring at a relatively low temperature is a result of the
emergence of exchange interaction between the low-dimensional rib-
bons.

Up to now, only two homometallic warwickites Fe2BO4 and Mn2BO4

which exhibit quite different magnetic and electronic properties have
been known [16,17]. Recently, a vanadium mixed-valence warwickite
V2BO4 has been synthesized [18]. The Fe2BO4 shows both commensu-
rately and incommensurately modulated charge ordered phases at low
temperatures (TCO < 340 K) and the valence fluctuating state (due to a
Fe2+ - Fe3+ electron hopping) above TCO. Different techniques have
been applied to investigate the charge distribution in Fe2BO4: Möss-
bauer spectroscopy, resonant X-ray diffraction, transmission electron
microscopy, and electronic structure calculations [19–22]. High pres-
sure Mössbauer spectroscopy (MS) study has shown a strong interplay
between CO and magnetism, with an electronic phase transition
boundary at P≈ 16 GPa [23]. Fe2BO4 is an L-type ferrimagnet with
TC=155 K and a semiconductor with a conductivity activation energy
Ea=0.37 eV [7,24]. In total contrast, Mn2BO4 is an antiferromagnet
with a relatively low transition temperature TN=26 K and an insulator
[25,26]. Charge ordering in this compound has been less investigated
experimentally through the empirical bond-valence-sum analysis (BVS)
and theoretically using the high-spin filling (hsf) scheme in the ex-
tended Hückel approach [27]. The atomic charges for Mn1 and Mn2
sites at room temperature have been found equal to 2.95 and 2.01,
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respectively. The charge ordering has been found to be associated with
the orbital ordering in the presence of a x2-y2 hole localized at Mn3+,
while in Fe2BO4, the charge ordering is related to the electron-electron
coupling.

Recent high resolution synchrotron powder X-ray diffraction ex-
periment on the homometallic vanadium warwickite V2BO4 which is
adopt orthorhombic crystal structure (Pnma) at room temperature has
shown the change of the crystallographic symmetry upon cooling that
was assigned to emergence of a complex charge ordering [18].

With this respect, a direct probe of charge states and their evolution
with temperature becomes critical for fundamental understanding
physical properties of these oxyborates. Herewith, we apply a bulk
(XANES) and near-surface (XPS) techniques to study the manganese
oxidation states in mixed-valence warwickite Mn2BO4. The photoelec-
tron spectra (Mn 2p and others) have been studied at room temperature.
Mn K-edge XANES spectra have been measured from 8.8 to 500 K. The
calibration method which correlates the oxidation state to the energy
position of major features in XANES spectra of deliberately selected
reference compounds has been used. Both Mn2+ and Mn3+ ions are
shown to be present in the compound with the average oxidation state
of (2.55 ± 0.08)+ which is very close to nominal 2.50+ determined
by the stoichiometry. The analysis of structural parameters and BVS
calculations clearly show that the oxidation states of Mn2+ and Mn3+

can be assigned to the different Mn sites supporting the retention of
charge ordering at high temperatures.

2. Experimental techniques

Needle-shaped single crystalline specimens of Mn2BO4 have been
synthesized using a flux method in the system Bi2Mo3O12 - B2O3 –
Mn2O3 – Na2CO3 [26].

The X-ray powder diffraction investigations were carried out on a
PANalyticalX’Pert PRO diffractometer equipped with a solid-state de-
tector PIXcel and a graphite monochromator at Cu Kα radiation. The
crystal structure was refined using the Rietveld method [28] with the
full-profile derivative difference minimization (DDM) [29] at 298, 523
and 773 K. The high-temperature measurements were performed up to
973 K with an Anton Paar HTK1200 stage.

X-ray photoelectron spectra from crystals crushed immediately be-
fore the experiment and attached to sticky carbon tape were measured
with a SPECS instrument equipped with a PHOIBOS 150 MCD 9
hemispherical analyzer at electron take-off angle 90° with the pass

energy of 8 eV for high-resolution spectra and 20 eV for survey spectra.
The pressure in an analytical chamber was in the range of 10−9 mBar.
The spectra were excited by Mg Kα irradiation (1253.6 eV) of an X-ray
tube. Flood electron gun was used to eliminate heterogeneous electro-
static charging of the material. The high-resolution spectra were fitted
with Gaussian-Lorentzian peak profiles after subtraction of a Shirley-
type background using a CasaXPS software package.

X-ray absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectra at the Mn K-edge were re-
corded at temperatures ranging from 8.8 K to 500 K in the transmission
mode using a SHI closed-cycle helium refrigerator (Japan) at the
Structural Materials Science beamline (National Research Center
“Kurchatov Institute”, Moscow). The storage ring operated at an elec-
tron energy of 2.5 GeV and an average electron current of about 80mA.
For the selection of the primary beam photon energy, a Si (111)
channel-cut monochromator was employed, which provided an energy
resolution ∼ −E EΔ / 2·10 4. Primary and transmitted intensities were
recorded using two independent ionization chambers filled with ap-
propriate N Ar/2 mixtures providing 20% and 80% absorption, respec-
tively. The energy was calibrated against a sharp Mn K-edge pre-edge
feature of KMnO4. The EXAFS spectra were collected using optimized
scan parameters of the beamline software. The EΔ scanning step in the
XANES region was about 0.4 eV, and scanning in the EXAFS region was
carried out at a constant step on the photoelectron wave number scale
with k=0.05Å−1, giving energy step of the order of 1.5 eV. Single-
crystalline samples were ground to fine powders and then spread uni-
formly onto a thin adhesive Kapton film and folded into several layers
to give an absorption edge jump around unity.

The EXAFS spectra μ E( ) were normalized to an edge jump and the
absorption coefficient of the isolated atoms μ E( )0 was extracted by
fitting a cubic-spline-function to the data. After subtraction of the
smooth atomic background, the conversion from E to k scale was per-
formed. Crystallographic structural parameters were used as starting
model. The k3-weighted EXAFS function χ k( ) was calculated in the
intervals k=2–12 Å−1 using a Hanning window (local order peaks
were clearly distinguishable against background up to 7 Å). The EXAFS
structural analysis was performed using theoretical phases and ampli-
tudes as calculated by the FEFF-8 package [30], and fits to the ex-
perimental data were carried out in the R-space with the IFEFFIT
package [31].

The thermal behavior of Mn2BO4 sample was studied using a si-
multaneous TG-DSC apparatus STA 449C Jupiter equipped with an

Fig. 1. a) Crystal structure of Mn2BO4 projected in the
ab-plane.The blue and green spheres at the centers of
the octahedra denote two crystallographic none-
quivalents Mn positions. The small yellow spheres
denote B atoms. b) A ribbons composed of edge-shared
MnO6 octahedra are propagated along the c-axis. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this
article.)
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Aёolos QMS 403C mass spectrometer (NETZSCH, Germany) under dy-
namic argon flow (∼0.005% O2) in Pt crucibles, ramp rate 10 K/min.
The TG/DSC investigation has not revealed a detectable change in the
weight of the sample when heated from 313 to 900 K. Under these
conditions, no oxygen evolution has been detected according to the
monitoring the composition of the gas phase by an on-line mass spec-
trometer (Fig. 2).

3. Results and discussion

3.1. High-temperature XRPD

In the whole temperature range studied (298≤ T(K)≤ 773), the
XRPD patterns were refined in a monoclinic symmetry (P21/n) (Fig. 3).
The structural parameters, atomic coordinates, representative intera-
tomic distances, and isotropic displacement parameters, are given in
Tables 1–4 of Supplementary materials [32]. No secondary manganese-
contained phases have been detected by means of X-ray diffraction. The
room temperature parameters are consistent with the data available in
the literature [17,25,26]. The absence of structural phase transitions in
the temperature interval studied is consistent with the high-tempera-
ture heat capacity data [33].

As for the coordination environments of the manganese ions, one
can distinguish two types of distorted MnO6 octahedra, displaying quite
different sets of MneO distances (Table 1). Following the procedure
proposed in Ref. [26] the main component of electrical field gradient
(EFG) tensor Vzz has been calculated. The different signs of Vzz para-
meters indicate different tetragonal distortions for two sites. The Mn1
site has the biggest Vzz showing that this is the most distorted octahe-
dron. As the temperature increases, the Vzz parameters increase re-
flecting the growth of the local distortions at both octahedra.

To assign the oxidation states to each manganese atom position the
bond valences sums (BVS) calculation has been done [34]. Examination
of the Mn2BO4 prepared in this study reveals the obvious propensity of
manganese atoms to occupy different octahedral sites (the BVS values
shown in bold in Table 1). The differences between the bond valence
sums observed for the two sites are large as ΔBVS ≈1.0 valence unit
(v.u.). In addition, the Mn1 octahedral site with the higher calculated
BVS has much larger axial/equatorial bond length ratios than the Mn2
octahedral site with “lower BVS”. These observations are consistent
with the presence of “small” (〈Mn1eO〉≈ 2.06 Å) Jahn-Teller distorted
Mn3+ centers ordered with “large” (〈Mn2eO〉≈ 2.22 Å) less distorted
Mn2+ centers and thus support the presence of charge ordering up to
highest measured temperature. The fact that both Fe2BO4 and Mn2BO4

homometallic warwickites that adopt the monoclinic structure (P21/c

and P21/n, respectively) are charge ordered strongly suggests that this
structure is the preferred when charge ordering is sufficiently en-
ergetically advantageous. The stabilization of the monoclinic structure
by the charge ordering is derived from the stacking of the ordered oc-
tahedral chains. For Fe2BO4 a monoclinic twinning with similar weight
of domains with opposite sings of monoclinic distortion was observed
from XRD study and the sp.gr. Pc was found to arise from averaging
domains with different diagonal order [19]. In Mn2BO4 the extended
axial MneO bond lengths associated with the Jahn-Teller distortion of
Mn1 site are stacked in double-chains manner leading to the ordering of
strains. Such chain stacking is apparently compatible with the long-
range charge order. The double chains of Mn3+ ions surrounded by the
Mn2+ chains and (BO3)3- tunnel anions form an equally spaced lattice.
From an electrostatic point of view, there is a large gain in the energy if
all Mn3+ ions stay at the most preferable sites. In other words, there is a
periodicity of charge distribution, which is imposed by the lattice. Once
such a long-range charge order occurs, the Mn3+ lattice is strongly
pinned on a crystal lattice, resulting in the poor conductivity. The
electron-lattice effects are expected to be important for this system.

3.2. X-ray photoelectron spectroscopy

The XPS survey spectrum (Fig. 4) shows no significant presence of
impurities, except for the adventitious contaminant carbon and bismuth
(∼1%); the latter was presented in the flux. The O2−(1s) and B3+(1s)
bands with the binding energies of 530.8 eV and 190.9 eV, respectively,
are in good agreement with the energies for lattice oxygen OL and BO3

group reported for other borates [35,36]. Fig. 5 shows a characteristic
Mn 2p3/2,1/2 spectrum of mixed-valence Mn2BO4, the interpretation of
which is not strightfoward since the Mn 2p peaks are broad due to
multiple splitting.

In order to elucidate the relative concentrations of Mn2+ and Mn3+,
the Mn 2p3/2 band was fitted (after subtraction of the Shirley-type
background) using two sets of multiplet lines and the peak parameters
for MnO and Mn2O3 oxides proposed by Biesinger et al. [37] (Table 2).
In the fit, the binding energies and full widths at half maximum
(FWHM) of the components were allowed to vary in the narrow ranges
of± 0.1 eV and± 0.05 eV, respectively, and the relative intensities
were fixed. The binding energies of the strongest Mn 2p3/2 peaks (641.2
and 642.1 eV) agree well with the values reported respectively for
Mn2+ and Mn3+ [37,38], and the fractions of Mn2+ and Mn3+ were
found to be 32.8% and 67.2%, respectively, yielding an average oxi-
dation state 2.67+ that is somewhat larger than the ideal value of
2.50+. In particular, this may be due to oxidation of a share of surface
Mn2+ upon the contact with atmosphere.

3.3. XANES/EXAFS

Fig. 6 shows the room-temperature normalized Mn K-edge XANES
spectra of Mn2BO4. The Mn1.3Fe0.7BO4 (where iron is trivalent ion [11])
and Mn1.3Mg0.7BO4 oxyborates have been used as references for the
Mn2.22+ and Mn2.78+ charge states in warwickite structure along with
MnBO4 and Mn2O3 oxides.

A weak pre-edge absorption feature at ∼6536 eV originates from
the 1s → 3d transition, which is dipole forbidden, but quadrupole al-
lowed. This transition gains some intensity due to non-centrosymmetric
environments around Mn ions, i.e., symmetry-violating distortions of
the MnO6 octahedra. A strong peak in the vicinity of ∼6550 eV is as-
signed to a dipole-allowed transition 1s → 4p. The sample's absorption
threshold lies between those of the reference compounds. The main
feature is the step-like behavior of the absorption threshold near
∼6546 eV that is better seen for Mn-Mg sample. Fig. 6(b) shows first
derivatives of the respective experimental spectra. The derivatives de-
monstrate a doublet structure with components at ∼6544 eV and
∼6548 eV where the main maxim corresponds to the absorption edge
of Mn. To obtain a quantitative estimate of the manganese oxidation

Fig. 2. TG (blue), DSC (red) curves and ion current of m/z=32 (O2
+) as a

function of temperature. Argon flow, β=10 K/min. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

N.V. Kazak, et al. Physica B: Condensed Matter 560 (2019) 228–235

230



states, an ad hoc calibration procedure has been employed. Fig. 6(c)
shows the Mn valence as a function of experimental Mn K-edge posi-
tions for reference compounds and for Mn2BO4. The dependence of the
threshold energies versus the Mn oxidation state with the slope of
∼0.50 ± 0.05 eV per oxidation number is seen. For Mn2BO4, the edge

position corresponds to the Mn oxidation state of 2.55 ± 0.08. The
evolution of experimental XANES spectra of Mn2BO4 over a wide
temperature range is shown in Fig. 7. All spectra obtained from 8.8 to
300 K are similar to each other. No significant changes in the XANES
spectra occur when passing through the magnetic ordering temperature

Fig. 3. Observed (1), calculated (2), and difference (3) XRPD patterns of Mn2BO4 at a) 298 K and b) 773 K after DDM refinement.

Table 1
The axial and equatorial MneO bond lengths for the octahedral sites Mn1 and Mn2; the ratio of the axial/equatorial bond lengths; the average metal-oxygen
distances; the main component Vzz of EFG tensor; the charge state of metal ion determined by BVS method (the propensity of manganese atoms to occupy different
sites is shown in bold); the bond valence sums difference.

T (K) MneO ax (Å) MneO eq (Å) ax/eq 〈MneO〉 (Å) Vzz (e/Å3) BVSa (v.u.) ΔBVS (v.u.)

Mn2+ Mn3+

298 Mn1 2.324 1.927 1.206 2.059 −0.427 3.26 ± 0.02 3.01 ± 0.02 1.05 ± 0.02
Mn2 2.175 2.239 0.971 2.218 0.096 1.96 ± 0.01 1.81 ± 0.01

523 Mn1 2.344 1.929 1.215 2.068 −0.441 3.21 ± 0.02 2.96 ± 0.02 1.02 ± 0.02
Mn2 2.183 2.241 0.974 2.222 0.106 1.94 ± 0.01 1.79 ± 0.01

773 Mn1 2.355 1.936 1.216 2.076 −0.435 3.14 ± 0.02 2.90 ± 0.01 0.97 ± 0.02
Mn2 2.192 2.249 0.975 2.230 0.127 1.93 ± 0.01 1.78 ± 0.01

a The valence state of manganese ions for each of distinct site have been calculated using the bond valence sum Z=∑ si ij [34]. Here = −s exp R r b[( )/ ]ij ij0 is the
bond valence between i and j ions, R0 is the parameter dependent on the nature of ions forming the ij-pair (R0(Mn2+)= 1.790 Å, R0(Mn3+)= 1.760 Å), b=0.37 Å is
the constant value, rij is the ij-pair bond length.
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TN=26 K, while a noticeable decrease in the intensity of the main peak
at 6550 eV occurs in the high-temperature phase (T > 300 K). A slight
change in the intensity of the first derivatives can be explained by a
thermal broadening of the Fermi edge with temperature changes (inset
Fig. 7) [39].

We have also studied temperature effects on the local structure
distortion of the average MnO6 octahedra through the EXAFS spectra
analysis. Fig. 8 shows the Fourier transforms (FT) of the EXAFS func-
tions at different temperatures. The features within 1–3 Å correspond to

Fig. 4. XPS survey spectrum of Mn2BO4 crystals.

Fig. 5. XPS Mn2p spectra of Mn2BO4 crystals fitted for Mn2+ and Mn3+.

Table 2
The fit parameters of main components of Mn 2p spectrum of Mn2BO4 single
crystal: binding energies (± 0.1 eV), FWHM (±0.05 eV), and total area A (%).

P1 P2 P3 P4 P5 P6

Mn2+ BE 640.0 641.0 642.20 643.05 644.39 645.95
FWHM 1.25 1.20 1.25 1.20 1.20 1.69
A (32.8) 7.8 9.1 7.3 4.2 1.5 2.9

Mn3+ BE 640.70 641.86 643.30 644.66 646.55 –
FWHM 1.60 1.65 1.65 1.5 1.99 –
A (67.2) 12.6 29.7 16.9 5.6 2.4 –

Fig. 6. a) Normalized Mn K-edge spectra of Mn2BO4 and reference manganese
oxides with warwickite structure recorded at room temperature. b) The double
structure of the first derivatives of warwickite's spectra (same colors). The shift
of the main maximum at 6544 eV towards larger energies depends on the Mn
oxidation state. c) Mn oxidation state versus experimental Mn K-edge position
for reference warwickites and for Mn2BO4 sample. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 7. Normalized Mn K-edge spectra of Mn2BO4 recorded in the range of
8.8–500 K. A noticeable decrease in the intensity of the main transition at
T > 300 K is seen. The inset shows the first derivatives of Mn2BO4 spectra
(same colors). The temperature-induced decrease in the intensity of the maxima
is associated with a thermal broadening of Fermi edge. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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the first oxygen coordination shell MneO and the nearest neighbors
Mn–Mn within MneOeMn chains. The contributions from higher-shell
neighbors occur above 4 Å. The high intensity of the peak at ∼6 Å,
which is observed even at room temperature, points to the pronounced
rigidity of chemical bonds that form this structure. The peak's in-
tensities corresponding to the first and second coordination shells de-
crease as the temperature increases. The presence of two non-equiva-
lent metal sites and low overall symmetry strongly complicate the
quantitative EXAFS analysis. Therefore the discussion of EXAFS results
was restricted to the first oxygen shell MneO. The interatomic distances
RMn-O and DW factor σ2 were varied to achieve best fits. The fits at
different temperatures were performed with a fixed value of the
threshold energy shift ΔE0=3 eV obtained from the fit at the lowest
temperature.

Fig. 9 compares the best-fit and experimental spectra in terms of FT
moduli of k3-weighted EXAFS signals and the real parts of back-Fourier-
transformed spectra in k-space for T=8.8 K. Similar agreements were
obtained for all other temperatures. The room-temperature monoclinic
crystallographic structure has been adopted to calculate theoretical
amplitude and phases for each scattering path up to 7 Å. The first
oxygen coordination shell can be reasonably simulated only using a set
of five well separated MneO distances with the total coordination

number of 6. For example, best-fit parameters obtained for the first
coordination shell are summarized in Table 3 for T=8.8 K, 100 K, and
300 K. The mean interatomic distance 〈MneO〉 was found to be
∼2.13 Å that is very close to 2.12 Å [40] expected for the octahedrally
coordinated Mn2+ and Mn3+ ions taken in 1:1 ratio (Fig. 10(a)). So, the
local structure around Mn atoms can be described by the sum of two
distorted octahedra with different MneO distances. The DW factor of
the mean MneO distance as a function of temperature is plotted in
Fig. 10(b). The σ2 shows a progressive drop below T=100 K and goes
through a minimum near the Neel temperature TN=26 K. The total
variance for DW factor of MneO coordination shell is formed by several
contributions, with the amplitude of thermal atomic motion and local
structure distortions being most important ones. The thermal phonon
broadening causes a decrease in σ2 upon cooling down. Recent specific
heat and magnetization measurements have shown the retention of the
magnetic short-range correlations up to 100 K, that is, well above TN

[26]. The orbitally non-degenerate Mn2+ state (3d5, S=5/2, L=0)
was associated with a small uniaxial anisotropy found in Mn2BO4.
Contrarily, the Mn3+ (3d4, S= L=2) is expected to display a strong

Fig. 8. FT modulus of the k3-weighted EXAFS spectra of the Mn2BO4 warwickite
at the Mn K-edge as a function of temperature. The curves have been vertically
shifted for clarity.

Fig. 9. Comparison between experimental data (blue circles) and best fits (red line) at T=8.8 K. (a) Moduli of the FTs of the χ(R) EXAFS signals. (b) The real parts of
the Fourier-filtered spectra in k-space. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Best-fit structural parameters of the first oxygen coordination shell of the
Mn2BO4 at the Mn K -edges. N is the coordination number, R is the inter-atomic
distances for the octahedral site, σ2 are the DW factors and Rf is the deviation
factor of the χ k( )theor from the χ k( )exp .

T (K) Path N R (Å) σ2∙10−3 (Å2) Rf (%)

8.8 MneO 1 1.90(2) 1.69(2) 1.918
1 1.99(2)
2 2.15(2)
1 2.28(2)
1 2.38(2)

〈MneO〉 2.14(2)

100 1 1.88(2) 2.94(2) 3.394
1 1.96(2)
2 2.12(2)
1 2.26(2)
1 2.34(2)

〈MneO〉 2.11(2)

300 1 1.88(2) 3.45(2) 4.678
1 1.97(2)
2 2.13(2)
1 2.28(2)
1 2.38(2)

〈MneO〉 2.13(2)
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coupling with the lattice due to strong spin-orbital interaction. Thereby,
one can suppose that the observed decrease in the DW factor below
100 K is as a result of the decrease of the magnetic correlations through
the magnetoelastic interaction.

4. Conclusion

The oxidation states and local structure around Mn ions in mixed-
valence warwickite Mn2BO4 were studied using the X-ray powder dif-
fraction, X-ray photoelectron and Mn K-edge XANES/EXAFS spectro-
scopies. The measurements were carried out in a wide temperature
interval. The crystal structure was refined from XRPD data at 298, 523
and 773 K. The Mn 2p photoelectron spectroscopy study as well as
XANES measurements confirmed the presence of mixed valence Mn2+

and Mn3+. The average manganese oxidation state in bulk was found to
be Mn(2.55± 0.08)+ appreciably close to nominal Mn2.5+ as expected.
The DW factor of MneO coordination shell was found to progressively
reduce below T=100 K and go through a minimum at the Neel tem-
perature, making Mn2BO4 a candidate for applications based on the
magnetoelastic interaction. The XRPD data revealed the persistence of
monoclinic symmetry up to 973 K. The large bond-valence difference
between two Mn sites (ΔBVS≈1 v.u.) suggests the presence of Mn2+

and Mn3+ charge ordering resulted from stacking of the Jahn-Teller
distorted MnO6 octahedra in a double-chain manner that is preferable
for the monoclinic structure. The strong pinning of the Mn3+ lattice on
a crystal lattice is supposed to induce the charge localization and sig-
nificant electron-lattice effects.
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