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ABSTRACT In contrast to the corundum-type A,X; structure, which has only one
crystallographic site available for trivalent cations (e.g., in hematite), the closely related ABX;
ilmenite-type structure comprises two different octahedrally-coordinated positions that are
usually filled with differently charged ions (e.g., in Fe**Ti**O; ilmenite). Here, we report a
synthesis of the first binary ilmenite-type compound fabricated from a simple transition metal
oxide (Mn.O;) at high-pressure high-temperature (HP-HT) conditions. We experimentally
established that at normal conditions the ilmenite-type Mn*"Mn*'O; (¢-Mn,Os) is an n-type
semiconductor with an indirect narrow band gap of E,=0.55 eV. Comparative investigations
of the electronic properties of &-Mn,0O; and previously discovered quadruple perovskite &
Mn,0; phase, were carried out using X-ray absorption near edge spectroscopy (XANES).
Magnetic susceptibility measurements reveal antiferromagnetic ordering in &-Mn,O; below
210 K. The synthesis of &Mn,0; indicates that HP-HT conditions can induce charge
disproportionation in simple transition metal oxides M.O;, and potentially various mixed-
valence polymorphs of these oxides, e.g., with ilmenite-type, LiNbOs-type, perovskite-type,

and other structures, could be stabilized at HP-HT conditions.



I. INTRODUCTION

Manganese oxides display a range of unique physical and chemical properties and play an
important role in basic sciences and in numerous industrial processes and devices. For
instance, they are promising materials for applications in diverse magnetic technologies,'* for
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catalysis,®” for supercapacitor electrodes,® for lithium storage and alkaline battery
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applications,” and for other goals.'””™ Various Mn-rich oxides, such as manganite

perovskites, A;..B,MnQs,"® more complex quadruple perovskites, e.g., AMn;O,'"

and many
others®?* demonstrate interesting and often industry-relevant characteristics. Hence, synthesis

of novel, chemically-simple, inexpensive and functional manganese oxides could uncover yet

unknown scientific and industrial potentials.

Recent investigations of simple oxides of another transition metal, iron, revealed that using
high pressures and high temperature (HP-HT) one can synthesize novel phases with
unconventional stoichiometries, like Fe 05, FesOg,® Fei3019,%° Fe;09,* FeyO:1,Y FesO,,*
Fe»s03.% Some of these polymorphs can be quenched from HP-HT and stabilized at ambient
conditions, opening up prospects for their academic investigations and potential industrial
use. Note, for example, that the most common mixed-valence iron oxides, Fe;Os and FesOg,
were found to undergo spectacular charge-ordering-related phase transitions.** These
46,47

findings along with the well-known Verwey transition in magnetite studied before,

contributed to a better understanding of physical properties of transition metal oxides.

However, in the case of chemically-simple manganese oxides, only a few novel mixed-
valence phases with unconventional stoichiometries were reported to date, namely, MnsOg
that was proposed as an effective catalyst,”**° and MnsO- that was observed in-situ at very
high pressures.®' On the other hand, it was found that the high-pressure polymorphs of some

common manganese oxides can be readily recovered at ambient conditions, and can be of



significant interest because of their mixed-valence nature. In particular, a high-pressure Pbcm
polymorph of Mn;O, was found to be quenchable and stable at ambient conditions.**** The
trivalent cubic-bixbyite a-Mn,0s> demonstrated a diverse high-pressure behavior consisting

>13659 and to Cmcm post-perovskite.®

of transformations to different perovskite-like structures
One of the mixed-valence polymorphs of Mn,0O; with the quadruple perovskite structure
(labeled as &-Mn,0s) was recovered at ambient conditions,® and has shown exceptionally
promising semiconducting properties (e.g., a direct band gap of about 0.5 eV)® and a spin-
induced multiferroicity below 50 K.®*® A further polymorph of Mn,O; was synthesized at

HP-HT conditions and tentatively assigned to a corundum-type phase labeled as e-Mn,Os, but

remained unexplored to date.*®

In the present work, we synthesized single crystals of &-Mn,Os;. Using single-crystal X-ray
diffraction we established that e&-Mn,O; crystallizes in the ilmenite-type crystal structure that
contains Mn ions in two different oxidation states, +2 and +4. To date, ilmenite-type
structures were not observed in any simple binary oxides,* but were reported for multi-
cation oxides, in which disproportional charge distribution is common.” We also report

electronic and magnetic properties of ilmenite-type e&-Mn,Os.

Il. EXPERIMENT

Preparation and characterization of samples

The samples of ilmenite-type e-Mn,O3; were synthesized at HP-HT conditions using the
multi-anvil presses at Bayerisches Geoinstitut (BGI).® We conducted the syntheses at

different HP-HT conditions and found that relatively large single-crystalline samples of the



pure ilmenite-type phase can be obtained at pressures of ~16-17 GPa and temperatures of
1500 K or above. The typical synthesis times varied between 20 and 24 hours. We employed
a standard multi-anvil assembly that included an octahedral container, inside which we
assembled a cylindrical sample capsule made of a thin gold foil, a LaCrO3; heater, the MgO
insulating cylinders, and the W3Re/W25Re thermocouples. The synthesis procedure was
similar to those described in previous publications.®*”® Selected samples were examined by
scanning electron microscopy (SEM) using a ZEISS LEO-1530 instrument. A phase analysis
of the samples was performed using X-ray diffraction (XRD) studies using a high-brilliance

Rigaku diffractometer.

Single-crystal X-ray diffraction and analysis

Single-crystal X-ray diffraction datasets of the selected crystals were acquired at BGI at
ambient conditions, using a high-brilliance Bruker diffractometer (Ag K. radiation) equipped
with Osmic focusing X-ray optics and Apex CCD detector. We solved the crystal structure
with the assistance of the SHELXT structure solution software” using intrinsic phasing, and
refined with the Jana 2006 software.””? CSD-XXXXXX contains the supplementary

crystallographic data for this manuscript. These data can be obtained free of charge from FIZ

Karlsruhe via https://www.ccdc.cam.ac.uk/structures/.

We analyzed the Mn-O bond lengths in the ilmenite-type &-Mn,Os; phase using the common
bond valence sums (BVS) method.” In the BVS method, a bond valence of each cation-anion
chemical bond is determined as s;=exp[(Rj-dj;)/bo], where d; is the distance between atoms i
and j, R; is the empirical bond valence parameter for this cation-anion pair (Mn-O in our

case), and by is an empirical parameter of about 0.37 A. Then, the total BVS value of an ion is


https://www.ccdc.cam.ac.uk/structures/

VFZ Sjj
determined as a sum of bond valences ( i ).”> Taking into account three possible

oxidation states of the Mn cations in this oxide (+2, +3, and +4), we performed the
calculations of the BVS values for three bond-valence parameters R; as 1.790, 1.760, and
1.753 A, which were determined at ambient conditions for Mn*—-0, Mn*—0O, and Mn*—O
bonds, respectively.”” The BVS values obtained in these calculations were renormalized

accordingly to keep the charge balance in the sample as Mn,Os3 stoichiometry.

Magnetic measurements

Magnetic susceptibility was measured on batches of small randomly oriented single crystals
with a total mass of 6-7 mg. The data were collected in the temperature range of 1.8-400 K in

applied fields up to 7 T using the MPMS3 SQUID magnetometer from Quantum Design.

XANES measurements

The X-ray absorption near edge spectra (XANES) were recorded at ID12 beamline of the
ESRF (Grenoble, France) using total fluorescence yield detection mode in a back-scattering
geometry.”* For experiments at the Mn K-edge, we have used the second harmonic of
HELIOS-II (Ay=52mm) helical undulator. To reduce the heat load on the optical elements of
the beamline, 8um thick Al foil was inserted directly behind the primary slits. The intensity
of the fundamental harmonic spectrum was reduced by a factor of 4. The double-crystal
fixed-exit monochromator equipped with a pair of Si<111> crystals cooled down to —140 °C
was exploited. Given the ultra-low emittance of the source, we checked that the energy

resolution of Si<111> monochromator at the Mn K-edge was close to the theoretical limit:



0.96 eV; whereas, the broadening due to finite lifetime of the 1s core-hole was 1.1 eV. We
acquired the XANES spectra of not only ilmenite-type e&-Mn.Os phase, but also of another
high-pressure polymorph, -Mn,0Os; with a quadrupole-perovskite structure, whose electronic,
magnetic, and other properties were already studied.***"** For comparison, we also recorded

XANES spectra of a-Mn,03; MnO and 3-MnO..

Optical absorption spectroscopy

We selected four crystals of &-Mn,O3 with typical sizes of 300-500 wm and polished them on
both sides to the thickness of about 20 pm. The absorption spectroscopy measurements were
carried out in the mid-infrared range using a Bruker IFS 120 Fourier transform
spectrometer.”” The absorption spectra acquired for these four samples were virtually

identical.

Measurements of electronic transport properties under high pressure

Electrical resistance and the Seebeck coefficient (thermoelectric power) were measured under
applied pressure up to 9 GPa at room temperature for single-crystalline samples of e-Mn,Os.
This study was accomplished using a mini-press setup that smoothly generated a force
applied to a high-pressure cell and automatically measured and recorded all output signals;
the sample was compressed in an anvil-type high-pressure cell of a modified Bridgman-type
with the hemispherically-concave anvils.”” A toroidal limestone container for the sample
served both as a gasket and a pressure-transmitting medium.”® The measurements were

performed for two samples with the size of about 150X 150X 150 um?®;”” other details were the

same as reported elsewhere.”®”’



Density functional theory calculations

To support the experimental findings, we performed density functional theory (DFT) band-
structure calculations using the FPLO code’ with the Perdew-Burke-Ernzerhof exchange-
correlation potential.” Strong correlations in the Mn 3d shell were taken into account on the
mean-field level within the DFT+U scheme using the on-site Coulomb repulsion potential U
= 3.5 eV, Hund’s coupling J = 0.5 eV, and double-counting correction in the atomic limit.
This choice of U and J is compatible with U — J = 3 eV reported for Mn oxides previously.®

All calculations were converged with the 8x8x8 Monkhorst-Pack k-point grid.

lll. RESULTS AND DISCUSSION

In this work, we investigated a pressure-temperature (P-T) phase diagram of Mn,Os; in detail
to determine the HP-HT conditions, at which ilmenite-type &-Mn,O; phase can be
synthesized. We investigated magnetic properties of this phase by temperature-dependent
measurements of magnetic susceptibility and magnetization. We also examined the electronic
properties of this novel polymorph by several techniques, which included XANES, near-
infrared absorption spectroscopy, electrical resistivity, and thermoelectric power

measurements.

limenite-type crystal structure

The crystal structure of e-Mn,0O; at ambient conditions was solved for several microscopic

single-crystalline grains. We found that e-Mn,0; adopts an ilmenite-type structure with the



rhombohedral R3 symmetry (space group #148) (Figure 1). The typical unit cell
parameters of this structure at normal conditions were determined as follows: a=5.0148(8) A,
c=14.1141(28) A, V=307.39(11) A%, and Z=6. A calculated density of this phase is 5.114
g/cm®. This value is about 2% higher than that in conventional cubic-bixbyite phase -
Mn;O;.>> By diffraction methods we found no deviation in the stoichiometry in the crystals
investigated. Other parameters of the &Mn,0; structure are summarized in Table 1. A
crystallographic information file (CIF) for the ilmenite-type Mn,Os is provided in Supporting

Information.

The ilmenite-type structure is similar to the more common corundum-type structure, but
comprises two different octahedrally-coordinated crystallographic sites that may be filled
with cations of different sizes (small tetravalent and large divalent). Using the common bond
valence sums (BVS) method” (see Experiment Section) we determined the average oxidation
states for the cations occupying Mn1 and Mn2 sites as +4.05 and +1.95, respectively (Figure
1). Volumes of the oxygen octahedra of Mn1 and Mn2 atoms in the structure of &-Mn,0O; are
9.25 A% and 12.80 A3 respectively. The significant difference in the volumes also
corroborates the charge disproportionation between Mn1 and Mn2 sites. For comparison, we

analyzed an “octahedron volume — oxidation state” relationship for a dozen of binary and



Mn1(+4) Mn2(+2)

e

Figure 1. (a, b) Crystal structure of ilmenite-type e-Mn,O; at ambient conditions in two
different projections. (c) The oxygen octahedra of Mn1 and Mn2 atoms.

ternary manganese oxides at ambient conditions in which the oxidation states of octahedral
Mn cations are well known and vary between +2 and +4 (Figure 2). In particular, we
considered high-quality data from FI1Z Karlsruhe database (via
https://www.ccdc.cam.ac.uk/structures/) for the ternary oxides containing Na‘, Li*, Ca*,
Mg*, La**, and Ti*. This analysis shows that octahedron volume strongly depends on
average oxidation state of Mn, providing additional support of charge disproportionation
reaction between Mnl and Mn2 sites in the structure of &-Mn,0O; (Figure 2). We found that
the ilmenite-type &-Mn,0Os is structurally similar to the ilmenite-type Mn*'Ti*'O; in which the
Mn** and Ti** have a comparable sizable difference in volumes of oxygen octahedra (13.35
A® vs 9.97 A® respectively).®’ DFT calculations revealed the drastically different magnetic
moments of 2.8 pg on Mn1 and 4.9 ps on Mn2, thus further supporting the oxidation states of

+4 (3d®) and +2 (3d°), respectively.
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Figure 2. Dependence of volumes of coordination octahedra on oxidation state for Mn ions at
ambient conditions, determined for manganese oxides with well-known oxidation states of
cations, e.g., for oxides containing Na*, Li*, Ca**, Mg**, La*", and Ti** cations. We considered
high-quality data from FIZ Karlsruhe database (https://www.ccdc.cam.ac.uk/structures/). Our
data for Mn1 and Mn2 octahedra in the structure of ilmenite-type e-Mn,O3 are shown by red
symbols. The solid line serves as a guide to the eye.

As seen in Figure 1c, the divalent Mn2 cations are strongly displaced from the center of their
coordination octahedra. However, these displacements compensate each other in pairs (one
pair is highlighted by the black rectangle in Figure 1a), and hence, potential spontaneous
electrical polarization in this structure for undoped stoichiometric Mn,Os; should be
suppressed. The thermal displacements (parameters U) of Mn2 atoms were found to be
strongly anisotropic (Table 1), and their maximal magnitude (Us=0.0231 A?) was along the

c-axis.
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Thus, Mn,0O;s is the first case among the simple transition metal oxides that can be stabilized
in the ilmenite-type structure due to the charge distribution (2Mn**—Mn**+Mn*"), which is,
moreover, well conserved at ambient conditions. Earlier theoretical investigations already
considered charge-disproportionation reactions in Mn**-bearing materials,** with the goal to
find general rules for the emergence of critical phenomena such as charge density waves,
superconductivity, or spin density waves. These studies concluded that they are possible in
materials with negative effective correlation energy U.*>* Further, two possible mechanisms
that can result in negative energy U, were proposed:* The first one is exchange correlation
which can be realized in 3d transition metals with either d* or d° electrons in the course of
charge disproportionation (2d" — d*' + d"*").* The second mechanism is charge excitation
which is potentially feasible in materials with either s’ or d’ electrons.* Given possible
oxidation states, the above mechanisms are likely to occur only for Mn*'(3d*), Fe*"(3d°),
Co*(3d®), or Cu?*(3d°).? It is worth pointing out in this context that in the perovskite-type (-
Mn,0; phase, synthesized at similar HP-HT conditions but at a bit higher pressures (Figure
3), a group of Mn®" ions was subjected to the charge disproportionation (2Mn**—Mn*"+
Mn*"), resulting in the doubling of the lattice parameter of the pseudo-cubic crystal structure
and a slight triclinic distortion features®® that suggest the emergence of a charge density
wave.” Thus, the case of the ilmenite-type &-Mn,O; seems to be in line with these previous
findings.>*®' Tt appears that under moderate applied pressure, Mn,Os tends to transform to a
corundum-like structure, which is common for oxides of rather light transition metals like Fe,
V, Cr, and Ti* but simultaneously, the Mn* ions are subjected to the charge
disproportionation and ordering. Thus, these two counteracting factors are likely responsible

for the formation of the ilmenite-type structure.

The example of Mn,Os; shows that using a HP-HT technique one can convert simple

manganese oxides to a mixed-valence state without any variations in both chemical

12



composition and stoichiometry. Thus, one can propose that the potential existence of a family
of mixed-valence manganese oxides is pioneered by HP-HT synthesis, in analogy to iron
oxides that are known to form multiple mixed-valence polymorphs, including those with the

common Fe,0j5 stoichiometry,” and various unconventional stoichiometries.***

Pressure-temperature phase diagram

A pressure-temperature phase diagram of Mn,0O; was experimentally determined in our
previous work focused on the synthesis of quadruple perovskite {-Mn,0s.*° Here, we
explored the P-T region where ¢-Mn,0O3 is expected to be stable, and simultaneously searched
for optimal conditions for the synthesis of its single crystals (Figure 3). Below 10 GPa, no
phase transitions in Mn,Os; were detected, in agreement with previous HP-HT studies,® and,
hence, this part of the P-T diagram is omitted here; two ambient-pressure phases, low-

6

temperature (-Mn,Os; with an orthorhombically-distorted bixbyite-like structure,®® and y-

87,88

Mn,0; with a tetragonal spinel-like structure,”* are not shown in this diagram.

The lower temperature boundaries separating the ambient-pressure cubic-bixbyite a-Mn,0Os;
phase from the ilmenite-type e&-Mn,0O; and from the previously reported quadruple perovskite
&-Mn,0s are significantly shifted relative to each other (Figure 3). This finding suggests that
a kinetic barrier for the @-Mn,0; — &-Mn,0; transformation is higher than that for -Mn,Os;
— &-Mn,0; (Figure 3). This difference can be explained by the fact that the former requires a
complete disproportionation of the Mn** charges (2Mn**—»Mn*+Mn*"), whereas the latter
transition involves only a partial charge transfer for about 30% of the Mn*" ions.*® The upper
temperature “boundary” between ilmenite-type &Mn,O; and high-pressure Pbcm-Mnz;O,
phase reflects the fact that Mn,O; tends to reduce to Mns;O, at high temperatures, but this

process strongly depends on synthesis conditions, such as oxygen fugacity (Figure 3).
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Figure 3. Pressure-temperature phase diagram of Mn,Os established by HP-HT synthesis
experiments. The boundaries between ilmenite-type &-Mn,Os, cubic-bixbyite-type a~Mn,0s,
and perovskite-type £-Mn,O; phases depend on pressure-temperature conditions only. The
high-temperature boundary between Mn,O; and Mn3;O, is very sensitive to the oxygen
fugacity conditions during HP-HT synthesis. Above 22-23 GPa at high temperatures, Mn,Os;
was found to undergo a further phase transitions. These high-pressure phases were
unquenchable to ambient conditions, and the recovered samples were crumbling powders
with ilmenite-like structures. According to the literature, several phases can appear in the
high pressure region, namely, perovskite-type 17-Mn,Os,>”*' post-perovskite-type -Mn,0s,*
and orthorhombically-distorted 6-Mn,Os phase.*®**° Room-temperature studies documented a
monoclinic distortion in the structure above 18 GPa.*

At synthesis pressures above 22-23 GPa and moderately high temperatures, the Mn,0Os;
samples were subjected to one more phase transition (Figure 3). Previous room-temperature
and high-temperature X-ray diffraction studies reported several additional phases above 24-
27 GPa, namely, a perovskite-like phase,”> whose crystal structure differed from that of &-
Mn,0s,* and hence could be named as 17-Mn,Os, an orthorhombically-distorted phase (6-
Mn,03),’®* and the post-perovskite 5-Mn,Os phase with Cmcm symmetry discovered much

earlier (Figure 3).°° Other room-temperature structural and vibrational studies documented a

14



monoclinic distortion in the structure of Mn,Os above 18 GPa,* and moderate changes in

90

Raman spectra of Mn,Os in the pressure range of 16-24 GPa,” respectively. The above-

discussed phases were reported to be unquenchable to ambient conditions.>**°

In our experiments, the samples synthesized at pressures above 24 GPa appeared as
crumbling powdery brown-colored pellets that were apparently formed on the decompression
cycles. These recovered samples also had the ilmenite-like crystal structure. It seems
plausible that, because the high-pressure phases of Mn,Os; (e.g., 7-Mn,Os; and 6-Mn,Os3)
containing Mn** and Mn*" ions are unquenchable to ambient conditions, upon decompression
they turn into the lower-pressure phase in which Mn ions the same oxidation state (i.e.,
ilmenite &-Mn,O; phase). This appears plausible as in Fe*'Ti*'O;, the ilmenite prototype,
Fe*Ti**O; transforms to a GdFeQOs-type perovskite phase above 16 GPa, but, upon pressure
release to ambient conditions, it does not turn back into the ilmenite structure, rather it
transforms to a LiNbOs-type structure, which also presents a corundum-like structure with

diagonal cation ordering.”"*

Magnetic properties

To ensure reproducibility, two samples of &-Mn,O; from different batches were studied. They
showed an overall similar behavior with the antiferromagnetic ordering transition around Ty

= 210 K (Figure 4). Above this transition, the inverse susceptibility 1/y shows a linear
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Figure 4. Temperature dependence of the magnetic susceptibility, ) of crystalline samples of
ilmenite-type e&-Mn,0Os, #1 (a) and #2 (b) at normal pressure and in different magnetic fields
(labelled near the curves). Both samples demonstrate antiferromagnetic ordering below Ty ~
210 K followed by the appearance of a minor uncompensated moment at low temperatures.
The inset in (a) shows the difference between the field-cooling (FC) and zero-field-cooling
(ZFC) magnetic susceptibilities at 10 mT field. The inset in (b) shows the temperature
dependence of the inverse magnetic susceptibility (1/x) in a magnetic field of 5 T. An
example of the Curie-Weiss fit for sample #1 is shown.

Curie-Weiss-like behavior with the effective moment of 6.29 ps/Mn in sample #1 and 6.02

Pe/Mn in sample #2 (inset in Figure 4b). Both values are somewhat higher than 5.02 ps/Mn

16



expected for the mixture of Mn** and Mn*" in &-Mn,0s, indicating that the true paramagnetic
regime was probably not reached. Measurements above 400 K were unfortunately impossible
due to the proclivity of the samples for decomposition upon heating. The Curie-Weiss
temperatures of -917 K and -850 K in samples #1 and #2, respectively (inset in Figure 4b),

indicate the predominant antiferromagnetic interactions similar to other Mn,O3 polymorphs.
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Figure 5. Magnetization isotherms for two crystalline samples of ilmenite-type e-Mn,O; (#1,
#2) at two temperatures, 1.8 K and 70 K. The inset shows a magnified central area of this
plot.

Below Ty, the magnetic susceptibility decreases upon cooling, as typical for long-range-
ordered antiferromagnets, but below 100 K it increases again, although in low applied fields
only (Figure 4). From the splitting of the field-cooled and zero-field-cooled data (inset in
Figure 4a), we infer that a weak freezing effect takes place around 80 K, and a minute
uncompensated moment of less than 0.002 pg/f.u. develops at low temperatures (Figure 5).

The size of this uncompensated moment is rather similar in both samples.
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Different oxidation states of Mn1 and Mn2 atoms do not allow a full compensation of the
respective magnetic sublattices. Therefore, antiparallel spin alignment on Mn1 and Mn2 sites
would result in a ferrimagnetic state, which is not observed experimentally. It seems likely
that spins align antiferromagnetically within each of Mn1 and Mn2 sublattices, thus yielding
a fully compensated antiferromagnetic state. Our DFT calculations suggest that such an
antiferromagnetic state is 1.1 meV/f.u. lower in energy than the ferrimagnetic state. This
elucidates the antiferromagnetic ground state of &Mn,O; despite the charge

disproportionation of the Mn atoms.

XANES spectra

To examine the electronic state of the Mn ions in ilmenite e&-Mn,Os; phase, we measured its
XANES spectrum from a bulk polycrystalline sample (Figure 6a). This spectrum exhibited a
well-defined pre-edge peak at 6541.3 eV. A comparative analysis of the pre-edge peaks in
Mn-bearing oxides reported in the literature® suggests that the pre-edge peak at about 6541
eV corresponds to the average oxidation state of Mn*". For comparison, we acquired XANES
spectra of two other Mn,0O3; polymorphs at the same conditions, conventional @-Mn,0O; phase

5

with the cubic-bixbyite-type structure that has exclusively Mn** ions, and high-pressure

quadruple perovskite &-Mn,0; phase (Figure 6a), which was earlier established to contain
Mn*" and Mn*" cations in significant amounts, in addition to the dominant group of Mn?®".*®
We observed that the overall shapes of these three XANES spectra are quite similar (Figure
6a). This fact also points out that the average oxidation state of Mn*" in &-Mn,0s is the same
as in the two other polymorphs. Meanwhile, one can note the differences between all three

spectra. In particular, the pre-edge single peak of &-Mn,Os strongly differed from the doublet

features of &-Mn,O; and &-Mn,Os. Furthermore, the spectra of both high-pressure

18



polymorphs, &-Mn,0O3 and &-Mn,0O; exhibited a shoulder of the absorption edge near 6551 eV,

which was absent in the spectrum of a-Mn,Os (Figure 6a).
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Figure 6. Normalized XANES spectra at the Mn K-edge of ilmenite-type e-Mn,O; at normal
conditions. (a) Comparative spectra of three Mn,Os phases: ilmenite-type &-Mn.Os, quadruple
perovskite £-Mn,Os, and cubic-bixbyite-type a-Mn,Os. The inset shows the magnified pre-
edge features of these spectra. The crystal structures of @-Mn,0O; and £&-Mn,Os; are shown in
the middle, between plots (a) and (b). (b) Comparison of the absorption edges for ilmenite-
type &-Mn,0O; and for reference materials, MnO and S-MnO, obtained on the same setup. The
absorption edge for &-Mn,O; lies in the middle between those of MnO and MnO,. This
confirms the average oxidation state of Mn*" in &-Mn,Os.

The pre-edge peak features in XANES spectra of 3d transition-metal compounds are often
ascribed to the 1s—3d electronic transition in the literature.”* However, this quadrupole
transition should result in a relatively weak pre-edge doublet. Such features were reported,
for example, for Co* ions in a cubic quadruple perovskite.”” An analysis of XANES spectra
of 3d transition metals with different coordination numbers showed that high-intensive pre-
edge peak should be predominantly related to d-p hybridization that results in an electric
dipole transition,* rather than the much weaker 1s—3d transition.** In accordance with this
analysis, the highly-intense pre-edge peaks are expected for tetrahedrally-coordinated 3d

ions; by contrast, 3d ions with either octahedral or square-planar coordination should not
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exhibit pronounced pre-edge peaks.” Thus, the appearance of the distinct but rather weak
pre-edge peak in the spectra of &Mn,O; could be tentatively assigned to the very strong
distortions of Mn2 octahedra that are filled with Mn®* ions (Figure 1c). In contrast, both the
cubic-bixbyite @-Mn,0; and quadruple perovskite £-Mn,Os structures are characterized by
only moderate distortions in the cation coordination.®>*® This fact could explain the much
weaker intensities of the pre-edge features in the XANES spectra of a-Mn,0; and {-Mn,0s

(inset in Figure 6a). The latter could be assigned to quadrupole 1s—3d transitions.”

In Figure 6b, we compare the XANES spectra for e-Mn,0O; with those of the other simple
manganese oxides (MnO and -MnO, pyrolusite) obtained at the same setup at ambient
conditions. Note that similar spectra for MnO and -MnO, pyrolusite were reported in the
literature.”” As seen from Figure 6b, the absorption edges of &Mn,0s lie in the middle
between the edges of MnO and B-MnO,, consistent with the average Mn*" oxidation state in
this polymorph. It is interesting to note that both MnO and [S-MnQO, also demonstrated the
shoulders in their absorption edges, but not as strong as those in the high-pressure phases

(Figure 6D).

Electronic properties

At normal conditions, ilmenite-type e&-Mn,O; was characterized by high electrical resistance
values that suggested its semiconducting nature. To determine a band gap value of this
polymorph, we measured absorption spectra of selected four single-crystalline double-
polished samples. In the near IR region, we observed a rather abrupt increase in the
absorption coefficient with energy, suggesting the existence of a distinct band gap (Figure 7).

Generally, the profiles of the absorption edges in all spectra look quite ordinary, and hence,
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they can be fitted well by a common model for parabolic bands. In this model, the absorption

=a,|([E-E_|J/E,|"
coefficient, « is determined as a function of the energy (E) as “ ao[( 9)/ 9] *C ,
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Figure 7. Near IR absorption spectra (¢ is the absorption coefficient) of ilmenite-type &-
Mn,0; acquired at normal conditions on four different crystals (shown in different colors).
The spectra are shown in two representations, as ' vs energy (a) and as o vs energy (b) for
the determination of the indirect and direct band gaps, respectively.
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where « is a constant, E, is the band gap, C is a small instrumental shift, and n = '/, and n = 2
for direct and indirect band gaps, respectively.®" Using this expression we established that
ilmenite &-Mn,0; is an indirect-band-gap semiconductor with a fundamental gap of E; =
0.55(5) eV (Figure 7a). A minimal direct band gap in this phase was found to be E, = 0.85 eV
(Figure 7b). DFT calculations returned a somewhat larger band gap of 1.8 eV (Figure 8), but
this value is strongly dependent on the DFT+U parameters. It is also worth noting that optical
band gaps of other Mn oxides strongly depend on the sample morphology. For example, the
band gap of a-Mn,0s is reported as E;=1.25 eV*'® or E;=3.3 eV.">'°! Meanwhile, a band gap
in the higher-pressure polymorph, — perovskite-type &-Mn,0O; was reported to be E; = 0.45

eV, i.e., even slightly smaller than the band gap in &-Mn,Os (Figure 7).
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Figure 8. Total and atomic-resolved density of states calculated for the lowest-energy
antiferromagnetic spin configuration of ilmenite-type &-Mn,Os. The Fermi level is at zero
energy. The larger number of unoccupied states for Mn1 compared to Mn2 illustrates the +4
oxidation state of the former and the +2 oxidation state of the latter.

To probe the high-pressure response of the electronic state of ilmenite-type &-Mn.,O;, we
measured electrical resistance as a function of applied pressure up to 9.5 GPa on one of the
crystals (Figure 9). We observed that the semiconducting properties of &-Mn,Os are preserved

in this pressure range, suggesting the structural and electronic stability of the compound. The
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pressure behavior of the electrical resistance of e-Mn,Os differed from those of cubic-bixbyite
o-Mn,O5*® and perovskite-type &-Mn,03,*" which both demonstrated a multi-order pressure-
driven enhancement of electrical conductivity. Thus, the electronic state in &Mn,Os
polymorph with the mixed +2 and +4 valences seems to be more robust to applied stresses
than those in trivalent cubic-bixbyite @-Mn,O; or predominantly (~70%) three-valence
perovskite-type &-Mn,0O;. At normal pressure, the electrical resistance of ilmenite-type &-

Mn,0; was too high to reliably measure its Seebeck coefficient
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Figure 9. Pressure dependence of electrical resistance of ilmenite-type eMn,O; for three
subsequent pressure cycles at 295 K. Photograph of typical brown-colored crystal of &-Mn,Os;
is shown in the plot. The inset shows the determination of thermopower value (S) from linear
slopes of thermoelectric signal (AU) on temperature difference (AT) as S=—AU/AT at the
maximum pressure of about 9.5 GPa in different pressure cycles (given by different colors).

(thermoelectric power). But it decreased a bit under pressure, and at the maximum pressure of

~9.5 GPa we could determine a Seebeck coefficient of about S~-60 uV/K (inset in Figure 9).
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The negative sign of this coefficient indicated the dominant n-type electrical conductivity in
e&-Mn,0s. Earlier, it was established that perovskite-type &-Mn,O; has, on the contrary, the

dominant p-type conductivity at normal and moderately high pressures.®

IV. CONCLUSIONS

In summary, we synthesized single crystals of &-Mn,O; polymorph, determined its crystal
structure, and investigated magnetic and electronic properties. We established that &-Mn,03
adopts the ilmenite-type structure, which is structurally similar to corundum, but comprises
two different octahedrally-coordinated positions filled with differently-charged cations, i.e.,
Mn*Mn**0s;. We experimentally determined that &Mn,O; is a narrow-band-gap
semiconductor with an indirect band gap of E,=0.55 eV and the dominant n-type electrical
conductivity. Magnetic susceptibility measurements revealed an antiferromagnetic order
below Ty~210 K. Ilmenite-type &-Mn,0; can be promising for the semiconductor industry

and could be utilized in other applications, e.g., for catalysis.
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FIGURES

Figure 1. (a, b) Crystal structure of ilmenite-type e-Mn,O; at ambient conditions in two

different projections. (c) The oxygen octahedra of Mn1 and Mn2 atoms.

Figure 2. Dependence of volumes of coordination octahedra on oxidation state for Mn ions at
ambient conditions, determined for manganese oxides with well-known oxidation states of
cations, e.g., for oxides containing Na*, Li*, Ca**, Mg**, La*", and Ti*" cations. We considered
high-quality data from FIZ Karlsruhe database (https://www.ccdc.cam.ac.uk/structures/). Our
data for Mn1 and Mn2 octahedra in the structure of ilmenite-type e&-Mn,O3 are shown by red

symbols. The solid line serves as a guide to the eye.

Figure 3. Pressure-temperature phase diagram of Mn,Os; established by HP-HT synthesis
experiments. The boundaries between ilmenite-type &-Mn,0Os, cubic-bixbyite-type a-Mn,0Os,
and perovskite-type £-Mn,O; phases depend on pressure-temperature conditions only. The
high-temperature boundary between Mn,O; and Mn3;O, is very sensitive to the oxygen
fugacity conditions during HP-HT synthesis. Above 22-23 GPa at high temperatures, Mn,Os;
was found to undergo a further phase transitions. These high-pressure phases were
unquenchable to ambient conditions, and the recovered samples were crumbling powders
with ilmenite-like structures. According to the literature, several phases can appear in the

57,51

high pressure region, namely, perovskite-type 17-Mn,Os,”*' post-perovskite-type -Mn,0s,
and orthorhombically-distorted 6-Mn,Os phase.’®**° Room-temperature studies documented a

monoclinic distortion in the structure above 18 GPa.®

Figure 4. Temperature dependence of the magnetic susceptibility, ) of crystalline samples of
ilmenite-type &-Mn,0s, #1 (a) and #2 (b) at normal pressure and in different magnetic fields
(labelled near the curves). Both samples demonstrate antiferromagnetic ordering below Ty ~

210 K followed by the appearance of a minor uncompensated moment at low temperatures.
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https://www.ccdc.cam.ac.uk/structures/

The inset in (a) shows the difference between the field-cooling (FC) and zero-field-cooling
(ZFC) magnetic susceptibilities at 10 mT field. The inset in (b) shows the temperature
dependence of the inverse magnetic susceptibility (1/x) in a magnetic field of 5 T. An

example of the Curie-Weiss fit for sample #1 is shown.

Figure 5. Magnetization isotherms for two crystalline samples of ilmenite-type &-Mn,Os; (#1,
#2) at two temperatures, 1.8 K and 70 K. The inset shows a magnified central area of this

plot.

Figure 6. Normalized XANES spectra at the Mn K-edge of ilmenite-type e-Mn,0O; at normal
conditions. (a) Comparative spectra of three Mn,Os phases: ilmenite-type e-Mn,Os, quadruple
perovskite £-Mn,Os, and cubic-bixbyite-type a-Mn,Os. The inset shows the magnified pre-
edge features of these spectra. The crystal structures of a-Mn,O3 and &-Mn,0O3 are shown in
the middle, between plots (a) and (b). (b) Comparison of the absorption edges for ilmenite-
type e&-Mn,0O; and for reference materials, MnO and -MnO, obtained on the same setup. The
absorption edge for &-Mn,O; lies in the middle between those of MnO and MnO,. This

confirms the average oxidation state of Mn** in &-Mn;O:s.

Figure 7. Near IR absorption spectra (« is the absorption coefficient) of ilmenite-type &-
Mn,0; acquired at normal conditions on four different crystals (shown in different colors).
The spectra are shown in two representations, as &' vs energy (a) and as ¢ vs energy (b) for

the determination of the indirect and direct band gaps, respectively.

Figure 8. Total and atomic-resolved density of states calculated for the lowest-energy
antiferromagnetic spin configuration of ilmenite-type &-Mn,Os. The Fermi level is at zero
energy. The larger number of unoccupied states for Mn1 compared to Mn2 illustrates the +4

oxidation state of the former and the +2 oxidation state of the latter.
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Figure 9. Pressure dependence of electrical resistance of ilmenite-type e-Mn,O; for three
subsequent pressure cycles at 295 K. Photograph of typical brown-colored crystal of e-Mn,Os;
is shown in the plot. The inset shows the determination of thermopower value (S) from linear
slopes of thermoelectric signal (AU) on temperature difference (AT) as S=—AU/AT at the

maximum pressure of about 9.5 GPa in different pressure cycles (given by different colors).
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Table 1. Parameters of the crystal structure of the ilmenite-type e&-Mn,Os and its refinement

from single-crystal X-ray diffraction at ambient conditions.

Phase: ilmenite-type &-Mn,O;

Details of the crystal structure:

Pressure (GPa) 0

Temperature (K) 293

Crystal system, Trigonal

Space group (No.) R3 (No. 148)

Lattice parameter, a (A) 5.0148(8)
Lattice parameter, c (A) 14.1141(28)
Unit cell volume, V(A%  [307.39(11)
Z 6

Calculated density (g/cm®) [5.1188

Details of the crystal structure refinement:

Rini, WR» 0.0658, 0.0755
Goodness of fit 4.97

Number of reflections 317

Number of parameters 16

The Mn-O distances in the octahedra:

Mnl-O, A 1.9019 (x3)
Mn1-0, A 1.9338 (x3)
Mn2-0, A 2.0425 (X3)
Mn2-0, A 2.2991 (X3)

Atomic coordinates:

Atom Site x/a y/b z/c

Mn1 6¢ 2/3 1/3 0.67408(9)
Mn2 6a 1/3 2/3 0.52976(10)
O 18f 0.6955(8) 0.6538(8 0.5912(3)




| 0

Anisotropic displacement parameters, in A?

Atom Un U Uss

Mn1 0.0111(4) 0.0111(4) 0.0121(6)
Mn2 0.0120(4) 0.0120(4) 0.0157(7)
0 0.0169(15)  0.0129(14)  0.0165(16)
ASSOCIATED CONTENT

Crystallographic Information File for the ilmenite-type Mn,0O3 (CIF).
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A novel ilmenite-type e&-Mn*"Mn*‘Os phase with two different oxidation states of
octahedrally-coordinated manganese cations was synthesized at high-pressure high-
temperature conditions. This polymorph has a narrow indirect band gap of 0.55 eV and shows
an antiferromagnetic ordering below 210 K. This finding indicates that due to charge
disproportionation, binary transition metal oxides can potentially form various mixed-valence

polymorphs.
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