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ABSTRACT: A new magnetic insulator Mn,MnSbOg with a polar crystal Vi Sbs*bs
structure and an ordered Mn*" and Mn*" arrangement was synthesized under a '

high pressure of 7.5 GPa and 1300 °C. The crystal structure of Mn,MnSbO, [ Mn2%+0,
investigated by synchrotron powder X-ray diffraction, was found to be | Mn32'0,
isomorphous with that of Ni;TeOg-type, space group R3. The non-centrosym- _

metric structure was confirmed by the second-harmonic generation measurements. | Mn120g
The X-ray absorption near-edge spectroscopy measurement confirmed the

nominal oxidation states of Mn*",Mn**SbO,. Magnetic measurements indicate

that Mn,MnSbOg orders antiferromagnetically below 44 K and undergoes a field-

induced spin-flop transition at 5 K. First-principles calculations indicate an 300

antiferromagnetic ground state with up/up/up/down/down/down (uuuddd) spin
configuration of the six crystallographically unique Mn ions in the c-axis doubled
magnetic structure. The density functional theory calculations also substantiate the experimentally observed charge ordering of the
Mn?*/Mn>* ions and the insulating behavior due to a bandgap of 0.52 eV. To the best of our knowledge, this is the first double
corundum oxide containing Jahn—Teller active Mn>" ions.

B INTRODUCTION ion to the B-site of double corundum oxide by substituting
hexavalent W®/Te® with pentavalent Sb°*. Using high-
pressure methods, we successfully synthesized a new double
corundum oxide Mn,;SbOg (Mn?",Mn*"SbOy) with both Mn**
and Mn** ions in an ordered arrangement. In this paper, we
report the results of crystal structure determined by
synchrotron powder X-ray diffraction, X-ray absorption near-
edge spectroscopy (XANES), studies of the temperature-
dependent magnetic susceptibility, and the magnetic and
electronic band structure as determined by first-principles
calculations.

Materials exhibiting both ferromagnetic or antiferromagnetic
(FM or AFM) and ferroelectric (FE) ordering are rare and are
desired for their promising application in future electronic
devices.' So far, most of the reported multiferroic compounds
are oxides, and one of the important directions to search for
new multiferroic materials is to synthesize oxides with
magnetic ordering and non-centrosymmetric structures.”’
Recently, double corundum oxides, with the general formula
A,BB’Og, usually crystallizing in NiyTeOg or LiNbO;-type
non-centrosymmetric crystal structures,4 have been attracting
great attention because the magnetoelectric effect has been
reported in corundum oxides Mn;WO, Co;TeOq and

B EXPERIMENTAL SECTION

Ni;TeO4 >~ "? So far, the number of reported double corundum Synthesis. A polycrystalline sample of Mn,MnSbOg was
oxides is limited,* presumably because most of them require synthesized under high-pressure and high-temperature conditions.
high synthesis pressure (S GPa or higher) to stabilize the Powders of MnO (99.9%, Alfa), Mn, 05 (99.9985%, Alfa), and Sb,O;

(99.99%, Alfa), with a molar ratio 2:0.5:0.5, were weighted and
ground well. The ground powder was then sealed in Pt capsules,
which were put inside MgO crucibles. The crucibles were then

structure type with relatively small A site ions, such as Mn*"
and Ni**. Most of the reported double corundum oxides have
Mn?" ions in the A sites, for instance, Mn,BB’O4 (B = Mn, Fe,
Sc, or In; B =W, Sb, Nb, Ta, or Mo).S’B_19 For Mn;WOg and

Mn;TeO,, the B sites are also occupied by Mn®' ions. Received: June 15, 2021 m-
However, to the best of our knowledge, there is no reported Re"‘fed‘ July 28, 2021 ae
double corundum oxide containing Mn®* jons. It is well Published: August 11, 2021 X

established that oxides with Mn**Oy octahedra tend to display
Jahn—Teller distortions and can drive interesting magnetic
behaviors.”™** In this work, we aimed to introduce the Mn>*
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Figure 1. Schematic of SHG measurement and second-harmonic intensity of Mn,MnSbOj versus the polarization direction (¢) of the incident
beam. (a) Schematic of SHG setup. HW, S, L, DM, A, and PMT represent half waveplate, sample, lens, dichroic mirror, analyzer, and
photomultiplier tube, respectively. The red and blue rays correspond to fundamental (800 nm) and second-harmonic (400 nm) waves, respectively.
E®, B”, and I}Z,’” are incident electric field and the SH intensity polarized along the X and Y directions, respectively. (b,c) SHG polar plots as a
function of @ for two independent samples. The blue and red curves correspond to I2” and I;”’, respectively.

statically compressed using a Walker-type multianvil press® at a

pressure of 7.5 GPa, followed by heating at 1300 °C for 2 h, at the
high pressure. The sample was then quenched to ambient temperature
before the pressure was released (sample number: GG1393).

Second-Harmonic Generation Measurement. Second-har-
monic generation (SHG) measurements have been widely used to
confirm non-centrosymmetry in materials.**"*° The SHG measure-
ments were carried out at room temperature in normal reflection
mode on polished samples. SHG measurement is an all-optical
technique where two photons of frequency @ with fields E; and E; and
polarization directions j and k interact with a material with a nonzero
dj; tensor (non-centrosymmetric) and generate polarization P} of
frequency 2 in the i direction. The SHG intensity, I*”, was detected
with a Hamamatsu photomultiplier tube. A Ti-sapphire laser (Spectra-
Physics) with an output of 800 nm, 80 fs pulses at 1 kHz frequency
was used.

Synchrotron Powder X-Ray Diffraction. Parts of the as-
synthesized samples were ground to a fine powder, which was
characterized by synchrotron powder X-ray diffraction (SPXD, 4 =
0.45788 A) at ambient temperature at Beamline 11-BM of the
Advanced Photon Source of Argonne National Laboratory. Rietveld
refinements of the powder diffraction data were carried out with the
RIETAN-software,”’ and the crystal structures were drawn with
VESTA.”

X-Ray Absorption Near-Edge Spectroscopy. Mn—K edge
XANES data were collected in both the transmission and fluorescence
modes with simultaneous standards. All the spectra were fit to pre-
and post-edge backgrounds and normalized to unity absorption edge
step across the edge.'”**™*° The XANES spectra of the title
compound were collected at the ISS 8ID with a Si(111) double
crystal monochromator. The standard spectra'***™*¢ were collected
at the QAS, 7BM Beamline at NSLS-I[; and at beamline X-19A at
NSLS-I with a Si-111 double crystal monochromator.

Magnetic Measurements. The temperature dependence of
magnetization was measured using a vibrating sample magnetometer
(VSM-7 T, Quantum design). The measurements were taken under
zero-field-cooled and field-cooled conditions in the temperature range
2—-300 K and in the applied magnetic fields of 10, 30, and 70 kQOe.
Isothermal magnetization curves were recorded between magnetic
fields of +70 kOe at temperatures of S and 100 K with the same VSM.
The temperature dependence of the specific heat (Cp) was measured
on a physical properties measurement system (PPMS-14 T, Quantum
Design) using the HC option (relaxation method).
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Density Functional Theory Calculations. The all-electron full-
potential linearized augmented plane-wave method implemented in
WIEN2k>” was adopted to determine the electronic structure.
Structural parameters were taken from SPXD refinements. General-
ized gradient approximation (GGA) of Perdew—Burke—Ernzerhof
(PBE)** was chosen for the exchange-correlation functional. A 17 X
17 X 17 k-mesh was used for the Brillouin zone integration. The
muffin tin radii were chosen to be 1.98, 2.11, and 1.70 Bohr for Mn,
Sb, and O, respectively, and the size of a plane-wave basis set was
determined from R, K, of 7.0, where R, is the smallest atomic
muffin tin radius and K, is the largest plane-wave vector. The spin-
orbit coupling (SOC) makes Mn 3d orbital a more atomic-like state
and helps to obtain an insulating phase of the system, which was
included in the second-variational scheme. To consider the strong
correlation effect, GGA + U was adopted within fully localized
limit.*>** The effective on-site Coulomb interaction parameter U,g =
U — J = 6 €V was used.

B RESULTS AND DISCUSSION

SHG Polarimetry. According to the equation P; = d;3E;E,
in Einstein Notation,”* SHG depends on the third rank tensor
d;jt, which will only exist in non-centrosymmetric point groups.
Thus, only materials with non-centrosymmetric point groups
will exhibit dipolar SHG signals. The SHG was measured in
the normal reflection geometry at room temperature by
rotating the polarization direction of the fundamental beam at
800 nm (depicted as @) so that SHG (400 nm) is detected by
the photomultiplier tube (PMT) along two orthogonal Lab X-
axis and Y-axis, which are shown as the blue and red plots in
Figure 1, respectively. The SHG response shows dependence
on the polarization direction of the incident beam, confirming
that Mn,MnSbOy is SHG-active. The SHG polar plots can
typically be fitted to extrapolate the point group symmetry,
orientations, and relations between SHG coefficients. Due to
the polycrystalline nature of the crystals, it is not useful to fit
the polarimetry data in this work.

Crystal Structure. The room-temperature SPXD pattern
of Mn,MnSbOyg can be well indexed with a hexagonal cell of a
= 526 A and ¢ = 14.26 A. Comparable unit cells have been
reported for similar double corundum oxides Mn,FeMOy (M
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= Nb, Ta),"* Mn,ScMO4 (M = Nb, Ta, Sb),">"* Mn,MWO,
(M = Fe, Mn),”"* and Mn,FeSbOy."” Space groups R3¢, R3,
and R-3c are reported for these oxides. The centrosymmetric
R-3c can be excluded because Mn,MnSbOy is confirmed from
SHG analysis to crystallize in a non-centrosymmetric space
group. Refinements of the SPXD pattern with R3¢ and R3
space groups found that the pattern can be well refined with
space group R3 (see Figure 2). When refined with R3¢, the
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Figure 2. Rietveld analysis of SPXD patterns for Mn,MnSbOy. The
experimental and theoretical data are shown as black and red patterns,
respectively. The blue pattern indicates their difference. The vertical
bars represent the Bragg reflections for the Mn,MnSbOy (red) and
the impurity phase Mn,Sb,0, (green), respectively. The estimated
content for the impurity phase Mn,Sb,0, is 4.9 wt %. The asterisks
mark the strongest peaks of unidentified impurities.

low-angle peaks, (003) and (101), could not be well fitted (see
the Supporting Information). In space group R3, there are four
distinguishable sites, 6¢ (0, 0, z), to accommodate Mn1, Mn2,
Mn3, and Sb ions, which is isostructural to the Ni;TeOg-type
crystal structure. The refined cell parameters, atomic positions,
and displacement factors are summarized in Table 1.

Table 1. Refined Atomic Positions and Displacement
Factors of Mn,MnSbO,*

Wyckoff
atom site x Y z B, (A?)
Mnl 3a 0 0 02120(9)  0.58(1)
Mn2 3a 0 0 0.6956(9)  0.58(1)
Mn3 3a 0 0 0.4888(9)  0.58(1)
Sb 3a 0 0 —0.0007(9)  0.58(1)
o1 9 —-0.0253(19)  0.2940(13)  0.0927" 1.92(7)
02 9% 0.009(3) 0.7141(17)  0.5963" 1.92(7)

“Space group: R3 (no. 146). Cell parameters: A = 5.26163(7) A, ¢ =
14.26480(7) A, V = 342.009(9) A%, Z = 3, and d_, = 5.57 g/cm®. R
values: R, = 12.49%, R, = 9.8%, and S = 1.61. In the final refinement,
the By, parameters for Mn1, Mn2, Mn3, and Sb are constrained to be
equal, while the B;, parameters for O1, and O2 were also constrained
to be equal. “These values were refined separately during the
refinement but fixed at the final refinement.

The refined crystal structure of Mn,MnSbOy is displayed in
Figure 3. Mn,MnSbOg consists of Mn2Mn30, (Mn1SbO,)
dimer units formed by face-sharing Mn204(Mn30O;) and
Mnl1O4(SbOg4) octahedra. The enlarged Mn2Mn30O, and
Mnl1SbOy dimer units are displayed on the right side of
Figure 3. Within each dimers, the Mn ions deviate from the
center of the octahedra and are far apart, resulting in three
shorter Mn—O bonds and three longer Mn—O bonds for each
MnOyg octahedra, which is possibly due to the electrostatic
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Figure 3. Crystal structure of Mn,MnSbOg refined from room-
temperature SPXD data. The enlarged Mn2Mn30O, and Mnl1SbO,
dimer units are shown on the right side; also indicated on the left is
the magnitude of displacement of the Mn and Sb ions from the center
of their respective octahedra.

repulsion between cations within the dimer. The displacements
from the center of octahedra for each cation are displayed in
Figure 3. The detailed bond lengths are summarized in the
Supporting Information. Bond valence sum calculated from the
bond lengths are +2.17, +3.01, and + 2.13 for Mnl, Mn2, and
Mn3, respectively. This indicates that the Mn1 and Mn3 sites
are mainly Mn®" and the Mn2 site is mainly Mn?*; thus the
Mn*" and Mn** ions are arranged in an ordered manner. Note
that the average bond length between Mn and O atoms in
Mn3**Oy4 octahedra (~2.0 A) is shorter than that in Mn**Og
(~2.2 A). The Mn**O4 octahedra in corundum oxide
Mn,MnSbOg does not show typical Jahn—Teller distortion
observed in other Mn*" perovskite oxides.”””** The valence
state of Mn ions is further studied by XANES. Because the
cations are off the center along the c-axis in Mn,MnSbOy, a
theoretical value of polarization along the c-axis could be
calculated from the charges, g, and their displacement along

the c-axis, d°, according to the equation P = (ZJ qjdjc) /V,

where V is the volume of the unit cell. In this calculation, the
Mnl and Mn3 cations are assumed to be 2+ and the Mn2
cations are assumed to be 3+. The calculated polarization is
about 3.5 #C cm™, which is comparable with the value of 4.0
uC cm™ calculated for a similar double corundum oxide
MnZScTaO6.18

Mn-K XANES. XANES measurements of the K-edges of 3d
row transition metals in compounds have proven to be a useful
probe of the transition metal valence/conﬁguration.13’33_36
These edges are dominated by peak-like 1s to 4p transitions
and typically exhibit a chemical shift to higher energies with
increasing transition metal valance. Here the chemical down-
shift in energy, with decreasing valence, can be monitored by
either the energy of the peak or the rapidly rising portion of the
near-edge spectra. Referring to Figure 4, the chemical down-
shift of the peak-energy between the perovskite-based (with
corner-sharing O-octahedra) CaMn*'O;, LaMn*'O;, and
LaSrMn**SbOy standards is quite clear.”>* A splitting of the
edge features in the NaCl structure (with e%ge-sharing O-
octahedra) Mn?*O spectrum should be noted.”

The Mn—K main edges of the Ni;TeOg-type structure
Mn,MnSbO; and the Mn**,FeWO4 compounds are also
shown in Figure 4. Importantly the spectral peak of the

https://doi.org/10.1021/acs.chemmater.1c02046
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Figure 4. (a) Mn—K main-edge of Mn,MnSbOj is compared to the
edges of a series of standard compounds with differing formal valence
states and local structure. The octahedrally coordinated standard
spectra are Mn>*O (NaCl structure with edge-sharing) and the B-site
(corner-sharing) perovskite-based CaMn*'O;, LaMn*'O;, and
LaSrMn**SbOy. The Ni;TeOg-type structure Mn?*,FeWOQj standard
is also shown. The difference spectrum Ay = 3 [u(Mn,MnSbOg4) —
u(Mn**,FeWOy) 2/3] assumes a Mn**,Mn**SbOy valence distribu-
tion and subtracts a weighted u(Mn®*,FeWO;) spectrum (with
renormalization) to have Ay approximate/highlight the Mn**
contribution in Mn,Mn**SbOy. Note that the heavy-dashed curve
of Ay highlights the Mn** contribution and the Ay curve at lower
energies is shown as weak-dashed points.

Mn**,FeWOy spectrum is shifted well down in energy from the
perovskite-Mn** standard, as is typical of NiyTeOg structure
compounds.'”'® The Mn,MnSbOg4 spectrum manifests a
prominent/similar local peak feature in the same energy
range, strongly suggesting a Mn“2 component in the
compound formula. However, the absolute peak of the
Mn,MnSbOg¢ spectrum occurs at an energy characteristic of
a Mn’" peak feature (i.e, compared to LaMn**O; in the
figure). Thus, these dual features suggest Mn**,Mn**SbOj
assignment for this compound. In order to emphasize the
underlying Mn** component feature, a normalized difference
spectrum Ay = 3[u(Mn,MnSbO;) — u(Mn**,FeWOy) 2/3]
was calculated to approximately remove the Mn?*, spectral
contribution thereby highlighting the important Mn**
component. As is clear in Figure 4, Ay exhibits an extremely
prominent peak at precisely the same energy as the LaMn*'O,
peak feature. The structure in the Ay spectrum at lower
energies is indicated by weak-dashed points do indeed
represent extra spectral features in the Mn,MnSbOy spectrum
but are beyond the intended scope of this discussion
emphasizing the Mn®>" component in the spectrum.
Magnetism. The resistance of Mn,MnSbO4 was out of
range when measured at room temperature with a multimeter
(maximum 200 MQ); thus Mn,MnSbOg is electrically
insulating. The temperature dependence of magnetic suscept-
ibility, ¥(T), of Mn,MnSbO, measured at 10, 30, and 70 kOe
is shown in Figure Sa. The y(T) value measured at 10 kOe
displays a sharp peak at 44 K and indicates a possible
antiferromagnetic (AFM) order, which is supported by the
temperature dependence of specific heat, C,(T), with a A-type
anomaly at the corresponding temperature { Ty = 44 K). When
x(T) is measured at a higher magnetic field of 30 kOe, the
peak becomes less prominent. The peak disappeared when
(T) was measured at 70 kOe, which indicated that a possible
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Figure S. (a) Temperature dependence of magnetic susceptibility,
x(T), of Mn;SbO, measured at 10, 30, and 70 kOe. The inset shows
the corresponding ¥ '(T) curve measured at 10 kOe. (b) Temper-
ature dependence of specific heat curves, CP( T) (left axis), and their
corresponding C,/ T(T) curves (right axis) of Mn;SbO.

field-induced magnetic transition occurred and suppressed the
AFM state.

The »~'(T) curve, displayed in the inset of Figure Sa, shows
Curie—Weiss (CW) behavior in the high-temperature region
(150—300 K), but clearly deviates from CW behavior at
temperatures lower than ~100 K. Fitting the 150—300 K y
data with the CW law resulted in a Weiss temperature (6yy) of
—232 K and an effective moment of 9.88 . The large negative
0w indicates that AFM interactions are dominant in
Mn,MnSbOq, which is consistent with the observed AFM
order at 44 K. The obtained p of 9.88 uy is close to the
calculated spin-only moment of 9.70 py for two Mn?* (S = §/
2) ions and one Mn’** (S = 2) ion, in agreement with our
expected oxidation states for the Mn ions. The frustration
factor, 16y/ Tyl = 5.3, indicates a moderate frustration in the
Mn,MnSbOq.

To further understand the magnetic order, the isothermal
magnetization curves, M(H), measured at 100 and S K are
shown in Figure 6. The M(H) data show linear correlation at
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Figure 6. Isothermal magnetization curves of Mn;SbO.
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100 K above the magnetic order temperature, which is
consistent with the expected paramagnetic state. At S K, the
M(H) curve shows linear behavior and no hysteresis when the
magnetic flelds are less than 10 kOe, supporting the AFM
ground state. When the magnetic fields further increase to 70
kOe, the M(H) curves deviate from linear behavior and show a
hysteresis loop between 10 and 70 kOe, indicating a possible
field-induced spin-flop transition, which is also supported by
the y(T) curves measured at varied magnetic fields. At S K and
70 kOe, the magnetization is still not saturated, and the
magnetization of 1.49 pg/fu. is much smaller than the
expected value of 14 py/fu., if all the Mn®* and Mn** ions
were FM-coupled in Mn,MnSbOg; these observations suggest
that Mn,MnSbQ is in a ferrimagnetic state at 5 K and 70 kOe,
and a much stronger magnetic field is required to induce an
FM state in Mn,MnSbO.

Density Functional Theory Calculations. Density func-
tional theory (DFT) calculations were carried out to explore
the magnetic ground state of Mn,MnSbOy and to study the
corresponding electronic structure. Since the magnetic
susceptibility measurement (Figure S) indicates an AFM
order, the unit-cell described in Table 1 should be doubled
along the c-axis to allow an AFM order in the structure of
Mn,MnSbOg. Note that a similar compound, Ni;TeOg, has a
collinear AFM structure with a doubled unit cell along the ¢-
axis."’ There are 12 symmetrically different AFM orders
available in the doubled unit cell. First, the total energies as a
function of the on-site Coulomb interaction parameter, U,
were calculated for the FM and all the possible AFM-ordered
structures, which are shown in Figure 7. Here, the collinear
AFM orders were only considered in the DFT calculations.
There is a possibility of noncollinear AFM order for the double
corundum system (e.g, Mn,MnWOg was reported to have a
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Figure 7. Total energies for FM and possible AFM orders of
Mn,MnSbOg computed using the GGA + SOC + U method. The unit
of the total energy is meV/Mn. (a) U=0eV, (b) U=3 eV, and (c) U
= 6 eV. For each U value, the total energy of the AFM1 (ududud)
order is chosen for reference.
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noncollinear AFM structure’ ), which may change the details of
the electronic structure, but does not alter the general
conclusion of our study.

As shown in Figure 7, the AFM1 (ududud) order is the
magnetic ground state of Mn,MnSbOy for U = 0 eV, while the
AFM2 (uuuddd) order has the lowest energy for U = 3 and 6
eV. Figure 8 shows the two possible representative AFM orders

(a) AFM1 (ududud) (b) AFM2 (uuuddd)

Mn1 Mn1 @ N Mn1

£ o0
>

Mn5 Mn5 € Mn5

Mn3 Mn3 € Mn3

Mn4 Mn4 Mn4

9 Mn2 Mn2 @ Y Mn2

Mn6 Mn6 Mn6

Mn1

Mn1 I Mn1
a b

Figure 8. Two possible representative AFM orders in Mn,MnSbOj.
Violet, orange, and red-colored spheres correspond to Mn, Sb, and O
atoms, respectively. The unit cell is doubled along the c-axis. Six
symmetrically different Mn atoms are presented in the AFM magnetic
structures. (a) AFMI order. Spin moments of Mn1, Mn2, Mn3, Mn4,
MnS5, and Mné6 are ordered in an up, down, up, down, up, and down
manner, respectively, which is referred to as the (ududud) order. It
corresponds to the collinear AFM approximation of the noncollinear
AFM order observed in Mn,MnWOg° (b) AFM2 order. Spin
moments of Mn1, Mn2, Mn3, Mn4, Mn$, and Mn6 are ordered in an
up, up, up, down, down, and down manner, respectively, referred to as

the (uuuddd) order.

in Mn,MnSbO4: AFM1 and AFM2. The AFMI1 order
corresponds to the collinear AFM approximation of the
noncollinear AFM structure observed experimentally in a
similar compound of Mn,MnWOg,’ where spin moments of
Mnl, Mn2, Mn3, Mn4, MnS, and Mn6 are ordered in up,
down, up, down, up, and down manner, respectively, that is,
(ududud) order, for simple notation. Manganese oxide is a
well-known strongly correlated system and requires a
significant on-site Coulomb repulsion U in DFT calculations,**
s0 Mn,MnSbOg requires a sizable U as well and its magnetic
ground state is more likely to be AFM2. The spin moments are
ordered in the (uuuddd) manner for the AFM2 order of
Mn,MnSbOg. It is noteworthy that the double corundum
Ni;TeOg has also the same AFM2 magnetic structure®' as
Mn,MnSbOg, while a similar corundum oxide Mn,MnWOjq
has a noncollinear magnetic structure approximate to the
AFM1 (ududud) order.’ The two different AFM orders
realized in two similar compounds, Mn,MnSbOg and
Mn,MnWO;, may originate from the fact that W (5d°)
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and Sb** (5d'°) have different electronic configurations, which
could have a large influence on the superexchange interactions
through these ions.””** Moreover, Mn,MnSbOj has two Mn**
and one Mn’" magnetic ions, while Mn,MnWOy has three
Mn?>* magnetic ions. The different magnetic ions would also
contribute to the different magnetic interactions, resulting in
the different AFM orders.

Figure 9 shows the total and partial density of states (DOS)
of Mn,MnSbOy for the magnetic ground state of the AFM2

Mn1 d Mn3 d Mn5 d
Mn2d  ------- Mndd ------- Mn6 d

Total
Op

DOS (states/eV)

E-E:(eV)

Figure 9. Total and partial density of states (DOS) of Mn,MnSbOy
for the magnetic ground state of AFM2 (uuuddd) order from GGA +
SOC + U (= 6 eV) calculation. Black solid line corresponds to the
total DOS. The positive and negative values in DOS correspond to
spin up and down, respectively.

(uuuddd) order. It is noteworthy that without the on-site
Coulomb interaction parameter U, Mn,MnSbO4 remains
metallic regardless of any of the magnetic structures, whereas
for U = 6 eV, it becomes insulating for all the magnetic
structures except for AFM6, which has a significant total
energy compared to the others (Figure 7). The size of a gap
opening in the AFM2 magnetic structure is 0.52 eV at U = 6
eV. Thus, the on-site Coulomb interaction parameter U is
necessary for obtaining the insulating state, as well as the
correct magnetic ground-state structure. It validates the
theoretical AFM2 magnetic structure as the ground state for
Mn,MnSbOy. Moreover, as shown in the partial DOS in Figure
9, the spin majorities of Mnl, Mn2, Mn4, and MnS are fully
occupied, while those of Mn3 and Mn6 are not, consistent with
the effective oxidation state of Mnl, Mn2, Mn4, and MnS$ as
Mn** and corresponding electronic configuration of d°,
whereas Mn3 and Mn6 as Mn** with d* configuration. This
charge ordering, established by the structural analysis of
Mn,MnSbOg¢ above, is corroborated by the ordered spin
magnetic moments at the Mn sites as well. The spin magnetic
moments are 4.39, 4.39, 3.76, —4.39, —4.39, and — 3.76 u,
respectively, for Mnl, Mn2, Mn3, Mn4, Mn$, and Mné6 ions,
where the minus sign indicates the opposite direction of the
first three spin magnetic moments. Deviations from integer
values of 5 and 4 in the spin magnetic moments of Mn>* and
Mn®" sites are due to the large hybridization between Mn 3d
and O 2p orbitals as demonstrated in Figure 9.

B CONCLUSIONS

A new double corundum oxide Mn,MnSbOg was successfully
synthesized under high-pressure conditions of 7.5 GPa and
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1300 °C. The crystal structure of Mn,MnSbOy, investigated by
SPXD, was found to crystallize in the Ni;TeOg-type crystal
structure with the space group R3. The Mn** and Mn** ions
are arranged in an ordered manner. Mn,MnSbOg was
confirmed to be non-centrosymmetric by SHG analysis. The
XANES measurements confirms the nominal oxidation states
of Mn**,Mn**SbO,. Magnetic measurements indicate that
Mn,MnSbOg orders antiferromagnetically below 44 K and
undergoes a field-induced spin-flop transition at 5 K. Thus, a
new magnetic insulator, Mn,MnSbO4 with a polar crystal
structure and ordered Mn** and Mn*" arrangement was
synthesized. First-principles calculations find an antiferromag-
netic ground state with an up, up, up, down, down, down
(uuuddd) spin configuration of the six unique Mn ions in the
c-axis doubled magnetic structure. This (uuuddd) magnetic
spin order opens a 0.52 eV bandgap in the DOS consistent
with the experimentally observed insulating behavior of
Mn,MnSbO4. The DFT calculations also confirm the
experimentally observed charge ordering of the Mn**/Mn**
ions. To the best of our knowledge, this is the first double
corundum oxide with Jahn—Teller active Mn>* ions.
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